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The Goal

2

• Measure longitudinal polarization of the CEBAF 
beam in Hall A with relative precision < 0.5% 

• Fast turnaround time, i.e. high rate needed, so 
that Compton polarimeter has a cross check  

• Need to have system that will get polarization for 
beam energies from 1 GeV (PREX) to 11 GeV 

• Use existing equipment as much as possible
➥ Møller scattering using “high field” iron target 

and the existing (modified) QQQQD spectrometer.

Strive for 0.1% uncertainty on all systematics
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The Principle
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• Møller (e−e−) scattering near θcm=90° has a large and 
well understood analyzing power. 

• The magnetization (magnetic dipole moment per unit 
volume) of pure iron at full saturation can be turned 
into electron polarization with high precision. 

• Various other effects can be understood using a 
straightforward approach, at least in principle. 
- Spectrometer acceptance, magnet alignment and 

alignment, Levchuk effect, radiative corrections, 
dead time, target heating, backgrounds, … (?)
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Saturation: The Hard Part
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Model Calculation: 
Phil.Trans.R.Soc.London Series A, 240(826):599,1948. 

➥ Need “perpendicularity” to ~1° for a 4T magnet.
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Some History
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• First effort (late 1990’s) in Hall C by Basel group 
worked out well. See NIM A462(2001)382.  

• Hall C upgraded their system with new 4T magnet. 
• Hall A acquired old magnet and adapted to 

existing “Low Field, Tilted Foil” polarimeter system. 
• Hall A used different spectrometer (QQQD vs QQ) 

- Highly articulated target (six deg of freedom) 
- Measurements in Hall A were inconclusive 

• Upgrades in progress to Hall A system 
- Note: Additional Quad added for 12 GeV
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Existing Saturation Data
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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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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.

3

0.5%

Want to demonstrate saturation to 0.5% or 
better, including small angle dependence.
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Figure 2: Photo of the completed target arm
assembly for the new Hall A Møller polarime-
ter, in a test jig for confirming tolerances. A
Huntington LR-2220-8 Rotary–Linear Actua-
tor is the main component, coupled to high
vacuum flanges to mate to the target cham-
ber. Stepper motors (in hand, not shown) will
control linear and angular motion. Orthogo-
nality of all relevant surfaces to within < 1�

was confirmed on a granite alignment table.
Foil target mounting holes are not yet drilled
in the holder at the end of the actuator.

After discussions with Je↵erson Lab sta↵, we decided that the target positioning appara-
tus needed to be redesigned, in fact closer in concept to the device used in Hall C. The Hall C
apparatus was much simpler, allowing only a single degree of freedom, namely insertion and
removal along a line perpendicular to the beam and field direction. In contrast, the Hall A
apparatus allowed movement in all three linear directions and all three orientation angles,
but adjustments were time consuming and di�cult to reproduce. The target arm assembly
was very heavy and put undue stress on the scattering chamber. Furthermore, vacuum leaks
appeared in di�cult-to-reach places, so significant repairs would need to be done in order to
use it again.

Our new design allows motion in two degrees of freedom, namely insertion and also angle
about the insertion axis. The angular motion will allow us to confirm the angular dependence
shown in the model calculations in Fig. 1. Like the Hall C apparatus, we rely on precise
machining to keep the 1� tolerances on the relevant angles, and confirm these tolerances after
construction.

The completed device is shown in Fig. 2. We are in the process of installing stepper
motors and interface to confirm reproducibility and robustness of the motion control. More
details on next steps are given in Sec. 3.2.

This work was carried out by an MS engineering student (Ben LeRose) at Rensselaer
(funded by JLab) and by an undergraduate engineering student and a professional research
engineer (James Wilhelmi) in the PI’s group at Temple (funded by startup).

2.2 Møller Spectrometer Simulations

Progress has also been made on simulating the spectrometer used to detect Møller scattering
events. This is important because the analyzing power A

long

(✓
cm

) depends on the Møller
scattering angle, so a good knowledge of the acceptance is needed to calculate the average
analyzing power hA

long

i and to evaluate potential systematic uncertainties.

