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Scattered photon cone

Calculate the angle for which the scattered photon energy is half of the maximum energy:

In [5]: Theta_half = np.sqrt(1/(axgammax*2))
print("E_g_max/2 angle (deg) = ",Theta_halfx180/pi)

E_g_max/2 angle (deg) = 0.006356700858973076

Calculate the radial position of this photon 30 meters from the interaction region:

In [6]:
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Scattered photon cone

Calculate the angle for which the scattered photon energy is half of the maximum energy:

In [5]: Theta_half = np.sqrt(1/(axgammax*2))
print("E_g_max/2 angle (deg) = ",Theta_halfx180/pi)

E_g_max/2 angle (deg) = 0.006356700858973076
Calculate the radial position of this photon 30 meters from the interaction region:

In [6]: cone_size_3@0m = np.tan(Theta_half)*3000
print("R after 30 m = ",cone_size_30m,"cm")

R after 30 m = 0.33283608002590803 cm
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Compton cross - sections

o (1 a?) L= p(1 )\’
— 2 2 1
dp Woa{l—p(l—a)Jr BT

ro = classical electron radius

print("Cross section for half energy = ", compton_xsec(0.5))

Cross section for half energy = 4.288483334832458e-25
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Compton cross - sections

do o o | p°(1=a’) 1—p(l+a)\’
dp_2 ’ {1—p(1—a)+1+(1—p(1—a)>}

ro = classical electron radius

le—25
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p = EyJEN™
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Analyzing power: longitudinal

Along — —0(1 - 10(1 + Cl)) [1 o ] Yscart (E8,)

print("Longitudinal asymmetry for half energy = ", compton_A_long(0.5))
Longitudinal asymmetry for half energy = -0.01275548205649403

JeffersSon Lab Ciprian Gal 9



Analyzing power: longitudinal

 (Egoan)
Arong = 2% (1 o1 4 a) [1— ! ]
"% = do/dp) 1= pi—a) e
0.5
- Epeam=5 GeV
041 — Epeam=10 GeV

Along

—0.21
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Analyzing power: transverse

@ (Eyear)
21ra V4ap(1 — p)
Ar = cos¢ | p(1 —a)
(do/dp) (1 —p(1—a))
print("Transverse asymmetry for half energy = ", compton_A_perp(0.5))
Transverse asymmetry for half energy = 0.07451809329701582
Jeff.;gon Lab Ciprian Gal
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Analyzing power: transverse
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Implementation
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Luminosity and x-ing angle

* N, = number of photons (electrons) per bunch e(E

* Assumes beam sizes constant over region of overlap (ignores “hourglass effect”)

* Beam size at interaction point with laser dictates luminosity (for given beam current Yoca (E0))
and laser/electron beam crossing angle)

Luminosity for CW laser colliding with electron beam at non-zero crossing angle:

r (1 + cosay) I PrA 1 1
B V2T e hc? \/02 1 g2 sinae
e g

print('Luminosity for CW laser/beam (small crossing angle): ', LumiCW)

PUISEd |aser: Luminosity for CW laser/beam (small crossing angle): 7.033923214036582e+30
cos (a./2) 1 1

T JoR, 02 (02, +02,) cos? (ae/2) + (02, + 02,) sin (ac/2)

Luminosity for one pulse (small crossing angle): 1.314609642805983e+24
Luminosity for Pulsed laser/beam (small crossing angle): 1.314609642805983e+32
Luminosity for Pulsed laser colliding with one beam bunch (small crossing angle): 1.0253955213886668e+29

Jefferson Lab Ciprian Gal 14
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Luminosity and x-ing angle

Pulsed laser provides higher luminosity than
CW lasers (for pulsed beams)

= As crossing angle gets smaller,
improvement in rates become more
comparable

- Main advantage at small crossing angle in
using pulsed laser is identification of beam

bunch and ability to measure polarization
profile

—> Laser beam bunch length smaller than
beam bunch will allow extraction of

polarization vs. time in bunch (center vs.
tails)

)

JLab beam =499 MHz, A7~0.5 ps

" x10%7
56000 i RF pulsed laser
8 L
£4000 —\
E -
3 L
CW laser
2000
0 ! | / 1 t T t T
\ 0.5 1.5 2 2.5 3
Crossing angle (deg.
0.1 degree g angle (deg.)
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Photon rates

Calculate the rate of scattered photons for a single bunch collision asumming a pyin, = Elase,/Eymax:

1
L = dN.
o dt

Calculate the rate of scattered photons for a single bunch collision asumming a p,in = Elaser/E,ymam:

