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To ahieve the physis goals of future Linear Colliders, it is important that eletronand positron beams are polarized. The positron soure planned for the InternationalLinear Collider (ILC) is based on a helial undulator system and an deliver a polarisedbeam with jPe+j � 60%. To ensure that no signi�ant polarization is lost during thetransport of the eletron and positron beams from the soure to the interation region,spin traking has to be inluded in all transport elements whih an ontribute to a lossof polarization. These are the positron soure, the damping ring, the spin rotators, themain lina and the beam delivery system. In partiular, the dynamis of the polarizedpositron beam is required to be investigated. The results of positron spin traking anddepolarization study at the Positron-Lina-To-Ring (PLTR) beamline are presented.1 IntrodutionThe full physis potential of the ILC an be maximized only by using polarized eletron andpositron beams [1℄. One sheme for the prodution of polarized positrons was proposed byMihailihenko and Balakin in 1979 [2℄. The method is based on a two-stage proess, whereat the �rst stage the irularly polarized photons are generated in a helial eletromagneti�eld and then, at the seond stage, these photons are onverted into positrons and eletronsin a thin target. The irular polarization of the photons is transferred to longitudinalpolarization of the eletrons and positrons. The undulator sheme of positron produtionhas been hosen as the baseline for ILC (see Figure 1)(RDR baseline). In order to properlyorient and preserve the polarization of both beams up to the IP, the beam polarization mustbe manipulated. The spin orientation of the positrons (and eletrons) has to be rotatedfrom the longitudinal into the vertial diretion before the DR and vie versa after the DRby means of spin rotators formed by series of dipoles and solenoids. To ensure that nosigni�ant polarization is lost during the transport of the beams, preise spin traking hasto be inluded in all transport elements whih ould ontribute to a loss of polarization.2 Spin Rotator ParametersThe longitudinal polarization of the positrons is generated at the soure and has to bepreserved prior to the DR. To preserve polarization in the DR it is required to hange the�Talk was presented at International Workshop on Future Linear Colliders (LCWS) 2011 in Granada,Spain, 26-30 September.1 LCWS11
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Figure 1: Positron Soure Layout (RDR)diretion of the spin from longitudinal into vertial, i.e. to be parallel or anti-parallel to themagneti �eld. Building bloks of the Positron-Lina-To-Ring (PLTR) beamline are bendingmagnets and a solenoid. In a dipole �eld normal to the diretion of partile motion, thespin preesses around the diretion of the magneti �eld as shown in Figure 2a. This is usedto rotate the spin from the longitudinal diretion to the transverse horizontal diretion.This rotation of the spin by 90 degrees requires a �eld integral of 2.3Tm at 5GeV. Therotation to the vertial diretion is done using a solenoid. The spin preesses around theaxis of the solenoid �eld whih is parallel to the motion of the partiles (see Figure 2b). Atbeam energies of 5GeV the spin rotation from the horizontal to the vertial plane requiresa solenoid �eld integral of 26.18Tm (see eq. (3)).
a) b)Figure 2: Spin (green arrows) preession in the magneti �eld of a dipole (a) and a solenoid(b).The spin preession angle, ', in a bending ar (dipoles) is given by' = G� (1)where � is the bending ar angle, G = 0.001159652 is the anomalous magneti moment ofthe eletron.  = E=m0, where E is the partile energy, m0 is the eletron rest mass and is speed of light. To rotate the spin vetors in the horizontal plane by n� 90Æ from thelongitudinal diretion, a total bending angle of � = n� 7:929Æ is required (n is an odd integer)for a 5GeV beam.The spin rotation angle aused by a solenoid is given:�spin � Bz�LsoleB� = 2�orbit (2)LCWS11 2



where Bz is the longitudinal solenoid �eld, Ls is the length of solenoid, and B� is themagneti rigidity. To rotate the spin vetor of 5 GeV polarized positrons through an angle' = 90Æ a solenoid magneti �eld is required:Z Bzdz = p'e(1 +G) = 26:18 T m (3)

a) b)Figure 3: � funtions (a), and dispersion (b) along the PLTR beamline.If the momentum ompation fator R56 (the ratio of the relative hange in path lengthto the relative di�erene in momentum) is larger than zero the bending magnets generatebunh deompression. It leads to lengthening of the bunh. Hene, energy ompressionin the PLTR line is neessary to meet the DR aeptane that is restrited to an energyspread of �= = 1%, a bunh length of 34.6mm and a normalized beam emittane of"x + "y � 0:09m-rad. The energy ompression an be realized by manipulating the linaRF phase. The energy hange within the bunh is given by d=dz = eE sin'RF =(m2) [3℄where E is the amplitude of the RF �eld, and 'RF is the RF phase of the partile. The RFvoltage to transform the beam isELRF = m2e �2 sin(�lb=�) (4)where LRF is the length of the RF struture and lb is the bunh length at the exit of the arand de�ned as lb = lb;0 + R56 � (lb;0 is bunh length in front of the PLTR line). The �rstPLTR ar onsists of four FODO ells and 8 bending magnets plaed between quadrupoles.A total bending angle � = n� 7:929Æ = 55:5Æ is hosen in the design. The solenoid and the RFstruture are loated after the ar. Altogether, the elements of the PLTR beamline performspin rotation and energy ompression. The �nal part of the PLTR system turns the beam by34:5Æ and mathes the Courant-Snyder parameters at the DR injetion. It should be notedthat the PLTR lattie used here to study the depolarization was designed by Nosohkov andZhou [4℄. The struture is dispersion-free; it starts with a zero dispersion region and endswith a zero dispersion region as shown in Figure 3b. It helps to avoid emittane growth dueto energy spread. The dispersion is suppressed by �=� FODO ells with bending magnets if�=� = integer [5℄, where � is the phase advane per ell. Choosing � = 90Æ gives �=� = 2and makes the struture shorter. Therefore the ar ontains 360Æ=90Æ = 4 FODO ells (seeoor plan in Figure 4).3 LCWS11