Unlike the spectrometer in Hall C (a QQ system that defocusses in the horizontal plane),

4

New Target Holder
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Target Holder: Notes
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• Support jig is only for dry assembly and testing 
the stepper motor mounting and operation 

• Rotary and linear action measured and confirm 
less than one-degree tolerances 

• Target holder is blank, waiting for specs on foil 
holders before cutting openings 

• Want to mount and test stepper motor control 
at Temple before moving to Jefferson Lab
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New Magnet Assembly
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Figure 6: New mag-
net system, purchased
by JLab, to provide the
target holding field for
the Hall A Møller po-
larimeter. The tar-
get ladder (Fig. 2) is
inserted from the top,
mating to the flange
shown in the concept
and schematic.

our precision goals and strategies for dealing with them. Two e↵ects included in “Others”
are statistical precision, and radiative corrections to the Møller formulas. The count rate for
typical foil targets is relatively large, on the order of tens of kHz, so the 106 events needed
for 0.1% precision in a fraction of an hour. Nevertheless, running times will be chosen to
confirm our control of systematic uncertainties such as foil saturation and target heating.

Radiative corrections to O(↵) should be taken into account in order to achieve better
than 1% accuracy. Indeed, for 50-100 GeV incident beams, these corrections are large [31, 32],
on the order of 10%, and depend on details of the scattering detection scheme.

However, we expect these e↵ects to be smaller for the energies considered here, to be
confirmed by calculation and modeling. Indeed, some work [33, 34] has already been done
for JLab energies, and we are in touch with others at the laboratory developing relevant
codes. In fact, a very recent journal submission [35] has come to our attention which bears
directly on our work here.

3.2.2 Specific tasks remaining in the short term

We will continue with the simulation we developed, described in Sec. 2.2 in order to fully
understand the spectrometer acceptance. Many e↵ects can contribute to uncertainties in
hA

long

(✓)i and we need to be fully aware, quantitatively, of the various possibilities.

We need to integrate the target holder with the holding field magnet. Je↵erson Lab
recently purchased a new 5 T superconducting magnet from American Magnetics. See Fig. 6.
This system replaces an older cryogenic magnet assembly, purchased and later discarded by
the Hall C group, and which posed significant di�culties when it was first used in Hall A.
The magnet will need to be mapped and the assembly aligned to the spectrometer and beam
line, so that the beam and holding field are collinear, and perpendicular to the plane of the
target foil, to within 1� as discussed in Sec.2.1.

The scintillation detectors at the back of the spectrometer need to be tested, aligned, and
brought up. This should all be straightforward, but it will take dedicated e↵ort. Similarly
for the updated data acquisition system, including an evaluation of the dead time.

12

Top View

Vertical 
target 

insertion

5T System purchased from American Magnetics by JLab
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Beyond Saturation

10

What else is needed for precision 0.5% or better?

• Must understand spectrometer acceptance, including 
potential magnetic field uncertainties, to this precision. 

- This is underway, more slides to follow 
• Magnet mapping critical, including beam line survey 

and possible effects of nearby yoke steel 
• Levchuk effect: Need simulations with our geometry 
• Radiative corrections: Simulations (see Duke group) 
• Target heating and possible depolarization studies 
• Electronics and DAQ dead time (should be small) 
• Scattering background determination
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Spectrometer Simulations

11

Much already done as MS Project for Ted Berger (RPI)

Figure 3: The Hall A QQQQD
Møller spectrometer as sim-
ulated with Snake for a
1.06 GeV incident electron
beam. The quadrupole and
dipole magnetic elements
include fringe fields, and over-
lapping magnet regions are
incorporated between each
quadrupole pair. A variable
target holding field is included.

the Hall A device has a QQQQD magnetic design1. The quadrupoles are tuned di↵erently
depending on the incident beam energy, optimizing acceptance for ✓

cm

= 90�. Thus far we
have studied in detail the behavior for a beam energy of 1.06 GeV, as is needed for PREX-II.

Figure 3 shows the magnetic elements of the spectrometer, including a Snake [16] ray-
tracing for a sample of events near ✓

cm

= 90�. The Snake model was developed for this
analysis, allowing us to modify it as necessary for other beam energies and to optimize set-
tings. It incorporates all magnetic elements and fringe fields. The quadrupole magnets are
set using an ad hoc prescription that we inherited from earlier studies, but these settings
deserve additional study to minimize systematic uncertainties in the analyzing power.

We carry out simulations by generating a set of polarized Møller scattering pairs in a
limited range of (✓

cm

,�
cm

), tracing the rays through the magnetic elements with Snake,
imposing limitations of various collimators, and requiring that both electrons strike their
respective detectors at the exit of the dipole.

Our first look at the systematic uncertainty in hA
long

i comes from comparing our Snake
simulation to a previously developed Geant simulation. Generating 500K events, which
yields approximately 180K for each of the simulations, we find hA

long

i = 0.7606(0.7596)
for Snake (Geant). This indicates a systematic di↵erence of less than 0.2%, including
statistical uncertainty in the simulation. We consider this a good start.

