
Yuhao Peng

directed by Uli Wienands


2022.01.25

Spin Rotator Conceptual Design for SuperKEKB e-polarization Upgrade

1



Overview of the Rot Design
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• Replacing 4 B2E dipoles with rotator magnets (dipole-sol-quad)


• A pair of rotator (L/R-Rot) rotates the spin back and forth 
between the horizontal plane and the vertical direction
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• Rotator modelling with BMAD (proposed by Uli Wienands and David Sagan)


• Open-geometry optimization (Lattice segment )

• Fit Solenoids to achieve the spin polarization

• Fit skew-quads and ring quads to perform decoupling and optical rematch 


• Closed-geometry optimization (full lattice)

• Match the Tunes by tuning quads in the straight section

• Match the Linear Chromaticity by tuning ring sextupoles

Rot Design 



Open-geometry Optimization
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Replace B2E with Rotator lattice elements, and perform the 
optimization in the lattice segment containing the L-Rot and 
nearby elements, and repeat the same procedure for the R-Rot


•Fit the solenoids to match the spin


•Fit the skew-quads to perform decoupling


•Tune the ring quads near the rotator region to achieve the 
optical rematch



• Solenoid strength, below 5T


                                                                        L-Rot 


                                                                         R-Rot 


• Maximum skew-quad strength is ~20 T/m, which is below the 
technical limit we have assumed, 30 T/m 


• Maximum Ring quad is ~ 14 T/m which is about the same as the 
strongest existing quad in the ring 

Optimization Result
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Comparison at L-Rot Region after Completing the  Optical Rematch
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Comparison at R-Rot Region after completing  the Optical Rematch



Closed-geometry Optimization
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• Tune 


• Chromaticity 


They are overall ring (circular machine) parameters, can only be calculated 
when it’s closed-geometry 


Performing the optimization in the closed-geometry is challenging

Q ≡
ΔΨ
2π

=
1

2π ∮
ds

β(s)

ξ ≡
ΔQ

Δp/p
= −

1
4π ∮ k(s)β(s)ds



9

Fitting target: , 


Constraints: Matching the Twiss 
parameters at the exit of the straight 
area ( , )


8 variables: QR*NE(6 different 
Quadruopole pairs), QDRNE, QFRNE


Qx Qy

βx,y αx,y

Tune Match 
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It is challenging to match the Tune and optical functions at the same time using 
the LMDIF optimizer


For small quadrupole deviation , the Tune shift is given by:





The total Tune shift can be approximated by:





It can be seen that if the quadrupole deviation is sufficiently small, the Tune can 
be slightly shifted without changing the beta function too much

Δk

4πdQ = Δkβds

ΔQ ∼
1

4π ∑
i

βiΔkiLi



Ladder Method 
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Taking steps to approach the original Tunes

In this approach, alphas are not matched due to the difficulty matching the 
beta and alpha simultaneously


the variation of alpha is small even though it is not involved in the optimization




Quads adjusted to match the Tune

12



Comparison of the Straight section after the Tune match 
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Original                                          Rot



Match the Linear Chromaticity
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Adjust existing sextupoles at 4 arc sections shown in Figure below


SD5TLE, SF4TLE, and SD3TRE pairs (located in the Rot area) are turned 
off because the phase difference between these pairs is no longer ; 
can not cancel out their non-linear effects

π



Theory
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Where  is the quadrupole strength,  is the sextupole strength,  is the dispersion 
function,  is the beta function 


Varying the strength of sextupole does not change the beta function


the variation of chromaticity  can be expressed as the linear combination of the 

variation of sextupole strength   (the sextupole strength , BMAD setting)


               with  

ξtotal =
1

4π ∮ [k(s) + m(s)η(s)]β(s)ds

k m η
β

Δξ

Δx b2 =
k2L
2

Δξx = ∑
i

piΔxi

Δξy = ∑
j

qjΔxj

pi = 1
2π βx,iηx,i

qj = − 1
2π βy,jηx,j
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Assume N (N>2) sextupoles are used to correct the chromaticity, 
and denote:


 and 


 Build function:   


Use gradient descent to approach the global minimum (when 
, the desired  and  are reached)


 

