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Chapter 1

Introduction

In the chapters that follow, we present our design to accelerate and store polarized protons in RHIC, with
the level of polarization, luminosity, and control of systematic errors required by the approved RHIC spin
physics program. Below, we provide an overview of the physics to be studied using RHIC with polarized

proton beams, and a brief description of the accelerator systems required for the project.

1.1 Physics Motivation

The Relativistic Heavy Ion Collider (RHIC)[1] at Brookhaven will collide gold nuclei to create very high
density and temperature, and explore a regime of the possible deconfinement of quarks and gluons in the
colliding nuclei. RHIC will also collide intense beams of polarized protons[2], reaching transverse energies
where the protons scatter as beams of polarized quarks and gluons.

The polarized proton program at RHIC will open a unique laboratory. W and Z boson production are
expected to maximally violate parity. This parity violation will be used to measure the quark polarization
in polarized protons by individual flavor: W production will give the u and d quark polarization, and
W~ production will give d and u polarization in the polarized proton. Direct photon production with
colliding polarized protons measures the gluon polarization in the polarized proton. These examples use
perturbative QCD to explore the spin structure of the proton. Searches for other parity violation is sensitive
to new physics. For example, a parity violation can arise from interactions from quarks with substructure,
or from a new right-handed Z boson.

RHIC provides an optimal energy range for this study. Collisions may be studied from 50 to 500 GeV
center of mass energy. For these energies the transverse momentum reach is well into the perturbative
QCD regime. For example, jets will be studied with pr = 50 GeV/c. At the highest energy, W and Z
will be copiously produced. At the same time, the fraction of the proton energy carried by the quarks and
gluons that collide will be relatively large, typically x > 0.1. For large momentum fraction, SLAC and
CERN have measured that the quarks that participate in the collisions will have large polarization. When

we are investigating, for example, gluon polarization using direct photon production, the asymmetry that

1



2 Chapter 1: Introduction (April 2004)

we measure is proportional to the product of the gluon polarization and the quark polarization. If the
quark polarization is high, we are more sensitive to the gluon polarization.

The RHIC polarized proton luminosity is expected to be high: 2 x 1032 cm~2s7! for /s = 500 GeV.
This is possible because of the compression of the protons in the Booster/AGS into bunches which are
then stored in RHIC. The luminosity requires an emittance of 20 7 mm mrad (95%, normalized), and this
is an important issue in the approaches used to maintain polarization through acceleration in the AGS.
The major RHIC accelerator and beam parameters for achieving polarized proton collisions are found in

Table 1.1.

Parameter
Peak c.m. energy 500 GeV
Initial luminosity 2 x 10%?cm2sec™!
Interactions per

crossing (60 mb) 1
Protons per bunch 2 x 10
Bunches per ring 120
Normalized emittance (95%) 20 7 mm mrad
G* 1m
Average polarization 70%
Stable Spin direction

at Interaction Point vert. or long.
RF voltage per turn 6 MV
RF harmonic number 2520
Long. emittance (95%) 0.3 eV sec
Beam Momentum Spread 2.6 x 1074
Beam-beam tune spread (per IR) 0.007

Table 1.1: RHIC Spin Accelerator Parameters.

Several experiments have used polarized electrons or muons scattering from polarized protons to study
the quark spin contribution to the proton. These experiments have found that when quarks carry most of
the momentum of a polarized proton, they are also very polarized.[3] This is important for the RHIC sensi-
tivity to the gluon polarization. The experiments have also found, however, that the average contribution
of the quarks to the proton spin is small: 27% =+ 10% from E143 proton data and 22% + 14% from SMC
proton data. The remaining contribution must be from gluons, angular momentum, or both. A number
of programs have been proposed to measure the gluon polarization: COMPASS at CERN, SLAC, HERA,
and RHIC. The process and sensitivity for the proposals are given in Tables 1.2 and 1.3.[4] The RHIC
program is more sensitive to the gluon polarization than the others. If the gluons in a polarized proton
are significantly polarized, one would want to understand the origin of this nonintuitive result.

The electron and muon programs measure an average quark contribution to the proton spin, without

distinguishing the quark flavor (semi-inclusive scattering can separate flavor, with a severe penalty for
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Experiments Planned To Measure AG

EXPERIMENT SLAC COMPASS @QCERN RHIC
Quantity Ay + AL+ ADG ety At At
Measured 4 (e~ beam) energies up to 4 v bins several zg bins
¥+ N —cc A+ N —[i+cc
Processes c— p (BR=8%) c— D — K~nt (BR= 4%) P+ p— ytjet
utp™ & p (high pr) Also D*t — 7+t DO
Kinematical Bremsstrahlung 7's, Q> = 0 Quasi-real v's Q> ~ 0
range EI'"™ < By, < 485 35 <v <85
0.10 < zg < 0.25 0.06 < zg < 0.35 00<zg <04
Theoretical LO available, NLO in progress For qg — ~(gjet)
Basis & For ¥4+ N — cé | For i+ N — fi+c¢ Background from ¢ — ~(gjet);
Uncertainties ¢ quark mass uncertainty Should know Ag
Kinematical Cuts on p;“,, M Events at D° mass 5<pr <30
Constraints and p4.
Experimental Disentangle .Aff from Combinatorial Identify direct 7’s;
Difficulties background asymmetry background from K/x Contamination from
B/S =4 T =y

Statistical Error

on A §AST =0.01 —0.02 5 AL = 0.05 for full data §A =0.002 — 0.04
on AG/G 0(AG/G) =0.02 —0.08 0 < AG/G >=0.10 0(AG/G)=0.01 —0.3
Systematics Contribution of backgrounds Beam & target Beam polarization +£6%
and randoms to Aﬁé polarizations +4% False asymmetries small
Status pre-proposal stage Approved by SPSLC RHIC complete with

Siberian snakes in 1999

Accelerator and detectors
ready after year 2000

Time scale < Year 2000 > Year 2000

Apparatus shared
with heavy ion program

Apparatus shared
with hadron program

Remarks Data taking :

few months

Table 1.2: Gluon polarization experimental proposals.
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Experiments Planned To Measure AG

EXPERIMENT POLARIZED HERA HERA-N
Inclusive Exclusive (2-jets)
Quantity g% (x) 2;2 gets) A;ﬁﬁt & A;]\;Met
Measured wide x—Q2 range several zg bins several z¢ bins
Process Polarized inclusive €+ p — 2 jets P+ N — y(J/p) + jet
e,p DIS Photon-Gluon-Fusion (80 — 90%) Internal N target
Kinematics 1.8 < Q% < (1.8 x 10%) 5 < Q¢ < 100, /5;; > 10
Range (55x107°%) <z <1 0.002 < z¢ < 0.2 0.1 <zg <04
Theoretical AG(z,Q%) & JAG LO calculations for A;g jets) Onset of pQCD
Basis from pQCD at NLO Lack of NLO calculations for for v+ (X);
& polarized cross sections pQCD for J/¢ + (X)
Uncertainties minimum uncertainties and for Monte Carlo Should know Ag
Kinematical y > 0.01 6., > 3° pr > 5, |n|<2.8 2<pr<8
Constraints Q*>1,E.,>5 03<y<08 —1.5<n<+15
Experimental Polarization of 820 GeV protons in HERA and measurement of proton polarization
Problems

Gluon Compton 2-jet background

Identify direct v's

Statistical Error

for £ =200

for £ =200

on A SA=10"%1t00.1 A = few%, A < (0.2 to 1%)
Relative error on [ AG for £ =250
on AG/G 25(20)% with £ = 200(1000) d(AG/G) 0.10 — 0.50 0(AG/G) < 0.1
Systematics Measurement of Pe, P, (£5%). False asymmetries small since can provide any sign
of P, for any bunch, and with a spin rotator can change P, sign of all bunches.
Status Study of polarized protons at HERA; pre-proposal stage

Time Scale

> Year 2003

HERA operational with 27 GeV & ; H1 & ZEUS detectors operational

Remarks
Conclusions

Low z behavior of

g% (x, Q%) of great interest

z¢g is directly measured
over a wide kinematic range

Need (new) HERA-B
type detector

Table 1.3: Gluon polarization experimental proposals (cont’d).
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rate; the CERN experiment SMC has done this). With both proton and neutron results, the s-quark
contribution has been isolated to be —10% + 4% (E143) of the proton spin.[3] This implies that the sea
quarks may have significant polarization. The RHIC program will measure @ and d polarization, as well
as u and d-quark polarization using parity violation in W production.

The RHIC program will measure asymmetries in the production of photons, jets, and W and Z bosons
with longitudinal polarization and with transverse polarization. Longitudinal polarization is required for
the proton spin content studies discussed above. The asymmetries are a difference in production between
left and right handed protons divided by the sum, normalized by the beam polarizations. For parity
violation, we compare the production with one beam polarized, with the other beam unpolarized (or
summing over both polarization states of the other beam):
1 Ny —N_

Ap=——+—_""=
=P N ¥+ N_

(1.1)

Ny and N_ represent the number of particles observed from right and left handed polarized protons,
respectively, normalized for luminosity. P is the polarization of the beam. The error in the asymmetry
is proportional to 1/y/N. + N_ and to 1/P. The RHIC Spin proposal is based on 70% polarization. If
the polarization were smaller, say 50%, the experiments would need to run twice as long to obtain the
proposed sensitivity for parity violation experiments. The direct photon experiments measure a two-spin

asymmetry,

App = — S+ —
LE= P2 N+ N, _

(1.2)

N4 _ represents the production for right handed polarized protons colliding with left handed polarized
protons. Both beams have the polarization P. For this case, a 50% beam polarization would lead to a four
times longer run to obtain the proposed sensitivity. Similar arguments point to the importance of excellent
knowledge of the beam polarization. We expect to know the beam polarization to +7% of itself.

The asymmetry is proportional to the polarization of the quarks or gluons that collide and to the

analyzing power of the subprocess:

A = A“ix“) X Abéxb) xala+b—c+d. (1.3)

Aa(z,)/a is the polarization of quark or gluon a, which carries the fraction z, of the proton momentum,
for a proton polarization of 100%. b represents the other colliding quark or gluon. Here we assume that
only one subprocess is involved. The analyzing power of the subprocess is typically of order 1. For direct
photon production, which is dominated by gluon-quark scattering, the analyzing power for the subprocess
is @ = 0.6 for production near 90°. The large subprocess analyzing power is a result of angular momentum
conservation. We see that to make a sensitive measurement of the polarization of the gluon, say Aa/a, it
helps if the polarization of the quark b is large. This is the case for xp > 0.1, which is true for the RHIC

energy range.
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The measured raw asymmetry is the product of the beam polarizations, the quark/gluon polarizations,
and the subprocess analyzing power. These raw asymmetries will typically be small, and the measurement
will need excellent control of systematic errors such as different detection efficiency for different beam

polarization sign. These systematic errors will need to be controlled to reach proposed sensitivity.

1.2 Spin Dynamics and Siberian Snakes

To achieve high energy polarized proton collisions polarized beams first have to be accelerated which
requires an understanding of the evolution of spin during acceleration and the tools to control it. The
evolution of the spin direction of a beam of polarized protons in external magnetic fields such as exist in

a circular accelerator is governed by the Thomas-BMT equation[5],

dP e - I R
= (L) |eyBL+ GB]xP 1.4
p <7m>[7¢+(+ ) B (1.4)
where the polarization vector P is expressed in the frame that moves with the particle. This simple
precession equation is very similar to the Lorentz force equation which governs the evolution of the orbital

motion in an external magnetic field:

- <%> [B.] <@ (15)

From comparing these two equations it can readily be seen that, in a pure vertical field, the spin rotates
G~ times faster than the orbital motion. Here G = 1.7928 is the anomalous magnetic moment of the
proton and v = E/m. In this case the factor G~y then gives the number of full spin precessions for every
full revolution, a number which also called the spin tune vg,. At top RHIC energies this number reaches
about 400. The Thomas-BMT equation also shows that at low energies (v =~ 1) longitudinal fields EH can
be quite effective in manipulating the spin motion, but at high energies transverse fields B | need to be
used to have any effect beyond the always present vertical holding field.

