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POSITRON SOURCE FOR ILC

The undulator scheme of positron production has been chosen as a baseline for ILC
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Main advantage of this scheme is that it allows POLARIZED positron production

In principle, positrons could be generated by positrons, so the linacs become independent

Positron source is a complex system which includes a lot of different components and
each of these components could be a subject of a separate talk 2



MORE DETAILED VIEW

Photon dump Positron transport
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Fragment from publication of Balakin-Mikhailichenko, Budker INP 79-85, Sept. 13, 1979.

Jirculsrly polarized photons are poo-
quced in halicel ®islés of minimel period, Much mere intereesing
im %a obtzin suck fislds with tke nely of the usual helicsl
stetic Fields and =he siectromagnetic wsves. It may well be thet
the meshod of gamnua producrion in nelical crystals can oe ufse~

Tul in Future.

Scattering on the Laser radiation is the same process as the scattering on the
electromagnetic wave.

One comment about helical crystals first .



Helical (chiral) crystals

Crystal structure MnSi and FeGe
P.Bak, M.H.Jensen, J.Phys.C: Solid St.Physics, 13,(1980) L881-5

Helical structure demonstrates CsCuCl, FeGe, MgSi, Ba,CuGe,07, MnS,



Laser bunch as an undulator
The number of the quantas radiated by an electron by scattering on photons
(real from the laser or virtual from the undulator) can be described as the following

K=eHA,/2zmc? =0.934 -H[T]-A,[cm] K=p87r

2

L K2 e L(eHA, )\ (e ) Li,  , , H?
Ny;47za 2=47z S| = > H EI’OL—annyL
A, 1+ K hc A, \ 2zmc mc 2rhce hQ2
Formation length in L- length of
undulator I, = 4, undulator o, =xty n =H?IhQ @=2zc/]
| ~1/0 n — Length of interaction
v yor

Written in this form it is clear that the photon back scattering (especially with 90°
crossing angle) is a full equivalent of radiation in an undulator (as soon as the
photon energy is much less, than the energy of particle).

n-2.48 - (» /10°)7
™o A, lecm (1 + K ° +y2.92)

!

E [MeV ]

That is why undulator installed at >100 GeV line, where Ey >10 MeV



(POLARIZED) POSITRON PRODUCTION

Only gamma quanta can create ¢ 10
positron (with electron) 0.8 Q
0.6
/7/ ¥ e+ 0.4 H.Olsen, L.Maximon, 1959
02 L
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Longitudinal polarization as 0.0
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02 04 0.6 08 1.0
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Photon polarization\

c=¢,[f(ELE)n +gE E)-n|=¢ +¢,

Polarization is a result of selection positrons by theirs energy

The ways to create circularly polarized photons in practical amounts

V.Balakin, A. Mikhailichenko, 1979
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E.Bessonov,
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A.Mikhailichepko,
1996 84 1992
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Analytical calculation
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E, e is the energy of photon radiated straightforward

F(K,s)=J" + J? = — 2
(Ks) = I () 4 =S I ) k=2K~ls(l—=s)/(1+K?)
The number of positrons generated by a dN , aK’L 7 7219

) , —*=~0.4 —(-E/E,)(1-¢ )
single photon in the target becomes dE,dz y°he 9 !
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N
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+

For E;,=150 GeV, L=150 m,
K2=0.1, z=0.5 (rad units)

tot

Analytical formula taking into account finite length

of undulator and finite diameter of target

E.Bessonov, A.Mikhailichenko, 1992
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Z;,- are the coordinates of
undulator end and beginning
calculated from the target
position;

x is afraction of whatis
the target radius in respect
to the size of the gamma
spot at the target distance



Spectral distribution and polarization schematics
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1.0

KONN —interactive code for positron production with
undulator
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I POLARIZATION CURVE APPROXIMATION

! EP=POSITRON ENERGY/ Egamma-2mc?
EP4W a—

06

EP6=EP-0.6 22
PP=0.305+2.15*EP4 jg =
IF(EP.LT.0.4)PP=PP-0.05*EP4-2.5*EP4**3 Ry TR TR TR

6)PP=PP-0.55*EP6-2.65*EP6**2+0.7*EP6**3 | PP=PP-0.55*EP6-2.6*EP6**2
IF(PP.GT.1.)PP=1. Sentinel
!