LumiOneBunch=1.3416E24
fcoll=78000

rhomin = E_laser/E_g_max
xsect = integrate.quad(lambda rho: compton_xsec(rho),rhomin,1.0)

### Your code goes here

2 .
JefferSon Lab Ciprian Gal
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Photon rates

Calculate the rate of scattered photons for a single bunch collision asumming a pyin, = Elase,/Eymax:

1 dN
o dt

Calculate the rate of scattered photons for a single bunch collision asumming a pmin = Ejaser/ Eymax:

L =

In [21]: fcoll = 78000
LumiOneBunch = 1.314609642805983e+24
rhomin = E_laser/E_g_max
xsect = integrate.quad(lambda rho: compton_xsec(rho),rhomin,1.0)
rate = xsect[0]xLumiOneBunchxfcoll
print('Backscattered photon rate (Hz)', rate)

Backscattered photon rate (Hz) 58336.933178552485

2
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Measurement time

Measurement time depends on luminosity, analyzing power, and measurement technique

_ AP\’
t ' = Lo ? A12nethod

2 2
Average analyzing power: Amethod — <A> —> Average value of asymmetry over acceptance
hted ) (EAY\?
Energy-weighted: Asethod = T} -> Energy deposited in detector for each helicity state
Differential: A?nethod = <A2> - Measurement of asymmetry bin-by-bin vs. energy, etc.

(4)* < %—AQ < (42)

JeffersSon Lab Ciprian Gal 18



Measurement times

Using the longitudinal asymmetry function from above calculate the average asymmetry and the time it takes to reach 1% statististical precision for this
measurement:

_ AP\?
t ' = Lo ? A72nethod

JeffersSon Lab Ciprian Gal 19



Measurement times

Using the longitudinal asymmetry function from above calculate the average asymmetry and the time it takes to reach 1% statististical precision for this
measurement:

_ AP\ ?
t ' = Lo ? A?nethod

In [16]: dP=0.01
P=0.8
num = integrate.quad(lambda rho: compton_A_long(rho)*compton_xsec(rho),rhomin,1.0)
A_avg = num[0]/xsect[0]
t_avg = 1.0/ (ratexdPxx2%Px*x2%A_avg**2)
print('Average longitudinal asymmetry: ', A_avg)
print('Time for 1% measurement (s): ', t_avg)

Average longitudinal asymmetry: 0.03427976755269462
Time for 1% measurement (s): 227.929582570587

2
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Time estimations: longitudinal Ao

2 . A/N‘
APC) A2

tmeth = | £ OCompton Pzpi ( P meth Single-photon Integrating EnergY
e Integrating
CAN2
(A%) ap A
(E?)
“TE e energy: 5 GeV beam energy [GeV] <A120ng> t[s] | (Along)? time [ms] % time [ms]
F eclen ,gzj 12 GeV ] 5 0.0061 29 | 0.0012 166 0.0022 88
- eenarevii8 Ge 12 0.0244 7 | 0.0033 69 | 0.0064 36
E CEnereY: 18 0.0414 4 | 0.0041 63 0.0085 30
e * Differential measurement assumes 1 photon/electron
N per crossing
o * The power needed for the laser system is approximately 1W
02 : : o
_0.305\ L JOJ_1J L \0.2\ L JO{SI L \0.\4\ L IO?SK L ‘0{6‘ L I0¥7‘ L ‘0{81 L IOFQ‘ L1 ! o The Integrated methOd accepts the e.nt”.e. IumInOSIty Of
p the pulsed system (note the change in unit)
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gamma polXsec z=25000 mm
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How can we make this measurement?
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EIC Compton Layout r_/:—i
Hadron beAMIT™ e  '

™ <+ e .
/ - — o clectron beamling
s — QAEF Photon Detector

el bt Q5EF ]
m i = Q7EF Q6EF (+12.2 T/m) (-4.15T/m) (front of quad)
63T/m)  (-18.6T/m) ~29 m from IP
— Electron Detector
C.ompton IP (0.29T) (front of quad)
(in between quads) ~9 m from |IP

18 GeV: L 59%, H -81%
5GeV: L96%, H -26%

* The current configuration allows for the interaction point to be in a magnetic field
free region reducing the complexity at the interaction point and allows for relatively
access to insert the laser beam

* The electron detector is placed after a dipole which has enough power to energy
analyze the scattered electrons at all energy set points
 The Quad after the dipole is horizontally defocusing increasing the effectiveness of the dipole

_ 2
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Complex measurement

Planned Compton polarimeter location upstream of detector IP
— Beam polarization mostly longitudinal, but some spin rotation remains before arrival at detector IP

