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ABSTRACT 
MAY 0 5 1996 

The structure of the four Siberian Snakes and eight Spin Rotators beinn des& 8-T I 
w -  

for RHIC is discussed. These devices consist each of four helical dipoles. Results 
of orbit and spin tracking through the magnets are presented. 

- 

1. Introduction 

For the program of polarized protons in the Relativistic Heavy Ion Collider at  
Brookhaven, two Siberian snakes and four spin rotators per ring will be used. Snakes 
produce a complete spin flip. Spin rotators, in pairs, rotate the spin from the vertical 
direction to the horizontal plane at a collider intersection and back to the vertical 
after it. Snakes, 180’ apart and with axes of spin precession at 90’ to each other, avoid 
depolarization of the proton beam in traversing resonances. Rotators are needed to 
study proton collisions with the polarization in the horizontal plane. 

Classical snakes and rotators consist of magnetic solenoids or of a sequence of 
magnetic dipoles with fields alternately directed in the radial and vertical direction. 
It has been also proposed to use helical magnets, or twisted dipoles, in which the 
field, transverse to the axis of the magnet, continuously rotates as we proceed along 
it. After comparative studies, it was decided to adopt for RHIC an elegant solution 
with four helical magnets both for the snakes and the rotators, proposed by Shatunov 
and Ptitsin. In order to simplify ihe construction of the magnets and to minimize 
costs we will use four identical super-conducting helical modules for each device. 

Our snakes have four right-handed helices. Spin rotators, two right-handed and 
two left-handed helices. The maximum field is limited to 4 Tesla. While small bore 
helical undulators have been built or designed for free-electron lasers ’, large super- 
conducting helical magnets have never been built. In spite of this difficulty, our choice 
is dictated by distinctive advantages of helical over more conventional transverse 
structures 

i. The devices are modular, i. e. they can be built with arrangements of identical 
modules. 

ii. The maximum orbit excursion in the magnet is smaller. 
iii. Orbit excursion is independent from the separation between adjacent magnets. 
iv. They allow for an easier control of the spin rotation and the orientation of the 
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spin precession axis. 
To use the same standard cryostats of the RHIC dipoles, the length of the snakes 

or rotators should be limited to 12 meters. We have chosen 2.4 m as the length of 
each module, nominally separated by a distance of 32 cm. The magnet bore has been 
chosen as 10 cm. The magnet separation is not critical, because of the property (iii) 
above. The bore is adequate for the resulting orbit deformation, as it will be shown. 

An approximate calculation of a four helix spin rotator ca9 be made with the use 
of matrices that describe the spin rotation through the four modules. In a similar way 
the beam optical properties of the device can be estimated. However, since the fringe 
field of the magnets has an important effect both on the spin rotation and on the 
orbit, the optimization of the design has been performed numerically, by integration 
of the equations of motion and of the equations of spin through the magnetic field 
including the fringe field. To first order, the results agree well with the analytical 
estimates. 

The field of an infinitely long helix has been first described analytically by Blewett 
and Chasman Other descriptions derive the field as a super- 
position of undulators ’ or from the twisting of a cosine dipole. s For the fringe field 
we have simply assumed that the field in the body of the magnet will continue outside 
with the same helical structure and decay as a llcosh function in a distance equal 
to the radius of the magnet aperture. The actual field and its fringe will be better 
known when a magnet prototype is built and measured. In particular the fringe will 
depend by the method by which the super-conducting magnet coils are terminated. 
The tracking code can accept as input either an analytical or mapped (measured) 
field. 

and then by Ptitsin. 

2. Formalism 

The helical field used in the calculation is the Blewett-Chasman field expanded to 
third order in the Cartesian coordinates x (radial) and y (vertical). The longitudinal 
coordinate is z, the axis of the helix. The components of the field are 

-1 - f (3u2 + u’)] sin k z  + $u cos k z  
1 + i (uz + 3 d ) ]  cos kz - $uu sin kz  J (1) 

b, % -4 [u + i (u2u + u3)] sin k z  - 4 [u + (u3 + uvz)] cos k z  

with 
u = k x / J z  
u = ky/& k = %/A. b = BIB0 

Bo is the maximum field on axis, X the field rotation wavelength. Within the magnet 
aperture the above expansion is very accurate, when compared with the complete 
analytcal expression in terms of Bessel functions. It should be noted that the longi- 
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tudinal component of the field is zero on axis but is not negligible along the deformed 
trajectory followed by a particle through the magnet. 

