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THIRD WORKSHOP ON SIBERIAN SNAKES and SPIN ROTATORS

Brookhaven National Laboratory
Upton, Long Island, New York
September 12-13, 1994

The aim of the Workshop was to provide a forum to discuss new developments in the
area of siberian snakes and spin rotators, also in preparation for the "SPIN 94"
Conference.

In the Workshop we had presentations followed by in-depth discussions in working
groups:

A Snake/Spin Rotator Design
Physics and Engineering Aspects

B Spin Dynamics

Tracking of Polarized Beams, Resonances, Stability

C Accelerator Optics

Effects of Insertion of Snakes/Rotators in the Lattice

The following Proceedings contain the contributions to the Workshop. They are
copies of the transparencies that were presented and discussed.

The Editors
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Polarized Beam Project at the KEK PS
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Polarized Deuteron Acceleration

Resonance Condition:
YG=mvz+n ( m, n: integer )

G: Anomalous Magnetic Moment 1.7928 for proton
—0.1426  for deuteron

Interval of imperfection resonances ~520 MeV for proton
~13GeV  for deuteron

Crossing Depolarizing Resonance  (Froissart-Stora)
Py(f) / Py(i) =2 € e _
Poalf) [ Py(i) = { 3 (2 M0 _ 121} /2
P, : Vector Polarization

P,,: Tensor Polanzation

i, f: before and after crossing the resonance
g, o strength and crossing speed

Depolarizing Resonances in the KEK PS

Booster ( 19.3 MeV ~ 294 MeV ) No Resonance
Main Ring ( 294 MeV~11.2 GeV ) Ll (eifated
» V. e tloce
YG=-8+Vvz(v=725) @8GeV e<1x10 (20numrad)
. v. con
vG =-1 @11.3GeV €~3x10" (2mmms)

Choose v;=6.25, No Depolarization !

x 10'0 deuterons/MR cycle (4 sec)

Expected Beam Intensity ~3-4
Beam Polarization ~70%






Polarized Proton Acceleration
Partial Snake for Imperfection Resonances

£ <2x102 (Calculated using random field error <z, >=1mm)

Resonance Strength (6-th harmonic correction)
vG=18 £<1.8x1072 —> <0.6x1072
19 1.4x1072
22 1.3x102 —> < 0.6x1072
23 0.94x1072
£ < 1x1072 (Calculated using the field error from measured COD
COD was corrected <Zop> ~ 1 mm)
vG=19 € < 0.97x1072

Partial Snake with 1/2 ramping ( 2.3 x 0.5 T/sec, a=5.8 x1076x 0.5)
Solenoid ‘7 degree 1.87Tm @ 12 GeV

Resonances of £ < 1.4x102  OX.

Helical Dipole Sdegree  1.83Tm @ 12GeV
Resonances of € < 1x1072 O.K.
vG=19 € ~1.4x1072

variable snake axis £20 degree
---> escape to safe region (Fig)

Ramping 1s necessary:
decrease the focusing of the helical dipole
due to the resonances YG =k £ v;
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V.I. Ptitsin and Yu. M. Shatunov

Budker Institute of Nuclear Physics
Novosibirsk, 630090 Russia

Helical Spin Rotators and Snakes
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HELICAL SPIN ROTATORS AND SNAKES.

V.1.Ptitsin and Yu.M.Shatunov
Budker Institute of Nuclear Physics, Novosibirsk, 630090, Russia

Abstract

In present paper the spin motion in helical undulator is considered. Then possible schemes of
spin rotators and snakes based on the sequence of helical undulators are suggested.

1 Introduction.

The polarization of proton beam above 30 Gev can be only maintained with the use of Siberian Snakes,
the special kind of spin rotator which rotates particle spin by 180° around an axis directed in horizontal
plane [1]. Also for experimental purposes it is often desired to have the longitudinal beam polarization
in the interaction points of a collider. In this case the spin rotator can be applied to rotate vertical spin
of a proton into horizontal plane.

The schemes based on the sequence of vertical and horizontal bending magnets have been proposed
recently to be used as spin rotators and snakes [2,3]. The main disadvantage of such schemes is a large
orbit excursion even at the energy of some hundreds Gev. From this point of view the rotator based on
the helical undulator design [4)] is more appropriate and in last years some schemes that include helical
undulator have been suggested [5,6].

In present paper the spin rotator design based on the sequence of helical undulators is discussed. In
the chapter 2 the spin and orbital motions in helical undulator are considered. The rotation axis and
rotation angle for one period spin transformation are found. Then the scheme of Siberian Snake with
the use of four undulators is presented in chapter 3. In chapter 4 the variants of spin rotators to rotate
vertical spin to horizontal plane is studied.

2 Orbital and spin motion in helical undulator.
In the helical undulator with the period A and the field amplitude h the on-axis field can be written as:
H; = —hsinkz, Hy=hcoskz, H,=0,

where k = 27/, z is the coordinate along undulator axis and the subscripts of z and y correspond to
horizontal and vertical components respectively.
We define the so-called undulator factor p as:

_ Qo
T

where go = e¢/mc , The pis mainly used for describing the properties of undulator radiation of electrons.
However, as it will be seen later, the undulator factor is also the appropriate concept when one consider
the spin motion.

The particle trajectory can be obtained from the motion equation, where = is used as independent
variable. We believe the condition |pr'/v] <« 1 is true and therefore the 7 = const = ¢. Then for
transverse motion we have:

) ’
= —’—(] —cosk)+ Iy + 10

1k|

16



p k

7 Ikl

where zq, g, Yo, ¥ are coordinates and angles of the electron at the entrance of undulator.
After one undulator period the orbital coordinates and angles are transformed accordingly to:

y = —p—sinkz+(y6—

~1k| )z + vo (1)

T = zg+ Tph,
p k
¥y = w+yr-=T,
Y
' = zg, (2)
Y = w

For particle entering the undulator along its axis after one period the particle orbit is simply shifted on
the Ap/v in the direction which corresponds to the direction of magnetic field at the undulator entrance.
This direction will be called the main direction in the following consideration.

To consider spin motion in the undulator it is a convenient way to use a rotating reference frame
(€1, €2, €3) that is related to the laboratory frame by the transformation:

é] = é_xcos kz + éysinkz
€9 = .@ycoskz—eéxsinkz (3)
€3 = &

The axes of the rotating frame coincide with the laboratory frame after each undulator period, at
z = m) (m is integer).
The spin motion in the rotating frame will be described by the equation:

$= (th ~ Qrot)XS,
/
where Qab = —%0(1 +vo)H + %(H V)V

is the spin angular velocity in the laboratory frame (from the Thomas-BMT equation) and Qo = kze,
is the axes precession frequency. We define 1o = 7¢’/qo as the anomalous spin precession tune, with ¢
standing for the anomalous part of the electron magnetic moment.

Using the longitudinal coordinate z instead of time t as the independent variable the equation of spin
motion can be rewritten as: dS

where W = Q,,,/2 — ke,

In zero approximation the particle spin precesses in the rotating frame at the constant angular
velocity:

k
W1=(1+V0)p—7-;W2=0;W3=—k;

and the solution of*(4) is obvious. The spin vector precesses around the direction determined by the unit

vector n: ,

k

1y ¢
= —_— | (1 — @y 5
! VWE+ W2 (( +Vo)pqoel e3> ¢

u:\/1+(1+;10-)2p2(§é)2, (6)

and 2rv gives the spin rotation angle in one period of undulator.

As the rotating frame coincides with the laboratory frame at every undulator period the same vector
n is also the periodic solution of spin motion in the laboratory frame and defines the axis of the one-
period spin transformation. Note that n lies in the plane formed by the undulator axis and the main
direction. Any spin vector rotates by 2x (i — 1} angle around n in one undulator period.

at the spin tune v:

17



Obtained expressions for one-period transformation for particle orbit and spin give the basis to
construct the spin rotators which consist of several undulators with integer number of period but with
different helicities and field amplitude. Note that accordingly to formulas (2, 5) when one changes the
sign of the value of magnetic field and undulator helicity the one period orbit shift does not change but
spin rotation becomes opposite. It gives an additional possibilities at the construction of spin rotator.

3 Siberian snake.

The so-called continuous axis snake have been discovered by K. Steflen [2]. Steflen’s snake is based on
dipole magnet sequence. In general form the snake configuration can be written as:

S=(~H,-V,mH,2V,-mH,-V, H),

where H and V are respectively the horizontal and vertical bending magnets and m is the number more
than 1 [3). The internal symmetry of snake provides automatically both restoring of particle orbit at the
snake exit and the snake axis lying in horizontal plane. Then the choice of the V and H determine the
tequired spin rotation angle ( 180° for 100% snake) and required direction of snake axis.

The continuous axis snake can be designed also on the basis of four helical undulators. It can be
shown that the appropriate symmetry conditions in this case read as:

1. Helicity(1 und.) = Helicity(4 und.),
Helicity(2 und.) = Helicity(3 und.)
2.p1=-ps,P2=-p3
3. N1=N4,N2=N3,
where N; is the period number of ith undulator.
4. The magnetic field at the entrance of each undulator is in vertical direction.

Thus the parameters of two last snake undulators are determined by the parameters of first and
second undulators. It is seen that such configuration symmetry allows two families of snakes, when the
first and second undulators have the same helicity or the opposite one. Each family consists of the variety
. of possible schemes with different number of undulator periods. The numerical analysis of these schemes
shows that increasing the number of periods though reduces slightly the orbit excursion but leads to the
growth of field integral and total length. Thus the use of small number of period is more preferable.
Also the variant when all undulators have same helicities provides less values of field integral so that we
consider the examples of two snake configurations from this family: )
variant A: Ny =1, Na=1
vatiant B: Ny = 1, Ny =2

In the figure 1 the relationship between py and p, and the dependence of longitudinal snake axis
projection on p; are shown for the A variant.

If one want to have the choice of snake axis to be at any angle in the interval of [0°,90°] and if the
maximum field of 8 T can only be used then the length of period and the total length for A and B
variants are:

A : period length = 1.43 m ; total length = 5.72 m
B : period length = 1.13 m ; total length = 6.72 m

In the table the set of parameters for longitudinal (6 = 0°), transverse (¢ = 90°) and 45° snake axes

1s presented:

) pl p2 integral{Tm) | ymar{cm)
A: | 0° 1027 | -0.352 243 1.3
45° | 0.44 | -0.193 249 21
90° | 0.58 | -0.161 29.1 23
By 0° [025] -0.24 28.8 0.9
45° { 041 | -0.13 279 1.6
90° | 0.3 | 045 47 22
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The values of ymqer are taken for ¥ = 30 . In both variants maximum field of 8 T is applied to have
90° snake axis. The given data show that the A variant provides better values of field integral but larger
orbit deviation.