Depolarization occurs due to spin flip in act of radiation of quanta having energyo< e, <€,
where E; stands for initial energy of positron. Depolarization after one single act

dO'},e (gl’gl) - daye(glr_gl)
do e

D=1-

Where 99,(¢1.¢1) stands for bremstrahlung cross section without spin flip,49 e (¢1.=¢1)
—the cross section with spin flip and doe IS total cross section.

o Wol =161 Energy after
ES+E]- gE@/ radiation
1 2X

Ldep = - _— Ldep =
nID(pl,g“l)da

= 1;”2 - Rad. length
3



PROGRAM KONN
T.A.Vsevelezhskaya, A.A Mikhallichenke

Monte-Carle sinmlation of positron conversion

Enersy . Acceleraiion:

Length :;m; Torpet: Distance to the lens;

Undslater period M=L ), Distance to the undulater Lemgtk of strachere;

gm::t; Dim; of ttrget: Diameter of collimator ot the emtrance;
Betu-fitnction; Material; Dimeter af ivices;

Number of kormonics (four); Diameter of hole at center; ~ Bxverwel solenoidel fleld;
Naanber of positrons fo be generaied; Step of calcnlation Further phase volwane capiared;

7 i

Lithen Lems;

Distance to the targel;

Length;
CALCULATES at avery stage: Digsmeter;
Efficiency in given phase volume; Thicness of flapges;
Polarization ir given phase volame; Material of flanges;
Beaus dimensions: Grodient;
Phare-space distribations; Step of calcnlations;
Beam lengthening;
Energy spread within phase space;

Interactive code, now is ~3000 lines



"CAMSDEV\Projects\POSITRON COMNVERSION\Debug\POSITRON CONVERSION exa"

owmion ¢
ACCELERATION -n Example
Code has ~3000 rows; WHAT TO DO? -
Da = .388 AL = .00 DY@ = .168 GG = .870
POSS|b|I|tg er the fll% sexx PARAMETERS OF ACCELERATION s
exchange with graphical and - R R
StatIStlcal COdeS (JMP), LENGTH OF RF STRUCTURE cm -100.9088 :- Period
GRADI ENT Mel./cm = 5@EB :i=
LONGITUDINAL FIELD MGs = @488 :=
bil - AR S e o - 08
evxcm = - =
Possibility for the file K-factor
exchange with PARMELA; POSTTRONS PASSED= 4851 POSITRONS ACCEPTED - 4811
FB = 553 BETA =  .384 DEADT = ~{.19 FEFF = 2._865
PUB ALe ALME K EPS BT RIG GG
150008.8  17508.8\ 1.08@ .350 .008681 4PAAA . B .58 878
RMS = .915  AMS = .48 DEM = 136.344 EM = 58.225 D7 -13P00.00
PTM = 2.383 PZFM - 58.17 DPZ = 5.881 PRM = -.@1? PUG = 19.871
TH = 1@@.685 DIM = 6280 WY = 2.865 WP = -464 NB = 2460
RF = 31.88 AL-%o= .48 HB = _B48 EPSF = 10.08 MeUxcm
EFF(EX.CI>

.8865 8141 .8286 -8379 .B354 .1444
-B602 -1783 .195% -1583 -1233 -1462
i 8715 1733 .1486 -184% .B557 .8126

.B248 .BR43 .87a8a -B255 -B166 .BeaA?

.A158 .8315 8211 .81686 .B@A32 . BB86
l EFP{ER.CT>

.a372 -.8222 .B644 .8738 -.8687 .8555
' -42688 -4642 -40823 -4158 -3323 .2957
l .7856 .b618 .6318 .6424 -6463 5375
5951 .6645 .6523 -5436 5939 .3587

FeW Seconds for any neW Varlant 6141 6423 6217 6786 .6A%6 .7?78e oo
Efficiency and

l EFF = 1.618 EFP= 47.428 p0|arlzat|0n

_ i e e T




Before representing results of calculation let us
demonstrate how different elements of conversion
system look like



UNDULATOR (Cornell design)

Complete design done;
Diameter of cryostat -100mm

System for magnetic
measurement designed,;

Undulator includes correctors
and BPMs;

e
oy
*

: Current input one/few modules
5 (ten)

ded to I@!' g ~4m total



TARGET STATION FOR ILC




TARGET STATION




LITHIUM LENS

If steady current | runs through the round conductor having radius a, its

azimuthal magnetic field inside the rod could be described as
0.4rlr
H,(r)=

2

2ra
where magnetic field is measured in Gs, a—in cm, | —in Amperes. Current

density comes to j. = 1 /za® The particle, passed through the rod, will get the

transverse kick
H(x)-L  0.21Lx

(HR)  a’-(HR)

