R Basics of Polarized Beam Acceleration &

Protons:
W Simple model of the proton.
W Spin dynamics.
w0 Depolarizing resonances.
W Siberian snakes.
¢ The real machines: RHIC and injectors.

Electrons/Positrons:

e Longitudinal beam dynamics.
e Synchrotron oscillations and tune.
e Electrons: Synchrotron radiation
w Radiative polarization.
W Quantum fluctuations = Spin Diffusion
_w Polarization in some real e* machines.
_w Measurements with polarized e beams.
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2 Simple Model of Proton 4

N\
++e =

Gyroscope +Bar magnet+ Charge = "proton"
Magnetic
Spin Dipole
Moment

Polarization: Average spin of the ensemble of protons.

N —
S
Z?
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2 Torque on Classical Magnetic Moment 2

B
A A A
i dj=dq v
L dF=dguxEB
. U=i Tr?
dF ~— . -
Torque =l XB
Energy =—|i-B

W Semiclassical model:
e The spin S has a constant magnitude in the rest frame.
e The magnetic moment [ S.
e /i has a constant magnitude in the rest frame.
(Sort of like a loop of infinite inductance.)
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Mass and Charge:

m:/pmd3r, and q:/,oed?’fr.

Magnetic Moment and Spin (intrinsic angular momentum):

1 - 1
= 5 /FX i(7) d°r = 5 /Fx pe(F)T(F) d°r.

lq
2m

U)It

(see e. g., Panofsky and Phillips or other E&M text.)
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2 Relativistic Angular Momentum &

Energy-momentum tensor (a la Weinberg)

B
T (@) = T7(2) = Y P23 (@ — 2a (1))

n

For isolated system

0
—— TP =0.
Ox™

Define 4d analogue of 7 x p:
MOBY — pabBy _ pBpay
JoP = /Moo‘ﬁd?’x = /:BO‘Tﬁo — 2P0y

Spin (intrinsic angular momentum):

1) dxz?

So = ieam(;.]ﬁ”u‘s, proper velocity: u o
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For a particle at rest with CM at rest at the origin:

0 0 0 0
0 0 S -5 o &
0 -5¢ 0 S|

0 S5 -5 0

J<>/,LV .

Boost along z:

0 4BSS —4BSS 0
—755;; 0 S? —755
S R

0 753 —~S? 0 o

VBS2
qo x .
S:<y> Y Y Y

gL

JHY

SH -
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2 Center-of-Mass shift &

yBme(—zey § + yYou ) = (v — 1)ST
vBme(Zey + Yopr) = (v — 1) 2 % S¢
.y BxS
"lom = v+1 mec
CM at rest. Boost into screen
S S
CI) SIovveng Faster
vV=aw CM shiftsto right.

Center of charge wobbles: classical “Zitterbewegung”
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Thomas Precession

Boost along
1. Boost observer to left. horizontal (-y)
47
2. Boost observer downward. y=2
3. Boost back to rest.
e Net rotation of rest frame.
Sytem: S Rest Sytem: S

Boost along vertical (-x)
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2 Thomas—Frenkel (BMT) Equation &

In the local rest frame of the proton, the spin precession of the proton obeys
the Thomas-Frenkel equation:

E xv
2

5 3 ; y
— 1 g¢ 1 B
S°x |(1+Gy)BL + (1+@G) ||—|—(G”7—|—7_|_1> .

This is a mixed description: t, B , and E in the lab frame, but spin S° in local
rest frame of the particle:

—2
g? = 1.792847, 523.34 MeV /unit Gy

Proton:

G
Electron: a=0>

2
gT —0.001159652,  440.65 MeV /unit a~y

_ Energy

oy
mc?
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2 Thomas—Frenkel (BMT) Equation &

In the local rest frame of the proton, the spin precession of the proton obeys
the Thomas-Frenkel equation:

Torque : S S [(1 LGB+ (1t G)BH] TF
dt Ym
dp _
Force : w_ iﬁ X B Lorentz
dt  ~ym

(This is a mixed description: ¢, and B in the lab frame, but spin S° in local rest
frame of the proton.)

_9 E
G = gT —1.7928, 4= —8Y

mc?
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2 Spin Precession in a Ring &

Example with 6 precessions of spin in one
turn:

Gvy+1=6.

Spin tune: number of precessions per turn
relative to beam’s direction.
So we subtract one:

Vspin = Gy o< energy,

i.e., 5 in this example.