The differential equation of motion in a pure magnetic field is 

dp' - = p x  6, 
dt  

where /? is the relativistic velocity factor and the definitions hold 

-4 

6 = eB1rn.y p2 = 1 - 117' 7'= Elrnc', 

The BMT differential equation for the spin precession is lo 

- d.!? = Cl[S x A] + C,(P- Q[S  x $1, 
d t  

with the constants 

1 
2 

G = -9 - 1 = 1.7928. Gr2 
1 + 7 '  

C1= 1 + G7, Cz = -- 

(3) 

(4) 

( 5 )  

In Equation 5 the spin is treated as an ordinary three-dimensional vector. Using z as 
the independent variable, and with the following definitions 

d z  P x' = P X I P Z  - =Pzc, P z  = d t  

the scalar equations of motion are 

(dxldz) '  = x'Y'Q, - (1 + x") Q, + y'Qz 
(dxldz) '  = (1 + y") SZ, - x'Y'R, - x'R, 
d x l d z  = x' 
d y l d z  = y' 

Similarly, the scalar spin equations are 

with 

(7) 

pX = clfL/pz + c 2 x ~ r  
P, = Cln,/Pz + C d r  
P, = + c2r , r = P z  ( X Q X  + Y'Qy  + a), s: + s," + s,2 = 1. (10) 
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Fig. 1. 4-Heiix Spin Rotator. Field at 7 = 27. The longitudinal field is on scale x10. 
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The integration is performed by a code, Snig 
Corrector third order solver with automatic adjustment of the integration step. 

employing a Hamming Predictor- 

3. Spin Rotators 

Spin rotators for RHIC rotate the spin by 90°, from the vertical y to the horizontal 
z - z plane. For experiments, collisions between counter streaming protons in the 
machine interactions will be done at every energy, from injection, 7 = 27, to the 
maximumenergy, 7 = 250. In the collisions one preferably wants the spin in the 
longitudinal, or z An arrangement that satisfies these requirements consists of four 
super conducting helical magnets, alternately right-handed and left-handed, with a 
maximum field close to 4 Tesla. Geometric parameters for the rotator are in Table 1. 
Fig. 1 shows the three components of the magnetic field, and Fig. 2 the orbit at 
injection energy. The magnetic field shown is evaluated along the orbit. The tracked 
spin with Snig in a rotator is shown in Fig. 3. 

Table 1. Spin Rotators for RHIC, including fringe field. 

Number of Helical Magnets 4 

Magnet bore [mml 100 
Total length [m] 10.56 

Helical marnets 

The twist of the helix in each magnet shown in Table 1 is 345'. According to 
the original theory *, in each magnetic module the transverse field should rotate a 
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Fig. 2. Spin Rotator. Orbit at 7 = 27. 
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Fig. 3. Spin Rotator. 7 = 27. The three coponents of the spin. 

full 360’ as one progresses to the other side. If the fringe field is taken into account, 
because of the anti-symmetric structure of the field in a spin rotator, the field integrals 
cannot be made equal to zero, shown in Fig. 1. The result is that a particle entering 
in the magnet on axis will not in general emerge on axis. We solved the problem by 
making the field rotation < 360°, so the field integrals can be exactly compensated 
at least for one beam energy. 

In RHIC the direction of a rotator beam line is at an horizontal angle q5 = 3.674 
m a d  with the direction of the adjacent insertion. l2 The spin, after the rotator, will 
perform a further precession in the horizontal plane. Then, to achieve longitudinal 
polarization at the insertion, the spin should emerge from the rotator in the horizontal 
plane and at an angle G+y4 or Gyd f ?r with the rotator longitudinal a x i s  z, in the 
positive direction (forward) or negative (backward), respectively. The corresponding 
angles for radial polarization are f ?r/2 in the negative direction of the axis 3: 
(inward) or positive (outward), respectively. 

The spin rotation at the rotators’ exit depends on beam energy. There, we must 
have S, = 0. Fig. 4 shows the loci of Sar = 0 on a B1 - Bz plane, with the B’s 
the value of the field in the two pairs of helices. =From the diagram of Fig. 4(a) we 

“A similar diagram, calculated with matrices has ben presented by V-Ptitsin. Ours is calculated by 
tracking and includes fringe fields. 
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can find the values of the field needed to provide a longitudinal or radial polarization 
at the interaction at different proton energies in RHIC. The figure shows that the 
spin rotator provides a longitudinal forward and a radial outward polarization for all 
proton energies in the range, with field not greater than 4 Tesla, but not all angles 
for longitudinal backwards and radial inwards. The values of the field and of other 
parameters for longitudinal forward polarization (the most important) are given in 
Table 2 and Fig. 4(b). 