Lithium rod ’J‘»‘ Target
__ This picture drawn
Ty X

for the focusing of

12

(04

QY B
o electron beam to
Primary A &1 N\ 0 the target
bunch ‘ F J

So the focal distance could be defined as the following F = %

18



Ll lens resume

Utilization of Lithium lens allows Tungsten survival under condition required
by ILC with N,~2x101° with moderate K~0.3-0.4 and do not require big-size
spinning rim (or disc). Thin W target allows better functioning of collection
optics (less depth of focusing).

Lithium lens (and x-lens) is well developed technique.
Usage of Li lens allows drastic increase in accumulation rate, low K-factor.
Field is strictly limited by the surface of the lens from the target side.

Liquid targets such as Pb/Bi or Hg allow further increase of positron yield.

Plan is to repeat optimization for cone-shape Lithium rod.



Collimator for gammas

Pyrolytic Graphite (PG) is used here. The purpose of it is to increase the beam
diameter, before entering to the W part. Vacuum outgassing is negligible for this
material. Heat conductivity ~300 W/m-oK is comparable with meals. Beryllium is
also possible here, depending on task.

‘J’/ Coolant  Graphite Tungsten
[

/
Y
oA /
/"’/

7 / L el
= - = < = >

NN

7 ) ip

Gamma-beam. s= 0.5cm, diameter of the hole Positron component of cascade

(blue strip at the bottom) d=2 mm. Energy of 20
gamma-beam coming from the left is 20 MeV.



PERTURBATION OF POLARIZATION

Perturbation due to multiple scattering - absent

Spin flip in a target ~5%

Spin flip in an undulator - hardly mentionable effect
Depolarization at IP ~5%

Cinematic depolarization in undulator -absent

CONCLUSIONS ABOUT POLARIZATION

Perturbation of spin is within 10% total (from creation).

This number could be reduced by increasing the length of undulator, making
target thinner (two targets) and beams more flat at IP.



SCHEME FOR PARTICLES SELECTION BY ENERGY

Aperture
TLC A FMagnet Bt Som
7 I“ | ] Tl / 7 =] P
& ] [ 1 =]

Original Disrpersion
Disrpersion, when the kick applied

Quadrupole g Accelerator

Fast kickers Second place Magnet
synchronized Jfor aperture
Fast kickers required only for diaphragm

independent positron wing operation

Achromatic bend with aperture diaphragm. T—is a target, L—is a short focusing
lens, C—stands for collimator. F and D stand for focusing and defocusing
lenses respectively. A stands for RF accelerator structure.

A.Mikhailichenko, ” Independent Operation of Electron/Positron Wings of ILC”, EPAC 2006.MOPLS106.



.~ Untitled 3- Dverlay Plot of Pol, % filter, Pol% no filter by Energy, Me¥

e Polarization filter on/off

ONE EXAMPLE

Y

907

80

70+

60+

50

40+

30+

20

(o]

-
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Energy, Mey
Pal, % filter Pol% no filter X
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30 40 50 B0 70 80 90
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Average polarization

Filter on: 68.15%
Filter off: 62.78%

Efficiency
Filter on: 1.49
Filter off: 1.796



Resulting efficiency and polarization calculated with KONN

*readius of target is an equivalent of the radius of collimator

Beam energy, GeV 150 250 350 500
Length of undulator, m 170 200 200 200
K factor 0.44 0.44 0.35 0.28
Period of undulator, cm 1.0 1.0 1.0 1.0
Distance to the target, m 150 150 150 150
Radius of target”, cm 0.049 0.03 0.02 0.02
Emittance, cm-rad le-9 le-9 le-9 le-9
Bunch length, cm 0.05 0.05 0.05 0.05
Beta-function, m 400 400 400 400
Length of target/X, 0.57 0.6 0.65 0.65
Distance to the length, cm 0.5 0.5 0.5 0.5
Radius of the length, cm 0.7 0.7 0.7 0.7
Length of the length, cm 0.5 0.5 0.5 0.5
Gradient, MG/cm 0.065 0.065 0.08 0.1
Wavelength of RF, cm 23.06 23.06 23.06 23.06
Phase shift of crest, rad -0.29 -0.29 -0.29 -0.29
Distance to RF str., cm 2.0 2.0 2.0 2.0
Radius of collimator, cm 2.0 2.0 2.0 2.0
Length of RF str., cm 500 500 500 500
Gradient, MeV/cm 0.1 0.1 0.1 0.1
Longitudinal field, MG 0.045 0.045 0.045 0.045
Inner rad. of irises, cm 3.0 3.0 3.0 3.0
Acceptance, MeV.cm 5.0 5.0 5.0 5.0
Energy filter, E >-MeV 54 74 92 114
Energy filter, E< -MeV 110 222 222 222
Efficiency, etle 1.5 1.8 1.5 1.5
Polarization, % 70 80 75 70