1YY USPAS: Lecture on Spin Dynamics in Accelerators
Iq”a Waldo MacKay January, 2013
JI



2 Misalignments or Imperfections &

et

misaligned
quad

A misaligned quadrupole creates a steering error which propagates through
the lattice.

For an accelerator ring, this shifts the closed orbit away from the design
trajectory.

If the misalignment is vertical, then the design trajectory will have a periodic
set of small vertical bends interspersed with the normal horizontal bends of
the bending magnets.

This leads to an integer resonance condition for the spin tune.
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2In general, rotations don’t commute. &

R(90°) R (-90°) R(~90°)R(90°)
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2 Hamiltonian with Spin &

(Here I drop the “®” superscript on S )

as - =
#E =W xS
H(q, P,S;s) = Horb + Hspin
= How, + W - S 4+ O(R?)
Group symmetries:
e Orbital motion without spin: Sp(6,r).
e Spin by itself: SU(2,c¢) =2 SO(3,r) (homomorphic).

e Full blown symmetry: Sp(6,r) @& SU(2,c).
e Spin dependence on orbit (Thomas-Frenkel).
e Orbit dependence on spin (Stern-Gerlach Force)—Usually ignored.
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The differential equation for the spin vector:

— =W xS
dt :
can be written as the matrix equation:
d Sy 0 -W, W, Sy
— | S, | = W, 0 —W, Sy
dt
S, -W, W, 0 S.

This equation may be integrated via Lie algebraic techniques as was done in
Chapter 3 of Conte & MacKay.

We can calculate spin rotations matrices for a rotation of spin vector by an
angle 6 about a vector n.
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2 Representation of Rotations &

SO(3) : 0 N,  —ny
R;y(0) =Icos@+ | —n, O ng | siné
Ny,  —Ng 0
nZ  ngn, nNgn,
+ | nany  ny nyn. | (1 —cosb)
2

SU(2) with usual spinor notation:

Pauli matrices: _ (91 _ (0 _ (10
Tt 0T\ 0 )T o0 1)

cosg +in, smg (ny + ing) sin%
g 0 _ . .0

(—=ny +ing)sing cos g —in,sing

R, () = e ™90/2 = <
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2 Depolarizing Resonances &

Simple Resonance Condition:

Magnetic Lens (quadrupole)
Vertically focusing

Vspin — N + Nvaa

(imperfection) (intrinsic)

where N and N, are integers.

@ Protons moving into screen
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2 Example: Ring with one partial snake &

1-turn matrix:

Mo [ o % + in, sin g (ny + iny) sin g
(—ny + ing) sin g oS % — in, sin g

= Ry(Gym)R:(1/2)

= (—CZTIE(GC?;)T) ::)r;((gm)» (exp%u/z) exp(—()iu/2)>

_ ( exp(iu/2) cos(Gym)  exp(—iu/2) Sin(Gwr)>
—exp(ip/2)sin(Gyr) exp(—iu/2) cos(Gym)

1 0
5tr(l\/I) = COS g cos(Gym) = cos 5 = cos (T Vspin )

since 0 = 27 Vgpin.

A snake is a device which rotates the spin about a vector in the horizontal plane.
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2 AGS Intrinsic Resonances &

AGS Intrinsic Resonances
0.03 36+Qy

N
< :
B, 0.02 - ,
3 X
7] 0+Qy 3
3 m 0y :
& | " |
% : : 5
§ 0014 .
z 2+Qy | i
i " E -
N 4-Qy 2+ 48.'Qy .
07 H [l ! H /‘ [l

0 5 10 15 20 25 30 35 40 45 50

Gy

Without snakes
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2 Partial Snakes &

Adding a partial snake opens up stop
bands around the integer imperfection
resonances.

At the snake the stable spin direction
points along the snake’s rotation axis
when G = integer.

Partial snake strength: %

_ H
cos s = cos(Gy) cos 5

bl .

48
Snake
Strength
— 0%
— 25%
— 50%
4 — 100%
%6 47 48
Gy
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& Crossing an Isolated Spin Resonance &

Froissart—Stora Formula:

P |el?
2 gexp [ — 1.
P exp( >

Ramp rate: o = df—;, (0 : 27 /turn.)

Resonance strength: ¢ =Fourier amplitude.
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18Gm)

(20,10)Tt
0.215, ABL

westing house, w. 10mm coherence amplitude(Qm

(8.7,8.8), (ex.€y)

0+v, (Qx.Qy)

(20,10)Tt

westing house

2 Resonance Crossing in AGS 4

0+v, (Q,,Q,)=(8.7,8.8), (£,,€,)
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2 AGS Raw Asymmetry during Ramp &

36+Qy Extract
¢ L2

12+Qy 36-Qy 24+Qy 48-Qy
® ¢

MR LT
% : %%

AGS Raw Asymmetry
S .