The acceleration of polarized beams in circular accelerators is complicated by the presence of numerous
depolarizing resonances. During acceleration, a depolarizing resonance is crossed whenever the spin preces-
sion frequency equals the frequency with which spin-perturbing magnetic fields are encountered. There are
two main types of depolarizing resonances corresponding to the possible sources of such fields: imperfection
resonances, which are driven by magnet errors and misalignments, and intrinsic resonances, driven by the
focusing fields.

The resonance conditions are usually expressed in terms of the spin tune vg,. For an ideal planar
accelerator, where orbiting particles experience only the vertical guide field, the spin tune is equal to G+, as
stated earlier. The resonance condition for imperfection depolarizing resonances arises when v, = Gy = n,
where n is an integer. Imperfection resonances are therefore separated by only 523 MeV energy steps. The

condition for intrinsic resonances is vs, = Gy = kP £+ v, where k is an integer, v, is the vertical betatron
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tune and P is the superperiodicity. For example at the Brookhaven AGS, P = 12 and v, ~ 8.8. For
most of the time during the acceleration cycle, the precession axis, or stable spin direction, coincides with
the main vertical magnetic field. Close to a resonance, the stable spin direction is perturbed away from
the vertical direction by the resonance driving fields. When a polarized beam is accelerated through an

isolated resonance, the final polarization can be calculated analytically[6] and is given by

mlel?

PP =2e" 20 —1, (1.6)

where P; and Py are the polarizations before and after the resonance crossing, respectively, € is the resonance
strength obtained from the spin rotation of the driving fields, and « is the change of the spin tune per radian
of the orbit angle. When the beam is slowly (a < |e|2) accelerated through the resonance, the spin vector
will adiabatically follow the stable spin direction resulting in spin flip. However, for a faster acceleration rate
partial depolarization or partial spin flip will occur. Traditionally, the intrinsic resonances are overcome by
using a betatron tune jump, which effectively makes « large, and the imperfection resonances are overcome
with the harmonic corrections of the vertical orbit to reduce the resonance strength e [7]. At high energy,
these traditional methods become difficult and tedious.

By introducing a ‘Siberian Snake’ [8], which generates a 180° spin rotation about a horizontal axis, the
stable spin direction remains unperturbed at all times as long as the spin rotation from the Siberian Snake
is much larger than the spin rotation due to the resonance driving fields. Therefore the beam polarization
is preserved during acceleration. An alternative way to describe the effect of the Siberian Snake comes from
the observation that the spin tune with the Snake is a half-integer and energy independent. Therefore,
neither imperfection nor intrinsic resonance conditions can ever be met as long as the betatron tune is
different from a half-integer.

Such a spin rotator is traditionally constructed by using either solenoidal magnets or a sequence of
interleaved horizontal and vertical dipole magnets producing only a local orbit distortion. Since the orbit
distortion is inversely proportional to the momentum of the particle, such a dipole snake is particularly
effective for high-energy accelerators, e.g. energies above about 30 GeV. For lower-energy synchrotrons,
such as the Brookhaven AGS with weaker depolarizing resonances, a partial snake[9], which rotates the spin
by less than 180°, is sufficient to keep the stable spin direction unperturbed at the imperfection resonances.

A 5% (i.e., 9° rotator) partial snake has been successfully used in the AGS as described in Section 2.2.

1.3 Polarized Proton Acceleration at RHIC

By using Siberian Snakes the stage is set for the acceleration of polarized proton beams to much higher
energies. Polarized protons from the AGS are injected into the two RHIC rings to allow collisions at center
of mass energies up to 500 GeV with both beams polarized. Fig. 1.1 shows the lay-out of the Brookhaven

accelerator complex highlighting the components required for polarized beam acceleration.
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RHIC pC Polarimeters

\A b
> ‘. BRAHMS & PP2PP (h)
> - «— Absolute Polarimeter (H jet)
L =2%10%s™'em™
& 70% Polarization

Js=50...500 GeV
Siberian Snakes

2 x 101 Pol. Protons/ Bunch
€ =20 Ttmm mrad

&

Pol. Proton Source
500 pA, 300 pis /' “
200 MeV Polarimeter

Partial Siberian Snake
LINAC ~a

BOOSTER

¥
¥~ AGS Interna Polarimeter
Y\Rf Dipoles

Figure 1.1: The Brookhaven hadron facility complex, which includes the AGS Booster, the AGS, and
RHIC. The RHIC spin project will install two snakes per ring with four spin rotators per detector for
achieving helicity-spin experiments.

To maintain polarization during the acceleration process, two full Siberian Snakes are inserted on op-
posite sides of the RHIC lattice for each of the two counter-rotating rings. In addition to these Snakes
other magnetic components — spin rotators — are located on each side of the two major interaction points
(again, for each ring) which allow the spin orientation to be altered from the vertical plane to the lon-
gitudinal plane. These devices are the primary magnetic components of the polarized beam project at
RHIC. In addition, “spin flip” devices will be inserted to allow for the manipulation of the spin through
180° during a store, as well as polarimetry instrumentation. Fig. 1.2 shows all the major components that
are required for the acceleration of polarized beams to RHIC top energy. The feasibility of accelerating
polarized protons in RHIC was the basis of the proposal the RHIC Spin Collaboration (RSC) submitted
to the Brookhaven PAC in October 1992 [10] and approved in 1993.

A summary list of the major hardware components for the acceleration of polarized protons in RHIC is
provided in Table 1.4. The major elements required for this project are the superconducting magnets for
the Siberian Snakes and the Spin Rotators. Each Siberian Snake consists of a set of four superconducting
helical dipole magnets. The magnets will be capable of producing a central field of up to 4 T which spirals
through 360° over a length of approximately 2.4 m. Four such magnets, each independently powered,
can generate a spin rotation from vertically up (the nominal stable spin direction for the synchrotron) to
vertically down, with no net excursions of the particle trajectory. This is the function of the Snake. The

Spin Rotator is similarly constructed; by altering the “handedness” of two of the helical magnets, and



Chapter 1: Introduction (April 2004)

® 7

A4|
[N

Yellow Ring
0
D
R.
R+
R-
R-
R+ R*I-
R. Siberian

R+ Snakes

oy 4O RHIC

L—
R-
L—
* R~
Ve
N Spin Rotators
\d 4
PHENIX ¥ x

V1
A

/‘ STAR
+H++
LRLR

Blueinjection

Figure 1.2: View of RHIC overemphasizing the interaction regions to show the location of the Siberian
Snakes and the spin rotators placed around the collider experiments STAR and PHENIX. Also shown
are the polarization directions around the rings and around the detectors for collisions with longitudinal

polarization.

Spin Rotators

fo

ellow injection

% A

Siberian  R-
Snakes R+ .4
. A R,
R+ Ry
R.
R+

using slightly different fields, the spin can be made to rotate from the vertical to the longitudinal direction.

With one or two Snakes all depolarizing resonances should be avoided since the spin tune is a half-
integer independent of energy. However, if the spin disturbance from small horizontal fields is adding
up sufficiently between the Snakes, depolarization can still occur. This is most pronounced when the spin
rotation from all the focusing fields add up coherently which is the case at the strongest intrinsic resonances.

At RHIC two Snakes can still cope with the strongest intrinsic resonance.
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Item No.
Snakes 4
Helical Dipoles 16
Rotators 8
Helical Dipoles 32
Spin Flippers 2
Polarimeters 2
Toroids 16

Table 1.4: RHIC Polarized Beams Systems Hardware

To provide RHIC with polarized beams capability, a total of 4 Snakes and 8 Rotators are required.
Thus, 48 individual full-helical dipole magnets will be constructed. The four magnets needed to create
one Snake or one Rotator will be mounted inside of a standard RHIC Dipole Magnet cryostat. Since it
is desirable to independently power the four magnets within the cryostat, the required current should be
minimized in order to keep the heat leak due to the power leads as small as possible. Thus, hundreds of
turns are required. This poses a technical challenge to the construction of these high-field magnets. The
parameters of the Snake and Rotator helical dipole magnets are shown in Tables 1.5 and 1.6. The field
strengths of the Snake magnets are held constant during the acceleration process, while the appropriate

fields in the Rotator magnets are beam energy dependent, and are only powered during beam storage.

Helical Magnets Field [Tesla]
length[m]| | handedness

1 2.4 righthanded 1.19

2 24 righthanded —3.86

3 24 righthanded 3.86

4 2.4 righthanded —-1.19

Table 1.5: Parameters of the Siberian Snake magnets

During the course of a polarized colliding beams experiment, it is desirable to adiabatically reverse the
direction of the spin to eliminate the possibility of systematic errors. By introducing an oscillating field

on resonance with the natural spin precession frequency, such a “spin flip” can occur. A discussion of the

Helical Magnets Field [Tesla]
length[m] | handedness | @ 25 GeV | @ 250 GeV
1 2.4 righthanded 2.05 3.38
2 2.4 lefthanded 2.65 3.14
3 24 righthanded 2.65 3.14
4 2.4 lefthanded 2.05 3.38

Table 1.6: Parameters of the Spin Rotator magnets
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hardware used to perform this task is described in Section 7.4. In addition to their use for the experiments,
the spin flip devices can be used to accurately measure the spin precession frequency (or, “spin tune”) and
so will be used during commissioning of the Snakes.

Another major component is the instrumentation used to measure the beam polarization. Polarimetry
has two functions: relative and absolute polarization measurements. Relative measurements may use a
spin-sensitive process which has a high rate, but is uncalibrated. Our plan for RHIC is to use proton-
carbon elastic scattering in the Coulomb-nuclear interference (CNI) region to measure the polarization,
with the assumption that hadronic spin-flip amplitudes are not important. Finally, Italian collaborators
have applied for funds to develop an intense polarized proton jet target. The polarization of the jet would
be known, and a process such as CNI proton-proton scattering could be calibrated with the jet. Our goal
is to have an absolute polarization measurment accurate to AP/P = +5%. The pC-CNI polarimeters use
carbon ribbon targets in each beam, with wide-angle detectors to measure the time of flight and pulse
height of the recoiling carbon nucleus. Details of the polarimeter system can be found in Chapter 8.

The other various accelerator systems which are part of the project include power supplies, controls, and
installation. Some modifications to the RHIC cryogenic hardware in the tunnel is necessary to provide the
proper interface to the Rotators which are located in otherwise warm straight sections near the interaction
points. The Snakes are to be located in cold straight sections which are already the appropriate length for
a standard RHIC Dipole Magnet and hence no tunnel hardware modifications are necessary. As much as

possible, standard RHIC accelerator systems hardware will be utilized throughout the project.
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Chapter 2

Polarized Proton Injector

To meet the required bunch intensity of 2 x 10! protons per bunch in RHIC, the AGS as the polarized
proton injector will need to reach a bunch intensity of about 4 x 10! to allow for some losses during the
transfer to RHIC for acceleration. Although it would be possible to use the old polarized proton source[11]
by accumulating up to twenty source pulses in the Booster, a new optically pumped polarized ion source
(OPPIS) has been installed. The new polarized H ~ source should produce 50014 in a single 300us pulse,
which corresponds to 9 x 10! polarized H~. This is sufficient intensity to eliminate the need for the
accumulation in the Booster. The polarized H ™ ions are accelerated to 200 MeV with an RFQ and the
200 MHz LINAC with an efficiency of about 50%. The pulse of H ™ ions is strip-injected and captured
into a single bunch in the AGS Booster. The bunch in the Booster will then contain about Ng = 4 x 10!
polarized protons with a normalized emittance of about € ;y = 10m mm-mrad. The single bunch of polarized
protons is accelerated in the Booster to 1.5 GeV kinetic energy and then transferred to the AGS, where
it is accelerated to 25 GeV. Fig. 2.1 shows the components of the AGS complex used for polarized proton

acceleration.