One another way to increase the polarization associated with installation of a second
target.

This is possible as the gamma beam loses its intensity after the first target ~13% only

Collection of positrons in the longitudinal phase space is possible with combining
scheme



COMBINING SCHEME

TIC 4 M TIC 4 M

Combining in longitudinal phase space could be 7 S P

o .o W ——— 0 4
arranged easily in the same RF separatrix in X
damping ring.

Additional feed back system will be required for

fast dump of coherent motion.
Energy provided by acceleration structures
Al and A2 are slightly different, A1>A2.

i
f.;\»»rwm
&
H . . . . B ?\w’
This combining can help in reduction of V‘M
power deposition in target if each target w”““/rv
made thinner, than optimal. P

Combining scheme doubles the positron yield and cuts in half the length of undulator 2>

increase of polarization -



One another way to reconsider maximal polarization and
luminosity achievable at IP

It is associated with the spin-spin interaction of particles in the
same bunch while the bunch is moving towards IP



Minimal emittance

Fundamental restriction to the minimal emittance achievable in the electron/positron
beam is

(re Nre )re) = (e Nye 1, (Ap1py)) 2 $(27R )°N

A.A. Mikhailichenko, On the physical limitations to the Lowest Emittance (Toward Colliding Electron-Positron Crystalline Beams),
7th—Advanced Accelerator Concepts Workshop, 12-18 October 1996, Lake Tahoe, CA, AIP 398 Proceedings, p.294. See also

CLNS 96/1436, Cornell, 1996, and in To the Quantum Limitations in Beam Physics, CLNS 99/1608, PAC99, New York, March
29- April 2 1999, Proceedings, p.2814.

This formula can be obtained from counting the number of states in the phase
space of a Fermi gas

IR

2 =2

(27h)° (27% . )° (27K . )°

«PyApp S| Ap |
— N :J.dn ~ 2 P py pH L b7 7€X]/8y]/|b( p pO) }/ng/gyygz

The problem is that in the fully degenerated state polarization of beam is zero

28



SUPERCONDENSATION of ELECTRON GAS

Magnetic dipole m defines magnetic field around as

-

3n-(M -A)-m

H = "
R
m m m % %m
% n ‘ n In case a) and c) there is attraction
b :
? / by magnetic force.
R gpin=1 Spin=0 In case b) and d) there is additional
m m m m .
- < < —a repulsion
c) d)

Balancing attraction by magnetic force and repulsion by the same sign of
charge, one can obtain

3(m -n)°’-m * ¢?
= 2)h 2
4R4 R2 \ R_(—):Q-K

4mc 4

1

C

Energy required bringing two electrons to the 2 g2

distance of Compton wavelength is . o, aFame
C 0

2

l.e. pretty small compared with energy of transverse motion at IP especially 29



SUPERCONDENSATION AT IP — A WAY TO SUPER LUMINOSITY

While beam in running to IP its density increases

Final Quad

Spin=0
or spin=1
Is possible

Fermi energy ¢. = (37°)"*ncp™”

" , 2 \t/3 1/3
The condition for degeneration kT < (37z ) nep

Fermi gas becomes more degenerative while its density increased.
These conditions realizing better and better while beam traveling to IP.
Taking into account interaction through magnetic momentum, it will possible to

condense beam below Fermi-limit (couple of fermions behaves as a boson).
30



What is the limit for the number of electrons in a cluster

————¢€

Spin 0,1/2

LT

The topic of super-condensation requires theoretical
Investigations



E-166 experiment at SLAC  Firstsuogestedin 1992

Experimental test of polarized positron production
With gammas generated by high energy beam in undulator

Beam chamber
0.8 mm in dia

Stretched wire to check
the straightness

n-2.48-(y 110°)°
A [em 11+ K2+ p28%)

T

E

[MeV ]

Goes to 2.54 mm period for 50 GeV beam

32
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E166 collaboratio

Helical Undulator based polarized positron source for the ILC
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International Polarized Positron Collaberation

7

K.