-0.015 + %9‘_51JLA’h,J'lﬁ‘glsﬂﬁ‘,ﬂﬁJHJh%‘QJL%Y‘L{L%’?%JL‘Jhﬂ‘@ﬂ‘ﬂﬂ‘%ﬂls‘ﬂﬂ
150 10 430 450

70 290 310 33
Scaled gauss clock counts

AC dipole pulses at resonances:

AGS has 12 superperiods. ¢« 0+0Q
Vertical betatron tune: 8.7 o 12 +5
. Y
Snake strength: 5% ¢ 36— Q,
(From Jeff Woods) o 36+ @y
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bl

pC CNI Asymmetry during AGS Ramp

0016 [
; .
£ =
22 ST
= |
! .
o ooos Lo
o
T
é 0.0
i
& -0.005 _
B 2004data, P-42% at G465
-0.01 :
A 2003data, P=28%al G485
001s [ | 25 | 30 | |35 I 40 | 45 | G‘{
12 14 16 18 20 22 24 E
heam
(GeV)
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2 Depolarizing Resonances in RHIC &

12 | | \ | Q. = 28.236
Q, = 29.219

P hicb.2001.twiss(10m@’ 1
1 rhicb.2001.twiss(10mp) e, = 107 pm

Will depolarize beam
during acceleration.

o
oo
\

\

Solution: Snakes

o
N
[
|

intrinsic resonance strength
o
(@)
I
|

o

o N
‘ \
L ‘
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2 Snake Charming 4

e 2 snakes: spin is up in one half of the ring,
and down in the other half.

e Spin tune: vgpin = %

(It’s energy independent.)

e “The unwanted precession which happens
to the spin in one half of the ring is un-
wound in the other half.”

Unwinds

January, 2013

AN USPAS: Lecture on Spin Dynamics in Accelerators
Iq”h] Waldo MacKay
JI

= 26 =



L Invariant Spin Field 4

Turn: j Turn: j+1

e For the closed orbit: 7y(s) = 7ip(s + L),
with ¢o(s) = Go(s + L) and Py(s) = Py(s + L).

e For other locations in phase space: 7i(q, 23 s) = n(q, P, s+ L),
even though in general q(s + L) # q(s) and P(s + L) # P(s).
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EHERA-p: Invariant Spin Field 4

a: HERA-p / 8 snakes / 4 pi mm mrad / 800 GeV b: HERA-p / 8 snakes / 4 pi mm mrad / 802 GeV

n-vector at 1o and 800 GeV n-vector at 1lo and 802 GeV
e Simulation with only vertical betatron motion.
e 802 GeV is closer to a resonance spin resonance than 800 GeV.

Des Barber et al.
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EHERA-p: Invariant Spin Field 4

a: HERA-p /8 snakes / 64 pi mm mrad / 800 GeV b: HERA-p / 8 snakes / 64 pi mm mrad / 802 GeV

n-vector at 40 and 800 GeV n-vector at 40 and 802 GeV

e Larger amplitude oscillations have a larger tune shift due to nonlinear ele-
ments.

e 802 GeV is closer to a resonance spin resonance than 800 GeV.

Des Barber et al.
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2 Spin Tracking in RHIC &

1.0

0.8

0.6

0.4

{.Sy'}

~0.4

Whole beam | Particles with larger

| amplitude betatron
oscillations may expe-
| rience more precession
away from the stable

| spin direction of the

. center of the beam

Edge particle

370

bl

380 390 400 410 420 430

&Y (Alfredo Luccio)
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& Accelerators with Polarized Protons &

SOURCE  BoOSTER

LINAC: Linear Accelerator
AGS: Alternating Gradient Synchrotron
RHIC: Relativistic Heavy lon Collider
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2 Accelerator Complex for Protons 4

SOURCE  5o0osTER

LINAC ~==%
i AC.:
! Dipole S

Polarimeters
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2 High Intensity Polarized H~ Source &

KEK OPPIS*
upgraded at TRIUMF

70 — 80% Polarization
15 x 10! protons/pulse
at source

6 x 1011 protons/pulse
at end of LINAC

*Optically Pumped Polarized Ion Source
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2 Optically Pumped Polarized Ion Source &

& @
Microwave Guide
r\:L S00W @ 28.0 GHZ\_>
Probe Laser N
E=—xu

I
— I . - i
1 Pumping
‘ Lasers
| 100 em ‘ =
‘ ! Crycpump
a) TRIUMF OPPIS L b) ECR PROTON SOURCE

Fig. 1. 1) ECR Proton Source, 2) Superconducting Solenoid, 3) Optically-Pumped Rb Cell, 4) Deflection Plates, 5) Sona
Transition Region, 6) lonizer Cell, 7) lonizer Solenoid, 8) Quartz Tube, 9) ECR Cavity, 10) Three Grid Extraction System,
11) Boron-Nitride End Cups, 12) Indium Seals.