2.1 Polarized Ion Source

The new RHIC optically pumped polarized H~ source (OPPIS) was constructed at TRIUMF from the
KEK OPPIS source. The goal is to provide a DC beam of 1.5 mA H~ with a pulsed polarization of 80%
in 100 ps pulses at a repetition rate of 7.5 Hz. The polarized injector for RHIC must produce at least
0.5 mA H™ ion current with 80% polarization during the 300 us pulse, within a normalized emittance of
27 mm mrad. This is an ideal application for the ECR-type OPPIS. A pulsed laser is used to optically
pump the rubidium vapor.

The first ECR-~type OPPIS was constructed at KEK[12]. Polarized beam is not presently required at
KEK, and so the source was upgraded at TRIUMF to meet the RHIC requirements. It was installed at
BNL for the 2000 commissioning run along with a low energy transport between the source and the RFQ.

Table 2.1 compares the RHIC requirements with what was previously demonstrated on the TRIUMF

13
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Figure 2.1: Schematic of the AGS complex for polarized proton acceleration.

OPPIS, and with the estimated KEK OPPIS parameters. (The KEK source was previously operated
for polarized D™ production[13]). The table shows that the existing TRIUMF design meets the RHIC
requirements if 300 us pulses are extracted, even with CW laser pumping. However, 100 us pulse durations
with peak currents of 1.5 mA would be preferred, since that would improve injection efficiency. The
preference for the higher current, combined with the much lower cost of pulsed lasers relative to CW lasers,
dictates the use of pulsed optical pumping. In previous tests at TRIUMF, near 100% Rb polarization was

measured in a 2 cm diameter Rb cell having a vapor thickness of 1 x 10 atoms cm™2 and a length of
30 c¢m, using a pulsed Ti:sapphire laser[14].

The KEK OPPIS as delivered to TRIUMF used a pulsed 18 GHz ECR proton source and CW laser
pumping. At TRIUMF the KEK OPPIS is being optimized using a DC 28 GHz ECR proton source.
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KEK TRIUMF RHIC
Current (mA) 0.1 0.5 0.5-1.5
Pulse duration (us) 100 DC 100 — 300
Charge/pulse (mA ps) 10 150 (in 300 us) >150
Polarization (%) 75 85 >80
Normalized emittance 2 2w <27

(mm mrad)

Repetition rate (Hz) 25 DC 7.5

Table 2.1: RHIC OPPIS parameters and comparison with KEK and TRIUMF designs.

Preliminary results give 520 pA of H- DC current, using a 121-aperture extraction electrode with an
overall diameter of 13 mm. This already satisfies the minimum RHIC beam current requirements, and a
199-aperture system will do proportionally better.

A new Na-jet negative-ionizer target is being developed, which has some advantages over the original
canal and condensation chambers arrangement. A jet target can be shorter and the beam apertures
larger, since Na vapor is more effectively confined. The condensed Na is recycled. Large apertures reduce
secondary electron emission caused by the intense polarized atomic hydrogen beam striking the cell, and
therefore may allow biasing the Na cell up to 32 kV. If so, a 35 keV beam from the source will be injected
into an RFQ, without requiring that the whole source be placed on a high voltage platform.

The flashlamp-pumped pulsed Ti:sapphire laser produces pulse durations of 80 us (FWHM) at a repe-
tition rate of 1 Hz, using a simple power supply. The laser cavity is tuned with a 2-plate birefringent filter
and a 0.5 mm thick etalon, producing a laser bandwidth of less than 20 GHz. The peak power density is
more than 33 W/cm? over the 3 GHz Doppler broadened absorption width of Rb, for a 2 cm diameter laser
beam. Previous results have shown that 14 W/cm? is enough to produce nearly 100% Rb polarization in
a similar target[15]. Future development will concentrate on extending the pulse duration and repetition
rate of the laser, mainly by increasing the capacitance of the power supply. Longer pulses may require the

use of a different laser crystal, or two consecutive pulses.

2.2 Acceleration in the Booster and AGS

During acceleration, the polarization may be lost when the spin precession frequency passes through a

depolarizing resonance. These resonances occur when the number of spin precession rotations per revolution
E

Gv (G=1.793 is the anomalous magnetic moment of the proton, v = =) is equal to an integer (imperfection
resonances) or equal to kP v, (intrinsic resonances). Here P=12 is the superperiodicity of the AGS, v, ~
8.8 is the vertical betatron tune and k is an integer. The depolarization is caused by the small horizontal
magnetic fields present in all circular accelerators which, at the resonance condition, act coherently to move

the spin away from the stable vertical direction. Imperfection resonances are due to the horizontal fields



16 Chapter 2: Polarized Proton Injector (March 2001)

caused by the vertical closed orbit errors and intrinsic resonances are caused by the horizontal focusing
fields which are sampled due to the vertical betatron motion. The two weak resonances in the Booster
(Gy = 3 and Gy = 4) are easily corrected by a harmonic correction of the closed orbit, since there are
only two of them. Traditionally, the depolarizing resonances in the AGS were corrected by the tedious
harmonic correction method for the imperfection resonances and by a tune jump method for the intrinsic

resonances|16].

Three polarized beam test runs of experiment E-880 at the AGS have recently demonstrated the
feasibility of polarized proton acceleration using a 5% partial Siberian Snake[17]. During the first run[18]
in April 1994 it was shown that a 5% Snake is sufficient to avoid depolarization due to the imperfection
resonances without using the harmonic correction method. The upper part of Fig. 2.2 shows the evolution
of the beam polarization as the beam energy and therefore G~ is increased. As predicted the polarization
reverses sign whenever Gy is equal to an integer. The lower part of Fig. 2.2 shows that no polarization
was lost at the imperfection resonances. The only polarization loss occurred at the location of the intrinsic
resonances for which the pulsed quadrupoles are required for the tune jump method. During the first
run the pulsed quadrupoles were not available. Although some depolarization at intrinsic resonances are
expected, the level of the depolarization does not agree with a simple model calculation. A spin tracking
study was then performed and it showed that there is another resonance adjacent to the intrinsic resonance
which causes further depolarization. Since the solenoidal 5% partial snake introduces considerable linear
coupling between the two transverse betatron motions, the vertical betatron motion has a component
with the horizontal betatron frequency. As a consequence, the beam will see an additional resonance, the

so-called coupling resonance.

During the second run of E-880 in December 1994 it was shown that it is possible to use the tune
jump method in the presence of the partial Snake. A new record energy for accelerated polarized beam
of 25 GeV was reached with about 12% beam polarization left. Again no polarization was lost due to the
imperfection resonances and depolarization from most intrinsic resonances was avoided with the tune jump
quadrupoles. However, as can be seen from Fig. 2.3, which shows the achieved polarization as a function
of beam energy, significant amount of polarization was lost at Gy = 0+ v, 12+ v, and Gy = 36 +v,. The
first two of these three resonances were successfully crossed previously and it is believed that the losses are
partially due to the coupling resonances. The tune jump method changes the vertical betatron tune within
less than one revolution to effectively make the resonance crossing speed very fast. However, the coupling
resonance is still crossed at the normal crossing speed and can cause polarization loss. The strength of
the tune jump quadrupoles is not sufficient to jump the third resonance. We attempted to induce spin flip
at this resonance but were only partially successful. This is again due to the coupling resonance and the
observed large momentum spread at this high energy. Table 2.2 summarizes the polarized proton beam

parameters achieved in the AGS and also the requirements for RHIC.

A novel energy-jump method was used to cross the coupling resonance in the third run of E-880 and



Chapter 2: Polarized Proton Injector (March 2001) 17

Vertical Polariz

0 & A N )
S 8 8 8 o o
\ [ [

-100 \ \ \ \ \
6.5 7.0 75 8.0 85

©
o

® Snakeon
O Snake off

®

=]
|

@

D ~
o o
| |
FO-+0—
O
FO-
i
@

A A
S O
[
L1
L]
@

W
=}

|

a gl

|Vertical Polarization |

Gy:Vy

8]
o
|

=
o
|

Gy:24_Vy
5 o) Gy=12+@y

0

[
6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Gy

Figure 2.2: The upper figure shows the measured vertical polarization as a function of spin tune G~ for a
10% Snake (solid dots) and without the Snake (open circles). Note that partial depolarization at Gy = 8 is
avoided by using the 10% Snake. The lower figure shows the absolute value of the vertical polarization at
Gy=n+ % up to Gy = 22.5 (solid dots). Note that partial depolarization only occurs due to the intrinsic
resonances.

the results are summarized in Fig. 2.4. The energy-jump was accomplished by rapidly changing the beam
circumference by 88 mm using the powerful AGS rf system. Because of the large momentum spread of
the beam indicated as a hashed band in the lower part of Fig. 2.4, not all the beam particles are crossing
the resonance during the jump unless the jump timing is carefully adjusted. From the beam momentum

distribution, the ratio of the final to the initial polarization as a function of jump timing 7'y, can be
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Figure 2.3: The absolute value of the vertical polarization is shown as a function of energy for the April
1994 run (open circles) and the December 1994 run (solid dots). Note that during the December run most
intrinsic resonances were successfully crossed with significant depolarization only at the intrinsic resonances
Gy =0+ vy,12 + vy and 36 + v,.
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Intensity Polarization Emittance Momentum
1988 | 1.8 x 10% 65% up to 13.3 GeV/c
42% up to 21.7 GeV/c
1994 | 0.5 x 1010 64% 307 mm mrad up to 10.7 GeV/c
31% 307 mm mrad up to 23.3 GeV/c
12% 30 mm mrad up to 25.4 GeV/c
RHIC | 2 —4 x 10 70 — 80% 10 — 207 mm mrad | up to 25.4 GeV/c

Table 2.2: AGS polarized beam parameters. The 1988 data reflects the result of the many year effort to
accelerate polarized beam in the AGS using pulsed quadrupoles and numerous correction dipoles. The
1994 date comes from the first two test runs of E-880 testing the Partial Siberian Snake in the AGS. The
RHIC data shows the required beam parameters for the RHIC spin program.

predicted and is shown as the solid line in the top half of Fig. 2.4. It shows good agreement with the data.
It clearly demonstrates that the novel energy-jump method can successfully overcome coupling resonances

and weak intrinsic resonances.

In July and November 1997 a novel scheme of overcoming strong intrinsic resonances using a radiofre-
quency dipole magnet was successfully tested[19]. Full spin flip can be achieved with a strong artificial rf
spin resonance excited by an rf dipole at a modulation tune v,,. If we choose the rf spin resonance location
K,; = n+ v, near the intrinsic spin resonance, the spin motion will be dominated by the rf resonance and
the spin near the intrinsic resonance will adiabatically follow the spin closed orbit of the rf spin resonance.
With the rf dipole, a new dominant resonance near the intrinsic resonance is introduced to flip the spin,
instead of enhancing the intrinsic resonance which also enhanced the coupling resonance strength as has
been proposed earlier[20]. Fig. 2.5 shows the new record proton beam polarization achieved during the
last E-880 run. The rf dipole was used to completely flip the spin at the four strong intrinsic resonances
0+ vy, 124 v, 36 — vy, and 36 + v,. The lower curve shown going through the data points was obtained
from a spin tracking calculation simulating the experimental conditions. Most of the residual polarization
loss is caused by the coupling resonances. A new AGS partial Snake using a helical dipole magnet would
eliminate all coupling resonances[21]. Spin tracking simulations of this condition are depicted by the upper
curve in Fig. 2.5. The depolarization from the two weak intrinsic resonances 24 + v, and 48 — v, will be
avoided using the energy jump method described above.