If only 45° snake axis is to be used then by using the field of 8 T the length of A variant can be
reduced to 4.4 m ( the period length = 1.1 m ). Then ymqz = 1.6 cm.

In the figures 2,3 the particle and the spin trajectories are shown for 45° snake axis.

4 Spin rotator.

In this chapter spin rotator schemes to rotate vertical proton spin into horizontal plane will be described.

We will consider the variant when the rotator consists of three undulators. Such variant allows
various final spin directions without changing the undulators orientation around the longitudinal axis.
Assuming equal period length for all undulators for orbit restoration we have the simple condition:
}:?=1 N;sign(k;)p; = 0. At choosen undulator helicities and period numbers two parameters p, and p»
are taken to give desired final spin direction. There are many possible schemes with different number
of undulator period and with the different set of of undulator helicities. One can choose from this
variety of schemes the design which provides for desired final spin direction ( or the desired range of
final spin direction) with minimal values of field integral and minimal orbit excursion. We have searched
for the variants of spin rotator for the RHIC ring. In this case the rotator has to provide the range of
possible final spin direction (from pure horizontal to nearly longitudinal) in order to have the longitudinal
polarization in the interaction point in wide energy range. The analysis of the number of variants shows
that the optimal scheme which gives the minimal field integral and small orbit distortion is:

Undulator | Helicity | Number of periods
1 + 1
2 + 2
3 - 1

The dependences of undulator factor of second undulator p, and the final spin direction (the angle
¢ is encountered from longitudinal direction) on the p; is shown in Fig.4. The range of possible ¢ in
this variant is from 1.5° to 108° that satisfies to design requirements. The undulator parameters for
horizontal and nearly longitudinal final spin direction are:

¢ pl p2 p3 [ integral(Tm) | yma-(cm)
90° [ 0.339 { -0.193 | -0.053 15.3 0.17
1.5° | 0.24 | -0.319 | -0.398 25 0.2

The value of maximum orbit deviation y is given for ¥ = 200 and undulator period length of 1 meter
(so that the total length of the rotator is 4 meters). The maximum field value in this variant is 8 T and
is required to rotate spin to longitudinal direction. In the figures 5 and 6 the spin rotaton and orbit
excursion into rotator are shown.

5 Conclusion.

The main advantage of the spin rotator schemes based on helical undulators is less orbit deviation
as compared with bending magnet schemes. This fact makes such schemes more attractive to use at
medium energy range {from 10 to 300 Gev). In general case the value of the field integral for helical
undulator rotator is some larger than for dipole magnet one for the same spin rotation. However, the
stored magnetic field energy ( [ /?dV’) for helical rotator is less than for dipole magnet rotator which
consists of large aperture magnets to keep the large orbit excursion in such rotator. We can note that
the insertions of dipole magnets on both sides of suggested rotator schemes can be applied that leads
also to decreasing the maximum orbit excursion into the rotator.
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Design Principles for the Helical Dipole Magnet

Low Current, DC Operation (<500 A)
- Numerous magnets distributed around the ring requires that the current leads
each have a low heat leak
- Magnets will be operated at a fixed current (no ramping required)
Use Avaiiable Superconductor If Possible
- Design incorporates a 7 strand (6-around-1) Kapton-wrapped cable made of
RHIC corrector wire
- Operating current will be 382 A
- Cable of wires 1s preferable to a single wire in a magnet
Model Construction After RHIC Sextupole
- RHIC sextupole had a long R&D effort before satisfactory design was achieved
- Production sextupole magnets have good performance, if built according to
design
- Sextupole quench current (200 A) is similar to that required in helical magnet
Support Each Turn Completely
- Straight section turns are supported by fiberglass/epoxy matrix
- End turns are supported by mineral-loaded epoxy filler
- Turns are compacted with fiberglass overwrap applied under tension
Good Field (low harmonic content) in Body and in Ends
- Body field optimized by adjusting thickness of wedges between current blocks

- End field optimized by controlling turning angle and turn spacing

9/6/94
HELICALT DOC
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Parameters of the Helical Dipole Magnet - |
|
Selected Parameters
Operating field T 4 .
Operating current A 382 ,_/‘/,Z__
Operating temperature K 42 | P“‘k“} ~
Quench field @ 4.2K T 467 ! RHIC Dipale 45
Quench current @ 4.2K A 453 1 L Bu= T
*  |Peak field on conductor at quench T 5.25 !
Inductance H 1.5 o RHIC dibole 20+
Stored energy at operating field kJ 112
Length
Coil
Straight section mm 1100 -
Winding end mm 139
Coil end mm 212
Total mm 1524 -
Lamination stack mm 1524
Helix |
Length mm 1100 -
Rotation deg 180 .
) Pitch deg/mm 0.1636
Radius of yoke
Inner mm 914 °
Outer mm 250
Cold mass weight kg
L
Superconductor Parameters
Wire |
Mechanical
Nominal filament diameter microns 10 .
Nominal filament spacing microns >1
Nominal Cu to non-Cu ratio (2.5 +-0.1):1
Number of filaments 310+-5
Diameter, bare in 0.013+-0.0001
Twist direction right
Twist pitch twst/in 2.0+-0.2
Electrical
Minimum l{crit}@2.0T, 4.2K A 120
Max, ({crit)@2T/i{crity @5T 1.9
Minimum l{crit) @5.0T, 4.2K A 68
Wire max R(295K) ohm/m 0.28
Wire min RRR 90
Cable
Mechanical
1Number of wires 7 -
Type 6-around-1 «
Twist direction right
Twist pitch twstiin 2.67
Diameter, bare in 0.039
Diameter, insulated in 0.043
Etectrical
I [Minimum J(critt@5.0T, 4.2K A 476
PARLHEL T NLS 9/6/94
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Parameters of the Helical Dipole Magnet - /I
Mechanical Paramaeters
T Cylinder Totatl
Inner Middle Quter
Cylinder number ’ 1 2 3 3
Number of current blocks 5 5 5 15
Number of cable layers ' 7 5 5 17
Number of turns per layer (per block, from midplane) 6,12,12,10,56 5,10,10,10,5 5,10,8,8,5
NMumber of turns per block, from midplane 42,84,84,70,35 25,50,50,50,25 25,50,40,40,25
Total turns (upper or lower half) 315 200 180 695
Cable length per block, from midplane, m 122,233,218,170,81} 79,150,176,130,60 | 84,158,118,110,66
Cable length {upper or lower half), m 825 595 534 1954
Pole angle, deg 77.6 56.2 46.2
Self inductance, mH 250 160 170
Fractional contribution to field ¢ v ¢ 0.44 . 0.29 o 0.27
Radius of cylindar {inner, outer}, mm . 47, 60.4 63.4, 74.4 77.4, 88.4
Radius of current black {inner, outer), mm Y 50, 68.4 66.4, 72.4 80.4, 88.4
PARAHEL2.XLS 9/6/94
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Cross-section Design

cosine  Magnet to Generate Dipole Field.

However,

e Typical superconducting magnet has
copper wedges inserted between cable to
shape the field

e Here we would have superconducting

cable inserted in a Aluminium structure.

The tooling and manufacturing concepts

change accordingly.
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Cross-section Design

Three layers (cylinders) in the design.
Advantages of three small layers instead of

one large one :

1. Each layer is easier to construct

2. Reduce (redistribute) Lorentz forces
on cables and hence expect better
performance

3. Can build, test and iterate the design in
a partial magnet

4. Field quality of one layer can be iterated

in the second/third layer
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Status of the Helical Dipole Magnet (August 1994)

Parameters for a first model have been established

Superconducting cable (6-around-1) wrapped with Kapton has been

manufactured at NEEW

A suitable magnetic design, including end design, has been made

Mechanical design is based on superconductor laid into spiral grooves
machined into a thick-walled aluminum cylinder. Three concentric
cylinders form the coils for one magnet. An iron yoke surrounds and

supports the coil assembly as in other RHIC magnets

The engineering design for one cylinder has been completed, material has

been procured, and the cylinder has been manufactured in the BNL shops

A technician has been assigned to begin winding superconductor into the

grooves of the cylinder

NRRIDM
BT IO AT 2 Dol
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Near-Future Work for the Helical Magnet (August 1994)

Lab Work
- Establish feasibility of winding the coils
- Wind one current block into cylinder, test cryogenically
- Wind complete cylinder, test cryogenically
- Modify design as required

- Build simple tooling as required

Design Work
- Continue engineering design of rest of magnet
- Model quench propagation and quench temperatures in the magnet
- Establish methods for measuring field in the magnet

- Establish joint effort with industry to make a production design

8§21y

HITTICAT I DC
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R.Baiod

Fermilab
P.O.Box 500. Batavia, Illinois 60510

Siberian Snakes for the Fermilab Main Injector
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MAIN INJECTOR POLARIZED BEAM EFFORT

CIRCA 1991-1992:

Yu. M. Ado, IHEP, Protvino

V. A. Anferov, R. Baiod, E. D. Courant, Ya. S. Derbenev,
A. D. Krisch, D. S. Shoumkin,
University of Michigan, Ann Arbor

S.Y.Lee, IUCF

REFERENCES:

1)"Acceleration of polarized protons to 120 and 150 GeV in the
Fermilab Main Injector”, SPIN Collaboration, University of Michigan
Report, (1992).

2)"Acceleration of polarized protons to 1 TeV in the Fermilab Tevatron",
SPIN Collaboration, University of Michigan Progress Report, (1994).

3)"Siberian Snakes for the Fermilab Main Injector”, V. A. Anferov et all,

UM HE-16, 1994, being submitted to Physical Review.
Other references therein.
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MAIN INJECTOR

- Accelerates p and pbar from 8 GeV to 150 GeV

- Slow extraction @ 120 GeV with half integer scheme

(horizontal tune = 1/2, beware of coupling resonance)

- two superperiods

- 14 m between quadrupoles, space available for each snake

47



DESIGN PROCEDURE

- Evaluate resonance strength to get necessary number of snakes:

Ng>5-eint (S.Y. Lee & Courant, Physical Review D41, 292)

- Choose location to get energy independent spin tune

- Choose snake precession axis so that spin tune is away
from resonances ( 1/2 ). Favor solutions, that can be implemented
with snakes of same engineering design.

