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My Ground Rules
• MOLLER requires 0.4% or better knowledge of the 

incident electron beam polarization 
• Consequently, my goal is knowledge and control of 

all systematic uncertainties at 0.1% or better. Then 
we can withstand up to 16 contributions at this level, 
if all of the uncertainties can be added in quadrature! 

• Statistical errors are important, too (!), but I won’t 
bother with that here. Just remember that some 
systematic checks may require thin targets and/or 
low beam currents, so always check rates.
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Reminder
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Standard treatment, I will refer to this notation
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R+ �R�

R+ +R� =
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2h�0i P
Target
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Measure A, Calculate hAzzi, “Believe” P
Target

Lots of corrections pile into hAzzi
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Systematic Uncertainties
1. Magnetization (of pure iron) at “saturation” 
2. Spin vs Orbital component of magnetization 
3. Target foil angle with respect to holding field 
4. Spectrometer tune and magnet currents 
5. Analyzing power averaged over acceptance 
6. Levchuk effect (See today’s talk by Dave Gaskell) 
7. Demagnetization from target heating 
8. Background contributions to rate 
9. Dead time corrections, electronics effects 
10.Radiative corrections 
11.Deviation from perfect polarization reversal
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What did I forget? Transverse polarization?
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Magnetization at “Saturation”
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2.2. Saturation Magnetization (T > 0)
Once the saturation magnetization at 0K is determined, we need it to be corrected for higher
temperatures (lowers polarization). The temperature dependence can be approximated by

M(T ) = M(T = 0)(1� a 3
2
T

3
2 ). (2)

This equation is valid for temperatures far below the Curie temperature. For better agreement
with experimental data, terms with higher orders of T may also be included and whose
coe�cients have been determined. The value given in the second line of the table is cited
from a 1982 paper by C.D. Graham[7]. Graham states This paper collects and summarizes the
available literature values for the room temperature saturation magnetization of nickel and iron in
an attempt to decide the best values to use for calibrating equipment for magnetic measurements.
However the cited paper is missing the table which reports the value to use for iron. The author
has been contacted and is trying to find the table.

Figure 1.
Iron magnetizations from Graham. Colored bars represent the values used in Bevers’ paper.

2.3. Corrections for B = 1� 4T
The spontaneous magnetization M

s

is the e↵ective magnetization when the sample is saturated.
This is accurate for long thin probes, small applied fields, and low T . At higher B fields two
correction terms are needed:

M

s

(B, T ) = M

s

(0, T ) + a(T )
p
B + b(T )B. (3)

The term proportional to
p
B accounts for spin waves while the term proportional to B describes

the response of conduction electrons. The corrections are at the 0.5% level at 4 Tesla which

C.D. Graham, J. Appl. Phys. 53(1982)2032 
Missing Summary Table!

Colored values used by deBever

Recall: Magnetization 
is magnetic moment 
per unit volume

It seems that iron is 
indeed understood 
well enough for 0.1% 
including corrections 
for high field and 
room temperature.
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Spin versus Orbital
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Not all the magnetization comes from electron spin!

Rate R± =

Z ✓
d�±

d⌦

◆
d⌦

�
P±
Beam

P
Target

(1)

Assume P±
Beam

= ±P (2)

Asymmetry A =
R+ �R�

R+ +R� = hAzzi P P
Target

(3)

Measure A, Calculate hAzzi, “Believe” P
Target

Lots of corrections pile into hAzzi

M
Spin

M
Total

=
2(g0 � 1)

g0

g'=1.919±0.002 (0.1%) 
via Einstein-deHaas  
G.G. Scott (1962) 

This looks like it should be alright, but there has 
been much research in condensed matter physics 
to study this effect using other techniques. 

