BEAM AND SPIN TRACKING
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Need for Spin Tracking

* Precursor experiment for Deuterons at COSY

« Spin Coherence Times (SCT) Studies for Protons at COSY
« Search for Axions / Axion-like Particles COSY

* Prototype EDM Ring

* Final EDM Ring
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Utilized Simulation Programs

COSY Infinity by M. Berz and K. Makino (MSU)

* based on map generation using differential algebra and the subsequent
calculation of the spin-orbital motion for an arbitrary particle, including
higher-order nonlinearities, normal form analysis, and symplectic
tracking

PTC (Polymorphic Tracking Code) by E. Forest (KEK)
« TPSA maps (truncated power series algebra by Taylor expansion)

Bmad by D. Sagan (Cornell)
- PTC tracking and Runge-Kutta integration

Bench marking with “analog computer” Cooler Synchrotron COSY and
other simulation codes
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Simulation Setup for COSY Infinity

COSY Toolbox COSY #) JULICH
Lattice

FORSCHUNGSZFNTRUM

COSY

INFINITY
™ BT

e (Calculator:

Armadillo

* linear algebra

* Optical functions Toolbox operations
* Closed orbit * SVD, pseudo-inverse
* Spintune... ‘

* Tracker: ____"_ + plotting

* Static maps

* RF maps (*) /
F D=

* storage (ROOT files/trees)

N

ROOT

0 - [ ] LU =TS E 25[
E 9 :
* 4 ) af-
A0 & ’, r
F é] % 15:—
-‘5:— F
m:_q 0 10—
A J :
#E o COSY ring structure st
ES g :
F S om m m om0 of— ;
=t s | a2l e | P T | | PR i O M n
20 10 0 10 20 30 40 50 80 oo

March 31, 2021 | A. Lehrach Beam and Spin Tracking _




Benchmarking for COSY Infinity

RF spin manipulation elements implemented.
Benchmarking experiment at COSY using driven oscillations induced by the RF solenoid

RF field: B, = B,y-cos (2m-v,-n + @), resonance condition v = yG + K

Deuteron beam

measured data
analytical approximation
tracking results (scaled)

Deuteron beam

measured data
analytical approximation
tracking results (scaled)
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Systematic Limitations for EDM Measurements at COSY

Deuteron beam
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Absolute average change of the vertical spin component AS, per turn for different Aypys and an initial Wien filter phase
0°. Wien filter magnetic field 104 mT (0.8 m length) and corresponding electric field. Different Aygr\,s generated by
randomized vertical quadrupole shifts assuming Gaussian distributed misalignment errors.

« Solid line shows the 90% upper confidence limit for pure misalignments.
« Dashed line refers to the location for which the false signal by misalignments is equal to an EDM signal

corresponding to Ngpy = 104, M.S. Rosenthal, A. Lehrach, Proceedings of IPAC2015
M.S. Rosenthal, PhD Thesis, RWTH Aachen, 2016
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Spin Coherence Time for Deuterons at COSY
Deuteron beam
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Vertical betatron tune Gy

Simulated optimum settings of the chromaticities ¢, and &, and the second-order momentum
compaction factor k for a minimized spin tune spread as function of the vertical betatron tune
Q,- A lattice setup with minimized dispersion in the straights and a deuteron reference
momentum of p = 970 MeV/c has been used.

3
K= (al + 2z [,83 + n]> , q: second order momentum compaction, n: slip factor
0

M.S. Rosenthal, PhD Thesis, RWTH Aachen, 2016
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Quasi-Frozen and Frozen Deuteron EDM Ring
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Deflector Rotation around Radial Axis

Deuteron beam
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Quasi-Frozen Spin (left) — Frozen Spin (right)

Vertical spin build up for different magnitudes of EDM and Gaussian distributed
rotations of ExB deflectors (RMS values) around the radial axis.
Each simulation has different randomly generated misalignments.

Artificial spin buildup roughly two orders of magnitude
weaker for QS compared to QFS

A.A. Skawran, A. Lehrach, Proceedings of IPAC2017, TUPVA082, Copenhagen, Denmark
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Quadrupole Shift in Vertical Direction

Deuteron beam
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Quasi-Frozen Spin (left) — Frozen Spin (right)
Vertical spin build up for different magnitudes of EDM and Gaussian distributed

guadrupole shifts (RMS values) around the vertical axis.
Each simulation has different randomly generated misalignments.

Effect of QFS and FS is roughly the same

A.A. Skawran, A. Lehrach, Proceedings of IPAC2017, TUPVA082, Copenhagen, Denmark
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= Tool for Accelerator Optics

Open source subroutine @0 program

library = view lattices, do Twiss and orbit

Object orientated calculations, nonlinear

Written in Fortran with . . .
optimization on lattices, etc.

C++ interface

routines for calculating

transfer matrices,

emittances, Twiss =
¢ s T "

parameters, dispersion, >y

- %

.. Lattice file

coupling, etc. <
eu

= MAD like syntax
= Many predefined element types

= Custom elements possible

Software library

Taylor maps and Lie

algebraic operations

Used for integrating and

analysing orbital and Output f||e

spin motion

Beam and Spin Tracking Courtesy: Vera Poncza
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From COSY to A Prototype EDM Storage RING

Cooler Synchrotron COSY Prototype EDM Ring

\ F "SQUARE" PROTON EDM PROTOTYPE RING (March 14, 2018)
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* Prototype EDM ring

 Energy 35 - 45 MeV, CW-CCW beams
* Pure electric and combined E/B

* Length roughly 120m

> Design of a final EDM storage ring

» |deal starting point for R&D work
 Deliver first direct EDM
measurement for deuterons
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Misalignments of Main COSY Magnets
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Figure A.3: Measured misalignments of all quadrupoles including the measure- Asinmm Axinmm Ayinmm 7

ment, uncertainties. QT1, ..., QT16 are the quadrupoles in the straight sections Figure 6.2: Measured misaligniments of all dipoles including the measurement
and QUL cees QU12 the quadrupoles in the arc sections of COSY. The measure- uncertainties. The individual 24 dipole magnets of COSY are denoted with Bl,
ments were performed in January 2020. ..., B24, The measurements were performed in January 2020.
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Measured and Simulated Closed-Orbit of COSY

without COSY correctors

Two COSY orbhit-measurements

2019 2020

with almost identical setup:

Close-orbit model-calculations
including possible shortening
effects of the arc dipoles

see next slide ....
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Courtesy: Michael Hartmann
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Final Model VS. Measurement with LOCO

Deuteron beam
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Spin Tracking for the PT EDM Ring
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Courtesy: Rahul Shankar
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Lattice with Dispersion-Free Straight Sections

p = 45 MeV, ExB elements with B, ,=0.0325T, E; 4 is 7.01 MV/m

oL T N . . Lattlce.optlmlzed for the Frozen Spin condition
4 ) * RF cavity parameters: V = 100 kV, f = 6frey
O ADX vy  Tracking was performed for 1 million turns
— 3, [m] (MAD-X vars) Proton beam
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Next Steps

* Precursor

— Deuterons: Comparing simulated and measure optics / orbit to further
Improve the COSY model

— Protons: Understand and optimize SCT for protons

* Prototype EDM ring

— Implement more realistic E/B element
— Optimize lattice for longer SCT

— Investigate systematic errors
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