Capture Transfer of
Generate polarized electron-spin
protons electron from polarization to lonization
optically pumped nuclear-spin
alkali atom polarization
§ )L )0 (Sonatransition)) § )
H H® (ef) H® (pt) H™ (pt)
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2 Trajectory and Spin through Snakes &

Flelds through first Snake Spin motion through one Snake

100 GeV proton i i i
5 >evp ' Orbit Trajectories through Snake 100 GeV proton
100 GeV proton 1 T
0.01 . .
E 05+t
= é 0.005 | 5
= g
E 5 o
o0 ) a
o £
) 3
5 0 ’
E -0.5
|_
- : : -0.005 - . 4 , \
0 5 10 0 5 10 0 5 10
Longitudinal position (m) Longitudinal Position (m) Longitudinal position (m)
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¢

X Y
o

M .60 170
r\yl 60

L% soeam) .5 3

Rotation Anglesfor aHelical Snake

¢ M -5

190
-70

180

160 -4

-40 150
_3p 140
130

-50

100

The rotation axis of 90 Bl [T]

80

the snake is ¢, and pis 70 _2

the rotation angle. 50

bl

60

40
30

20 1

10

0 10 20 30 40 50 60 70 80 O

0 1 2 3 4 5
B2[T]
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ERHIC Beam Polarization &

=
{==}

oo

Luminosity (*10730 cm™-2 s°-1)
o=

3000

10 ; ; " . ; . : . . __2% 5060

[&]

201 !

1000

Dipeole Current

tensity [Protons z 10411]

60

e e *’5’« ........... .................... * ..... s ........ § ........... ..................
PI%] l...........|... C FG— S—— R . S — s S - S—

sol ] S—— A— R—— S—  I— ——

06 a7 OSTime[hr] 09 10 11
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2 Snake Resonances &

€nt = 0.5, &mp =0.05, 2 Snakes, spintune =0.5

1 s v
16 V
3/14
05
Ps
0
1/4
1/6
-05

-1
29.15 29.16 29.17 29.18 29.19 29.2 29.21 29.22 29.23 29.24 29.25

Vertical Betatron Tune
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2 Helical Spin Rotators &

Magnetic Field Beam Trajectory Spin Components
5 24.3 GeV proton 0.025 24.3 GeV proton 1 24.3 GeV proton
Bx — ) X —— —
4 — ~ N\ [ N— 0.8 2 N/
; Bz — 002 [ A o VY A0
5 ava N\ _ 0015 / \ / \ 0.4 A\ VYA
XN AN /0N E oo TS A AT I ERYVAVAN
SR AR AL NARVVAR 2 ooos| | \ / \ PR /ANIENY.
vy RN ] R / \ ool \ VY \/ ]
SN \Jl/ VIV /A = \/ 0.4 \ v X
3 Y 0.005 06X — \ /
-4 0.01 08 27
5 2 4 6 8 10 00155 2 4 6 8 10 15 2 4 6 8 10
s[m] s[m] s[m]

AN o N »
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2 Compensation for DO-DX Bends 2

Sy
1 —
Sy 3.8
1 ¢ 0.5
SPIN ROTATOR
05 OH Fmap O -
34
0L -0.5
05 1y
E 3o
1k o0
-1
26 -0.5
-1 sz 0
-05 0.5 1
s 0 1 | 05 o 05
0.5 05 1 2'21.8 212 2‘.6 310 314 3.8 S
11 05 o ° B, 7]
E =25 GeV E =250 GeV
® A
/ i A
Rotator DO DO Rotator
\ &
®
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s,
&
o
&R
 \ 0
A
‘béé(\
S

The rotation axis of
the spin rotator is in
the x-y plane at an an-
gle ¢ from the vertical.
The spin is rotated by
the angle 1 around the
rotation axis.

bl

Rotation Angles for a Helical Spin Rotator

5 u ~150° -180°  30°
~120f— AN
-40° E N
-90f ,
—30° BT SNOR QRN NN
—60]
—20° T ; 3 1 1 1 \|
30— N O\ NN AN
3 : ; 3/ | SRR RN
Ar ANOCRI
AN AT SR AREARAAN \_
‘\« \ \
L/ MERERRE A
0° 1 1 1\ 1 1 1 1

O 05 1 15 2 25 3 35 4

B1[T]

4

0.5
0

Note: Purple contour for rotation into horizontal plane.