33



(e

o]

©

N

—

L

o

o

u—

o

[0}

(O]

—

()]

[0

(@]
+ -

o 02 L @ Zeuthen e * degree of polarization. n

L O Tel-Avive " degree of polarization.
01k Zeuthene degree of polarization 1 * Harmonic (at the conversion target) ol

Vahagn e = degree of polarization 1 * and 2™ Harmonic (at the conversion target)

00 -
1 N [ . 1 N . 1 ' | IS WU | N 1

1 2 3 4 5 6 7 8 9 10

e’ Energy [MeV]

Degree of longitudinal polarization for positrons and electrons
as measured by the E166 experiment (preliminary).

Results published in PRL, NIM



CONCLUSIONS

Maximal polarization can be achieved not only by collimation of
gammas, but with selection of positrons by enrgy after the target.

Separation of secondary particles (positrons or electrons) by energy is a
key procedure in polarization gain.

Generation of polarized electrons is possible in this method as well
State with minimal emittance has zero overall polarization

Mode detailed calculation required for process of squeezing the
polarized beam to IP while spin-spin interaction taken into account

E-166 diffused any doubts about undulator-based positron production for ILC



Back-up slides
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Modeling of E-166 experiment with KONN

Phase space right after the target

"C:\MSDEV\Projects\POSlTRON CONVERSION\Debug\POSITRON CONVERSION.exe"
. — o e
WHAT TO DO?

| (S e S

I»

2% SYSTEM PARAMETERS »oex

INITIAL MOMENTA .MeU
LENGTH OF UNDULATOR.cm
K FACTOR

=150008.8 :=49000
=100

.17

175008.08

.358
1.8880 :=.254
:=3200

:=.15

PERIOD OF ONDULATOR, cm
DISTANCE TO THE TARGET
RADIUS OF TARGET, cm
IRaDIUS OF HOLE
EMITTANCE,. cmxrad
BETTA—FUNGTION,

LENGTH OF

= 18000.0
.5008

.000
1 .0BBE-B6
40000.0

TARGET /X0

STEP OF CALCULATION
HARMONICS INDEX
NUMB.OF PART ON 1 H

TOTAL NUMBER OF PHOTONS
MAX ENERGY OF QUANTA
GAMMA

a;

POSITRONS ACCEPTED

ENERGY OF QUANTA 8.741 BETA
LENGTH OF 188.8 PERIOD

40008.8 RTG .15 F@ -.091 RMS
NUMBER OF PARTICLES BY FIRST HARMO
1.614 GAMMA= 95890.4

5000 POSITRONS

1.274 EFF
.25 PT2

GENERATED 30820

PUB
EPT
AMS

.883
.83

49000.0
.0000010
894

1.138
IC = 24080

N

EFF(EX.CT>

.08000 .08000 -8881 -88a1 -8881

-88082
.B8082

.8001 .8001 - 8002 - 8002 -88083

.00608 .8061 -8061 -8062 -8004

.00608 .00808 .0068 -0068 -08061

951515

-8062

5151515 .08000 5151515 5151515 51515])

Dependence of
polarization

EFP(EX.CT>

-.0927 .8143 -.8414 -.8172

seenin
experiment

-4178 .4039 -3911

.7675 .7885 .7309

.8084 -8221 -8a11

.6925 .70081 .6678

-3971
.7255
.8528
.7615



ILC Beam parameters important for conversion system
ge,=8 10°* m rad -high edge
ge,=8 10 m rad —high edge
b, ~200 m in undulator

Angular spread in radiation - m Iy 3.10~6 (K=1)
Angular spread in beam, vert. y =+ W 35.10°%
Angular spread in beam, rad. Y =+ W 351077
Radius of helix az=i K/y 5 10 Lom (K=1)
Beam size, vertical <yz> S D W 1.4-107cm
Beam size, radial <x2> s W 1.4-10%cm

50 sigma ~7 mm ; At the beginning of operation one can expect emittance degradation

At Cornell the undulators having aperture @=8 mm tested so far; 6.35 (¥4 in) designed.