At 25 GeV, the polarized protons are transferred to RHIC. At this energy the transfer line between the
AGS and RHIC is spin transparent[22]. If the last resonance, Gy = 36 + v, cannot be crossed without
significant polarization loss it is possible to transfer the polarized protons to RHIC before crossing this
resonance in the AGS at an energy of 22.4 GeV (v &~ 25). This is discussed in the following chapter.

We estimate that the overall efficiency of the acceleration and beam transfer is better than 50%, giving
2 x 10! protons per bunch. With proper care the normalized emittance of the bunch is expected to be
much less than 20m mm-mrad. During the last E-880 run the vertical beam emittance was tuned to less

than 10m mm-mrad. We repeat the process until all 120 bunches of each ring are filled. Since each bunch
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is accelerated independently, we have the option of preparing the polarization direction of each bunch
independently. Filling both RHIC rings with 120 bunches each and acceleration to full energy will only
take about 10 minutes which is short compared to the expected lifetime of the stored polarized proton

beams in RHIC of many hours.
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AGS-to-RHIC Transfer Line

The AGS to RHIC (AtR) transfer line[23] has been designed to transport proton beams in the energy range,
from 20.58 GeV (just above the RHIC transition Energy) to a maximum injection energy of 28.3 GeV.
This range of injection energies is not however applicable for a polarized proton beam which is confined
to a shorter range of injection energies. The range of energies of a polarized proton beam to be injected
from the AGS to RHIC via the AtR transfer line has been studied before[22], but a more detailed and
complete study is the subject of this chapter. The study consists of calculating the stable spin direction
of a polarized proton beam from AGS, at the RHIC injection point (defined below), as a function of the
proton energy. This energy dependence of the stable spin direction of an injected polarized beam from
AGS to RHIC is due to the relative location of the horizontally and vertically bending magnetic elements
of the AtR line. In addition a modification of the AtR line is proposed. This modification of the AtR
transfer line can increase the energy range that a polarized proton beam can be transferred into RHIC

machine with optimum polarization transfer.

3.1 AtR Sections Affecting the Proton Beam Polarization

The layout of the (AtR) transfer line is shown in the schematic diagram of Fig. 3.1. In the AtR transfer
line there are two sections of the beam line where the beam direction is not parallel to the horizontal plane
but makes an angle below the horizontal plane. The first of the sections is located in the W-line (see
Fig. 3.1) within the 20° bend. The second section is located at the end of the Y-line in the RHIC injection
section (see Fig. 3.1). A schematic diagram of the first of these two sections is shown in Fig. 3.2 and will
be referred to in this chapter as the “12.5 mrad vertical bend.”

The “12.5 mrad vertical bend” consists of a -12.51 mrad vertically bending magnet located after the
second horizontally bending magnet of the 20° W-line[23] (see also Fig. 3.1) followed by six combined-
function dipole magnets which bend the beam horizontally to the right by 15°, and finally a +12.46° mrad
vertically bending dipole which restores the beam direction to the horizontal plane. A schematic diagram

of the second vertical bend is shown in Fig. 3.3. and will be referred to in this chapter as the “3.0 mrad

23
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Figure 3.1: Schematic diagram of the AGS to RHIC (AtR) transfer line. The 12.51 mrad vertical bend
is located at the region of the 20° horizontal bend. The 3 mrad bend is located at the end of the RHIC
injection section shown in the figure.

vertical bend.”

The “3.0 mrad vertical bend” is located at the end of the injection section of the AtR transfer line

and begins with a —3.0 mrad vertically bending magnet (see Fig. 3.3) followed by a Lambertson septum
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Figure 3.2: Schematic diagram of the “12.5 mrad vertical bend.” A —12.51 mrad vertical bend is followed
by a 15° horizontal bend and +12.46° vertical bend. (Note that the small difference in vertical bends is
used to correct for the earth’s curvature.)

magnet[24] which bends the beam 38.0 mrad to the right, then a RHIC quadrupole (focusing) — dipole (left-
bend) — quadrupole (defocusing) and finally the vertically bending RHIC injection kicker which deflects
the beam by +1.73 mrad which restores the injected beam onto the RHIC plane. The strength required
for the vertical injection kicker to restore the beam back to the horizontal plane has been reduced down to
1.73 mrad because part of the vertical bend has been accomplished by the two RHIC quadrupoles. (For the
injection into the clockwise beam circulating ring, the polarity of both, the Lambertson injection magnet
and RHIC dipole have to be inverted.) The exit point of the RHIC injection kicker is defined here as the
“RHIC injection point.” It is the arrangement of the bending magnets in these two vertical bends (vertical
bend followed by horizontal bend and then vertical) that affects the stable spin direction of a polarized

proton beam.

The small difference in the two vertical pitching magnets, +12.51 and -12.46 mrad is to correct for the
earth’s curvature; the planes of the AGS and RHIC rings are not quite parallel, since the center of RHIC
is more than a kilometer north of the AGS ring. Both the AGS and RHIC tunnels were designed to be

level. An additional vertical correction of 10urad was made just after the extraction from the AGS.
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Figure 3.3: Schematic diagram of the “3.0 mrad vertical bend.” The beam is injected off axis with respect
to the two RHIC quadrupoles which act also as vertical bending magnets. This injection geometry reduces
the required strength of the vertical injection kicker, to a value of 1.73 mrad.

3.2 Calculation of Stable Spin Direction at RHIC Injection Point

The stable spin direction at the exit of the “12.5 mrad vertical bend” has been calculated[22] earlier. In
those calculations the initial stable spin direction had been assumed to be vertical and the effect of the
“3.0 mrad vertical bend,” discussed above, was not included in the calculations since the “3.0 mrad vertical
bend” was introduced in the AtR line after the calculations. In the present calculations, the stable spin
direction was calculated at the “RHIC injection point” (see Fig. 3.3) and the following items were included

in the calculations.

1. A section of the AGS machine (from the center of the straight section C10 of AGS to the H13 fast
extraction point) followed by the AtR line (see Fig. 3.1). The inclusion of this section of the AGS (C10
to H13) in the calculations makes it possible to take into account the effect of the AGS extraction
bumps, the extraction kicker at G10 straight section, and the extraction septum at H10 straight

section[25].
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2. The energy dependence of the stable spin direction of a polarized proton beam circulating in the
AGS machine. This energy dependence is due to the partial Snake. For a given strength of the
AGS partial Snake, the stable spin direction of a polarized proton beam in the AGS, is well defined
anywhere along a closed beam orbit in the AGS. The center of the C10 straight section has been
chosen as the starting location of all the required ray trace calculations. This starting location has

been chosen because of item 1 above.

3. The finite beam size and momentum spread of the beam. In order to calculate the spread of the stable
spin direction at the “RHIC injection point,” the shape of the beam ellipsoid at the location “C10”
of the AGS machine is required. Closed orbit calculations[25] based on measured magnetic field
maps of the combined function magnets of the AGS were performed for the AGS machine. From
these calculations the beam parameters at any given point along a closed orbit in AGS machine
were calculated, and for a given emittance, the beam ellipsoid at the location C10 of the AGS was

calculated.

The calculations to determine the stable spin direction at the “RHIC injection point” were based on the
numerical integration of two equations: the differential equation of motion (Eq. 3.1) of a charged particle
moving in static magnetic and electric fields, and the spin precession equation (Eq. 3.2) of a particle with

magnetic moment in the same electric and magnetic field:

dv e (v-E)v
—_— = — B+E—-—F— 1
dt  my (VX * c? ) (3:1)

% - m% <(G7+1)s x B+ (y— 1)0—(V'BL§V xs) <G7+ - i %> ida (]ff V)> (3.2)

In (Eq. 3.1) and (Eq. 3.2), above B and E are the magnetic and electric fields in the laboratory system,
e, m, and v are the charge, rest mass, and the velocity of the proton, v = (1 — v2/c2)1/2, G=(9-2)/2
(9 = gyromagnetic ratio of the proton magnetic moment), and s is the spin vector from the relation
u = g(e/2m)s where p is the magnetic moment of the proton. The computer code which performed the
integration of the differential equations of motion (Eq. 3.1) and (Eq. 3.2), as the particles pass through
the various magnetic elements of the AtR transfer line, comes under the name RAYTRACE SPIN and is
a modified version of the RAYTRACE computer code[26].

3.2.1 Stable Spin Direction at AGS

The stable spin direction in the AGS is normally along the vertical direction. However, the introduction
of the partial Snake makes the stable spin direction depend on the azimuthal location of the beam in the

AGS and the beam energy. In particular, at the location of the middle of the C10 straight section which
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is located 180° from the partial Snake, the directional cosines of the stable spin direction are given by:

Nyraq = 0 (33)
1

Mvert = 77 sin(mG7y) cos(0) (3.4)
1

Mong = 77 sin(9) (3.5)

where: N = [1 — cos?(7G7) COS2(5)]% and ¢ is the spin rotation angle introduced by the Snake, referred to
as the Snake strength. When ¢ = 0 the stable spin direction is along the vertical, independent of the beam

energy.

3.2.2 Stable Spin Direction at RHIC Injection Point

With the knowledge of both the stable spin direction and the beam parameters at the middle of the
straight section C10 of the AGS, the calculations to obtain the stable spin direction at RHIC injection

point proceeded as follows.

a) A given beam energy (corresponding to the AGS closed orbit particle) was chosen.

b) The AtR line was tuned to transport protons with energy equal to the energy of the closed orbit
particle in AGS.

c¢) The closed orbit particle starting from the AGS location C10 was traced (trajectory and spin) down
to the H10 extraction section of the AGS, followed by the AtR line to the “RHIC injection point”

where the directional cosines of the stable spin direction were recorded.

d) Following the closed orbit particle, step (c) above was repeated for another 999 particles which were
randomly selected from the beam ellipsoid of the AGS location C10 and traced down to the “RHIC

injection point.”

e) From the distribution of the 1000 particles traced, the average value < S, > and the standard
deviation < (Sy— < S, >)? >1/2 of the vertical spin direction Sy was calculated at the “RHIC

injection point.”
The procedure (1) to (5) was repeated for an injected beam with different proton energy.

Stable Spin Direction at RHIC injection point (AGS partial Snake off)

The vertical component S, of the stable spin direction, at the RHIC injection point, is shown in Fig. 3.4
as a function of Gy. The empty squares are the S, components of the central trajectory particle. The
filled squares are the average vertical spin projection < .S, >, as calculated from the distribution of the S,

component of the 1000 injected particles. The error bars are one standard deviation of the vertical spin
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Figure 3.4: The S, component of the stable spin direction at the RHIC injection point. The empty squares
correspond to the central trajectory particle. The filled squares to the average S, of the spin distribution.
The error bars correspond to one standard deviation of the S, component of the spin distribution. The
initial spin direction at AGS has been assumed vertical. (AGS Snake off.)

projection Sy and contains over 90% of the final spin distribution which is not Gaussian and represent
a measure of the spread of the stable spin direction at the RHIC injection point. This spread of the
stable spin direction at the RHIC injection point is due to the off central trajectory particles which are
experiencing the non vertical fields of the various quadrupoles and combined function magnets (dipole
plus quad) of the AtR transfer line. The random sampling of the particles was taken from a beam with a
normalized beam emittance of 10 7 mm mrad for both vertical and horizontal planes, and one standard

deviation of the beam momentum spread Ap/p = £0.05%.