⃗P = (p1, p2, . . . , pN)
⃗Q = (q1, q2, . . . , qN)
⃗x = (Δx1, Δx2, . . . , ΔxN)

Gp = ⃗P ⋅ ⃗x − Δξx

Gq = ⃗Q ⋅ ⃗x − Δξy

f( ⃗x ) = G2
p + G2

q

f( ⃗x ) → 0 Δξx Δξy
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The gradient : 


At th iteration: 













Where  is the learning rate

∇f( ⃗x ) = 2Gp
⃗P + 2Gq

⃗Q

j
Gj

p = ⃗P ⋅ ⃗x j − Δξx

Gj
q = ⃗Q ⋅ ⃗x j − Δξy

∇f j = 2Gj
p

⃗P + 2Gj
q

⃗Q

⃗x j+1 = ⃗x j − ε∇f j

ε

Gradient Descent
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Applying gradient descent algorithm to find a better starting 
point to run the BMAD optimization 
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Sextupoles adjusted to correct 
the linear chromaticity of Rot 
Ring


The maximum shift of 
sextupole strength from the 
original ∼ 0.21
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                Original Ring                                             Rotator Ring

R-RotL-Rot

Full lattice Comparison with L/R-Rot installed in the ring 



Ring Parameters Comparison after rematch the Tunes and 
Chromaticities

21

Original


Rot



Single Particle Spin Tracking Result of e−
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• The spin track result shows a longitudinal spin alignment >99.99% 
with the rotator installed in the High Energy Ring
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IP
IP
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Spin Motion of the electron in the Rot Ring (KEK frame)



Summary
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✤We have a BMAD solution for the overlapping field spin 
rotator in the HER 


✤Transparency is achieved (original machine  linear dynamics 
recovered except the rotator region )


• Optical rematch 

• Ring Parmaters rematch (Tune and Chromaticity)



Future Steps
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Beam Tracking Studies (Long_Term_Tracking requiring computer 
cluster) 


•investigate the dynamic aperture, adjust sextupoles to reach the 
maximum dynamic aperture


•determine the polarization lifetime and beam lifetime



Appendix
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• BMAD uses the normalized integrated multipole  (equivalent to  in SAD)  to specify 
magnetic multipole components





Where q is the charge of the reference particle, L is the element length, and  is the 
reference momentum


•Another representation that BMAD uses divides the field into normal  and skew 
component , the th order multipole is given by:





•if there is no skew component 

knL kn

knL ≡
qBnL

p0
p0

bn
an n

qL
p0

(By + iBx) = (bn + ian)(x + iy)n

bn =
knL
n!



Rotator Magnet Structure
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Follows Uli Wienands’s (Argonne National Laboratory) idea and direction:


• replace some existing ring dipoles on both sides of the IP with the dipole-
solenoid combined function magnets and keep the original dipole strength  
to preserve the machine geometry 


• Install 6 skew-quadruple on top of each rotator section to compensate for 
the x-y plane coupling caused by solenoids


• Original machine can be recovered by turning off sol-quad field



Constraints of the Design
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✤Transparency: Need to maintain the original  beam dynamics, make 
the spin rotator transparent to the ring as much as possible (the spin 
rotator is for the polarization purpose only) 


✤Physical constraints: All new magnets must be manufacturable 
and installable


• Solenoid strength can not exceed 5 T


• Skew-quad can not exceed 30 T/m ~ 3T at the coil



Simulation Tool
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• BMAD is an open-source software library (aka toolkit)created/maintained by 
David Sagan at Cornell University for simulating charged particles and X-rays. 
Étienne Forest’s “Polymorphic Tracking Code” (PTC) is incorporated into it.


• Tao is a user-friendly interface to Bmad which gives general purpose simulation, 
based upon Bmad.


• BMAD via the Tao interface is a powerful and user-friendly tool used for viewing 
lattices, doing Twiss and orbit calculations, and performing nonlinear optimization 
on lattices    


• Optimization Algorithm: LMDIF is to minimize the sum of the squares of nonlinear 
functions by a modification of the Levenberg-Marquardt algorithm



L-Rot Magnets
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R-Rot Magnets
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Alternative R-Rot Magnets
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