Daresbury deals with aperture @=5.23mm 39



3D scope of E-166

Undulator

40



Doublet of Lithium lenses in Novosibirsk BINP
Photo- courtesy of Yu Shatunov

First lens is Yised for focusing of primary 250 MeV electron beam onto the W target,
Second len’s installed after the target and collects positrons at ~150MeV

Number of primary electrons per pulse ~2-10*!1; ~0.7Hz operation (defined by the beam
cooling in Damping Ring)

Lenses shown served ~30 Years without serious problem (!)

41



POLARIZED POSITRON PRODUCTION WITH STACKING IN DR

If stacking in DR is allowed, then there is one additional way to generate polarized positrons.

Calculations show that efficiency ~1.5% is possible for the first process with polarization ~75%

Efficiencies of these processes
are ~the same

(- o, B

4 Helical Undulator, Laser
> EM wave, ' Photon
Crystal with helical
dislocations

Polarize
electron

Realization of this method

Bending magnet and focusing Polarized electron source

-

Polarized positrons tacking positron ring

No lasers !

However, the Undulator-based scheme remains more advantageous 42



Depolarization at IP

* Depolarization arises as the spin changes its direction in coherent magnetic
field of incoming beam. Again, here the deviation does not depend on energy,
however it depends on location of particle in the bunch: central particles are
not perturbed at all. Absolute value of angular rotation has opposite sign for
particles symmetrically located around collision axes.

. This topic was investigated immediately after the scheme for polarized
positron production was invented. This effect is not associated with polarized
positron production exclusively because this effect tolerates the polarization of
electrons at IP as well. Later many authors also considered this topic in detail.
General conclusion here is that depolarization remains at the level ~5%

E.A. Kushnirenko, A. A. Likhoded, M.V. Shevlyagin, “Depolarization Effects for Collisions of Polarized
beams”, IHEP 93-131, SW 9430, Protvino 1993.



Spin flip in undulator

Positron or electron may flip its spin direction while radiating in
magnetic field. Probability:

53r02a)gy5 2, 83&4
2 I~ 15 e+

 fsec 1
—|SecC =W, =
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Probability of radiation:
e'H?’y* 1 _L e
m?’c® hw,2y° 3 7%
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A.=r/la=e"/mc®/a=3.8616 -10
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The ratio v 8v3 e
15 |e|

Effect of spin flip still small (i.e. radiation is dominating).
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KINEMATIC PERTURBATION OF POLARIZATION

See A.Mikhailichenko, CBN
06-1, Cornell LEPP, 2006.

Fragment from CBN 06-1

Kinematical perturbations due to multiple scattering in a target

Let us consider the possible effect of kinematical depolarization associated with rotation of
spin vector while particle experience multiple scattering in media of target before leaving.
Typically polarized positron caries out ~(0.5-1)iw —energy of gamma quanta. As
positrons/electrons created have longitudinal polarization, it is good to have assurance that
during scattering in material of target polarization is not lost. Each act of scattering is Coulomb
scattering in field of nuclei. So BMT equation describing the spin £ motion in electrical field of
nuclei looks like

dé— ¢ 7y 7 Ex|Exy !
-0 = 7 {(J‘, +-y—+]_} { (E 1I). (‘*\16)

dt me'y

/

where E ~Zer /1" stands for repulsive (for positrons) electrical field of muclei, factor

g-2 3 L . =

G=2 . =1.1596x10 BMT . Deviation of momentum is simply dp/dt=¢E .
2 2

So the spin equation becomes

i 1 7 | s (- 1
—= Gy+—"— b Ex| x| Al7
dt mcz,'/{ ! 7+1} gx[a’f XVJ (A7

}

L _— . . . a &
We neglected variation of energy of particle during the act of scattering, so 0 =my T and

vector P just changes its direction. Introducing normalized velocity as usual f=7/c , equation
of spin motion finally comes to the following

L0 AL W N S P A W
E{G}wﬁ} é‘X(ﬂXﬁ){GHHI} X (Al8)

where @ stands for the scattering angle and the vector d @/dt directed normally to the scattering
plane. For intermediate energy of our interest ¥ ~ 40, so the term in bracket ~1 and, finally
% =¢ NG (A19)
dt dt

The last equation means that spin rotates to the same angle as the scattering one, i.e. spin follows
the particle trajectory.



Filling positron ring from electron source

Bending m@t and focusing Electron source
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