- Fix snake configuration, ie, type and number of magnets, arrangement and
symmetry of the arrangement. Symmetry will relax some of the constraints

- Solve for magnet integrated strengths to have 1800 spin rotation
and proper horizontal precession axis

- Solve for the beam directions to be restored in both planes,
and orbit to be recentered in both planes

- Optimize orbit excursions inside snake

48



GENERAL REQUIREMENTS ON MAGNETIC FIELD
SYMMETRY AND TRAJECTORY

- To restore beam direction in both planes:

J Bd = 0
snake

- To recenter the orbit vertically and horizontally

(L: Bde)d - o

snake

snake

- If a component is symmetric w.r.t snake center, displacement in the
other direction is zero

- if a component is antisymmetric w.r.t. snake center, displacement in the
other direction must be zero at the snake center

49



SYMMETRY WITHIN A SNAKE
AND SPIN MOTION

* If a snake Is such that component O is antisymmetric
w.r.t snake center, and componentsfi and Yy are symmetric,
then the snake axis has noo. component *

Trace[oae(a’B’Y)-e('a’B’Y)] = Trace[e(a.'ﬁ-"!).Gae(-a,ﬁ,‘i )]

Trace (o) = 0

Consequences:

* snakes with symmetric radial field and antisymmetric
vertical field, have horizontal precession axes.

* snakes with transverse fields, symmetric w.r.t. center,
may be assumed as having symmetric (zero) longitudinal
field. The precession axis is transverse, and becomes
radial after adequately rotating the whole snake structure
around the beam axis.
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SYMMETRY BETWEEN CONFIGURATIONS
AND SPIN MOTION

Trivial:

* If we Identically rotate the fields of all magnets in a snake, then
the result is still a snake but with its axis rotated the same way as
each individual magnet"

As a consequence, to make snakes that are different but have
same engineering design:

* switching the current of the vertical components only
changes the snake axis to its mirror image w.r.t. the
beam ( rotation around radial axis )

* switching currents of both transverse components
accomplishes the same thing ( rotation around beam
axis )

* switching the current of radial components only
results in no change of axis (rotation around vertical
axis)
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MAIN INJECTOR SNAKE STRUCTURE

- Normalized emittance: 10-1 mm-mrad
Closed orbit distorsion: 2 mm

As a result, the Iintrinsic resonance strength is of the order
of 0.20 and the imperfection resonance strength is of the
order of 0.26. Two snakes will overcome these resonances
as well as provide for vertically polarized beam.

- Snakes are oppositely located in the ring to get energy independent
tune

- Snake axis are orthogonal to get spin tune at 0.5, and are of
identical designs. This requires each snake axis to be

45° away from the beam

- Restrict our search to symmetric radial fields and antisymmetric
vertical fields. ( Nice effects of symmetry previously discussed )
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Proposed snake locations in the Fermilab Main Injector Ring.



- STEFFEN-LEE SNAKE SCHEME

- Arrangement symmetry implies that :

* snake axis is horizontal
* beam direction restored in both planes
* no vertical orbit offset

Horizontal orbit needs to be recentered

- Maximum vertical excursion:

L4
z G—,z'(ly +lm + 2'lg) - Dy.correction

- Maximum horizontal excursion, starting from the snake center:

VYm-Vx(lm-Ix
Dm = Gy ( > +ly+lg

This Is to be matched to the incoming orbit, with the help of a corrector:

V¥x
Dp = EY"(IX + ly M 2'|g) + Dh.correction
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Magnet configuration and orbit excursions in the Steffen-Lee snake.



Steffen-Lee Snake SNAKE CENTER

Magnet strengths are computed
to only satisfy spin dynamics
and minimize maximum excursions.
The horizontal orbit is then
corrected by dipole pairs that
do not affect the spin.

ssa ssemas posann poses

HORIZONTAL ORBIT EXCURSION

mismatched
incoming
orbit

max imum
excursion
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Cold magnet Steffen—Lee snake

777 777 771 777
S1 /-51;HmH vz Al ) v A A ve ez ||| s2 (-2

Magnet
length (m) | 0.7 | 0.7 | 0.4 | 0.48 | 0.62 0.95 062 (048 | 0.4 | 0.7 | 0.7

F(igl)d 47 |47 |47 | 47 | 47 4.7 47 |47 |47 |47 |47

del (tm) [3.29(3.29|1.89| 224 | 2.9 4.48 2.9 2.24 |1 1.89(329]3.29

Horizontal

Excursion | 51 |55 |55 |30 | 26 | 1.6 | 26 | 3.0 |55 |55 |21

(cm)
Vertical

Excursion | 2.1 |55 | 55 | 55 | 2.3 57 | 23 |55 |55 |55 |21

(em)

Spin
Rczaati;m 108 (108 | 62.2| 736 | 95.0 147 95.0 | 73.6 | 62.2|108 | 108
eg

Total length: 8.76 m Gap Between Magnets: 20 cm
Total [Bdl: 317 Tm AXIS: 45 from beam

Cold magnet Steffen-Lee snake scheme modified with two correction
dipoles at each end of the snake; the snake axis is 45°.
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[ M2 {]1] M3 HERIATEE
ii(")u,‘ 0.589 0.689 0.909 0.689 0.589
6.0 6.0
Field ) 6.0 _
M at 140.5 deg 6.0 6.0 at -140.5 deg
() 3.534 4.134 5.454 4.134 3.534
Hori:oth
Bacurtion 1.3 3.0 £1.7 -3.0 -1.3
Yerteal
5!(0;;:)"" 1.6 6.4 8.7 6.4 1.6
&08&3,0:) 115.97 135.66 178.98 135.66 116.97
egree
Total length: 4265 m Gap Belween Magnets: 20 cm
Total Bdl: 2079 T m AXIS: 45 degrees from beam

Proposed five magnet snake for the I'evatron,



HELICAL MAGNET

- Field: aj<o<of , do = T Yh=O0f- Oj

By= Bg-cos (o)
B,= Bj-sin()

Bgl
- Spin rotation: Yg= —

d Bo 4
Vs = 1746 ¢ ° 7,

i i i
E.O’yaf'e-i-(ox\ysf' O'y\yh). -E-Cyai

e e (notice ends contribution)

- Trajectory= helix + drift rog = (helix radius)

AgG-y

Stretched helices have much more orbit excursion.

Ah
- Orbit direction: Axp = G"Y'Xs.(cos (@) - cos (o))
Ag Ap . ,
p= G-y-ks'(sm (o) - sin (a,))

- Orbit excursion:

Axp
Azp

ro-(sin (o) - sin (@) + (a- oj)(AhXpg - ¥ -Cos (a)
r (- (cos (o) - cos (@) + (o- o) (Anzpg - ro-sin (o))
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HELICAL SNAKES

- Orbit excursion is smaller when orbit is matched to a helix
centered at x=2=0, and with no drift.

However it Is costly: 450 precession axis are more difficult to
get, in general with larger excursions and longer snakes.

- Search is restricted to antisymmetric schemes, ie, antisymmetric
vertical field, and symmetric radial field. The orbit is matched only
to restore the horizontal orbit (at the center or at the end, symmetry
provides the rest) using vertical end dipoles.

- Incomplete helices (no full twist), requir'e compensating horizontal
field dipoles, located either at the end or in the center so that:

J' Bx d = 0
snake
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HELICAL FIELD HOMOGENEITY

With helical field along the axis, other components may be found offcenter,
such as sextupole and longitudinal components:

(from M.W. Poole, "Synchrotron Radiation and Free Electron lasers”,
CERN 90-03,p 195)

B, = 2B, [Io (kr) = (kr)~' I, (Icr)] cos (kz)
By = —2B, (kr)~! I (k) sin (kz)
B, = 2B, (kr)sin (kz)

B, ~ -B, [(1 + %k’ (32% + y’)) sin (kz) — %k’zy cos (kz)]
By~ By [(1 + %k’ (2> + 3y’)) cos (kz) — %k’zy ein (kz)]

B, = —B, [(1 + -;—h’ (22 + y’)) (z cos (kz) + ysin (kz))]
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Helical

H

H

y -

snake with 45 axis.

H

magnet
length (m) 1.49 1.44 6.13 1.44 1.49
magnetic
tield (T) 2.0 2.0 2.0 2.0 2.0
[Bar (Tm) 2.98 2.88 12.26 1.88 2.98
horizontal
excursion (cm) 7.5 18.9 19.1 18.9 7.5
vertical
excursion (cm) 0 0 13.1 0 0
spin Reversed around
rotation (deg) 97.8 94.6 45 axis 94.6 97.8
field one turn
direction/z (deg)  © 180 -90 . —90 180 0

helix wavelength: 6.133 m.
total length: 14.01 m.

45° snake with one helix and a pair of correction dipoles at each end

of the snake.

gap between magnets: 0.40 m.

total JBdl . 24.02 Tm.




99

Separated halfs of helical magnet

half helix /’—“\\ <

1

\\ /
PP half helix V

Compensating end Compensating end
magnets magnets

onake with tilted helix

Helical magnet

— _— Th
%\J(/—Z/*/A V

Compensating end Compensating end
magnets magnets

Modifications to the one-helix snake scheme for reducing the helix aperture.
Fig. ashows two half-helixes seperated by a small gap.
Fig. b shows a single tilted helix.
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Distance (m)

Orbit excursion profile at 8 GeV in the 45° helical snake with central dipole
and two correction magnets on each side of the snake; twist angle in the helix
is 285°; gap between magnets is 0.4 m.



TABLE 1. Snake with one helix and two end dipoles (I, = 0.4 m).

Field integral (/B dl) 24.02 Tm
Field strength 2 Tesla
Snake axis ¢, 45°
Total length 13.61 m
Orbit excursion:
Zmar = Zheliz 131 cm
Tmar = ZTheliz +19.1 cm
Length of the snake magnets (field direction from horiz.)
End 1 1.49 m (90°)
End 2 1.44 m (—90°)
Helix 6.13 m

(from -180° to 180°)

TABLE II. Parameters of the helical snakes with horizontal field
dipole in the snake center (I, = 0.4 m).

|l Snake scheme [ with one end dipole | with two end dipoles |

Field integral (J B dl) 22.24 Tm 23.19 Tm

Field strength 2 Tesla 2 Tesla

Snake axis ¢, 45° 45°

Total length 12.72 m 13.99 m

Orbit excursion:

Zmaz (Zheliz) 22.81 cm (14.1 cm) | 17.85 cm (12.94 cm)

Zmaz (Theliz) 5.78 cm (5.78 cm) 7.1 em (7.1 cm)
Length of the snake magnets (field direction from horiz.)

End 1 0.558 m (-90°) 0.794 m (-90°)

End 2 - 0.525 m (90°)

Center 2.518 m (180°) 1.749 m (180°)

Helix 3.743 m 3.604 m

(from -135° to 125°) | (from -135° to 150°)
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Reduced Scale Helical
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Field uniformity about the centerline (B =~ 1.61 T).
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Main field versus current.
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T. Roser

Brookhaven National Laboratory
Upton, NY 11973-5000

Fully Compensated Spin Flipper
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M. Boge
DESY
Notkestrasse 85. D-22603 Hamburg, Germany

Spin Tracking Calculations for the HERA electron ring
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linear nonlinear o
orbitmotion orbitmotion °
0| 6x6 6x21 o
up to 2nd order cctions
4)

(_1 x |4 linear nonlinear
Q . . . .
‘}: Q| spinmotion spinmotion 3)
K [ 4] 101x4x6 101x4x21
L ?
. 1 1 )

Figure 6: Structure of the matrices representing the sections for the orbital and spin t-ra_ckmg.
The orbital tracking is performed with respect to the closed orbit and the rotation vector . s
determined with respect to the design orbit

trajectory to second order terms one can describe the rotation {1,.. for a section by a 4 x 27
. ~ spin
matrix M, :

Q. Qe

Q. Qe « spin =

a |l =| ge | +MIX (3.23)
o0/, \I

sec
where (),. represents the rotation vector of the particle on the closed orbit.