At Compton interaction point, electrons have both _

longitudinal and transverse (horizontal) components AT GIEE)

—> Longitudinal polarization measured via asymmetry as 5 GeV 97.6% 21.6%
a function of backscattered photon/scattered electron 10 GeV 90.7% 42.2%
Shersy 18 GeV 70.8%  70.6%

—> Transverse polarization from left-right asymmetry

Beam polarization will be fully longitudinal at detector IP, but accurate measurement of absolute
polarization will require simultaneous measurement of P, and P; at Compton polarimeter

EIC Compton will provide first high precision measurement of P, and P; at the same time

2
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Compton throughout history

Table 7. Compton polarimeters including nominal operating energies and performance. Not all
Compton polarimeters are included in the table  an emphasis has been placed on those used to
provide absolute beam polarization measurements.

Laser wavelength | Detection and | Sys. uncertainty
Polarimeter | Beam energy | and technology method (dP/P) References
CERN LEP 46 GeV 532nm (pulsed) | <y/integrating 5% 09,
HERA LPOL | 27.5GeV 532nm (pulsed) | «y/integrating 1.6% (o5}
HERA TPOL | 27.5GeV 514 nm (CW) v /counting 2.9% 02, 101
MIT-Bates 0.3-1GeV 532 nm ~/counting 6% A5,
NIKHEF <1GeV 514 nm v/counting |4.5% @ 440 MeV 94
Mainz A4 0.85,1.5 GeV 514 nm (7,e) /counting N/A
intra-cavity Ar—ion
JLab Hall A 1-6 GeV | 1064 nm, FP cavity | /counting 3% (2002) 1]
e/counting 1% (2006)
7 /integrating 1% (2009) 103
1.1 GeV 532 nm, FP cavity | -y/integrating 1.1% (2010) 104, 9

JLab Hall C 1.1 GeV 532 nm, FP cavity e/counting 0.6% 52

~/integrating 3% 105
SLD at SLAC| 45.6 GeV 532nm (pulsed) |e/multiphoton 0.5% (106!

JLab Hall A 2.1 GeV |

532nm FP cavity | photon/integrating | 0.52%
**Phys.Rev.Lett. 129 (2022) 4, 042501

Ciprian Gal
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What is the problem with the Compton measurement?

Polarized
Electron Source

eRHIC
|

\
Deteqtor |

h Detector I
hada-

“Electrons

(Pofarized) /
lgn Source /

/
/

: /
/L 100 meters;//

/
/
¥
/

/ /
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What is the problem with the Compton measurement?

* Easiest at high energies

* Non-destructive, but systematics are Polarized

Electron Source

energy dependent

eRHIC

Detector |

/100 meters /

-~ >
/ /
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Standard electron polarimetry techniques

« Compton scattering:e +y > e+ y

* Mott scattering:e +Z — e
 Spin-orbit coupling of electron spin with (large Z) target nucleus
e Useful at MeV-scale (injector) energies

* Mgller scattering:e +e > e+e
e Atomic electrons in Fe (or Fe-alloy) polarized using external magnetic field
* Can be used at MeV to GeV-scale energies — rapid, precise measurements

e Usually destructive (solid target) — non-destructive measurements possible with
polarized gas target, but such measurements not common

JefferSon Lab



Mott polarimetry

Mott scattering:e + Z — e

— Spin-orbit coupling of electron spin with (large Z)
target nucleus gives single-spin asymmetry for
transversely polarized electrons

Mott polarimetry useful at low energies

- ~ 100 keV to 5 MeV
—> ldeal for use in polarized electron injectors

I(6) 2 unpolarized cross section

( Ze? )2 (1—B%)(1 — B%sin® §)

2mc? B4 sin® &

OO _I T [ T T T T T T T T T T T T T T T
L 5.0MeV Al (Z:?Q)

_O 1 :_ 2.0MeV

1.0MeV

I
O
Y

|

|

0.4MeV

100 120 140 160 180
Scattering Angle, 6

I I
o o
> w

| |

|

Sherman Function, S(6)
S
)
|

I
o
o

S(6) is the Sherman function

- must be calculated from electron-nucleus cross
section

- Dominant systematic uncertainty but controlled to
better than 1%



Mott examples

. JLab injector

e Optimized for operation at 5 MeV
e Studied between 3-8 MeV

* Detectors at 172.7 degrees

TARGET LADDER BN l

* Thin and thick scintillators Tl |
. . /NEG
 Typically uses thin gold target (1 um or less) ALOMNOM WnDOW -, VEWFORT Eﬁ
a H LEAD
* Some backgrounds possible due to nearby beam T % T
dump e = . Y R 1} B 3
* Has been studied using lower duty cycle beam + ., & R o/
. . B BEAM PIPE
time Of ﬂlght ﬁBé%STL’;BELE } ALUMINUM LINER ~ Be/Cu DUMP
PLATE
* Recent extensive systematic studies yield overall UPIDOWN DETECTER P TT
systematic uncertainty < 1% H%T