The calculations performed to obtain the results shown in Fig. 3.4 assumed that the initial stable spin
direction was along the vertical. In a realistic injection of a polarized proton beam the assumption that
the spin direction is along the vertical will not be valid, at least at the range of energies covered by the

Fig. 3.4. This is because of the partial Snake, the effect of which is discussed next.
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Stable Spin Direction at RHIC injection point (AGS partial Snake on)

The vertical component S of the stable spin direction at the RHIC injection point when the partial
Snake in the AGS is on at a 9° strength, is shown in Fig. 3.5 as a function of the Gy. The empty squares
are the Sy components of the central trajectory particle. The filled squares are the average vertical spin
projection < S, >, as calculated from the distribution of the S, component of the 1000 particles injected.
The error bars are & one standard deviation of the vertical spin projection S, and contain over 90% of
the final spin distribution which is not Gaussian. The spread of the stable spin direction at the RHIC
injection point as it appears in Fig. 3.5 is due to the off central trajectory particles as mentioned in the
previous section. In addition the initial stable spin direction, which is defined by the strength of the
partial Snake in the AGS, has a profound effect not only in the spread but also on the average value
of the stable spin direction itself at the RHIC injection point. Likewise, as mentioned in the previous
section, the random sampling of the particles was taken from a beam with a normalized beam emittance of
10 7 mm mrad for both vertical and horizontal planes, and the beam momentum spread with a standard
deviation Ap/p = £0.05%.

The stable spin direction of a polarized proton beam circulating in RHIC which will operate with two
full Snakes, is along the vertical. Therefore the stable spin direction of the injected polarized beam should
be along the vertical if possible. The results in Fig. 3.5 will serve as a guide to help choose the injection
energy which will provide the maximum vertical components of the stable spin direction with minimum
spread. At injection proton beam energies corresponding to Gy = integer the stable spin direction at AGS

is not well defined and neither is the stable spin direction at the RHIC injection point. (See Fig. 3.5.)

3.2.3 Optimization of Stable Spin Direction with Energy

The preceding two sections suggest that the optimum energy range for injection of a polarized proton
beam into RHIC corresponds to values of G from ~45 to 48. However it is possible to alter the energy
range for optimum polarization transfer of an injected beam into RHIC by employing three additional
horizontally bending dipole magnets in the AtR transfer line. A schematic diagram of the the section of
the AtR transfer line which includes the three added dipoles, is shown in Fig. 3.6.

The first of the three dipoles is placed in front of the second 12.5 mrad vertically bending magnet of
the 20° bend of the ATR line (see Fig. 3.6). The second dipole shown in Fig. 3.6 is to be placed just after
the second 12.5 mrad vertically bending magnet with the center of the third dipole placed downstream
from the center of the second dipole, at a distance equal to the distance of the centers of the first two
horizontally bending dipoles. This dipole arrangement is not dispersive, and will only affect the stable spin
direction after the vertical magnet shown in Fig. 3.6. The beam trajectory will be restored at the entrance
of the WQ3 quadrupole (Fig. 3.6) and the beam parameters will be practically the same as before the
inclusion of the dipoles. The next two sections present and discuss the results of the stable spin direction

at the RHIC injection point when the three horizontal dipoles shown in Fig. 3.6 are excited to 1.5 Tesla
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Figure 3.5: The S, component of the stable spin direction at the RHIC injection point as a function of
G7y. The empty squares correspond to the central trajectory particle. The filled squares are the average
Sy of the spin distribution. The error bars correspond to one standard deviation of the S, component of
the spin distribution. The initial spin direction at AGS is defined by the partial Snake in the AGS.

each in a direction such that the first dipole will bend the beam to the right, the second to the left, and
the third one to the right.

Stable Spin Direction (AGS partial Snake off; AtR modified)

With the AtR transfer line modified by the insertion of the three dipoles mentioned in the previous
subsection, the calculation for the stable spin direction at the RHIC injection point was repeated. The
vertical component S, of the stable spin direction at the RHIC injection point is shown in Fig. 3.7 as a
function of Gr.

Comparing Fig. 3.4 with Fig. 3.7, the shift of the optimum stable spin direction to lower energies is
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Figure 3.6: Schematic diagram of the section of the AtR transfer line with the three horizontally bending
magnets which can optimize the AtR polarization transfer at various proton injection energies.

obvious. The assumption made in the calculation to obtain the results shown in Fig. 3.4 are also valid in

obtaining the results of Fig. 3.7

Stable Spin Direction (AGS partial Snake on; AtR line modified)

In these calculations the AtR transfer line is modified as mentioned earlier, and the AGS partial Snake
is turned on at a 9° strength. The vertical component S, of the stable spin direction at the RHIC injection
point when the partial Snake in AGS is on, is shown in Fig. 3.8 as a function of G~.

Comparing Fig. 3.5 with Fig. 3.8 the shift of the optimum stable spin direction to lower energies is

again obvious.

3.2.4 Conclusions

The stable spin direction of a polarized proton beam at the RHIC injection point, has been studied as a
function of proton energy. It is shown that the stable spin direction at the RHIC injection point depends
upon the injected proton energy. Optimum polarization transfer can be defined as the condition where
the average stable spin direction of the protons at the RHIC injection point is “almost” vertical with the

minimum possible spread among the particles of the bunch.



Chapter 3: AGS-to-RHIC Transfer Line (March 2001) 33

Sy at RHIC Injection Point vs. Gy

100 \ \ | \ \

0.95

0.90

Cosine S

0.895 -

Dir

— B — Sy of Central Ray

0.80 —
—B— <Sy> of Dist

0./5 | | | | | |
47 4 4 44 45 46 47 48 49

Gy

Figure 3.7: The S, component of the stable spin direction at the RHIC injection point. The empty squares
correspond to the central trajectory particle. The filled squares to the average S, of the spin distribution.
The error bars correspond to one standard deviation of the S, component of the spin distribution. The
initial spin direction in the AGS has been assumed vertical. (Partial Snake is off.) The three dipoles of
Fig. 3.6 are excited to 1.5 T each.
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Figure 3.8: The S, component of the stable spin direction at the RHIC injection point as a function of
G7. The empty squares correspond to the central trajectory particle. The filled squares is the average S,
of the spin distribution. The error bars correspond to one standard deviation of the S, component of the
spin distribution. The three dipoles of Fig. 3.6 are excited to 1.5 T each. The initial spin direction at AGS
is defined by the partial Snake in AGS.




Chapter 4

Snakes and Spin Rotators in RHIC

To fit within existing straight sections in RHIC, it is important to find the most compact design for
Siberian Snakes and Spin Rotators which could produce the desired spin rotation in the shortest space. A
particularly elegant solution was proposed by V. Ptitsin and Y. Shatunov.[27] Their solution is based on
helical dipole magnet modules, each having a complete 360° twist. Using helical dipole magnets minimizes
orbit excursions which is most severe at injection energy. This allowed for a more modular design, where
similar superconducting helical magnets could be used for both Snakes as well as Spin Rotators near the

interaction points in RHIC.

4.1 (General Layout

Two full Siberian Snakes on opposite sides of each of the two RHIC rings serve to avoid depolarization
from imperfection and intrinsic depolarizing resonances up to the top energy of 250 GeV. In addition, Spin
Rotators are required at the intersection points used by PHENIX and STAR to allow for measurements
of spin effects with longitudinally polarized protons. The Spin Rotators rotate the polarization from the
vertical direction into the horizontal plane on one side of the interaction region and restore it to the vertical
direction on the other side.

The Siberian Snakes introduce a 180° spin rotation without generating a net orbit distortion. The
Spin Rotators placed around the experiments rotate the spin by 90° to provide longitudinal polarization
at the interaction region again without generating net orbit distortions. In both cases the spin rotation is
accomplished with a sequence of constant field, superconducting helical dipole magnets.

Each Snake rotates the spin by 180° around a horizontal axis and the two axes of the two Snakes of
each ring have to be perpendicular to each other. We are planning to use pairs of Siberian Snakes with
one Snake rotating the spin around an axis that points 45° to the outside and the other Snake rotating
around an axis that points 45° to the inside of the ring. In this case all Snakes can be constructed in the
same way. Also, the two Snakes of each ring have to be installed on opposite sides of the ring. In fact, the

beam direction in one Snake has to be exactly opposite to the beam direction in the other Snake to within

35
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0.3 mrad. The following is a summary for the locations and construction of the Siberian Snakes and the

Spin Rotators (see Fig. 1.2):

e Two pairs of full Siberian Snakes, one pair in each ring, are installed in the 3 o’clock and 9 o’clock
sections of RHIC as shown in Fig. 1.2. These Snakes rotate the spin around axes that point 45° to
the inside or outside of the ring. We are planning to install the Siberian Snakes in the 13 m long,

cold straight sections between Q7 and Q8.

e The two pairs of Spin Rotators, one set for PHENIX at the 8 o’clock region and another set for
STAR at the 6 o’clock region, are installed in the 40 m long straight sections between Q3 and Q4
on either side of the interaction region. The beam direction in the straight sections is different from
the direction in the collision area by 3.67 mrad which introduces a spin rotation that is larger by a
factor of G~. This means that the Spin Rotators have to prepare a horizontal polarization direction
such that after this spin rotation the desired longitudinal polarization direction is obtained at the

interaction point.

4.2 Siberian Snake and Spin Rotator Design

For both the Siberian Snakes and the Spin Rotators we are planning to use four helical magnets[27].
Helical field magnets have some distinctive advantages over more conventional transverse Snakes or rotators:
(i) the maximum orbit excursion is smaller, (ii) orbit excursion is independent from the separation between
adjacent magnets, and (iii) they allow an easier control of the spin rotation and the orientation of the spin
precession axis.

In an ideal helical dipole magnet to be used for our purposes, the central dipole field should rotate
through a complete 360° from one end of the magnet to the other. In a real magnet, of course, the
fields at the ends of the magnet will also contribute to the particle dynamics. The plan is to design a
magnet in which the field integrals [ B,d¢ and [ B,d(¢ are both equal to zero (for some particular energy).
The maximum body field will thus rotate through an angle less than 360° along the axis of the magnet.
Moreover, in order to simplify the construction of the Snakes/Rotators, a solution has been found with
all magnetic modules identical in both devices. The only variation is that the helix of some magnets is
right-handed and others left-handed.

Snake parameters are listed in Table 4.1. The parameters are a result of an optimization using an orbit
and spin tracking program that includes the effects of fringe fields[28], [29]. The integration is performed
by interpolation through the magnetic field numerically calculated and mapped on a 3-dimensional grid.
The result of the orbit and spin tracking is shown in Fig. 4.1. To produce these results, it was found that
the central body field of the helical magnets should rotate through approximately 340°, with the ends

contributing the necessary remaining field. Naturally, the exact amount of rotation depends upon the
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Number of helical magnets 4
Total length 10.56 m
Magnet bore 100 mm

Helical Magnets

Length Field helicity Field orientation | Field strength
(effective) at entrance/exit

1 2.40 m right-handed Vertical 13T
2 2.40 m right-handed Vertical -4.0T
3 2.40 m right-handed Vertical 40T
4| 240 m right-handed Vertical -1.37T
Max. orbit excursion (hor./ver.) (25 GeV) 15 mm /33 mm
Total field integral 24 T-m
Orbit lengthening (25 GeV) 2 mm

Table 4.1: Parameters for the Siberian Snake magnets. All helical magnets are right-handed, and begin and
end with vertical fields. The central field strengths were optimized to include end effects of the magnets.

model used to describe the ends, and final magnet parameters will be a result of actual magnet tests and
measurements.

All helical magnets may be powered by separate power supplies. This allows for an adjustment of
the spin tune to 1/2 and of the direction of the rotation axis to compensate for the effect of the detector
solenoids. This is shown in Fig. 4.2.

Spin Rotator parameters are listed in Table 4.2. The result of the orbit and spin tracking is shown in
Fig. 4.3. Since in RHIC the direction of the Spin Rotator beam line is at a horizontal angle § = 3.674 mrad
with the direction of the adjacent insertion, the spin should emerge from the rotator in the horizontal
plane and at an angle G~ with the rotator axis in order to obtain a longitudinal polarization through the
insertion region. The needed rotation is therefore dependent on the beam energy. The values of the field

needed to provide a longitudinal polarization at different energies are shown in Fig. 4.4.