For a detailed analysis of the resonance structure given by the conditions of eq. (2.9) it is
necessary to calculate the equilibrium polarization for a certain energy range covering several
resonances. Normally the range between two integer values of spin tune which are ~ 440 MeV
apart is appropriate (see section 4).

In SITROS spin vectors are tracked simultaneously at different beam energies by including
these vectors in an enlarged transformation matrix. For the spin tracking at these energies
SITROS uses the particle orbits for the middle point in the chosen energy interval because the
change in the orbital motion of the particles is negligible for an energy range of 440 MeV ( the
variation of the radiated power is of the order of a few percent and the tune change is a second
order effect ). Using eq. (3.22) for the central energy and eq. (3.23) for 101 energies one can
construct a matrix consisting of (6 + 4-101) x (1 + 27) elements (see tig. (6)).

86



" G ~
5 - ~ N B :E:
® 1608 bramees — —~ .
> - =3
106 A i i i 1e-07 4 L 4 I
0 001 002 003 004 005 0.06 0 001 002 003 004 005 006
time [sec) time [sec]
0.] ? ' ....v_..-t..,. . PRty .‘,. ————
0.01 b \ ;
E 0001
él
'?;0 O.MI e e St .
1e-05
le-06 1 . A 1 1
0 0.01 002 003 004 005 006

time [sec)

Figure 7: Determination of the damping times 7, (y = z,2,s) for five starting Gaussian particle
distributions with 1,2.3,4,503", where the oi™ are given by linear theory. The beam excitation
by quantum emission is switched off in the simulation. The ratio of 0. and o, corresponds to
2% emittance coupling

3.5.4 Problems induced by approximations

= orbit
Even if no damping is included, the quadratic matrices M,,. are nonsymplectic. This can

lead to an artificial growth of the phase space volume covered by the particles. To be sure that
this effect is insignificant one has to check the damping times for the modes k which should be
close to the values of 7, expected from the linear theory. In fig. (7) the results of a simulatiou
without beam excitation by quantum emission for a HERA optic at 26.666 GeV and an RF
voltage of 150 MV with 2% emittance coupling between the r and z mode are shown. The
curves correspond to starting Gaussian distributions of 500 particles with different mean beam
sizes (10;‘" — 505", y = r,2,s), which are given by linear theorv. The method to determine the
beam sizes in the simulation is described in section 3.5.6. The damping times calculated from
the simulation are 7, = 17.5 msec, 7, = 15.1 msec and r, = 7.0 msec. These values are identical
to the damping times given by linear theory within the expected precision. In addition the slope
of the “straight” lines in logarithmic scaling does not change with increasing variance of the
starting distribution. although one expects that the nonsymplecticity gets more important for
particles with large amplitudes. One can conclude that for the phase space region covered in
the simulation the nonsymplecticity of the matrices does not lead to an artificial excitation or

damping.
. . . . . " sp B T
For the determination of the matrices M . another problem occurs. The calculation of Q...
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Figure 14: Simulation of the depolarization process in a logarithmic scale log(Pr,(t)/ Poo) fora
HERA optic with one rotator pair at an energy of 28 GeV. All spins are started parallel to the
ng-aris at to = 0.11 sec. The_tracked time interval corresponds to 2 x 10% turns. The samples
are taken every turn

where o2 = 2< y? > is the ethbrmm beam size and 7, denotes the damping time of the y
motion. For y = 'z using 7; ~15 msec aid 0 = 3 x 1074 m, 7454, (zs) is shown as a function of
the boundary zy in fig. (15). After 1x 10* turns 63% of the particles have passed the 3v/< 2% >
boundary. To push the same percentage of particles through the 5v/< 22 > boundary 1 x 107
turns would be necessary in order to test the effect of the tails of the distribution beyond
~ 3.50; on the polarization. It is not generally practical in SITROS to track the spins for
long enough so that they have been out in the tails of the approximately Gaussian phase space
distribution and have experienced the stronger diffusion to be expected at large amplitudes.
How important are the particles in the tails ?

An answer can be given by a diffusion model mtroduced by T. Limberg {22]. In the one
dimensional case the depolarization time constant 7; can be approximated by:

/ ) o exe(on) (3.36)
Td(ny,n2)

ny Td(ng,n3)

with n = y?/o2. 7y, q;) is an average depolarization time for the interval (y? [o2,y}]03)-
This is a phase space weighted depolarization rate appea.rmg also in [55][54]. For two intervals
(n1,n2) = (0,8) (corresponding to (0,4v/< y* > = 2.80,)) and (n,,n3) = (8, 00) 74 is calculated
to be:

1 1-exp(=9) . exp(-8)
Td Td(0.8) Td(S,c0) '

For 740,5)=3600 scc, 74s,~) has to be of the order of one second to contribute to 1/74 significantly
!' In practice it is not easy to determine the local depolarization rates specified in eq. (3.36).
But the previous calculation indicates that it is “unlikely” that the contributions from the tails
are important.
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Spin tune shift due to closed orbit distortion
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3rd Works

hop on Siberian Snakes and Spin Rotators. Brookhaven, September 1994,

-

Introduction

A perturbative formalism, up to second order, for calculating spin tune shift on the closed orbit
of a storage ring due to misaligniment. This is based on the failiar concepts of the SLIM

formalisi and can treat rings of arbitrary geometry. The final formulac agree with those already

given using another approach by K. Yokoya (SSC-189 1988)
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We calculate m the machine coordinate system. In the presence of misalignments the closed orbit

deviates from the design orbit and we write:
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Lrd Workshop on Siherian Snakes and Span Rotator, Brookhaven, September 19971,

[

This expression agrees with that given by I\. Yokoya.

Similarity with quantum mechanics.
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St Woskshop on oibertan snakes and Spin Kotators. Brookhaven, September 19O

the final answer comes out as:

spin ()—27TI(23,)i11 — ]

S0

1

S
X / ds” [d} T(s") . (fz(s”)j
7 S0

This is similar to the form given by K. Yokoya

2 1 L so+ L .
6Q ) = 1 -Im / ds’ - [&3 [(s') .
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Fig.2a. Spic tune shift due to imperfection without correction. Quadrupole mis-
alignment +10pm (uniform).
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138



D. P. Barber

DESY
Notkestrasse 85. D-22603 Hamburg, Germany

Longitudinal Polarization at HERA: Rotators + Spin
Matching
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SY
TELEGRAMM

vom 5. Mai 1994

Gestern nachmittag wurde im Elektronen-
ring von HERA zum ersten Mal ein longitudi-
nal polarisierter Teilchenstrahl erzeugt. Das
ist Gberhaupt weltweit das erste Mal, daf3 ein
londitudinal polarisierter Elektronenstrahl in
einem Speicherring erzeugt wurde. Um dies
zu erreichen, wurde bei DESY unter der
FederfUhrung des - leider schon verstorbe-
nen - Maschinenphysikers Klaus Steffen, ein
Spinrotator entwickelt, der aus einer Vielzahl
von Ablenkmagneten besteht. In ihnen wird
die Richtung des “Spins” der Elektronen ge-
dreht. In der vergangenen Winterunterbre-
chung wurden die Magnete im Bereich Ost
des HERA-Tunnels eingebaut und jetzt zum
ersten Mal mit einem Elektronenstrahlbetrie-
ben. Dabei werden die Spins bei jedem Um-
lauf, also 47.300 Malin der Sekunde, aus der
senkrechten in die parallele oder antiparalle-
le Flugrichtung gekippt und anschiie3end
wieder zurlickgedreht.

Lange Zeit wurde die technische Durchiihr-
barkeit dieses Projekts unter den Experten
kontrovers diskutiert, da die Spins auf kleine
Stérungen in den Speicherringen sehr em-
pfindlich reagieren und die theoretische Be-

144

rechnung ihres Verhaltens sehr schwierig
ist. Um soerfreulicherist es, daf3 beim ersten
Anschalten der Rotatormagnete in HERA
sofort eine hohe longitudinale Polarisation
von Uber 55% erreicht werden konnte.

Unter dem Spin eines Teilchens versteht
man die Achse seiner Eigendrehung. Die
Spins der in HERA gespeicherten Elektro-
nen richten sich nach einiger Zeit zu etwa
60% von selbst antiparallel zum Feld der
Speicherringmagnete aus. Der Teilchenstrahl
ist dann “transversal polarisiert”. Er wird als
“longitudinal polarisiert” bezeichnet, wenn
die Spins in der Flugrichtung der Elektronen
oder entgegengesetzt zu ihr ausgerichtet
sind. Der longitudinal polarisierte Elektro--
nenstrahl wird fir das HERMES-Experiment
bendligt, mit dem das “Spin-Verhaliten” von
Protonen und Neutronen untersucht werden
sollund das 1995 in Halle Ost beginnen soll.
Spater sollen auch fir die beiden Kollisions-
experimente H1 und ZEUS Spinrotatoren in
HERA eingebaut werden, um weitere wichti-
ge Fragestellungen der Teilchenphysik un-
tersuchen zu kénnen.