Jefferson Lab 5 MeV Mott Polarimeter

J.M. Grames et al, Phys.Rev.C 102 (2020) 1, 015501

Ciprian Gal
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JLab 5 MeV Mott systematics

* Much effort dedicated to demonstration of precision

Mott polarimetry

- Improved background rejection via time-of-flight cuts

- Dedicated studies of Sherman function

- GEANT4 simulations showed double-scattering in target
foil is only source of dependence of analyzing power on

target thickness
46

- (a)

44
42

40

Mott Asymmetry (%)

38

36

PA(01)
PA(20)
PA(11)

3 IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
20 01 02 03 04 05 06 07 08 09 1 141

Au Target Thickness (um)

Ciprian Gal

JLab 5 MeV Mott Systematic uncertainties

Contribution

Sherman function 0.50%
Target thickness extrapolation 0.25%
Device-related systematics 0.24%

Energy cut (0.1%)
Laser polarization (0.10%)
Scattering angle/beam energy (0.20%)
Total 0.61%

J.M. Grames et al, Phys.Rev.C 102 (2020) 1, 015501
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Mgller Scattering E+é ete
0.0
Longitudinally polarized electrons/target: %—o.z
do  a? (34 cos? 6*)? ) 5
%—0.8 Ass
=
2 . 2 —— Axx
_ _(7 + COS 9*) sin” 0 > At 6*=90 deg. > -7/9 025 50 75 100 135 150 175
| (3 + cos? 0*)2 . Ocm
> :
2
Transversely polarized electrons/target 8

— sin? 6*
Al =
(3 + cos? 0*)? > At 6*=90 deg. > -1/9

772 3 4 5 6 7 8 9 10 11

Epearm (GeV)

Maximum asymmetry independent of beam energy
", .
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Polarized target for Mgller polarimeter

 Originally, Mgller polarimeters used Fe-alloy targets,
polarized in plane of the foil

— Used modest magnetic field

* In-plane polarized targets typically result is systematic
errors of 2-3%

— Require careful measurement magnetization of foil
* Pure Fe saturated in 4 T field

- splitcoil

— magnetic field (4 T)

e
— Spin polarization well known - 0.25% { | laser beam .
— Temperature dependence well known rareet
—No need to directly measure foil polarization

Effect M, [ug] error

Saturation magnetization (T>0 K,B>0T) 2.2160 +0.0008

Saturation magnetization (T=294 K, B=1T) 2177 +0.002

Corrections for B=1>4 T 0.0059 +0.0002

Total magnetization 2.183 +0.002

Magnetization from orbital motion 0.0918 +0.0033

Magnetization from spin 2.0911 +0.004

Target electron polarization (T=294 K, B=4T) 0.08043 +0.00015




Foil saturation

Polarization of target not directly measured when using iron foil driven to magnetic saturation

- Rely on knowledge of magnetic properties of iron

— One can test that foil is in magnetic saturation using magneto-optical Kerr effect (polarization properties of light change
in magnetic medium)

Example: Measure degree of saturation vs. applied

magnetic field

— This can also be tested with polarimeter directly

Can also test dependence on foil angle
(misalighnment) and heating

72 T T T T T
70 b l - S
T 0 ¢ ¢
— c
= 68 r — o i i
= = :
CI 6 N
o LS
‘_.cé .64 b ‘_os 85
N
T 62 - Q.
[ar
g 60 -;E }
58 / @ 80
Q
56 L L L = 1 | | ! ! | | | 1
1.8 2.0 2 2.4 2.6 2.8 3.0 2 225 25 275 3 3.25 35 3.75 4

2
B-

field (Tesla)

Solenoid Field (T)

Kerr effect measurement of foil saturation JLab measurements of asymmetry vs. applied field



Levchuk effect

On average, about 2 out of 26 atomic electrons in
Fe atom are polarized
* Polarized electrons are in outer shells

* Inner shell, more tightly-bound electrons are
unpolarized

Electrons scattering from inner-shell electrons
result in a “smearing” of the correlation between
momentum and scattering angle

For finite acceptance detector, this can result in
lower efficiency for detection of events scattering
from more tightly bound (unpolarized) electrons

lgnoring this “Levchuk*” effect can result in
incorrect polarization measurements