It would be useful to try and verify this value. Bill is 
looking into the literature, and measurements using 
X-Ray Magnetic Circular Dichroism (XMCD).
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Target Foil Angle
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Figure 1: The top figures are taken from [11]
and show calculations of the magnetization of
a pure iron foil, as a function of applied field
for di↵erent foil angles. The calculations use
a model [15] of uniformly magnetized prolate
ellipsoidal domains. According to this model,
the magnetization saturates for 90� at an ex-
ternal field of ⇡ 2.2 T. Data on the right are
taken from measurements in the Hall C and
(old) Hall A high field Møller polarimeter sys-
tems. The Hall A data suggest the foil is a few
degrees away from perpendicular. 2 2.5 3 3.5 488
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Hall C

A di↵erent approach [10], implemented in Hall C at Je↵erson Lab, using a high magnetic
field perpendicular to the foil plane [11, 12], has reported 1% precision on beam polarization.
Foil targets are made of pure iron, and magnetic fields parallel to the beam and up to 4 kG are
provided by superconducting coils. Measurements in pure iron or nickel point to very precise
knowledge of their magnetization parameters [13, 14]. This approach was adopted in Hall A,
but high precision operation was not achieved, partly due to an unwieldy target design. To
this end, we have constructed a new target assembly for the Hall A Møller polarimeter.

The specifications for this target arm are tied to demonstrating foil saturation to much
better than 1%. One must show that, for increasing holding field, the magnetization exceeds,
say, 99.8% of its maximum value above some point. For our Møller polarimeter, the idea is
to demonstrate this using the Møller scattering asymmetry itself.

Figure 1 shows a model calculation [15] of the magnetization of a pure iron foil in an
applied B-field, for di↵erent angles of the foil plane with respect to the field direction.
According to this model, su�cient saturation should be achieved at 4 T so long as the as
the foil is within a few degrees of perpendicular. Also shown are measured asymmetry data
(normalized to unity at high field) taken with the Hall C polarimeter [10] and also with an
earlier incarnation of the Hall A device. It would appear that the Hall C data saturates at
⇠ 2.2 T, whereas the saturation evidence for the Hall A data is more tenuous.
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± 0.5%

Axial rotation of the target 
is needed to control this.

“Brute Force” polarization needs perpendicular foil

± 1%
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Spectrometer Tune
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Figure 11: Deviations in Field of Quadrupole 3 with Vertical Lines at Nominal Field Value

Figure 12: Deviations in Field of Quadrupole 4 with Vertical Lines at Nominal Field Value
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Spectrometer

dAzz/dBQ

Simulation developed 
(SNAKE) with realistic 
magnetic fields, but I 
guess more expertise in 
GEANT4 so switching?

One result: Azz depends 
on quadrupole fields. 
(Sasha has data that 
optimizes asymmetry, 
should be equivalent.)

Work going on to build reliable & understood simulation
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Analyzing Power ≠ 7/9
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⟨Azz⟩
1%

1%

+1cm

-1cm

⟨Azz⟩=0.758139

⟨Azz⟩=0.758104

Need good simulation to know ⟨Azz⟩ to 0.1%
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Levchuk Effect
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Different kinematics for deeply bound electrons in iron

Gaskell !

L.G. Levchuk, NIM A345(1994)496 498
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L . G . Lecchuk / Nue l . Ins t r . and Me th . i n Phys. Res A 345 (1994) 496-499

Tab l e 2
The i n f l uence o f the mo t i on o f e l ec t rons bound i n t arge t a toms on the ana l yz i ng power for the M IT-Ba t es po l ar tme t ers [4 , 5]

a When i n t ra -a tom i c mo t i on o f bound e l ec t rons i s t aken i n to accoun t .

where do , , " / d f2 o i s the l abora tory f rame Mö l l er
cross-sec t i on for 0 " = 90° . Subs t i tu t i ng Eqs . (11) and
(13) i n to Eq . (12) we f i nd (c f . Eqs . (9) and (10) )

/ ~

 

t / 2
h ' mm(max) = ( 1 +E  / m - ( +) J 2 F1En1 / m)

(14)