Herausgegeben von DESY/PR, Aushang bis 16.5.1994
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LS80 e \—V——ﬁ—
I

HERA mini rotator (principle) Side view

Top view

147



CL\JQ{ fa&turas : E‘uo'ﬂ% Sfa?{gm :

-2

) Lanﬂﬂn Limited to 56m @ AP~L | no Cluacls.nucled,
O.d{u.lt orbit

2) Variable anarqy: 27-35GaV:  y, flections. (o)
5 Total vertical bend is zaro, slepe o IF =0
k) Su}mmztr(c in hor. plane, anlisym. in verk. plane

5) B.>R, , B maximised

6) *+/- kdicitgﬁ reverse verfical bends,

?)Ends {ixao(i mlo[ou.ﬂ. Sn.crion must beo movaue_
-Ftn.lcl o.cléustmentf small corracbions
Vert + hor shi\(’ts sma ld

3) Total hor bend+0, tncluda 1n arc, save space

q) A(Spfn i‘una>i small

2 r‘ofo.tér‘ PaLrsi
Pp ~ 897 ot 35 GeV

148



dl :

uondaIp _
wesq-9 \
L =>—
N NIdS
el
-G
- SUONJ3Jap [eoNI2A MIIA 3pIS
| SUONII3[Jap [RIUOZLIOY “ " "
N _ ........... __r-__ ................. msia dog
IH . CH | €H |
_ _ . L1990

149



° 0% 00T 01 00¢-

Nl
<1
1497-1Svd NOLLOES LHOIVYLS ﬂ
dI .
\ i)

L | — ﬁ%++- 0 e o

- 9
TH qIH o




0¢

0g

ov

{A39)3

14

Zo

i
o

Y

8t

6t

08

8

£8

¥8

58

0l

KA

{peaw)

{A39)3 Ge ot Y4

I

151



0.40»:
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Figure 6: Therise time of 7 = 30.841 min translates to an asymptotic value of P= 65+2%
which agrees with the measured value of P= 60.54:0.6%. After changing the tunes at 8:26

h polarization increased to maximum values close to P=70%.
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961

D.P. Barber et al. / Nucl. Instr. and Meth. in Phys. Res. A 338 (1994) 166-184

m s oy 8
D : dipole magnet
QV,QH : vertically, horizoptally focussing quadrupole
CH : borizonta! correction coil
cv,, vertical corvection coil
N s sextupole

1. The periodic magnet lattice in the FIERA arcs. A single “FODO cell” contains two dipole magnets, two quadrup:

apoles, and two correction coils. The length of one cell is 23.5 m, and the phase advance of the betatron oscillations i:

Also shown is a schematic drawing of a vertical closed orbit bump utilizing three consecutive vertical correction coils.

produces a kick 6; and the subsequent coils produce kicks 0, = — 0 and 03 =0,; the kicks produced by the quadruyj
also indicated. The maximum orbit deviation is denoted by d. The total length of a bump is 47.0 m.
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Dorbenev, Kondrafonke 1973 :

R, =924l Cipl B.(h-dy)

<\f| (1 %(nv _%d»

F\ (I "V) Soluf\bn to B,MT-Qq'n on Tra()acfcmj
d- ¥ Bn/)l’

< > - r(n3 +.Q.nSQmLJ.Q avaraqe

: L;nacu' orlbn't) ‘épha.r{co.l. sPin' molion

For cach orbil d can be calculated

d s larcja — P small |‘1C resonance .
3; = b*ththzQths@S

spin fune .
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MPYBAR.SEP93.V2.5(BLPROP) DATE: 31/01/94 TIME:

c 31/01/94 401311630 MEMBER NAME BLPROP (V2.5) M FORTRAN

- o - o - - o

Fit are to middle of rotator east. F;t VERSION 2.

Ist part: fit to the east rotator at the BG-BF join.

iF1 } DKLS TWISS-H=(l. 8.0185 0.000101) g P| NO R
ir2 ; DRLS THISS-Vv=(1. 8.0466 0.000101) R

iF3 ; DKLS THISS-H=(2. 0.2771 0.000011) o t—

ird $DKLS TWISS-V=(2. 0.3518 0.000011) fpal
iFs ; DKL5 THISS-H=(3. 31.4035 0.001101)

tF6 ; DKLS TWISS-V=(3. 35.7105 0.001101)

tr? : DKLS THISS-Hw=(5. =-0.5479 0.000111)

trs ; DKLS TWISS-H=(6. 0.0334 0.000011)

- 2nd part: fit to the start of the WR periodic sectioen,

tr9 ; DKL8 THISS-H=(2. 1.7291 0.000011)

#r10 7 DRLS THISS-V=(2. -0.6113 0.000011)
tFll ; DRLS THWISS-H=(3. 39.9302 0.001101)
ir12 ; DKL8 THISS-V=(3. 13.5073 0.001101)
irl3 ;1 DRLS8 THISS-H=(5. -0.8895 0.000111)
trld ; DRLS THISS-H=(6. 0.0387 0.000011)

-~ 3rd part: fix the tunes to integers across the West quadrant.

#F15 ; DKLY TWISS-B=(1. 3.0000 0.000101)
ir16 ; DKLY THISS-V=(1. 3.0000 0.000101)

- 4th part: fit the spin matrix elements.

122% 3 DKLS TMATRIX=(7. 4. 0.0 0.011011)
{rls ; DKLS TMATRIX=(8. 3. 0.0 0.011010)

- 5th part: allow the North area to adjust.

§F1l9 ; IPN2 THISS-H=(2. 0.0 0.000100)

§F20 s IPN2 THISS-V=(2. 0.0 C.000100)
#r21 ; IPN2 THISS-H=(3. 2.2 0.010000)
#F22 ; IPN2 TWISS-Ve(3. 0.88 0.010000)
iF23 + IPN2 THISS-H=(5. 0.0 0.000100)
#r24 ; IPN2 TWISS-H=(6. 0.0 0.000100)

- 6th part: keep the Betas small.
#F25 DKL1; DKLS MAXBETAV=(70. 0.051011)

- 7th part: test new fits.
4F26

; SPIN-HE=(1. 2. O. 10.000000)

§r27 ; SPIN-V=(l. 2. O. 10.000000)

§r28 H SPIN-E=(1. 1. O. 10.000000)

-~$F26 DKL1 ; DKLS BARMGMAT=(2. 0.051011)

~-$F27 DKL3 ; DKL4 MAXBETAV=(50. 0.051011)

-§r30 1DKLT TWISS-V=(3. 150.0 0.051110)

-§F30 DKL2 ; DKL6 MAXBETAV=(70. 0.511010)

-1F29 DKL ;DRLS RMSBETAH=(50. 0.011011)

-4F30 DKL2; DKL7 RMSBETAH=(50. 0.011010)

FIT * ABCDEFGHIJTKLMNOPOQRSTUVWIXYZZ

& abcdefghijklmnopgqrstuvwxysz

& Fl+F24F3+F44+F54F6+F7+F8+F9+F104F114F12+F134F14+F15+F16+F174F18
& +F194F204F214F22+4F234F244F25

~ Starting Twiss parameters.

~ IP WEST

TWISS 0. 0. 0.0 0.0 10.0060 21.9275 -.0143 0. 0. 0.

~ Starting spin basis vectors:

- For vertical n in arc: Using new(Aug 93) input spin basis definition.
MX LX MZ LZ MS LS
SPINBAS -1.0 0.0 0.0 0.0 0.0 -1.0

- Starting spin integrals.
- HLC HMC HLS HMS VLC VMC VLS VMS EL EM
SPININT 0. 0. 0. Q. 0. 0. 0. 0. 0. 0.

~ VARIOUS OPTIONS

tMINIMIZER 1 { (1): NAG gradient minimizer. (2) LNE minimizer.
1THISSOUTPUT { Print Twiss list.
tSPINOUTPUT 0 { List/dont list(1/0) spin basis at each point.
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Yu. Shatunov
Budker Institute of Nuclear Physics
Novosibirsk, 630090 Russia

Motivation for high field
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Flux from: —482.144  To:-3.996420E-87 Step: 28.1872
¥min= .068689 Yain- .090008
¥max= 27.6698 Ymax= 27.60800

Flux from: —462.144 To:-2.934282E-38 Step: 28.1872
Xmin= 006680 Ymin= .608680
Xmax= 11.3138 = ¥max= 6.90860
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F. Pilat

Brookhaven National Laboratory
Upton, NY 11973-5000

Models for the Helical Snake
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Capprox ) SNALE RELD : <Quqq’ers phase shiffed by W) )
Bx s %o (_K_; SxSa COSk!- + Q% S\;'\Ei) Cx F Wl\(tx)&)
“ Cy = cash (ky)
By = B (  Cecy costas ky SxSy sma ) Sx = snuh Ceux)
3 J
i ‘SJ e swl (Eq‘ij

\ Ba. = Bo <-E;- C.ij S\T\‘tﬂ' -— Ek: Sx% CDSk* )

TepPoT mu.\'HPo\Q expansion

By +iB = B ;(bﬂ*:an)(x“‘%)w

one  catugt exPress e sucke {x’o_\d mx G:ru.\

because o(, e lorgi‘\'udikal F\dA

i.e. e simble model &rﬂm Shoke

m ] kick - ww.\h’poles - kicde + ..

dees NoT work .

173



Cjeuezm. WAY To SoWE THE TROBLEM :

=~ HAP »
N
INTEGRATOR.
(#Fkick ) ~ [bs\ Tecnuqoes]

= /TApP

map  wil not be su‘mpled-l‘c
adequate ordec [/ truncated Toﬂ\or sewes

(AP , —» TeAPOT )
work. Pnosress
exish
A gﬁ:aqe PAC 4+

o write o Q““"("-/&dra tutegrator
o extvact a smake M.F

mk tw TEAPOT :
° maP op to Q order 'Possble n the de(‘a.u.“' mbna{mﬂt

o \arsion of TEAPST  which allows maps op to ™ sider
chtained by the 2uB packaqe .

174



SiHPLER HobeLS FoR THE SMAKE

o verify the results o{l the programs

e e au orden o} ma%u.\:lnd.g. &} pro\dems <ou.>p(m%7)

Results of the programs for a  helical srake

similar to the one which s qeing toke buslt.

+ eomparison of. 'l'm'\e.c:\'ovx‘es tutearated ﬂnrauo\\ He
exact {l(e—\cl +o scmple solauhions of the F.b,(d on. axes.

LINEAR MATRIX {or e SNAKE ( status rej:ol‘b)

o exteusion +o 2 dim o} the techunigques l:eihq used

bu‘ Talman .
4 dim' wi‘cBLe;f‘_ R amd T  malrices
¢ ?fiecﬁd\\mw“.‘x alteruehive way +o

(3.?98&3 Y.

175



0. 10.

B[Tesla]

91

4-HELIX SNAKE., 1994/09/07.14:12:49 run 600 p .5

gamma=27
B=1.25/4./4./1.25 [T}
' N
~_ >V AN\ L\ / >N\ B
/ \ B%L Y By
% A |
oz s 4 s 6 7 & e 10 1 12
z[m]

reakshic model o* o hellcal suake F:( RHIC

module {4 2.8 m 1.25 T
module R 2.4 m 40 T
module 3 Q.Y m 4o T

medule 4 2.8 m l.as T



100,

50.

X,y[mm]

-50.

LLL

4-HELIX SNAKE, 1994/09/07.14:12:01 run 600 p.5

Shatunov
gamma=27




— 2G84,
] 1 ] i 1
Pie} g JeuipnyjBuo; :exeus jeojjeH
(w)z
§2 4 Sl } S0
T T ) T T

Aq e,
1 i 1 ] |

P18} g [BO{LIBA (95BUG jEDYOH

S0°0-

$0°0-

£0°0-

¢0'0-

10°0-

10°0

S}

€ S'e c S } S0 0
1 I 1 i {
=
j
B
I— :NQI..XOG.;:
1 1 i L 1
pie) g 1eulpn)Buol :exeus (edleH
(w)z
€ 52 e S } S0 0
1 | Ll I !