First observed experimentally at SLAC in 1995 —
size of effect depends on detector acceptance
*L. G. Levchuk, Nucl. Instrum. Meth. A345 (1994) 496

%2 (bound e™)

Polarization

X2 (free e™)

- - Free e~ hypothesis

Averages

— Bound e~ hypothesis  (incl. syst. efror)
0»9 | I | i I f
- (a) | 7
MR
- ¢ |
07 6 4 P b 4 4
L o T r
0.6 | l t | l//
Compton
measurement
0.2 T i | I |
_ (b) o] _
01— O .
O /o)
- o O _
0 | l | J
0 4 8 12
Measurement
M. Swartz et al., Nucl. Instrum. Meth.
A363 (1995) 526



Mdller example: JLab hall C

* First polarimeter to use high field, out-of-plane polarized target

e Detects scattered and recoil electron in coincidence

e 2 quadrupole optics maintains constant tune at detector plane, independent of beam energy
* “Moderate” acceptance mitigates Levchuk effect = still a non-trivial source of uncertainty
 Target = pure Fe foil, brute-force polarized out of plane with 3-4 T superconducting magnet

* Target polarization uncertainty = 0.25% [NIM A 462 (2001) 382]

target collimators Q2 J

beam

>

detectors

solenoid

-1m—€— 2125m —><€ 7.965 m >

2
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Mgller examples: JLab hall C (systematics)

Source Uncertainty | dA/A (%)
Beam position x 0.5 mm 0.17
Beam position y 0.5 mm @\
Beam direction x 0.5 mr 0.10
Beam direction y 0.5 mr 0.10
Q1 current 2% (1.9 A) 0.07
Q3 current 2.5% (3.25 A) 0.05
Q3 position 1 mm 0.10
Multiple scattering 10% 0.01
Levchuk effect 10%
Collimator positions 0.5 mm 0.03
Target temperature 100% 0.14
B-field direction 2° 0.14
B-field strength 5% 0.03
Spin polarization in Fe
Electronic D.T. 100%
Solenoid focusing 100%
Solenoid position (x,y) 0.5 mm

Additional point—to—point 0.0
High current extrapolation 0.5
Monte Carlo statistics 0.14
Total 0.85

Ciprian Gal

Systematic error table from Q-
Weak (2" run) in Hall C (2012)

— Some uncertainties larger than
usual due to low beam energy
(1 GeV)

- Levchuk effect, target
polarization same at all
energies

Total uncertainty less than 1%
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Compton example: JLab Hall A

Dipole

Electron
Detector

Fabry-Perot
Optical Cavity

Laser Table

/4

Scattered

E - ’ Phot
F Dipole \4\\4\1\4\!\‘\‘\‘)\‘\‘ Detc;cc'zgr

Backscattered
Photons

Compton polarimeter in Hall A (similar design in Hall C):

1. 4 dipole chicane to deflect beam to laser system

2. Fabry-Perot cavity to provide kW level CW laser power
3. Diamond/silicon strip detectors for scattered electrons
4. Photon detectors operated in integrating mode

— Hall A has achieved dP/P=0.52% (photon detection)

2
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What polarimetry systematic is reasonable for the EIC?
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Backups

JefferSon Lab
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A-trans for 1, 5, 18 GeV (532 nm)

AT asymmetry at ¢=0

0.3 UD asymmetry at z=60 m

0.25F 0.03%
0.2: //“\ o.oE ///\
o.15f > oE \\ﬁ__h_\
0.1F L —0.01E
2 anns A\ Y
T Vs \\\ 0.03
% 01 02 03 04 05 06 07 08 09 k 0045 40 5 o s 10 ;L%;iti;n'[m'rﬁo
2 ' dap(1—p) |
Ar = oo cos¢ | p(1 —a) Vdap(1 = p)
(do/dp) _ (1=p(1—a))
Jeff.;gon Lab EIC - R&D Meeting



HERA LPOL
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Figure 1. Scheme of the cavity surrounding the electron beam pipe with the laser and main mirrors.