Black dots show settings for RHIC energiesin
Increments of 25 GeV from 25 to 250 GeV.
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2 Rotator Spin Precession &

Y

c"i \ \
&
7 N~

Rotator’ s spin vector at injection energy Rotator’ s spin vector at 250 GeV
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2 Orientation of PHENIX Polarimeters &

Spin -

N

Spin + X
. o Schematic layout of PHENIX polarimeters
Left-Right” Asymmetry Yellow from left. Blue from right.

(Tilted at 45)

The PHENIX Local Polarimeter measures an asymmetry in small angle
scattered neutrons which is proportional to transverse polarization.

VITR VI RV
VI'R +VL R*

ALR = X Py
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2 Tale of the Blue Ring 4

|phi Physics Asymmetry (bluenarh) ; SART fur-nui HEphyssyrphin
Nent=0

0015 Mean = 007085
+ RMS = 1041
:T'_ Chif Indf= 6,639 16

ome

T

pl =0.1673+0.06556

e o0 = 001372+ 00009679

c
05— X

o # =
| \

-

| N
D005 %

201 \} |
C —""N.—

L

T

Vertical polarization
with rotators off.

Spin is down.

|phi Physics Asymmeatry (bluenorth) : SQRT Fomu* hbphyasynphin

Nent=0

0035
0.025
002
0.016
001

sk

Mean =0 08778
RMS =07322
Chi2 Indf=123116
p0  =0.02038+ 0.001937
pl =147+ 01022

Rotators on

Spin is radially inwards!

OOPS!

W .

| Physies ghi Asymmetry {north) : bunch it I Hophyasymphin
= heml =0
o Mean = {03686
e RS = 04231
0015:_ Chﬂ .'l I'Idf = ;.M .'E )
po =0.004502- (004168
ool pl = 2280905
U.UIZE_E
[, e
2,005 T =
401
-0.015;—
0
D025 sl e e
15 1 0.5 ] 05 1 5

Reverse all rotator
power supplies and try
again.

YES!
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2 Properties of synchrotron radiation &

e Radiated power:

2 4 04 2
P, = gfrew@c{y f : Te = ‘
0

Radiation in forward direction with opening angle oc v~*

P
Uvzyg?vds

e (Critical energy: half the power is radiated by photons less than the criti-
cal energy, and the other half, above.

e Fmnergy loss per turn:

3h
U, = hw, = —673
2p
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e Number of photons per second:

U
max 5 OZC
N:/ N~ (Ury) dtty = —= —
¥ . 7(7) v 2\/3,07

here: o = 1/137)

e Number of photons per radian:

5%s"

N, = —
2\/37

e Average photon energy and 2" moment:
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2

C
e Energy spread: Ou =1/ 7 qpfmc

with C; = 3.8 X 107 m and J, ~2+D.

Ring Energy Ou

|GeV] [MeV]
CESR 5.5 3
HERAe 27.5 3
LEP 45 30
LEP 60 53
LEP 100 150

Remember: Integer resonances separated by only 440 MeV.

The polarization in LEP dropped down to nothing just above 60 GeV.
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2 Longitudinal Synchrotron Oscillations &

. U - Us Vrf
Wrf T+|d]| \ ’
aw  qV . . ' )
E — %(SIH ¢s — Sin ¢) %r—ldrl *\
d_gO N w?fnphW lbs b+2T d=wot
dt — [2U;
dwrev dﬁ dL dp
— — — nph_
Wrev B L p

Npn < 0 above transition energy.