—— XQ %OBN

1. 1 1 L 1
pley g [BJUOZUOY (eNeUS {Eo)8H

U’JTO(C

S0°0-

$0'0

€00

20'0-

10°0

100

S}

(1) xg

178



A .exeus feolleH

(w)z
€ 11 -4 Sl } S0 0
) T T T T

AR L R R R R R P T R P .

— dXTyor)),
A 1 1 L 1
X 18Meus jesljeH

¥10°0-

ci0°0-

+0°0-

8000

900°0-

$00°0-

800°0-
900°0-
¥00°0-

200°0-

2000
¥00°0
8000

800°0

€ G2 2 S S0 0
i 1 1 i
.
-
-
7
1 1 S
A .exeus jesleH
(w)z
€ S 4 S S0 0
i
- -
- -
1 1 L 1
X :84BuS |eo|eH
9|n Pow

c0'0-

810'0-
9100
v10°0-
2i0°0-
10°0-

800°0-
9000

P00°0-

200°0-

S00°0-

¥00°0-

£00°0-

200'0-

100°0-

179



08l

H O

(4]

Bx (T)
=}

-0.05

-0.1

-0.15

0.2

-0.25

module 2,

Helical Snake: horizontal B field

T T T T 5
"track_bx" —~—— _| 4
- 3
- 2
N 1
...................................................................................... % 0
- -1
- -2
. -3
- -4
] ] 1 ] 5

0 0.5 1 1.5 2 2.5

z{m)
Helical Snake: longitudinal B field
T T T T 0
"track_bz"

= - -0.05
r_ n 0.1
- - -0.15
- - -0.2
] { 1 | -0.25

0 0.5 1 1.5 2 25

z(m)

Helical Snake: vertical B fiekd

z(m)

T T T 7
“track_by" — _|
-
..*
-
1 i i ]
0 0.5 1 15 2 25
z(m)
Helical Snake: longitudinal B field
T T T T
"track_bz"
1 1 | ]
0 0.5 1 15 2 25



181

x(m)

y(m)

0.014

0.012

0.01

0.008

0.006

0.004

0.002

-0.002

0.03
0.025
0.02
0.015
0.01
0.005

-0.005

-0.01

-0.015

-0.02

module

Helical Snake: x

1 i 1 |

“track_x" —

0.5 1 15 2 2.

z{m)
Helical Snake: y

0.02
0.015
0.01

0.005

-0.005
-0.01
-0.015

-0.02

0.04
0.035
0.03
'0.025
0.02
0.015
0.01
0.005

-0.005
0

Helical Snake: x’

T T T T
"track_xp" ——
1 1 ] |
0 0.5 1 1.5 2 2.5
z(m)
Helical Snake: y’
T T T T
"track_yp" — _
-]
{ 1 ] 1
0.5 1 1.5 2 2.5



o Pcv\kcé'“ —('raie@!’m'm 3
ake the —{—.‘e.Qd ol axis

’S,; = G%-qgo siu (k2 + @)

%3 . %uq.Bocokaz-tcb)
‘BQ.-. 2 ©

SoQu;h‘ou.

A= o+t ('lo-u.:TE wude )2 - = (Cc—a(k*}c(:u -w‘$a>

tj z Yo+ (La,,, +“wr cmcf,)% - _&.__ (C-.u Ch9+¢) i'ﬂh‘:éa)

Cone K\l—x"ka.) k&Tr Toka \'d%? z’ﬁ
L*Wu_ vw Ha }ﬂ.od’d\m —> WM’WQ.»

NE . toke \m

s G..u-o,QAla'\'L‘chL e preresn s for

‘e ta s e Gy

&M \mggQw (M ‘e Zohw.>_

182



— ,dAxoen,
1 ] ] 1 ] ] ] 1 1

A 19xeug [edijoH
(w)z

gt 91 $L 2 I 80 90 v0 20 0

X :9)eus |edlaH

S10°0-

10°0-

S00°0-

¢00-

G10°0-

10°0-

S00°0-

S00°0

A ;9Meus (ed)oH
(w)z
[} b 8'0

— X0,

I 1 |

X :8%BUS jBO)BH

183



- ..Q\AlOuwwa..

1 ] 1 1 i 1 | 1 1

(sixe uo pay) mN v> :94eug |evd)eH
wpz

8 9 ¥ 2 } 80 90 ¢v0 20 O

| I ! | 1 ! I ! ]

1 1 1 1 1 1 1 | 1

(sjxe uo pjay g) ,x :exeuUS |edN8H

§20'0-

200

Si0°0-

10°0-

S00°0-

20’0

G10°0-

L00-

S00°0-

S00°0

gt 9t vi 2t I 80 90

0

¢0

— JAoisal,
1 1 | 1 | i 1 | 1
(sixe uo pjay g) A .exeus [edloH
(w)z
gL 9% $1 2V L 80 90 PO 20 O
1 I I 1 i I 1 | |
-

— X 0is8), .
1 ] ] ] ! 1 1

(spxe uo pjey @) X :@xeus [edljeH

¢00-

G100

10°0-

S00°0-

G000

520°0-

¢00-

S10°0-

+0°0-

G000~

(tu)x

184



LINEAR, MATRUCES FOR THE HEUCAL SOAKE
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SNIG FORMALISM

A.Luccio
AGS Dept. Brookhaven National Laboratory, Upton, NY 11973-5000

Introduction

To characterize and design Snakes and Spin Rotators for spin polarized proton beams in a
fast and easy way, a computer code SNIG has been developed. SNIG solves the problem
by simultaneous integration of the eqation of motion and the equation of precession of the
spin.

Input is the configuration of the field, generated by an array of purely transverse or
helical dipoles, with their edge field. We made the approximation that the transverse
components of the field are not a function of the transverse coordinate, and that the
longitudinal field is a linear function of the displacement of the beam. These assumptions
are to a good degree justified by the present technology of "cosine" dipoles, like the ones
employed in high energy proton colliders.

To characterize the device as an optical element in the accelerator lattice, once a "central"
beam has been tracked, we integrate the motion of an ensemble of particles in phase
space. The transport map between final and initial coordinates of the beam is then
statistically evaluated, and the focusing parameters of the snake or rotator are estimated.

B{“ April 11,1994
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Differential Equations

The vector equations for the motion and for the spin (treated as an ordinary vector)
precession are:

dp
Motion: |4 — BxQ
with the definitions
_eB ., 1
Q=75 B —1—? Y = E/mc?
ds

Spin precession:  |g; CsxQ+C,(B-Q)sxP

with the definitions
Gy’

C =1+Gy C2=_1+y

G=3g-1

8{“ April 11, 1994




Call x (radial) and y (vertical) the transverse coordinates, and z the longitudinal

coordinate (the prevalent direction of propagation of the beam). Using z as the
independent variable, and the following definitions

961

dz
E;=BZC ﬂ

zz\/l

write the following scalar d.equations

( '

B {x'=ﬁx/ﬁ,
+x*+y? |¥=B/B,

=[x' yQ -1+ x'? )Qy +y' Qz‘) //gz

dz
dy' 12 y
— =1+ Q —-xXvQ —xQ z
ez [( YR, -x'yQ, ,]//4
| dr_
for the motion: 4z
dy
L dz Y

as
=

April 11, 1994
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Axis of Spin Precession

3 more equations, formally identical to the latter, are used to calculate the orientation of
the axis of precession O

ds* 4
——=—pXSs
dz P

The idea -admittedly not too elegant- is the following:

if a spin vector s precedes from Sy to s¢, the axis of precession must belong to the plane 1
bisecting the (so sf) angle

s
£

April 11, 1994
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00¢

perpendicular both to s and to 6sA

and the angles are

This axis is then perpendicular to the vector ds = s¢ - So. If we repeat the same argument
for a different spin orientation sA, we obtain the result that the axis of precession must be

also perpendicular to a new defined vector 6sA. The axis of precession O is therefore

o = os X &s*
4 _ O_x
tan ¢ = 5,
0)’
tan 0 =

2 2
L \ O + 0

=|~4
=

April 11, 1994
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Magnetic Field

A snake or spin rotator is composed by sequence of magnets: transverse or helical
dipoles. Each magnet has a body field and an in- and out-edge field.

In a transverse dipole, we represent the body field as a constant, and the edge with a

reciprocal cosh function. This is a para axial representation, where we assume that the
transverse field is only a high order function of x and y. The transverse field components

are
2(©) /gl)

where zfe) is the distance from the magnet hard edge, and g the magnet half gap.

Transverse dipole: ~ B®” =B,  B“%* =B, / cosh(

In a helical dipole, body and edge transverse field components are

edge sin e
Helical dipole: B = oggé(fdz/ A)+¢) B =B 0 / COSh(IZ( )/8|)

The longitudinal field component, close to the axis, to first order is obtained from the
VxB=0

B 8B+3B
ie: x oz o

(=]~}
=

April 11, 1994
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standard input 09/09/94 4:10 PM p.1

SNIG
nter run no, page no 700 2
ontinue (y/n}? y

btune - 1.00000000 1.00000000
z x [mm] xp [mrad] y [(mm] yp(mrad] x sy sz phi theta
0.000 0.0000000 1.1730000 0.0000000 0.0000000 0.0000000 1.0000000 0.0000000 35.000 0.000 1.000000000
1.420 -4.4986511 0.2040149 -7.8775336 -13.1057840 0.1431529 0.8010776 0.5811900 105.056 -5.046 1.0000000000
2.781 0.6165773 ~0.7414224 -~-15.7538414 -0.0011066 0.2826962 0.9588167 0.0274489 179.984 -33.658 1.0000000000
4.141 16.4313871 1.2005439 6.2932157 36.8530108 0.7784326 -0.4047940 -0.4797755 45.969 8.254 1.000000000
5.501 4.0408946 3.2701085 28,2725958 -0.0052606 0.2847853 -0.1065188 -0.9526548 -167.728 38.186 1.000000000
6.860 -8.4564855 0.2524860 6.8429871 -35.5386494 0.6701273 0.4528967 -0.5880596 128.462 58.433 1.000000000
8.221 4.7284990 -2.7522233 -14.5706573 -0.0010039 0.3721433 -0.9210695 -0.1146309 131.716 10.444 1.000000000
9.580 7.0970839 -1.9509651 -6.6096793 13.2801370 0.2114090 -0.8616508 0.4613720 136.128 -5.,582 1.000000000
11.000 -0.6247813 ~-1.1080772 1.3395393 0.0004403 0.0474040 -0.9871912 -0.1523367 136.084 4.105 1.000000000

psi = 9.180305756425062 or 170.8196942435749

theta = 4.104944370826322 phi = 136.0836722784004
4 dipoles

half-gap[mm] = 50.000

center{m} length(m] angle{deg] helix[deq] field(T) field integrals [T-m]
1 1.42000 2.40000 0.00000 ~-360.00 1.45800 2.22792 2.38074 0.05108
2 4.14000 2.40000 180.00000 -360.00 4.00000 6.11526 6.53588 0.35870
3 6.86000 2.40000 0.00000 -360.00 4.00000 6.11337 6.53479 0.34550
4 3.58000 2.40000 180.00000 -360.00 1.45800 2.22804 2.38074 0.04953