Figure 4: Floor plan of the PLTR setion.3 Spin Traking Simulation and ResultsThe depolarization study of the PLTR beamline was done using the BMAD [6℄ ode. Spintraking has been implemented in BMAD by Je� Smith [7℄ using the spinor-quaterniontransfer mapmethod. The spin motion is desribed by the T-BMT equation. In 2-omponentspinor notation it an be written as ddt	 = � i2(� �
)	 (5)where � are Pauli matries and 
 is the spin preession vetor. The solution an be writtenas 	 = (a012 � ia � �)	i = A	i (6)with the spinor 	 = ( 1;  2)T ( 1 and  2 are omplex numbers). The matrix A is alledquaternion and desribes the transfer map for eah element. Traking through any elementis ahieved via the appliation of these quaternions in sequene. This results in very fasttraking times.Let us onsider now the idealized ase when emittane, bunh size and energy spread ofthe beam are very small, around 10 orders less than expeted to be in reality. The resultsof spin traking of this \ideal" beam through the PLTR line are presented in Figure 5.The beam energy spread yields polarization loss, Æ(�PP ) = 1 � os(Æ') [8℄, where Æ' ='(Æ=) is the deviation of the spin rotation angle from its nominal value ' beause ofenergy deviation Æ. Hene, a large depolarization is observed for larger beam energy spread.Aording to [9℄ the relative depolarization is 1� hPziP0 . The mean polarization, hPzi is givenLCWS11 4



Figure 5: Polarization and average spin diretion along the beamline. Ideal Beam: emit-tane, bunh size, energy spread are very small (10 orders less than expeted).by hPzi = P0 exp (�12(G��E)2) (7)where G is the anomalous momentum, � is the ar bending angle, and �E is the rms energyspread. Taking into aount equation (7) we expet for �xed bending angle and small energyspread a small depolarization as demonstrated by numerial simulations shown in Figure 5.It an also be seen from Figure 5 (polar angle � and azimuthal angle � of the spin) thatthe ar with bending magnets provides spin rotation in the median plane and the solenoidperforms spin rotation into vertial diretion so the beam has transverse polarization at theend of spin rotator (� and � are equal 90Æ).

Figure 6: Impat of bunh energy spread on beam polarization.5 LCWS11



We assume that the energy distribution within the bunh is GaussiandNd(Æ) = 1p2��E exp[� (Æ)22�2E ℄ (8)with the rms value �E .

Figure 7: Relative depolarization due to en-ergy spread

The full width energy spread of the trans-formed bunh is �= and the orrespond-ing rms energy spread is approximately�E= � (1=4)�=. The impat of thebunh energy spread on beam polarizationis shown in Figure 6. Here we an observethat an inrease of the bunh energy spreadleads to depolarization of the beam. Equa-tion (7) tells us that polarization dependsexponentially on the energy spread. Thebeam depolarization due to energy spreadis shown in Figure 7. For �= = 3:5%the depolarization reahes 1:8%. A smallbending angle of the spin rotator is better toredue the depolarization e�et for a �xedenergy spread.4 ConlusionsA positron spin traking and depolarization study has been performed for the ILC PositronLina To Ring beamline. The PLTR ar onsisting of four FODO ells and bending magnetsplaed between quadrupoles provides rotation of the spin in the horizontal plane. Then thesolenoid whih is a part of PLTR line rotates the spin into vertial diretion. Numerialsimulations arried out using the BMAD ode show a relative depolarization of 1.8% for3.5% initial positron energy spread and 55:5Æ bending angle. To redue the depolarizatione�et the bending angle of the PLTR line should be smaller.5 AknowledgmentsWe would like to thank the organizers of the LCWS'11 for this fruitful and enouragingworkshop and for hospitality.This work is supported by the German Federal Ministry of Eduation and Researh, JointResearh Projet R&D Aelerator \Spin Management", ontrat number 05H10GUE.6 BibliographyReferenes[1℄ G. Moortgat-Pik et al., Phys. Rept. 460:131-243, (2008).[2℄ V. E. Balakin, A. A. Mihailihenko, The onversion system for obtaining high polarized eletrons andpositrons, INP 79-85, Novosibirsk, (1979).LCWS11 6
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