Add in synchrotron oscillations to resonance condition:

Vspin — N + NVQV + Nth + Nssty
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2 Longitudinal Phase Space 4

Canonical cordinate: ¢ and conjugate momentum: W
W W

21T

N

2
.
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2 Spin-flip Transition Rates &

In a homogenious magnetic field the transition rates are

W — 5v/3 62757'1 |
™ 16 4egmec?|p|3 5\/_

T 5v/3 62’75h - 8
16 dmegmec?|pf? 5vV3 /)
Evaluating the equilibrium polarization have (Sokolov Ternov)
p.— V=W 8
Wi+ Wi 5V3

An unpolarized beam polarizes:
P(t) = Psr [1 — exp(—t/7s1)] ,
where the polarization rate is given by

1 5v/3 62’75h 1 ds
’7_ p— i T e e
>t 8 dmwegm2c® L | |p]?
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2 Typical Sokolov-Ternov Rates 4

Ring Particle Energy
(GeV]
CESR et 5.5
HERAe et 27.5
LEP et 45
LEP et 60
RHIC D 100
RHIC D 250
HERAp D 920
Tevatron p 1000
SSC D 20000

N, AU
[/turn]  [loss/turn]
700 —1 MeV
3600 —83 MeV
5800 —120 MeV
7800 —380 MeV
7 —3 meV
18 —0.13 eV
65 —8.5 eV
70 —8.5 eV
1400 —0.12 MeV

Age of the universe ~ 13.8 x 107 yr.

W .

TsT

167 min
23 min
300 min
81 min

3 x 10™ yr
3 x 1012 yr
1 x 10 yr
2 x 10! yr
7x 107 yr

Jrev N~

1 x 10~13
1 x 10712
2 x 10713
8 x 1013

6 x 10729
2 x 10727
3 x 10726
2 x 10726
3 x 10723
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2 Quantum Fluctuations &

In phase space quantum fluctuations cause instantaneous hops of momentum
from one ellipse to another. (Hops in the Action.)
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2 Invariant Spin Field &

Turn: j Turn: j+1

e For the closed orbit: 7y(s) = 7ip(s + L),
with ¢o(s) = Go(s + L) and Py(s) = Py(s + L).

e For other locations in phase space: 7(q, P, s) = n(q, P, s+ L),
even though in general q(s + L) # q(s) and P(s + L) # P(s).
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2 Equilibrium with Real Lattice &

Derbenev—Kondratenko formula for equilibrium polarization:

averaged over phase space at azimuth s.

0 = Ap/p is the fractional momentum deviation from design.

n is the invariant spin field.
[; _ §x§

sl . .
p is the cyclotron radius of the trajectory.
L is circumference of synchrotron.

is the direction of magnetic field if E=0.
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2 Spin Resonances of SPEAR 4

T | T T |

1.0 |- -

08 - -

. i i

Q_E 06 = + o

"i\ -

04 =

. -

0.2 - ¢ it T -

0% & ] | ] + | ] | E |
3.5’:.; 3.56 3.64’ 3.68 3.72 3.76 E (GeV)
v=8 T v-¥, =3 T v-v;=3 ! r
v-¥, +¥, 38 T V=¥, +¥, =3 v-y -y, =3 V-y =¥, =-2
v-¥,+2v,=3 v-¥,-2V, =3
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bl

R SPEAR Polarization Time &

5V3 ren°h 1 L(20)") ds B
8 me L |p|3 \ 06 s ~
> + +
@ .
1 1 : l
. +
»
TsT 7_dep <
| l |
0] 100 200 300
TIME (min)  sesena
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2 Precision Mass Measurements <

002 T T T T T T T I T T T T ] T T T T I T
- -~ r_‘ -
A a } . 20~ VISIBLE UPSILON
3 ; ; H — CROSS SECTION PEAK
Q.00
_I CR {Ei[ ”E} “if H;Hijﬂ%p{m‘{.#ﬂﬂ; Hﬂkﬂm !  ete” —
I 1 % i HADRONS
Depolarizer turned on | B (nb)
o “
’ 10—
000f~——__ g .
JAar ﬁh"-—-h_ Depolarizer turned on pre
-0.20} S -
bl )
040} = - 1
O 1 1 1 1 I i 1 1 ] | L 1 i 1 l 1 i 1
-0.60 ‘ 1 L 9450, 9460 9470
(0] 60 120 180 240
TIME (mins) TOTAL ENERGY W (MeV)

As an example from CESR (CUSB): My = 9459.97 + 0.11 4+ 0.07 MeV

[Phys Rev D29, 2483 (1984)].
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Earth Rotation
Axis

From Angelika Drees’ Thesis

2 Tidal Effects at LEP &

[ ‘ ,
AE/E 0 - -
(ppm) \// \,

-l00+ ¢ .
| 29 August 1993 ]
P

1 [ -
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o I

s | A ‘/“»\N\ |
(ppm) \/ ' N
-100 4

11 October 1993
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