Field integrals (x,y,z) [T-m] = 16.6845642 17.8127556 0.8046529
Traj Lengthening [mm] - 1.7886492
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standard input

enter run no, page no 4H 401

continue [y/n]? y
btune - 1.00000000 1.00000000
z x [mm] xp(mrad} y [mm]) yp [mrad]

0.000 0.0000000 0.0000000 0.0000000 0.0000000
3.281 ~1.7582144 9.6466311 24.2450455 4.7086129
ihlf = 11 at z= 3.560001562499889: force integration!
6.000 -0.9578981 -0.1509676 10.6453288 -0.0005310
8.720 -0.8248315 1.6006738 -3.3334773 0.7377118
12.000 -0.7868801 0.0952840 0.4315327 -0.0005731

psi = 89.11111538439651 or 90.88888461560349
theta = 11.49411068162717 phi = -167.7095363210670
4 dipoles
half-gap{mm] = 4.000

center[m] length(m) angleldeg) helix([deg] field[T)

1 2.58000 1.96000 0.00000 360.00 3.41000

2 4.86000 1.96000 180.00000 360.00 1.94000

3 7.14000 1.96000 180.00000 360.00 1.94000

4 9.42000 1.96000 180.00000 -360.00 0.53000
Field integrals (x,y,z) [(T-m] = 9.7575793 9.8227801
Traj Lengthening [mm] - 0.5200829

sx
0.0000000
~0.8137487

~0.9472601
-0.9958996
-0.9998586

4.25489
2.42068
2.42068
0.66132

0.1866442

.0000000
.5810979

.0417663

8

1

0

0.2923422
-0
-0.0155142

sz phi

0.0000000 35.
0.0117588 -179.

-0.1312797 -172.
0.0802466 -166.
0.0064863 -167.

field integrals [T-m]

4.28318
2.43694
2.43694
0.66576

0.09114
0.07504
0.02873
0.00193

000
387

510
631
710

04/22/94 5:16 PM p.1

theta
0.000
~0.534

19.718
8.422
11.494

1.000000000
1.0000000000

1.000000025
1.000000028
1.000000028
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standard_input

enter run no, page no 3iH YZ
contlnue {y/n}? y

btune - 1.33000000
z X (mm] xp{mrad] (mm} yp(mrad}
0.000 0.0000000 0.0000000 0.0000000 0.0000000
3.101 5.775961¢C -0.0000020 0.07399%71 0.0528269
4,501 -~15.9107837 -36.1112599 -13.884958¢ -0.1260379
{hlf = 11 at z= 5,700001464843313: force integration!
9,900 -37.5538083 0.0006571 -0.3584726 -0.3615173
9.000 0.0002671 0.0012516 -0.87546896 -0.0063952
psi = 82.18391978422778 or 97,.81608021577222

theta = =39.52937995609591 phi = -165.8543635620809

3 dipoles

half-gap[mm) = 4,000
center[m] length(m] angle{deg] hellx(deg] field(T)
1 1.70000 2.40000 90.00000 360.00 0.53200
2 4,50000 2.40000 90.00000 360.00 ~3.99000
3 7.30000 2.40000 90.00000 360.00 3.45800
Fleld integrals (x,y,z} (T-mj} - 12.2598492 12,1925301
Traj Lengthening {mm) = 1.3832471

sx

0.0000000
-0.0424452
~0.6177343

-0.6496804
-0.0817333

0.81738
6.13028
5.31240

0.3197267

sy

1.0000000
0.9990704
0.5010153

-0.5137466
-0.1359936

s2
0.0000000
-0.0075309
-0.6061254

0.560339%0
0.9873325

fleld integrals {T-m)

0.81284
6.09626
5.28342

0.00354
0.1971¢
0.14009

phi
35.000
169.913
178.473

40.793
~165.854

05/02/94 3:08 ¥ p.1

theta
0.000
-1,183
49,943

1,000000000
0.9999999998
0.9999999983

0.9999999984
1.000000005

-0.009
-39.529
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Spin Flipping a Stored Polarized Proton Beam

in the Presence of Siberian Snakes

Richard A. Phelps
Randall Laboratory of Physics
University of Michigan
Ann Arbor, Michigan 48109

A. Introduction

When scattering asymmetry experiments are performed in the Tevatron or in RHIC
with a stored polarized beam it will be necessary to reverse the beam polarization quite
often to reduce systematic errors in the experiment. “Spin flipping” a stored polarized
proton beam is a relatively new technology; I discuss the requirements for spin flipping a
stored polarized proton beam in a high energy storage ring with Siberian Snakes present.

This paper is organized as follows. I first give a brief introduction to spin dynamics
for protons in a storage ring, including a description of induced rf depolarizing resonances.
Next it is shown how an rf resonance can be used to spin flip a stored polarized beam.
Then data is presented which proves this technique works in principal. I then describe a
complication for spin flipping in a storage ring with snakes present, and how to modify the
spin flipping hardware to avoid this complication. A description of a device which could be
used to flip the polarization of a proton beam in a storage ring possessing an even number
of snakes is then presented.

B. Spin motion in storage rings

As a proton passes through the magnetic fields of a storage ring, at each point its spin
will precess around a direction parallel to the magnetic field vector at the point. Because
of this precession, as a proton traverses the ring back to the same point, it’s spin will
have rotated with respect to it’s initial direction. The direction around which the spin has
rotated is called the stable spin direction (SSD) at the point. This stable spin direction
can be different from point to point. The angle of precession for a single turn around the
ring, which will be the same from point to point, is 27v,,, where v, is called the spin
tune. For a ring with no substantial horizontal fields, for most energies the stable spin
direction will be everywhere vertical and the spin tune is given by

vsp = G, (1)

where G = 1.792846 is the anomalous magnetic moment of the proton, and v = E/m. A
full Siberian Snake fixes the spin tune at 1/2 independent of the energy; the stable spin
direction in a ring with an even number of snakes as proposed for the Tevatron and for
RHIC will also be everywhere vertical.

If there are regions where a horizontal magnetic field exists, the proton’s spin will
precess around a horizontal direction in this region. In general these small horizontal
precession “kick” will be uncorrelated with the spin motion. However, if the kicks become
correlated with the spin motion, the polarization of the beam will quickly be destroyed. In
this case, it is said that a depolarizing resonance condition exists. If f,, is the frequency
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at which the protons experience these horizontal magnetic fields, and f. is the circulation
frequency of the protons, then the condition for correlation of the horizontal precession
kicks with the spin motion is

frv = fo x (k£vep). (2)

If one introduces a horizontal rf magnetic field with frequency frf = fn, into the storage
ring, by varying the frequency and measuring the polarization, one can use equation 2
to measure the spin tune of the beam. This technique of spin tune measurement was
successfully tested at the Indiana University Cyclotron Facility (IUCF) several years ago
by our University of Michigan group. An rf solenoid of about 0.002 T-m was used to
depolarize the horizontally polarized 104.1 MeV (kinetic energy) beam with a single full
snake present. The rf resonance frequency was approximately predicted using equation 2
with v, = 1/2. Polarized protons were injected into the ring with the rf off; the rf magnet
was then turned on at a specific frequency and the polarization was measured with the rf
on. Runs were taken with frequencies around the predicted position of the depolarizing
resonance. Figure 2 shows the radial beam polarization vs this rf frequency. There are
two depolarization “dips” because the spin tune is not exactly 1/2. If A is the “detune”
away from 1/2, that is v,p, = 1/2 — A, then these resonances are at fZ, = f. x (3/2+ A).
The dips are expected to converge to one dip at 1.5f. for a perfect snake. The half width
half minimum(? § of each dip is proportional to the induced magnetic field strength.

C. Spin flipping with an rf magnetic field

An rf magnetic field can also be used to reverse the polarization direction of a stored,
polarized proton beam. I will now assume that the stable spin direction is everywhere
vertical and the spin tune is not 1/2. Figure 1 shows the stable spin direction in a frame
rotating with a frequency f.; when a horizontal rf field of frequency f,f is applied. The
angle o of the stable spin direction off the vertical is given by

frf - fres
\/(frf - fres)2 + 62,

where fr., is the resonance frequency, and ¢ is the rf resonance width. It should be noted
that equation 3 holds only when the spin tune is a sufficient distance from 1/2. The
complication when v,, = 1/2 will be discussed later. From equation 3, one sees that if
the applied rf is turned on at a frequency which is many widths away from the resonance,
a = 0°. If the rf frequency is then ramped through the resonance value and turned off
when f,¢ is many widths to the other side of the resonance, the stable spin direction will
rotate from the vertical, through the horizontal direction, then to the opposite vertical
direction. If this rf ramp is very slow, so that the protons see very tiny changes in the
stable spin direction from turn to turn, then the spin will simply follow the stable spin
direction and be reversed.

This “adiabatic passage” technique has been demonstrated for the case of a stored
polarized beam without a snake. Figure 3 shows data taken at IUCF with a vertically
polarized proton beam. Polarized protons were injected with the rf off, then the rf was
turned on 1.75 kHz below the resonance frequency and ramped linearly to 1.75 kHz above

cos(a) =

(3)
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the resonance frequency; the polarization was measured after the ramp. The plot is the
vertical polarization after the rf ramp vs the rf ramp time. All the points had the same rf
magnetic field strength. As can be seen from the data, spin flipping is more efficient for
slower ramp times. The curve is a fit to the data of a modified version of the Froissart-Stora
formula(!) for the polarization, Py, after passage through an rf depolarizing resonance:

5 (ré6)? )
Py =P x [2exp(~ 5 ) ~ 1 (4)
The curve is a fit in the parameters P;, the initial polarization, and 6. df;f/dt is the rf
ramp rate. The value obtained for é is in good agreement with the value obtained from
the spin tune measurement as described above.

An rf field used for spin flipping should be orthogonal to the stable spin direction at
the rf magnet location to optimize the spin-field coupling. This stable spin direction is
vertical in a storage ring with an even number of snakes, hence the rf field direction should
have longitudinal and/or radial components. Since the spin precession for a given field
strength of a longitudinal field is inversely proportional to the momentum, and for a radial
field is momentum independent at high energy, to get a large enough horizontal rf field to
flip at hundreds of GeV one would use a radial rf dipole.