4.3 Effects on RHIC Operation

Calculations of the changes to the RHIC lattice parameters generated by the helical dipole magnets show
minimal effects on the RHIC lattice parameters. Because of the spiral trajectory within the magnets,
the Snakes and rotators introduce coupling into the RHIC accelerators. Both computer modeling and
analytical calculations have shown that this effect is also small, with a minimum tune separation due to
coupling of Av = 0.004 with two Snakes and 4 Spin Rotators present at RHIC injection.[30],[31]

The effects on RHIC operation of helical dipole magnet error fields and misalignments have also been
studied.[32] In contrast to a “regular” dipole magnet error which can be thought of as producing a kink
in the slope of the particle trajectory at the source of the error, a “helical dipole” error will introduce a

step in the trajectory. To keep the vertical orbit distortions under control, the helical dipole field errors
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Figure 4.1: Field, orbit, and spin tracking through the four helical magnets of a Siberian Snake at v = 25.
The spin tracking shows the reversal of the vertical polarization.
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Figure 4.2: Change of the direction of the Snake rotation axis as a function of magnet excitation. This
calculation uses a simplified analytical expression for the Snake magnetic field. The rotation axis of the
snake is ¢, and p is the rotation angle. Note that the ¢ contours shift slightly from injection (red) at
25 GeV to storage (pink) at 250 GeV.

Number of helical magnets 4
Total length 10.56 m
Magnet bore 100 mm
Helical Magnets
Length Field helicity Field orientation Field Field
(effective) at entrance/exit | (25 GeV) | (250 GeV)

1 2.40 m right-handed Horizontal 21T 35T
2 2.40 m left-handed Horizontal 28T 31T
3 2.40 m right-handed Horizontal 28T 3.1 T
4|1 240 m left-handed Horizontal 21T 35T
Max. orbit excursion (hor./ver.) (25 GeV) 25 mm /10 mm
Total field integral 23 T-m
Orbit lengthening (25 GeV) 1.4 mm

Table 4.2: Parameters for the Spin Rotator magnets. Helical magnets alternate right-handed and left-
handed, and all begin and end with horizontal fields. The central field strengths were optimized to include
end effects of the magnets, and are calculated for longitudinal polarization at the beam collision point.
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Figure 4.3: Field, orbit, and spin tracking through the four helical magnets of a Spin Rotator at v = 25.
In this example, the spin tracking shows how the polarization is brought from vertical to horizontal.
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A(BY{)/(BY{) should be kept reasonably below 1%, and rotational misalignments should be less than about
10 mrad. The more important parameter will be the total integrated field strength ( f B.ds, f Byds) which
should be zero, or equivalently the total equivalent integrated twist of the magnet should be 360°. This
last requirement is especially sensitive in the case of the Rotator magnets (horizontal fields at the entrance
and exit of the magnets). The Rotators, however, are only used at storage energy, where their effects on
the orbit are smaller. With two Snakes on throughout injection and acceleration, the orbit distortions
generated by their twist errors can easily be corrected using standard RHIC dipole correctors. The total
twist angle and its tolerance are 360° 4 2°.[33] The ends of the magnets have been carefully designed to
obtain not only the desired integrated field strength but also the desired total field twist well within this
tolerance.[34], [35]

Field quality is also an issue for the helical magnets, though not as central an issue as for the normal
bending magnets in the accelerator. The intrinsic helical nature of the field will itself produce nonlinear
terms in the field expansion. In particular, Maxwell’s equations dictate that the helical dipole field will be

of the form

2 2
B, ~ —Bjy {[1 + %(3x2 +y?)]sin kz — %xy cos k:z} (4.1)
k2 k2
By ~ By {[1 + g(aﬁ + 3y%)] cos kz — T sin k:z} (4.2)
k2 2 2 .
B, ~ —Bok{1+ g(x +y%) ¢ [z cos kz + ysin kz] (4.3)

where the repeat period of the helical field is A = 2x/|k|. In the above, we have assumed a field which
is “vertical” (i.e., positive y direction) at the entrance to the magnet. The sign of k£ determines the
handedness of the field. To first order, the transverse fields are just B, = Bycoskz, B, = —Bysinkz as
desired. However, we see that for significant displacements, there are nonlinear terms which will contribute
to the particle motion.

In addition to this intrinsic nonlinear feature, magnet design and construction errors will add nonlin-
earities to the field as well. While the nonlinear field components tend to average to zero over the length
of the helical dipole, the protons follow a trajectory which is not centered within the magnet. (This is
illustrated in Fig. 4.5, in which the choice of the name “Snake” is readily apparent.) Thus, one expects
to see feed-down effects due to this trajectory. For example, a sextupole component in the magnet will
generate a tune shift due to the off-centered orbit. Analytical estimates indicate that the intrinsic tune
shift at 25 GeV due to two Snakes in RHIC is on the order of Av = 0.015, and that a sextupole component
in the magnet design of strength by ~ 2 x 107%/cm? (or, approximately 20 “units” measured at 3.1 cm)
will give approximately the same tune shift.[36],[37] Particle tracking results are in qualitative agreement
with these estimates.[38] The magnet design has a much smaller b component, and so should not pose a

problem in this regard.
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Figure 4.5: Three dimensional view of the trajectory through a RHIC Snake.

4.4 Compensation for Detector Solenoids

The STAR and PHENIX detectors use solenoid magnets as spectrometers. With transverse polarization

at the collision point the solenoid contributes to the imperfection resonance strength,

. B 1+G fB”df
imp,sol — o Bp

(4.4)

For a 5 Tesla-meter integrated solenoid field strength, the resulting spin resonance strength is about 0.02
at the injection energy and 0.003 at 250 GeV /c.

With longitudinal polarization at the collision point the longitudinal field rotates the polarization
around its axis and thus changes the spin tune. The spin tune is changed by 0.03 to 0.003 at 25 GeV and
250 GeV, respectively, by a 5 T-m solenoid. This can be compensated by adjusting the direction of the
axes around which the Snakes rotate the spin. By adjusting up to £5° the spin tune can be adjusted for

energies down to 25 GeV.
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Chapter 5

Polarized Proton Acceleration in RHIC

5.1 Depolarizing Resonance Strengths

Without Siberian Snakes there are numerous depolarizing resonances in RHIC, both intrinsic and imper-
fection resonances. The strengths of the intrinsic resonances can be calculated quite accurately from the

appropriate integral over the horizontal focusing fields. Fig. 5.1 shows the result for the RHIC lattice with

Intrinsic resonance strengths, protonsin RHIC
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Figure 5.1: Strengths of the intrinsic depolarizing resonances in RHIC calculated for the RHIC lattice and
for both 8* = 10 m and 8* = 1 m at all six intersection points. There is no noticeable difference of the
calculated strengths for the two values of 3*.
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G* = 10 m at all intersections. A calculation with * = 1 m gave only a slightly different result. The
calculation was performed for a particle with a normalized Courant-Snyder invariant of g =10 7 mm mrad.

For a different value of the invariant the strength scales according to

¢ = eo\/g (5.1)

where ¢ is the resonance strength for the invariant eq.

Important intrinsic spin resonances are located at
Gy=kP+v,~mPM+v,, (5.2)

where k£ and m are integers, P is the superperiodicity of the accelerator, M is the number of FODO cells
per superperiod, and 2rv, = 27 (v, — 12) is the accumulated phase advance of all FODO cells, which

contain bending dipoles. The locations of the 3 strongest intrinsic resonances are

Gy =3 x 81+ (v, — 12), 5x 81— (v, —12),  5x 81+ (1, —12) (5.3)
E= 136 GeV, 203 GeV, 221 GeV (5.4)

where 81 is the product of superperiodicity, 3, and the “effective” FODO cells per superperiod, 27, which
includes dispersion suppressors. The strengths of all 3 strong resonances are less than 0.5.

Important imperfection resonances are located at an integer closest to strong intrinsic resonances. This
is clearly shown in the top part of Fig. 5.2 which shows the calculated imperfection resonance strengths for
an uncorrected closed orbit obtained from a random sample of magnet misalignments with a rms spread
of +0.5 mm, dipole roll angles with a spread of 41 mrad, dipole field errors of +5 x 10~*, and position
monitor errors of 0.5 mm. After the closed orbit correction scheme MICADO[39] was applied, the vertical
closed orbit was corrected to within 0.155 mm rms. The resonance strengths are greatly reduced as shown
in the lower part for Fig. 5.2. The strengths of the imperfection resonances generally increase linearly with

the beam energy and are bounded by
~
250 7

where o, is the rms value of the residual closed orbit excursions in mm. The strength is smaller than

€imp = 0.25 (5.5)

0.04 for all energies. Present alignment data from the RHIC CQS cold masses has shown monitor and
quadrupole placement errors each well below 0.5 mm. The dipole roll angle is well below 0.5 mrad as
well.[40]

5.2 Effectiveness of Siberian Snakes

With the installation of Siberian Snakes, which are local 180° spin rotators, the spin tune becomes 1/2,
independent of the beam energy. Clearly the depolarizing resonance conditions cannot be met anymore as

long as the fractional betatron tune Av, # 1/2 and therefore, in principle, no depolarization would occur.
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Figure 5.2: Strengths of the imperfection depolarizing resonances in RHIC calculated before and after the
MICADO orbit correction scheme has been applied.
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Figure 5.3: Vertical component of the polarization after acceleration through a strong intrinsic resonance
and a moderate imperfection resonance shown as a function of the vertical betatron tune.

This is in fact true as long as the depolarizing resonances are not too strong. However, in the presence of
strong resonances depolarization can occur from resonance conditions extended over more than just one

turn. This leads to additional possible depolarizing resonance conditions:

Avy = (5.6)

They are called Snake resonances[41] and n, the number of turns, is called the Snake resonance order.
For two Snakes, as proposed here for RHIC, significant depolarization from Snake resonances only occurs
for an intrinsic resonance strength of about 0.5 and even order Snake resonances require in addition an
imperfection resonance strength of about 0.05. Fig. 5.3 shows the result of a simple 1-D spin tracking
calculation through an energy region (using the RHIC acceleration rate) with an intrinsic resonance of
strength 0.5 and an imperfection resonance of strength 0.05. There are clearly regions of the betatron tune
that do not experience any depolarization. Since the betatron tunes of RHIC were chosen to be located
between 1/6 and 1/5, the betatron tune could be placed between the Snake resonances 1/6 = 0.1667 and
3/16 = 0.1875. With the betatron tune including its spread located between 0.170 and 0.185, a 0.015 range,

no depolarization will occur over the whole RHIC energy range up to the top energy. A more sophisticated
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tracking calculation, using the spin tracking code SPINK to track through the strongest intrinsic resonance
along a corrected RHIC orbit, is found in Section 5.8.

If the betatron tune spread is too large to fit into this range, some depolarization will be caused by the
Snake resonance Ay, = 3/16. Tracking calculations performed with an acceleration rate of 4 = 3.9/sec
showed that a Gaussian beam with €y g5 = 20 7 mm mrad and with 10% of the beam overlapping the
3/16 Snake resonance less than 5% of the polarization is lost for each passage through one of the strong
intrinsic resonances. The final polarization after passing all 3 strong resonances would then be at least
86% of the injected polarization. It is important to note that, unlike for electron beams, the betatron
tune distribution within the proton beam is basically static and does not get mixed. This means that
depolarization experienced by a part of the beam is confined to this part only and will not affect the whole

beam. In other words, there is no diffusion of polarization.