The energ i es E for the i nner she l l s o f i ron and
coba l t a toms t aken f rom re f . [9] are l i s t ed i n Tab l e 1 .
Subs t i tu t i ng these va l ues i n to Eq . (14) (or i n to Eqs . (9)
and (10) w i th I P I = 2m I E 11 ) we f i nd ou t tha t the
mo t i on o f i nner a tom i c she l l t arge t e l ec t rons l eads to
an essen t i a l (up to ±9%) angu l ar spread o f the e l ec -
t rons sca t t ered . Th i s resu l t i s a consequence o f re l a -
t i v i s t i c k i nema t i cs : i n the u l t rare l a t i v i s t i c l i m i t the com-
press i on f ac tor y i n Eq . (5) cor respond i ng to the
t rans forma t i on f rom the l abora tory to c . m . f rame for
the two i n t erac t i ng e l ec t rons turns ou t to be sens i t i ve
to even sma l l f l uc tua t i ons o f the ve l oc i t y I V 1 . In our
case such f l uc tua t i ons ar i se f rom the mo t i on o f e l ec -
t rons bound i n sca t t erer a toms .

The cross-sec t i on (Eq . (14) ) fo l ded w i th some func -
t i ons t ak i ng i n to accoun t the po l ar i me t er proper t i es
(de t ec tor responses , angu l ar and momen tum accep-
t ance , secondary processes i n the t arge t , e t c . ) de t er -
m i nes the denom i na tor i n Eq . (2) . At the same t i me ,
the nonzero va l ue o f the numera tor o f th i s formu l a i s
g i ven by the sca t t er i ng on e l ec t rons o f the i ncomp l e t e
ou t er she l l s . S i nce these e l ec t rons are bound very
weak l y , the angu l ar spread o f the sca t t ered e l ec t rons
caused by the i n t ra -a tom i c mo t i on can be neg l ec t ed i n
th i s case . There fore , a sys t ema t i c er ror ow i ng to the
e f f ec t i ve i ncrease o f the t arge t ana l yz i ng power may
ar i se , i f the po l ar i me t er angu l ar accep t ance AO / B i s
no t l arge enough .

The va l ue o f th i s e f f ec t can be es t i ma t ed i n a f i rs t
approx i ma t i on by means o f Eq . (14) w i th t ak i ng i n to
accoun t mu l t i p l e Cou l omb sca t t er i ng i n the t arge t re -
su l t i ng i n fur ther dev i a t i ons f rom the two-body k i ne -

ma t i cs o f the M611er sca t t er i ng . The resu l t s o f the
ca l cu l a t i ons for the M IT-Ba t es po l ar i me t ers [4] ( f i rs t
l i ne ) and [5] (next two l i nes) are presen t ed i n the l as t
co l umn o f Tab l e 2 .

O f course , our ca l cu l a t i ons are on l y es t i ma t i ve . Nev-
er the l ess , one may conc l ude f rom Tab l e 2 tha t the
e f f ec t s o f b i nd i ng and the i n t ra -a tom i c mo t i on o f e l ec -
t rons can man i f es t themse l ves as a source o f the essen-
t i a l overes t i ma t e o f the beam po l ar i za t i on , exceed i ng
cons i derab l y the uncer t a i n t i es o f the t arge t po l ar i za -
t i on Pt = E t / cos a ( these uncer t a i n t i es o f t en dom i na t e
i n the overa l l sys t ema t i c er ror - see , e . g . , re f . [3] ) . For
i ns t ance , i n re f . [5] the va l ue Pt = (8 . 02 ± 0 . 12)% has
been es t ab l i shed , whereas the e f f ec t i ve t arge t po l ar i za -
t i on appears to be 8 . 55% and 8 . 8% for the beam
energ i es 574 MeV and 868 MeV cor respond i ng l y . For
th i s reason the e f f ec t s d i scussed here shou l d be t aken
i n to accoun t i n the deve l opmen t o f M611er po l ar i me -
t ers and the i r use i n exper i men t s w i th po l ar i zed e l ec -
t rons .