The data from figure 3 was taken without a snake. The adiabatic passage technique
has not been tested in the presence of a Siberian Snake when the spin tune is very close
to 1/2. There is an added complication to the spin flipping mechanism®) when the spin
tune is close to 1/2, which can be seen by the following argument. When the spin tune is
exactly 1/2 the resonance frequency is (n + 1/2)f.. Assuming one has a single rf magnet,
when the magnet is set to the resonance frequency, some particles will see no field at all
each time they pass through the magnet, since the field reverses sign each time a particular
particle goes through, and some particles will be at the 0 of the sine wave. Hence ramping
through the resonance frequency will not flip the spin of these particles.

The picture of the stable spin direction given in figure 1 is derived assuming that
the rf field generates a single isolated depolarizing resonance. Figure 4 shows how the
field generated by a radial dipole can be decomposed into two counter rotating fields
in the horizontal plane rotating with frequency fr.f. When the resonance frequency is
approached, for most values of the spin tune, the field rotating in one direction, say B4,
causes the resonance, while B_ is uncorrelated with the spin motion and can be ignored.
In figure 2, one of the resonances is caused by By and the other is caused by B_. Then
equation 3 for the angle of the stable spin direction off the vertical is correct. When the
spin tune gets close to 1/2, both rotating fields are correlated with the spin precession, and
hence there are two “overlapping” resonances present; this would correspond to having 2
closely spaced dips in figure 2. These overlapping resonances are expected to spoil the spin
flip mechanism. To correct this problem, one must eliminate the field B_.

B_ is eliminated by installing two rf magnets with the correct positions and relative
phase for cancellation. This cancellation is made almost trivially if the snakes flip the
radial and longitudinal spin components (180° spin rotation about a horizontal direction
which is directed 45° between the radial and longitudinal directions). These “hybrid”
snakes (neither type I or type II) are proposed for the Tevatron!®), and will be the only
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case considered here. An rf dipole at the entrance of one of the snakes has a field

By (t) = Bocos(2r f,t)F, (5a)

where T is a unit vector in the radial direction and f,; i1s the applied frequency. Because
of the snake, this field is physically equivalent to a field at the exit with £ in equation 5a
replaced by i, the unit longitudinal vector (this is not exactly true, since we still get the
precession one expects from a transverse field, but it is around the longitudinal direction).
Place a second rf dipole just downstream of the snake, with a field of the same magnitude,
phase advanced by 7/2 and time advanced by d/c with respect to By(t), where d is the
distance between the rf dipoles and ¢ is the speed of light. That is, the downstream field
should be

Ba(t) = Bosin(27 f,¢[t — d/c])F. (5b)

The total effect of these 2 fields and the snake will be equivalent to a field at the exit
of the snake

Ber(t) = B, x [cos(27 frst)] + sin(2r f t)F] = B4 (2). (6)

The field B_ has been canceled, and the field B4 has doubled in strength. Then ramping
the frequency through the resonance will flip the spin.

D. Positioning of rf magnets

If space for rf magnets is tight, it is not necessary to place the rf dipole magnets in
the same straight section as the snake. For the cancellation of the field B_, it is necessary
that the total spin precession between the 2 rf dipoles have the effect of flipping the radial
and longitudinal components of the spin. Let S be the spin precession matrix of the
snake, and let D be the spin precession matrix for the dipoles just before and just after
the snake (these horizontal bends are assumed to give equal spin precessions around the
vertical direction). It is easy to show that the combination DSD also flips the radial and
longitudinal spin components if S alone does, regardless of the particle energy. Hence these
radial rf dipoles can be placed in the straight sections just before and just after the section
the snake is in, as long as the field integrals of these sets of horizontal bends are equal.

E. Orbit correction

Each of the rf dipoles will cause a vertical kick of the beam. This will cause emmittance
blowup unless these kicks can be corrected. If each magnet is replaced by 2 magnets
separated by 180° in vertical betatron phase, the kick from the second magnet can correct
the kick from the first. The requirements for correction are that (a.) the rf excitation of
the first magnet is time delayed with respect to the second by d/c, where d is the distance
between the magnets, and (b.) if B is the vertical beta function at the first magnet and
6; its orbit kick, and 3, and 6, are for the second magnet, then

V5161 = \/Ba28;. (7)

We must check that B_ is still cancelled. This is no problem if the arrangement is made
symmetrical upstream and downstream of the snake. Then the 2 magnets closest to the
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snake are separated from the snake by the same number of horizontal bends, hence the
B_ field they generate is cancelled; the same can be said for the 2 outer rf dipoles, even
though they are each separated from the snake by a different number of vertical bends
than the inner rf dipoles. The arrangement is shown if figure 5. Bending dipole 2 should
have the same horizontal bend as dipole 3, and dipole 1 the same as 4. If all rf magnets
are equal length, these radial rf fields should be

By (t) = Bycos(2x fr5t),

B, (t) = Bqcos(2x fr¢[t — d/c]),

Bj(t) = Basin(2r frf[t —d/c—d'/c]),
By(t) = Bysin(2r frgt — 2d/c — d'/<]).

(8)

B3/By = 05/6, = \/B1/B: as in equation 7. If B3 and B4 are the vertical beta functions
at rf dipole 3 and 4 respectively, one should also arrange that 3,/82 = 34/33 for proper
orbit correction and resonance cancellation.

It should be noted that since there will be at least one horizontal bend between rf
dipoles 1 and 2 (horizontal bend=¢), and also between rf dipoles 3 and 4, the spin will have
precessed by and amount Gv¢ between each pair of rf magnets, so the rf spin precession
kick will not add up in phase unless Gy¢ = 27n for some integer n. This will weaken the

resonance strength by a factor \/Blz + By% + 2B, Bicos(Gy¢)/(B1 + Bz) £ 1. This is no
problem as long as the energy or the number of dipoles between each pair of rf magnets is

chosen judiciously, and the rf ramp rate is increased to take this lower resonance strength
into account.

F. Magnet requirements

To get an idea of the rf field required, I will consider spin flipping 900 GeV protons in
the Tevatron when v,, & 1/2. The parameters to be fixed are the resonance width é and
the rf ramp rate df,¢/dt. For protons of momentum p, the resonance width is given by:

_ flHz] (1+Gr) L fe
atas] = R / BAI[T -m] ~ L / Bdl, (9)

where [ Bdl is the total integrated field amplitude over all 4 rf magnets. From equation
4, we see that the ratio of final to initial polarization goes like 2exp(—«) — 1, where

. fe (J Bd)?

T B0 Af, /At (10)

Here Af,¢ is the rf ramp interval, and At is the ramp time.

Conservatively choosing « &~ 10, then Ps/P; = —0.9999. The “half life” of the spin,
or the number of times one can spin flip before the polarization is half gone, will be about
7000. The goal then is to choose [ Bdl large enough to achieve spin flip in a reasonable
time At.

For 900 GeV protons, f. ~ 48 kHz. To avoid turning on the rf too close to resonance,
one should choose Af, ¢ > 6, say for example Af,s = 20 x §. There is great flexibility in
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choosing the parameters [ Bdl, Af.f and At. If the system is also to be used to measure
the spin tune, then 6, the half-width of the rf resonance curve dip, should be at least 75 Hz
so the rf resonance is easy to find; then Af,s = 1.5 kHz and by equation 9, [ Bdl = 0.034
T - m. Since v,, &~ 1/2, then fr., = fc/2 ~ 24 kHz. To make x = 10 with [ Bdl = 0.034
T - m, by equation 10 the rf ramp time should be At ~ 280 msec for a spatially uniform rf
magnetic fields. Due to nonuniformities in these fields, one might increase the ramp time
slightly.

G. Conclusions

A scheme has been presented for an rf dipole device which will flip the spin of a
stored polarized proton beam in a high energy storage ring which uses an even number
of Siberian Snakes to preserve polarization during acceleration. This method utilizes a
particular “hybrid” snake’s property of switching the radial and vertical components of
the spin as the particle passes through it. This hybrid snake has been considered for
both the Tevatron and RHIC. The scheme requires 4 simple rf radial field dipoles located
symmetrically around one of the snakes. The device self corrects its orbit kick to the extent
that one can estimate the vertical beta function in the storage ring. The conditions for
placement of the rf dipoles are flexible enough so that this solution, though not unique,
should be considered for use in high energy polarized proton storage rings.

This research was supported by grants from the U.S. Department of Energy and the
U.S. National Science Foundation.
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Figure 1. The tilt of the stable spin direction (SSD) in the presence of an rf field. 6
is the rf resonance width.
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Figure 2. rf induced resonances in the presence of a Siberian Snake. The 2 dips
centered around 1.5f. should merge to one dip when the spin tune is exactly 1/2.
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Figure 3. Spin flip data taken at IUCF with a single rf solenoid magnet and no
Siberian Snake.
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Figure 4. Decomposition of a radial rf dipole field into 2 counter rotating fields. If the
spin tune is away from 1/2, near the resonance frequency B becomes correlated with the
spin motion while B_ does not. When the spin tune is close to 1 /2, both are correlated

with the spin motion.
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Figure 5. The full spin flip configuration.
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Project Scope August 1993

TABLE 3. Major Parameters for the Collider

Kinetic Energy, Injection-Top (each beam), Au 108-100 GeV/u
protons (3370 GV
Luminosity, Au-Au @ 100 GeV/u & 10 h av. ~2x10%  em™ sec’!
No. of bunches/ring 57
No. of Au-ions/bunch 1x10°
Operational lifetime Au @ v > 30 ~10 h
Diamond length F\__Mrms
Circumference, 4-3/4 Cogs ’ b 3833845 m
Beam separation in arcs 90 cm
Number of crossing points 6
Free space at crossing point +9 m
Beta @ crossing, horizontal/vertical 10 m
low-beta insertion 2 m
Crossing angle, maximum 7.7 mrad
Betatron tune, horizontal/vertical 28.19/29.18
Transition Energy, y1 2289
Magnetic Rigidity, Bp: @ injection 975 Tm
@ top energy 8395 T'm
Bending radius, arc dipole 242781 m
No. of dipoles (192/ring + 12 common) 396
No. of quadrupoles (276 arc + 216 inseriion) 492
Dipole field @ 100 GeV/u, Au 3438 T
Arc dipole length, cffective 945 m
Arc Dipole length, physical 9728 m
Dipole current 505 kA
Arc quadrupole gradicnt -7t T/m
Arc quadrupole length, cffective .11 m
Coil 1.d. arc magnets S cm
Beam tube i.d. 69 cm
Operating temperature, Helium refngerant <46 K
Refrigeration capacity at 4 K 248 kW
Cooldown time, cntirc system ~-10 d
Vacuum, warm beam tuoc scctions ~7x10"" mbar
Filling mode Bunch-to-bucket
Filling ume (cach riny) < 1 min
Injection kicker strenweth (93 nec) -0 Tm
Jeam stored eneruy ~ 2ok
rivolte, £ =342 SRR S
ol voltage, 1 =258 nooMV
Acceleration ime I mun
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