5.3 Sextupole Depolarizing Resonances
Spin resonances arising from sextupoles are located at
Vep = kP vy, £ vy = mPM + (v, — 6) £+ (v, — 6) (5.7)

with resonance strength given by,

_1+Gy
K™ 8w

€

2\ BaBy PM(S,] +15,)), (5.8)

where S, 5, are respectively strengths of sextupoles located at the focusing and defocusing quadrupole
locations. Because the emittance decreases with energy, the sextupole spin resonance strength is energy
independent in hadron storage rings. For RHIC, the resonance strength is about 0.0003 at a normalized
emittance of 20 m mm mrad. Such a sextupole driven resonance has been observed in the IUCFEF Cooler
Ring.[42] However, because of their small spin resonance strength, depolarizing resonances due to sextupoles
are not important as long as the betatron tunes are chosen to avoid the resonance condition, which for a
spin tune of 1/2 is )

5= kP £ v, £+ v, (5.9)

The current working point for RHIC certainly avoids this condition.

5.4 Spin Tune Spread and Modulation

With snakes, the spin tune is independent of energy. Therefore the synchrotron motion does not give rise
to spin tune spread. This has been verified indirectly in the snake experiment at the IUCF Cooler Ring,
where one finds that there is no depolarization at the synchrotron side band for a 100% snake.[43] However

the spin tune modulation may still arise from imperfect spin rotation in the snake, and imperfect orbital
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angle between snakes. The errors in orbital angle may arise from survey error, closed orbit error, and/or
betatron motion.

For an imperfection resonance strength ¢ = 0.05 with two snakes, the perturbed spin tune shift is given
by Avs, = mle|>/4 = 0.002. The error in the spin rotation angle of two snakes contributes also to the
imperfection resonance strength. Assuming that the relative error of the integrated field strength of each
snake magnet is 1073, the error in the spin rotation angle of a snake should be about 0.5°. The effect of
2 snakes in the accelerator will give a resonance strength of the order efgw ~ 0.004, which is smaller than
the imperfection resonances due to closed orbit errors.

The error Af in the orbital angle between the two snakes can give rise to a spin tune shift of Avy, =
GyAf/w. Since the error in the orbital angle gives rise to spin tune shift and not a spin tune spread,
one can compensate the effect by adjusting the spin rotation axes of the snakes. A survey error of about
Af ~ 0.1 mrad leads to a spin tune shift of 0.01 at the highest energy. For such a survey error, active
compensation by adjusting the snake spin rotation axes is needed but is well within the tuning range of
the Snake design.

The closed orbit can also cause an orbital angle error between snakes. Let us assume that the maximum

closed orbit is about @ ~ 60 ~ 1.0 mm. The angular deviation is of the order of Az! ~ a/ 3, where

a is the maximum orbit error and ﬁB ~ R/v is the average betatron amplitude function. The expected
error is about Az’ ~ 2 x 1075 for RHIC, which gives rise to a spin tune shift of 0.002.

Similarly a betatron oscillation can cause orbital angle modulations. The spin tune modulation is given

by
1 e 1 Yen
Avg g ~ —WG% /_ﬂ = —7TG1 /—6 . (5.10)

The resulting spin tune spread is about 0.007 for a beam with 20 7 mm mrad normalized emittance at 250
GeV.

Combining all the possible sources, we expect that the total spin tune spread to be about 0.009 (im-
perfection resonance and betatron motion) and a correctable spin tune shift of 0.012 (Snake survey error

and closed orbit error).

5.5 Betatron Tune Spreads and Modulations

In avoiding snake resonances up to the 13th order, the available tune space is about 0.015. With a spin
tune spread of 0.009, the betatron tune needs to be controlled to better the 0.006. The tight requirements
for the spin and betatron tune spread are only relevant while accelerating through the 3 strong intrinsic
resonances when the beam-beam tune shift is negligible.

At the injection energy, the space charge tune spread can be as large as 0.02 for RHIC. However, the
corresponding spin resonance strength at low energy is also about a factor of 3 smaller and therefore the

available tune space is much larger.
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5.6 Tuning of Siberian Snakes

The desired effect of the Siberian Snakes in RHIC is to effectively rotate the spin of a proton 180° about an
axis in the horizontal plane. The amount of rotation, as well as the direction of the rotation axis, through
a complete helical dipole magnet each depend upon the energy of the particle, and in fact are functions of
the variable

_1+Gy

= B A1
K Bp 0 (5 )

where By is the central field of the magnet. At high energies, where Gy > 1 then k ~ eGB(/mc which

is constant. At lower energy, the Snake magnets would have to be adjusted to perform “perfect” 180°
rotations.

It would be desirable to run the Snakes at constant field, thus avoiding ramped superconducting magnets
and power supplies. Simulations have shown that this indeed can be done.[44] For a “perfect” Snake, the
fields in the inner and outer helical dipoles would need to change by approximately 3% in accelerating from
24 GeV to 250 GeV. Suppose the Snakes were tuned to operate at one of the strongest expected intrinsic
resonances in RHIC, for instance the Gy = 381.82 resonance (y ~ 212). At lower energies, the precession
angle would deviate from 180° to approximately 178° at injection. Likewise, the direction of the precession
axis would be off by about 3°. Spin tracking using Spink has shown that lower energy intrinsic resonances
can be crossed effectively with the Snake set at high energy settings. Using lower energy settings when
passing through higher energy resonances is less effective, though not disastrous. Thus, the operational
procedure would be to optimize the Snakes for high energy resonances, and leave them at these settings

throughout the acceleration cycle.

5.7 Spin Tracking Calculations

Spin behavior in RHIC in the presence of intrinsic and imperfection spin resonances has been studied with
a numerical code, Spink [45], that reads the lattice of the machine created by the code Mad [46] and makes
use of 6 x 6 orbit matrices and 3 x 3 spin matrices. The input to the code is a random distribution of
polarized protons in the transverse and longitudinal phase spaces, within prescribed emittance contours.
The helices of Siberian snakes and rotators are also represented by matrices that describe the orbit motion
as well as the spin rotation. Spink includes acceleration and synchrotron oscillations.

To study imperfection resonances, one creates with Mad an output file containing a distorted closed
orbit generated by a random distribution of position and field errors in the lattice elements.

The code has been extensively checked against standard theoretical results, where applicable. For
example, in the case of an isolated resonance, Spink produces results in good agreement with the Froissart-
Stora formula [6].

Among the spin tracking studies performed so far, notable are (i) acceleration scans through the full

RHIC cycle, from Gy = 50 to 500, with snakes on (Fig. 5.4), that reproduce the known resonance spectrum
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Figure 5.4: Tracking of single particle’s spin in RHIC throughout the acceleration cycle. Snakes ON. Plots
a - e are for vertical closed orbit deviations with rms 0.7 mm. Plots A - E are for vertical rms deviation of
0.2 mm. In each case, the horizontal orbit deviation is 0.7 mm rms. For plots a,A the particle’s emittance
is zero. For b,B, the particle’s emittance is 57 mm-mrad. For ¢,C, 100 mm-mrad; d,D 157 mm-mrad; e,E,
207 mm-mrad. The RHIC tunes for this calculation are v, = 28.19 and v, = 29.18.

of Fig. 5.1; (ii) scan of a resonance line in storage mode (no acceleration) versus. vertical betatron tune,
to find a good operating interval in tune space; (iii) test of a RF spin flipper, with rotating or oscillating
magnetic field. A blow-up of a G7y tracking interval, containing an intrinsic resonance, with snakes ON

and snakes OFF is shown in Fig. 5.5.

The same code Accsim has also been extensively used to describe and interpret experimental results on

polarized proton acceleration in the AGS [47].
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Figure 5.5: Tracking of spin through an isolated intrinsic resonance. Upper graph: snakes ON, lower graph:

snakes OFF In this case, many other weak resonances show up). The tunes were again v, = 28.19 and
vy = 29.18, and the single particle’s emittance was 107 mm mrad.
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Figure 5.6: Tracking of spin through the intrinsic resonance Gy = 422.18. TOP: Average polarization of
Gaussian beam (180 particles) with horizontal and vertical emittances (95%, normalized) of 20r mm-mr.
BOTTOM: Average polarization of 180 particles, all with 207 emittance (horizontal and vertical).

5.8 Closed Orbit Correction Schemes

The SPINK computer code has been shown to reproduce the theoretically computed proton spin resonances,
and their corresponding strength for an ideal RHIC machine (with magnetic elements not misaligned or
having field errors). More recently, the SPINK code has been upgraded to allow for the study of spin
resonances in the presence of random misalignments and/or field errors of magnetic elements. Two key
issues can now be addressed with this version of the code. Firstly, tolerable field errors and misalignments
of the magnetic elements of RHIC for which a 20m mm-mrad emittance proton beam will maintain its
polarization can be explored through the various spin resonances during the acceleration cycle. Secondly,
the most effective closed orbit correction scheme (MICADO, Harmonic Correction, 3-bump correction,
for example) which minimizes the depolarization of the proton beam during resonance crossing can be

explored.

As an example of the proton spin behavior while crossing the strongest spin resonance (Gy = 422.18)

of RHIC is shown by the curves in Fig. 5.6. The top curve shows the average vertical spin component as a
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Figure 5.7: Resulting polarization through the strongest RHIC intrinsic resonance versus rms arc
quadrupole and sextupole misalignment.

function of Gy for 180 particles randomly selected from a Gaussian beam with normalized 95% emittances
€z = €y = 20m mm-mr). The bottom curve is the same average but the particles are randomly selected from
the surface of a beam ellipsoid with €, = ¢, = 20m mm-mr. Both curves correspond to a RHIC machine
with the same arc-quadrupole and arc-sextupole misalignments of o, , = 1.0 mm and arc-dipole rotational
misalignments of oy, = 1 mr. (Only errors within £2.5 times the chosen rms values were allowed in the
simulations discussed here.) The MICADO algorithm was applied to correct the orbit prior to tracking the
particle trajectories and spins through the resonance at the nominal RHIC acceleration rate. It is worth
noticing that the average spin polarization shown by the top curve well after the resonance is almost the
same as the average polarization well before the resonance. A closer look at the average polarization of
particles selected from the surface of the 20m beam ellipsoid (lower curve) indicates that some of these
particles do not track the stable spin direction during the resonance crossing. This polarization loss
decreases with the rms error of the arc-quadrupole and sextupole displacements as shown in Fig. 5.7.
In this figure, the initial (at Gy = 415.5) and final (at Gy = 430.0) average vertical spin components

of 20 particles (randomly selected from the surface of 207 ellipsoid) are plotted as a function of the arc-
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Figure 5.8: Resulting polarization through the strongest RHIC intrinsic resonance versus vertical betatron
tune.

quadrupole and arc-sextupole misalignments. The arc-dipoles maintain the same random misalignment

of oy = 1 mr. The maximum and minimum spin components of the distribution are also plotted. Care

was taken to ensure that both the horizontal and vertical tunes of the closed orbit were the same for each
calculation.

In all the calculations the MICADO formalism minimizes the closed orbit distortion at the location of

the Beam Position Monitors (BPM’s) which are located just next to the arc-sextupoles and are assumed

to be free of errors. Similar calculations with appropriate BPM alignment errors produce the same results
as in Figs. 5.6 and 5.7.