A way to e l i m i na t e th i s sys t ema t i c er ror i s to i n-
crease the d i f f erence be tween the energy (DE ' / E ' )
and angu l ar (OB / B) accep t ance . In par t i cu l ar , i n the
case o f the SLAC po l ar i me t er [2 , 10] , where AE ' / E ' =
5% and 09 / B i s abou t 70% , one can neg l ec t the
d i f f erence be tween the ang l es 0 and 6 , (see Eq . (9) )
and cons i der the t arge t e l ec t rons as f ree and mo t i on-
l ess .

In conc l us i on we wan t to no t e tha t our resu l t s
rema i n va l i d when one cons i ders the measuremen t o f
the t ransverse componen t s o f the beam po l ar i za t i on by
means o f a M611er po l ar i me t er .

The au thor wou l d l i ke to thank Pro f . P . V. Sorok i n
for s t i mu l a t i ng d i scuss i ons and he l p fu l commen t s .
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E0
[MeV]

Targe t
th i ckness
[w i n]

Targe t i nc l i na t i on
to the beam ,
a [deg]

0 0

[deg]
OB / B
1%]

Pt
[%]

E f f ec t i ve t arge t
po l ar i za t i on a

[%]

250 13 45 3 . 66 5 . 2 7 5 8 . 0
574 13 30 2 . 42 10 . 7 8 . 0 8 . 55
868 13 30 1 . 96 8 . 7 8 . 0 8 . 8

10% Effect!

See confirmation by M. Swartz, et al, NIM A363(1995)526

We could have a good opportunity to study this with the 
Hall A and Hall C polarimeters (very different optics).

Obviously important that we understand this very well!
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Target Heating
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Some results from Hall C; Possible goal for Kerr apparatus

2% 10%

Probably good idea to address this with calculations. 
The program COMSOL has been recommended.



Jim Napolitano Polarimetry 21 Nov 2016

Background Contributions
• I don’t know of any studies. Please tell me if you do. 

• It’s probably easy enough to calculate quasi-elastic 
scattering and tabulate expected accidental rates. 
Perhaps someone has done this already? 

• If contribution to the Møller scattering coincident 
rate is on the order of 0.1% or more, then we need 
to understand the uncertainties in the calculation.
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Dead Time Corrections
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This might be important, deserves some more study.

Dead time ⌧ Rate R ⌧ ⌧ 1/R =) Rm = R (1�R⌧)

R± = R0 ±� � ⌧ R0

Am =
R+

m �R�
m

R+

m +R�
m

⇡ �

R0

(1� 2R0⌧) = A(1� 2R0⌧)

R0 = 105/sec (?) ⌧ = 10�7 sec (?) means 2% e↵ect!
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Radiative Corrections
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Need to know corrections to the Møller asymmetry, 
and also how they affect cross section and ⟨Azz⟩

Lessons to be learned from PRAD collaboration?

Two references: 
• Jadach & Ward, PRD 54(1996)743  (for SLD) 
• Shumeiko & Suarez, J.Phys.G 26(2000)113 

Jadach & Ward: “The size of the radiative effects, 
≈10%, necessitates that they be computed with 
good precision in any discussion of Møller 
polarimetry with a precision tag better than 10%.”
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Polarization Reversal
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R± = R0 + P±
beam

� P
Beam

� ⌧ R0

Assume P±
Beam

= ±P + ✏ i.e. P+

Beam

+ P�
Beam

= 2✏

A =
R+ �R�

R+ +R� =
P�

R0 +�✏
⇡ A

True

✓
1� ✏

�

R0

◆

�/R0 = 0.05 ✏ = 0.01 (?) means < 0.1% e↵ect

We can check this by reversing the target hold field, 
      which is probably a good idea anyway!
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Conclusions
• It is challenging to demonstrate 0.4% uncertainty in 

beam polarization, but we see no show stoppers. 

• A team effort is needed to knock off each source of 
systematic uncertainty, including documentation of 
all calculations and measurements. 

• Cross check with Compton polarimetry will be the 
ultimate test. These will have to agree to 0.4% or 
better to convince everyone that either is correct.
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