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To a
hieve the physi
s goals of future Linear Colliders, it is important that ele
tronand positron beams are polarized. The positron sour
e planned for the InternationalLinear Collider (ILC) is based on a heli
al undulator system and 
an deliver a polarisedbeam with jPe+j � 60%. To ensure that no signi�
ant polarization is lost during thetransport of the ele
tron and positron beams from the sour
e to the intera
tion region,spin tra
king has to be in
luded in all transport elements whi
h 
an 
ontribute to a lossof polarization. These are the positron sour
e, the damping ring, the spin rotators, themain lina
 and the beam delivery system. In parti
ular, the dynami
s of the polarizedpositron beam is required to be investigated. The results of positron spin tra
king anddepolarization study at the Positron-Lina
-To-Ring (PLTR) beamline are presented.1 Introdu
tionThe full physi
s potential of the ILC 
an be maximized only by using polarized ele
tron andpositron beams [1℄. One s
heme for the produ
tion of polarized positrons was proposed byMi
haili
henko and Balakin in 1979 [2℄. The method is based on a two-stage pro
ess, whereat the �rst stage the 
ir
ularly polarized photons are generated in a heli
al ele
tromagneti
�eld and then, at the se
ond stage, these photons are 
onverted into positrons and ele
tronsin a thin target. The 
ir
ular polarization of the photons is transferred to longitudinalpolarization of the ele
trons and positrons. The undulator s
heme of positron produ
tionhas 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 ele
trons) has to be rotatedfrom the longitudinal into the verti
al dire
tion before the DR and vi
e 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, pre
ise spin tra
king hasto be in
luded in all transport elements whi
h 
ould 
ontribute to a loss of polarization.2 Spin Rotator ParametersThe longitudinal polarization of the positrons is generated at the sour
e 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 Sour
e Layout (RDR)dire
tion of the spin from longitudinal into verti
al, i.e. to be parallel or anti-parallel to themagneti
 �eld. Building blo
ks of the Positron-Lina
-To-Ring (PLTR) beamline are bendingmagnets and a solenoid. In a dipole �eld normal to the dire
tion of parti
le motion, thespin pre
esses around the dire
tion of the magneti
 �eld as shown in Figure 2a. This is usedto rotate the spin from the longitudinal dire
tion to the transverse horizontal dire
tion.This rotation of the spin by 90 degrees requires a �eld integral of 2.3Tm at 5GeV. Therotation to the verti
al dire
tion is done using a solenoid. The spin pre
esses around theaxis of the solenoid �eld whi
h is parallel to the motion of the parti
les (see Figure 2b). Atbeam energies of 5GeV the spin rotation from the horizontal to the verti
al plane requiresa solenoid �eld integral of 26.18Tm (see eq. (3)).
a) b)Figure 2: Spin (green arrows) pre
ession in the magneti
 �eld of a dipole (a) and a solenoid(b).The spin pre
ession 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 ele
tron. 
 = E=m0
, where E is the parti
le energy, m0 is the ele
tron rest mass and
 is speed of light. To rotate the spin ve
tors in the horizontal plane by n� 90Æ from thelongitudinal dire
tion, 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 ve
tor 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: � fun
tions (a), and dispersion (b) along the PLTR beamline.If the momentum 
ompa
tion fa
tor R56 (the ratio of the relative 
hange in path lengthto the relative di�eren
e in momentum) is larger than zero the bending magnets generatebun
h de
ompression. It leads to lengthening of the bun
h. Hen
e, energy 
ompressionin the PLTR line is ne
essary to meet the DR a

eptan
e that is restri
ted to an energyspread of �
=
 = 1%, a bun
h length of 34.6mm and a normalized beam emittan
e of"x + "y � 0:09m-rad. The energy 
ompression 
an be realized by manipulating the lina
RF phase. The energy 
hange within the bun
h is given by d
=dz = eE sin'RF =(m
2) [3℄where E is the amplitude of the RF �eld, and 'RF is the RF phase of the parti
le. The RFvoltage to transform the beam isELRF = m
2e �
2 sin(�lb=�) (4)where LRF is the length of the RF stru
ture and lb is the bun
h length at the exit of the ar
and de�ned as lb = lb;0 + R56 �

 (lb;0 is bun
h length in front of the PLTR line). The �rstPLTR ar
 
onsists of four FODO 
ells and 8 bending magnets pla
ed between quadrupoles.A total bending angle � = n� 7:929Æ = 55:5Æ is 
hosen in the design. The solenoid and the RFstru
ture are lo
ated 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 mat
hes the Courant-Snyder parameters at the DR inje
tion. It should be notedthat the PLTR latti
e used here to study the depolarization was designed by Noso
hkov andZhou [4℄. The stru
ture 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 emittan
e growth dueto energy spread. The dispersion is suppressed by �=� FODO 
ells with bending magnets if�=� = integer [5℄, where � is the phase advan
e per 
ell. Choosing � = 90Æ gives �=� = 2and makes the stru
ture shorter. Therefore the ar
 
ontains 360Æ=90Æ = 4 FODO 
ells (see
oor plan in Figure 4).3 LCWS11



Figure 4: Floor plan of the PLTR se
tion.3 Spin Tra
king Simulation and ResultsThe depolarization study of the PLTR beamline was done using the BMAD [6℄ 
ode. Spintra
king has been implemented in BMAD by Je� Smith [7℄ using the spinor-quaterniontransfer mapmethod. The spin motion is des
ribed by the T-BMT equation. In 2-
omponentspinor notation it 
an be written as ddt	 = � i2(� �
)	 (5)where � are Pauli matri
es and 
 is the spin pre
ession ve
tor. 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 des
ribes the transfer map for ea
h element. Tra
king through any elementis a
hieved via the appli
ation of these quaternions in sequen
e. This results in very fasttra
king times.Let us 
onsider now the idealized 
ase when emittan
e, bun
h size and energy spread ofthe beam are very small, around 10 orders less than expe
ted to be in reality. The resultsof spin tra
king 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 ' be
ause ofenergy deviation Æ
. Hen
e, a large depolarization is observed for larger beam energy spread.A

ording to [9℄ the relative depolarization is 1� hPziP0 . The mean polarization, hPzi is givenLCWS11 4



Figure 5: Polarization and average spin dire
tion along the beamline. Ideal Beam: emit-tan
e, bun
h size, energy spread are very small (10 orders less than expe
ted).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 a

ount equation (7) we expe
t for �xed bending angle and small energyspread a small depolarization as demonstrated by numeri
al 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 verti
al dire
tion so the beam has transverse polarization at theend of spin rotator (� and � are equal 90Æ).

Figure 6: Impa
t of bun
h energy spread on beam polarization.5 LCWS11



We assume that the energy distribution within the bun
h 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 bun
h is �
=
 and the 
orrespond-ing rms energy spread is approximately�E=
 � (1=4)�
=
. The impa
t of thebun
h energy spread on beam polarizationis shown in Figure 6. Here we 
an observethat an in
rease of the bun
h 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 rea
hes 1:8%. A smallbending angle of the spin rotator is better toredu
e the depolarization e�e
t for a �xedenergy spread.4 Con
lusionsA positron spin tra
king and depolarization study has been performed for the ILC PositronLina
 To Ring beamline. The PLTR ar
 
onsisting of four FODO 
ells and bending magnetspla
ed between quadrupoles provides rotation of the spin in the horizontal plane. Then thesolenoid whi
h is a part of PLTR line rotates the spin into verti
al dire
tion. Numeri
alsimulations 
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 redu
e the depolarizatione�e
t the bending angle of the PLTR line should be smaller.5 A
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