Beam Energy, 7 27 50 75 100 150 200 250 
10.19 18.70 28.31 37.75 56.63 75.49 113.23 

i G74 

Orb. lenghtening [mm] 
II I 1.252 1 0.378 1 0.178 I 0.107 1 0.055 I 0.036 1 0.026 1 

..- 
B1 2.047 2.281 2.528 2.752 3.082 3.257 3.354 
B2 2.654 2.543 2.439 2.373 2.421 2.679 3.005 - 

4. Siberian Snakes 

1 horizontal 24.10 14.50 10.71 8.74 6.53 5.17 4.26 
vertical 10.02 5.19 3.46 2.83 2.11 1.67 1.38 

Siberian snakes for RHIC rotate the spin by 180' from the vertical up to the 
vertical down. The axis of precession makes an angle 1c, = f45' with the beam. This 
angle should be slightly adjustable to compensate for misalignments and possible spin 
rotation created by the solenoidal fields in the detectors. A snake that satisfies these 

s IB2I ds 15.01 15.39 15.85 16.35 17.55 18.93 20.28 
s IBVI ds 15.01 15.40 15.85 16.36 17.56 18.94 20.30 
s lBLl ds 0.552 0.312 0.240 0.208 0.170 0.144 0.125 - 
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Fig. 5. C H e l i  Snake. Field at 7 = 27. Axis at 45'. Longitudinal field is on scale x10. 

requirements consists of four super-conducting helical magnets, right-handed, with a 
maximum field of 4 Tesla. 

Snake parameters are in Table 3. Fig. 5 shows the three components of the 
magnetic field, Fig. 6 the orbit, and Fig. 7 the spin precession at injection energy. 
The symmetry of the Siberian snake is such that the fringe field would cancel in any 
case, but in order to simplify the construction of the snakes and rotators, a solution 
was chosen with all magnetic modules identical in both devices (apart from their 
right- or left-handedness). 

Table 3. Siberian Snakes far'RHIC, including fringe field. 

Number of Helical Magnets 4 

Magnet bore [mm] 100 
Total length [m] 10.56 

Helical magnets 

Total field integral [T-m] 22.77 
Orbit lengthening [mm] 1.82 

"'+':right-handed, '-': left-handed helix. 
bField angle respect to the vertical at magnets' entry. 
'For axis of spin precession at 45'. 
d@injection,r = 27 

All helical magnets are powered by separate power supplies. This allow for an 
adjustment of the spin tune to 1/2 and for the small changes in the direction of the 
precession axis, as shown in Fig. 8. 
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Fig. 6. Snake. Orbit at 7 = 27. 
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Fig. 7. Snake. 7 = 27. The three coponents of the spin. 

12.0 
AULVPA.27 

1.10 1.15 1.20 1.25 1.30 
B, resla] 

Fig. 8. Snake. Tunability of the Snake’s precession ax is  angle. 
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5. Optical transfer matrix 

We have calculated the optical transfer matrix up to the third order with Snig. l3 
This was done by tracking a number of particles (typically 35) with coordinates ran- 
domly extracted inside a phase-space ellipse with the appropriate Twiss parameters 
for =IC. The output of the tracking is then fitted with a third order polynomial 
in 2, y, 2' and y' and the coefficients of a first and second order matrix are found. 
The first order matrix elements are shown in Eq. 11. They are in good agreement 
with the corresponding approximate analytical calculations. We use more particles 
than are strictly needed, and the fitting is repeated several times with all possible 
combinations of the particles. So, the matrix elements shown are in reality averages 
with statistical variance. 

.9825 11.91 -.0050 -.0541 
-.0029 .9825 0. 
.0039 .0541 .9486 11.72 

.0049 -.0085 .9486 

-25.117 < ~o[mm] < 28.792 
-0.216 < xk[mrad] < 0.234 
-20.970 < yo[mm] < 23.367 Beam within limits: 

[ -0.236 < yA[mrad] < 0.198 

The final spin values are also calculated and averaged, to determine how the spin 
rotation is affected by the finite size of the beam. They are in Table 4. Results also 
show that the spin reversal is not affected by the size of the beam. 6. Conclusions 

Table 4. Spin tracking in a 4 H e l i i  Snake 

n I S, I S W  I SZ II 
s t a r t  spin 0 1 0 
find spin -8.27 io-5 -1. 4.07 10-4 

with variance 5.17 2.15 lo-' 3.61 
I 

precession axis angle [deg] 135.086 (horiz.) -0.010 (vert.) 
with variance 1.00 5.87 lo-'' 

Spin rotators and Siberain snakes for RHIC can be built using 4 helical magnets. 
Although super-conducting helical magnets of this size have never been built, they can 
be derived, by twisting, from the super-conducting RHIC cosine dipoles. We found 
that the fringe fields are important for orbit and spin dynamics, and were taken into 
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account in the calculations, using a plausible model for the fringes. Only magnetic 
measurements on the prototypes will d o w  a final optimization. 

Prototypes are currently being built and measured. The code Snig was written 
with the option to integrate the equations of motion and the equations of spin using 
either a synthetic magnetic field, or a measured field, or a calculated map (e.g. by 
Tosca3D 14). 
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