D
JefferSon Lab

EIC - R&D Meeting

* Crossing angle 3.3
deg (58mrad)

 Single photon mode:

ngamma= 0.001 per
crossing; s/b=0.2;
1%msmt at 2.5h

* Multiphoton mode:
ngamma=1000;
pulsed laser 100Hz
(HERA 10MHz); 1%
1min
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Sherman function

Sherman function describes single-atom elastic scattering from

atomic nucleus
S(6) = 9 —9/

/f2+92\

Direct amplitude Spin flip amplitude

f and g can be calculated exactly for spherically symmetric charge
distribution

Knowledge of nuclear charge distribution and atomic electron
distribution leads to systematic error
- Controlled better than 0.5% for regime 2-10 MeV

In target with finite thickness, electron may scatter more
than once > Effective Sherman function

— Controlled by making measurements at various foil
thicknesses and extrapolating to zero

—
JefferSon Lab

Mott Asymmetry (%)

351
30
N calc. for P = (62.0 £ 0.3 £ 0.2)%
25 f]—\ —=—— calc. forP=(61.6+0.2£0.2)%
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10  « 5Mev
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Mott examples: MAINZ MeV

Mott polarimeter in MAMI accelerator at Mainz installed after injector linac

Scattering angle = 164 degrees
— Sherman function peaks at 2 MeV

Upper arm Incoming beam
(vacuum chamber and ——» /

magnet yoke cut away) £ Vacuum window

Background from dump suppressed by using deflection
magnets to steer scattered electrons to detectors — no
direct line of site to beam dump

Collimator

Dominant systematics from Sherman function, zero-
thickness extrapolation, background
- GEANT simulations suggest backgrounds ~ 1%

Systematic uncertainty better than 1% achievable with
some additional effort

JeffersSon Lab Ciprian Gal 47



Double-Mott polarimeter

Use double-scattering to measure effective Sherman function
empirically

- Unpolarized electrons scatter from target foil — resulting
polarization: Py . = Ses

—> Polarized electrons scatter from 2"9, identical foil

Resulting asymmetry : A,y = S

JeffersSon Lab Ciprian Gal
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Mdller polarimetry

Mgller polarimetry benefits from large longitudinal
analyzing power - -7/9 (transverse - -1/9)

—> Asymmetry independent of energy

—> Relatively slowly varying near &,,=90°
— Large asymmetry diluted by need to use iron

foils to create polarized electrons
Large boost results in Mgller events near 6_,=90°
having small lab angle
- Magnets/spectrometer required so that
detectors can be adequate distance from beam

Dominant backgrounds from Mott scattering —
totally suppressed via coincidence detection of
scattered and recoiling electrons

Rates are large, so rapid measurements are easy
The need to use Fe or Fe-alloy foils means
measurement must be destructive

Foil depolarization at high currents
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Polarized target for Mgller polarimeter

 Originally, Mgller polarimeters used Fe-alloy targets,
polarized in plane of the foil

— Used modest magnetic field

* In-plane polarized targets typically result is systematic
errors of 2-3%

— Require careful measurement magnetization of foil
* Pure Fe saturated in 4 T field

- splitcoil

— magnetic field (4 T)

e
— Spin polarization well known - 0.25% { | laser beam .
— Temperature dependence well known rareet
—No need to directly measure foil polarization

Effect M, [ug] error

Saturation magnetization (T>0 K,B>0T) 2.2160 +0.0008

Saturation magnetization (T=294 K, B=1T) 2177 +0.002

Corrections for B=1>4 T 0.0059 +0.0002

Total magnetization 2.183 +0.002

Magnetization from orbital motion 0.0918 +0.0033

Magnetization from spin 2.0911 +0.004

Target electron polarization (T=294 K, B=4T) 0.08043 +0.00015




Foil saturation

Polarization of target not directly measured when using iron foil driven to magnetic saturation

- Rely on knowledge of magnetic properties of iron

— One can test that foil is in magnetic saturation using magneto-optical Kerr effect (polarization properties of light change
in magnetic medium)

Example: Measure degree of saturation vs. applied

magnetic field

— This can also be tested with polarimeter directly

Can also test dependence on foil angle
(misalighnment) and heating

72 T T T T T
70 b l - S
T 0 ¢ ¢
— c
= 68 r — o i i
= = :
CI 6 N
o LS
‘_.cé .64 b ‘_os 85
N
T 62 - Q.
[ar
g 60 -;E }
58 / @ 80
Q
56 L L L = 1 | | ! ! | | | 1
1.8 2.0 2 2.4 2.6 2.8 3.0 2 225 25 275 3 3.25 35 3.75 4

2
B-

field (Tesla)

Solenoid Field (T)

Kerr effect measurement of foil saturation JLab measurements of asymmetry vs. applied field



Levchuk effect

On average, about 2 out of 26 atomic electrons in
Fe atom are polarized
* Polarized electrons are in outer shells

* Inner shell, more tightly-bound electrons are
unpolarized

Electrons scattering from inner-shell electrons
result in a “smearing” of the correlation between
momentum and scattering angle