A study of the depolarization of a proton beam crossing the Gy = 422.18 RHIC spin resonance as a
function of the vertical tune is shown in Fig. 5.8. In this figure, each point represents the ratio of the

final average vertical spin component to the initial average for 20 particles randomly selected from the
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surface of a beam ellipsoid with €, = ¢, = 20m mm-mr. During these calculations the RHIC machine was
misaligned with random arc-quadrupole and arc-sextupole rms displacements of o, , = 0.2 mm, and arc-
dipole rotations with standard deviation of o, =1 mr, and then corrected using MICADO. The horizontal
tune of the closed orbit was kept at 28.1930 for each case. The first point corresponds to a vertical tune of
29.170 and the final point to 29.210 with the points in between differing by 0.001 units. There are clearly

regions of betatron tune where depolarization does not occur.
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Chapter 6

Accelerator Systems Hardware

The RHIC Spin Accelerator project requires 48 helical dipole magnets placed in special arrangements
within the RHIC accelerator lattice to produce necessary manipulations of the particle spin. To maintain
polarization while crossing resonances, “Siberian Snakes” are required, which will consist of 4 helical dipoles
in succession, each with right-handed helical fields that begin and end with the dipole field vertical. At
the two major interaction points, spin “Rotators” will also be installed, which consist of 4 helical dipoles
in succession, each with dipole fields that begin and end horizontally; however, these magnets will have
alternating helicity — right-handed, left-handed, right-handed, left-handed. The helicity is given in order
as seen by the beam. Fig. 1.2 shows schematically the layout of these devices. The Rotators are located at
a warm-to-cold interface within the Q3-Q4 straight section. Thus, the orientation of the cryogenic piping
dictates that there be two additional categories of Rotator, namely one which follows the warm-to-cold
transition with a right-handed helix, and one which follows the warm-to-cold transition with a left-handed
helix. Figs. 6.1 and 6.2 show Snake assemblies located between quadrupoles Q7 and Q8 in the 3 o’clock
and 9 o’clock sections or RHIC, while Figs. 6.3 and 6.4 sketch out the Rotator locations near the major
detectors.

Using these figures, we can summarize basic magnet requirements as shown in Table 6.1, and require-
ments for the completed assemblies in Table 6.2. Parameters and tolerances for magnets are given in
Table 6.3. A complete list of devices, including their Site Wide Names (used in the RHIC lattice database

and other lists) and their characteristics, is provided In Tables 6.4 and 6.5.

Magnet Model Helicity Field Orientation at | Quantity Required
Entrance and Exit

HSD1xx Right-handed (forward) Vertical 16

HSD2xx Right-handed (reversed) Vertical 16

HSD3xx Right-handed (forward) Horizontal 16

HSD4xx Left-handed (reversed) Horizontal 16

Table 6.1: Magnet quantities and types needed for Snakes and Rotators.

99
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Figure 6.1: Schematic layout of Siberian Snake in the 3 o’clock Region of RHIC.
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Figure 6.2: Schematic layout of Siberian Snake in the 9 o’clock Region of RHIC.
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Figure 6.3: Schematic layout of Spin Rotators in the 6 o’clock Region of RHIC. The STAR detector is
located at the interaction point. Further descriptions of the various Rotator units can be found in Table 6.2.
The “lead-ends” are towards the Q4’s.
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Figure 6.4: Schematic layout of Spin Rotators in the 8 o’clock Region of RHIC. The PHENIX detector
is located at the interaction point. Further descriptions of the various Rotator units can be found in
Table 6.2. The “lead-ends” are towards the Q4’s.
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Unit Type

Field Orientation
at Entrance/Exit

Helicity Pattern

(%)

Quantity
Required

W-to-C

transition (**)

Unit
Name

Snake

Vertical

RILRI,RH,RH

4

(none)

bo3-snk7

yi3-snk7
bi9-snk7
y09-snk7
RH,LH,RH,LH 4 RHS of unit bi5-rot3
yoo-rot3
bo7-rot3

yi7-rot3

Rotator Horizontal

Sectors 5 & 7

RH,LH,RH,LH 4 LHS of unit bo6-rot3
yi6-rot3
bi8-rot3

yo8-rot3

Rotator Horizontal

Sectors 6 & 8

Table 6.2: Quantities and types of complete Snake and Rotator assemblies. (*)The helicity pattern is the
pattern seen if standing at the inside wall of the tunnel, looking radially outward. (**)The Warm-to-Cold
transition occurs either on the right-hand-side of the unit or on the left-hand-side, as seen if standing at
the inside wall of the tunnel, looking radially outward.

6.1 Helical Dipole Magnets

Two methods for building helical magnet coils have been pursued. The first, called the “slotted” coil
method, is based upon established BNL technology used to produce the RHIC sextupole magnets. It
consists of a Kapton-wrapped, round cable placed into helical grooves that have been milled into a thick-
walled aluminum cylinder. Thin sheets of epoxy-loaded fiberglass are placed between layers, and the entire
assembly is cured at elevated temperature and with radial pressure to produce a compact, strong matrix. A
first prototype coil using this technique was built and tested at BNL, and a full field, half length prototype
magnet was completed late in 1996. Testing showed this to be a sound design, and it has been chosen as
the design for production. A full length magnet is being built in 1998 using a newly developed automatic
winding machine.

A second method for coil production was studied, called the “direct-wind” coil method. This method
consists of the same type of cable as the slotted design applied by machine directly to the surface of a
stainless steel tube in multiple layers. The surface of the Kapton-wrapped cable has a coat of adhesive. A
very thin layer of epoxy-loaded fiberglass is placed between layers. The cable is applied in a helical pattern
by a computer-controlled multiple-axis winding machine. A full field, half length prototype magnet using
this direct-wind method was built by AML, Inc., in Palm Bay, FL. and tested at BNL. Testing indicated
the need for some design changes to increase the mechanical stability of the conductor, particularly in the

ends of the magnet, in order to reach the required field level with sufficient operating margin.
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Parameter Requirement | Tolerance (rms)

Design Central Field By 4 Tesla

Operating Margin 15 %

Design Magnetic Length BLO [ |BldL 240 cm

Magnet Slot Length 260.65 cm

Total Cryostat Assembly Length 1186.815 cm

Integrated Field Strength [ |B|d¢ 9.6 Tesla-meter 0.05 T-m

Integrated Field Components [ B,d¢, [ By,dt 0 Gauss-m 500 Gauss-m

Quadrupole Coefficient of b1 0 2.0
main dipole field

Sextupole Coefficient of by 2.0 2.0
main dipole field

Octupole Coefficient of b3 0 2.0
main dipole field

Decapole Coefficient of by 2.0 1.0
main dipole field

Skew Quadrupole Coefficient of aq 0 2.0
main dipole field

Transverse Alignment(*) Ax, Ay 0 mm 0.5 mm

Longitudinal Alignment(*) Az 0 mm 1.0 cm

Rotational Alignment(*) Ao 0 mrad 1.0 mrad

63

Table 6.3: General parameters and tolerances for an individual Snake or Rotator magnet. Magnet multipole
coefficients are in units of 107 at 3.1 cm reference radius. (*)Alignment is with respect to neighboring
quadrupoles.
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Site Wide Name | Magnet | Type | Inside/ | Sector | Location | Handedness | Field Orientation
Name Outside Number at End
bo3-snk7
bo3-hlx7.4 HSD206 | Snk 0 3 7 R \%
bo3-hlx7.3 HSD107 | Snk 0 3 7 R \%
bo3-hlx7.2 HSD202 | Snk 0 3 7 R \%
bo3-hlx7.1 HSD108 | Snk 0 3 7 R \%
bibs-rot3
bi5-hlx3.4 HRDxxx | Rot i 5 3 L H
bi5-hlx3.3 HRExxx | Rot i 5 3 R H
bi5-hlx3.2 HRDxxx | Rot i 5 3 L H
bi5-hlx3.1 HRExxx | Rot i 5 3 R H
bob6-rot3
bo6-hlx3.1 HRDxxx | Rot o) 6 3 R H
bo6-hlx3.2 HRExxx | Rot o) 6 3 L H
bo6-hlx3.3 HRDxxx | Rot o} 6 3 R H
bo6-hlx3.4 HRExxx | Rot o) 6 3 L H
bo7-rot3
bo7-hlx3.4 HRDxxx | Rot o) 7 3 L H
bo7-hlx3.3 HRExxx | Rot o} 7 3 R H
bo7-hlx3.2 HRDxxx | Rot o) 7 3 L H
bo7-hlx3.1 HRExxx | Rot o) 7 3 R H
bi8-rot3
bi8-hlx3.1 HRDxxx | Rot i 8 3 R H
bi8-hlx3.2 HRExxx | Rot i 8 3 L H
bi8-hlx3.3 HRDxxx | Rot i 8 3 R H
bi8-hlx3.4 HRExxx | Rot i 8 3 L H
bi9-snk7
bi9-hlx7.4 HSD204 | Snk i 9 7 R \%
bi9-hlx7.3 HSD102 | Snk i 9 7 R A%
bi9-hlx7.2 HSD201 | Snk i 9 7 R \%
bi9-hlx7.1 HSD101 | Snk i 9 7 R A%

Table 6.4: RHIC Spin helical dipole magnet locations — BLUE Ring.
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Site Wide Name | Magnet | Type | Inside/ | Sector | Location | Handedness | Field Orientation
Name Outside Number at End

yi3-snk7

yi3-hlx7.4 HSD208 | Snk i 3 7 R A%
yi3-hlx7.3 HSD106 | Snk i 3 7 R \Y
yi3-hlx7.2 HSD207 | Snk i 3 7 R A%
yi3-hlx7.1 HSD109 | Snk i 3 7 R \Y
yob-rot3

yob-hlx3.4 HRExxx | Rot o) 5 3 R H
yo5-hlx3.3 HRDxxx | Rot o 5 3 L H
yo5-hlx3.2 HRExxx | Rot o) 5 3 R H
yo5-hlx3.1 HRDxxx | Rot o 5 3 L H
yi6-rot3

yi6-hlx3.1 HRExxx | Rot i 6 3 L H
yi6-hlx3.2 HRDxxx | Rot i 6 3 R H
yi6-hlx3.3 HRExxx | Rot i 6 3 L H
yi6-hlx3.4 HRDxxx | Rot i 6 3 R H
yi7-rot3

yi7-hlx3.4 HRExxx | Rot i 7 3 R H
yi7-hlx3.3 HRDxxx | Rot i 7 3 L H
yi7-hlx3.2 HRExxx | Rot i 7 3 R H
yi7-hlx3.1 HRDxxx | Rot i 7 3 L H
yo8-rot3

yo8-hlx3.1 HRExxx | Rot o) 8 3 L H
yo8-hlx3.2 HRDxxx | Rot o) 8 3 R H
yo8-hlx3.3 HRExxx | Rot o 8 3 L H
yo8-hlx3.4 HRDxxx | Rot o) 8 3 R H
y09-snk7

y09-hlx7.4 HSD203 | Snk 0 9 7 R \Y
y09-hlx7.3 HSD105 | Snk o 9 7 R \%
yo9-hlx7.2 HSD205 | Snk o} 9 7 R A%
y09-hlx7.1 HSD104 | Snk o 9 7 R \%

Table 6.5: RHIC Spin helical dipole magnet locations - YELLOW Ring.
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A firm requirement for the helical magnet is that it reliably reach a field of 4 T at an operating
temperature of 4.6 K. To ensure this capability for all the magnets that may be built, a margin of at
least 15% is prudent. This margin allows for normal variations in component quality and size, quality of

assembly, and variation in operational conditions.

The design of the slotted coil helical magnet follows principles that are derived from the operation
of any superconducting magnet: that high forces be contained, that superconductor motion (particularly
stick/slip motion) be minimized, that energy be safely extracted from the magnet at quench, that the
ends of the magnet be restrained, that cooling be adequate for the operational conditions, etc. A number
of concepts developed in the SSC and RHIC magnet programs are used, in particular the construction
method used for the coils of the RHIC sextupole magnet. The basic structure of the helical coil uses a
new concept: helical slots milled into thick-walled aluminum cylinders to give a cos @ current distribution
in a two-dimensional section when the slots are filled with conductor. In the initial models the cylinders
are wound by hand. This could be done without a large tooling expense but would be too labor intensive
for more than a few models. For production, a wiring machine that can place the cable directly into the
slots has been built, and is shown in Fig. 6.5. This machine uses the ultrasonic wire bonding technique
developed for the automatic wiring machines used to build the corrector coils for the RHIC Project. Two
of these cylinders, concentric with one another, are used to give the required field of 4 T. A cross section

of the design is shown in Fig. 6.6.

The Lorentz forces are contained initially by the strength of the aluminum cylinders and the compre