For finite acceptance detector, this can result in
lower efficiency for detection of events scattering
from more tightly bound (unpolarized) electrons

lgnoring this “Levchuk*” effect can result in
incorrect polarization measurements

First observed experimentally at SLAC in 1995 —
size of effect depends on detector acceptance
*L. G. Levchuk, Nucl. Instrum. Meth. A345 (1994) 496

%2 (bound e™)

Polarization

X2 (free e™)

- - Free e~ hypothesis

Averages

— Bound e~ hypothesis  (incl. syst. efror)
0»9 | I | i I f
- (a) | 7
MR
- ¢ |
07 6 4 P b 4 4
L o T r
0.6 | l t | l//
Compton
measurement
0.2 T i | I |
_ (b) o] _
01— O .
O /o)
- o O _
0 | l | J
0 4 8 12
Measurement
M. Swartz et al., Nucl. Instrum. Meth.
A363 (1995) 526



Mdller example: SLAC E154

Single-arm polarimeter used in End Station at SLAC in the 1990’s

- Low field, in-plane polarized target

- 2-detectors, but did not detect scattered and recoil electrons in
coincidence

— Scattered electrons steered to detectors using dipole — no
focusing quads

— Electrons detected with silicon strip detectors

- Overall systematic uncertainty 2.4%, dominated by target
polarization (1.7%) and background subtraction (2%)
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Mdller example: JLab hall C

* First polarimeter to use high field, out-of-plane polarized target

e Detects scattered and recoil electron in coincidence

e 2 quadrupole optics maintains constant tune at detector plane, independent of beam energy
* “Moderate” acceptance mitigates Levchuk effect = still a non-trivial source of uncertainty
 Target = pure Fe foil, brute-force polarized out of plane with 3-4 T superconducting magnet

* Target polarization uncertainty = 0.25% [NIM A 462 (2001) 382]

target collimators Q2 J

beam

>

detectors

solenoid

-1m—€— 2125m —><€ 7.965 m >

2
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Mgller examples: JLab hall C (systematics)

Source Uncertainty | dA/A (%)
Beam position x 0.5 mm 0.17
Beam position y 0.5 mm @\
Beam direction x 0.5 mr 0.10
Beam direction y 0.5 mr 0.10
Q1 current 2% (1.9 A) 0.07
Q3 current 2.5% (3.25 A) 0.05
Q3 position 1 mm 0.10
Multiple scattering 10% 0.01
Levchuk effect 10%
Collimator positions 0.5 mm 0.03
Target temperature 100% 0.14
B-field direction 2° 0.14
B-field strength 5% 0.03
Spin polarization in Fe
Electronic D.T. 100%
Solenoid focusing 100%
Solenoid position (x,y) 0.5 mm

Additional point—to—point 0.0
High current extrapolation 0.5
Monte Carlo statistics 0.14
Total 0.85

Ciprian Gal

Systematic error table from Q-
Weak (2" run) in Hall C (2012)

— Some uncertainties larger than
usual due to low beam energy
(1 GeV)

- Levchuk effect, target
polarization same at all
energies

Total uncertainty less than 1%

55



Mdller polarimetry with atomic hydrogen

H
Proposal to use atomic hydrogen as target; operates at full

beam current, non-destructive measurement
—>at 300 mK, 8 T, P, ~ 100%

—>density ~ 3 101> cm?3
- lifetime >1 hour
- Expected precision < 0.5%!

K 40 ¢cm

Solenoid 8T

Storage Cell

4 cm

beam

Contamination, depolarization expected to be small > <10

Such a target allows measurements concurrent with running

experiment, mitigates Levchuk effect o
Application at EIC?

— Gas heating by radiation drops density
by factor ~ 100 to 1000

—>Beam creates field 0.2-2 kV/cm — traps

System is under development for use at MAINZ for the P2
experiment = polarization measurements expected within
the next couple years

positive ions
Maybe some kind of H jet target can be
—> used instead?
JeffersSon Lab Ciprian Gal



Mdller polarimetry with jet targets

* Mgller not typically used in storage rings since
commonly used targets are destructive to the beam

- iron and iron-alloy foils 116 em
HOLDING FIELD MAGNET

- Jet target would be non-destructive — some AR

measurements with jet targets have been done at = Y

VEPP-3 .

BEAM -2 b 5
* What precision on target polarization can be By
. > DL :

achieved with jet targetjs. | o
—>RHIC H-JET target polarization known to better ANODE WIRE

than 1% WIRE CHAMBER

CONVERTOR (TUNGSTEN)

PLASTIC SCINTILLATOR

* Some R&D would be required, but precision Mgller
polarimetry in storage rings may be feasible

A. Grigoriev et al, Proceedings of EPAC 2004



Compton example: JLab Hall A

Dipole

Electron
Detector

Fabry-Perot
Optical Cavity

Laser Table

/4

Scattered

E - ’ Phot
F Dipole \4\\4\1\4\!\‘\‘\‘)\‘\‘ Detc;cc'zgr

Backscattered
Photons

Compton polarimeter in Hall A (similar design in Hall C):

1. 4 dipole chicane to deflect beam to laser system

2. Fabry-Perot cavity to provide kW level CW laser power
3. Diamond/silicon strip detectors for scattered electrons
4. Photon detectors operated in integrating mode

— Hall A has achieved dP/P=0.52% (photon detection)

2

JefferSon Lab Ciprian Gal
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Fabry-Perot Cavity Laser System

Optical
isolator

Cavity

Due to relatively low intensity of

JLab electron beam, need higher ; ;

——

‘ Photodiode

laser power :
—> Use external Fabry-Perot cavity to | .
amplify 1-10 W laser to 1-5 kW ' OSC'"atO'\V
of stored laser power Servo I
A |
amp Phase
| DOCP vs reflected power | shifter
- < |
£ C
20.9995 ‘:{b,
2 XA
g 908 i Low-pass filter
So.907f -' ;

: Key systematic: Laser polarization in Fabry-Perot cavity
°'995; N — Constrain by monitoring light reflected back from cavity and
0.994F RN measurement of cavity birefringence

:I10| - I20I - I30I - I40I - I50I - I60] - I70] -

RRPD
Jeff.;gon Lab Ciprian Gal



Compton photon detector

) e——
Photon beam pipe

Cylindrical lead
collimator with
fixed apertures

DAQ
(VME Crate)

Table with remote controlled x-y motion J

Single Compton-Edge CREX Pulse

3800 =

Detector Components

« Pb Collimator
« GSO Scintillator
« PMT and DAQ readout 3400 —

Signals integrated over helicity state B
Measure helicity-correlated asymmetry B

~120 MeV in pulse

fADC Response [RAU]
w
[<2]
o
T

. LED’s allow for in situ detector tests 3000 — ,
B 1.5 us window
0_l l50 - l1(l)0I I l1f'IJO l 2(IJO l ‘2E'l>01 — 300
# Sample

A. Zec Thesis: DOI: 10.18130/xpq1-7090
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How the sausage is made

How to measure a Compton
Asymmetry: Integrate the signal over

pedestal per helicity state. Aexp = (Aon) — (Aorr) = PPy (A))
Measure signal S, for each laser state

ON, OFF and helicity state +, —. With laser DOCP P,, energy-weighted
Helicity pattern difference (A), sum (Y'), average analyzing power (A4,), and beam
and asymmetry (.A) distributions are polarization P..

calculated:

Run 4532, Cycle 18: Helicity Correlated Differences Run 4532, Cycle 18: Helicity Pattern Sums

Aorr = SgFF ~ S0FF
Yon = S3n + Son

Yorr = Sér + Sorr

AR AR AR L LA ML R

AL AL AR AN LN AR AN AR

Run 4532, Cycle 18: Pattern Sums vs Time

Aoy = Aon Y
Yon — (YorF) - 3
AoFr 3 2
(Yon) — (Yorr) = e
A. Zec Thesis: DOI: 10.18130/xpg1-7090
. D
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Compton spectra

* Typical Compton spectrum was well

characterized by simulations

* Measurements during data collection on

the lead target showed a very large
background from thermal neutrons

Half gain, Pb Target
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A. Zec Thesis: DOI: 10.18130/xpq1-7090
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Combined results

CREX Polarizations (Compton & Moller)

88

87.5 -
87 P S

86.5 —— SR ‘ .................................................... ....................................................... ) ........ ORI .......................................................... .......................

Left Out (Compton)
— — Left In (Compton)

H i : i H —@— Right Out {Compton)
86 S —Jl— Right In (Compton)

Beam Polarization [pct]

’IIII [TTT]TTI

- —— Left Out (Moller)
- —¥— Left In (Moller)
[ i . | —#— Right Out (Moller)

85'5 | 1 1 1 I ) ) L I L 1 1 I L ) ) I L 1 1 I _+_ ngh( In [MO”G’]

100 120 140 160 180 200 220
Average Slug Number

Above: Mgller and Compton polarimetry data for CREX. All uncertainties plotted are statistical only. Moller
data courtesy of E. King.

Ppeam = (87.10 £ 0.39)% = 0.45%

A. Zec Thesis: DOI: 10.18130/xpq1-7090

2 .
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