We have also studied the e↵ect of the target holding field on the analyzing power. Al-
though the transverse kick of this Helmholtz field is significant, its e↵ect is primarily to
rotate events in �

cm

, to which the analyzing power is insensitive, so the e↵ect is very small.
Turning the field o↵ yields hA

long

i = 0.7591 for our Snake simulation, compared to 0.7606
with a 4 T holding field, as described above.

One potentially serious e↵ect on the systematic uncertainty has to do with our knowledge
of the actual magnet field values as compared to the nominal settings. One of our last
simulations to date has been to vary the quadrupole fields and measure the e↵ect on the

1
The spectrometer optics originally used a QQQD design, but a fourth quadrupole was added in prepa-

ration for operation at 11 GeV.

5

Tuned for 1.06 GeV beam (PREX)

Settings from Dec 2000 note (Glamazdin and Chudakov) 
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Quad Settings

12

So far we have only 
studied the settings for 
PREX beam energy.

“Each energy is a 
new spectrometer.”
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Simulation Details

13

Promising first result on systematic uncertainties: 
GEANT and SNAKE result for ⟨Along⟩differ by 0.2%

• Started with GEANT simulation inherited from 
Sasha and others; Mainly studied 11 GeV. 

• Wanted to have close control over parameters, 
including holding field, collimators, and so on. 

• Decided to build a SNAKE simulation starting 
from fundamentals, including our own fields. 

• Good progress made, package now in place, 
documentation and authors are available.
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Focus so far on ⟨Along⟩

14

Must know average accepted analyzing power to 
sufficient precision for a 0.5% polarization measurement.

Figure 7: Electron Positions at Detector Weighted by Analyzing Power

Figure 8: Angular Acceptance Histograms Comparing Unpolarized and Polarized Møller Cross Sections for
Event Generation

10
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First Exploration: Target Field

15

Result Figures

Figure 2: Angular Acceptance Histograms for 0 T and 4 T Holding Field Values Comparing SNAKE and
GEANT Models

7

Big effect on 
azimuthal 
scattering 
angle…
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Figure 3: Analyzing Power Histograms for 0 T and 4 T Holding Field Values Comparing SNAKE and GEANT
Models

Figure 4: Mean Scattering Angle ✓ vs. Holding Field with Standard Deviation Error Bars (See distributions
in figure 2)

8

… but the effect on the average analyzing power is minimal.

Note: This cutoff is seen in 
SNAKE but not GEANT and gives 0.2% difference



PREX/CREX Collaboration Meeting 15-16 December 2014

Another Study: BQUAD Sensitivity

17

Quad �hA
long

i/�BQ (T�1)
Q1 0.3631
Q2 0.7725
Q3 0.7337
Q4 0.7633

Table 1: Partial derivatives of average analyzing power
with respect to quadrupole field setting, from our Snake
simulation. These imply that we need to control nominal
field settings at the several Gauss level, to achieve an
ultimate systematic uncertainty of much less than 1%.

average analyzing power. Table 1 shows our first results for the partial derivatives of the
analyzing power with respect to each of the quadrupole field values, from a linear fit near
the nominal settings. The implication is that we need to control the magnetic field strengths
to the level of several Gauss.

This work was carried out by an MS physics student (Ted Berger) at Rensselaer, and
funded by prior NSF funds and the PI’s Temple University startup. Berger’s MS project
report gives more details on the simulations, and additional information is given in Sec. 3.2.

2.3 Broader Impacts in Prior Support

Broader Impacts of work done the prior five years, both supported by NSF and otherwise,
center around the training of students in nuclear physics research. The PI has had graduate
students go on to successful careers at national laboratories, universities, and in industry.
The PI also has a long history of successfully mentoring undergraduate physics students that
have gone on to Nuclear Physics PhD programs at Maryland, Michigan, Michigan State,
UC Irvine, UCLA, and elsewhere. Some BS graduates found other career paths, including
Technical Instructor in the Physics Department at MIT, for example. Additionally, much
of the work described in Sec. 2.1 was carried out by undergraduate mechanical engineering
students at Rensselaer and the University of Delaware.

Moving to Temple University gives the PI the opportunity to broaden this undergraduate
outreach to a larger class of students and have a greater impact on the community. See Sec 4.

The PI is also very active in outreach activities for nuclear physics research and the
broader perspective of education. The primary research activity of the PI for the past several
years has been the Daya Bay Reactor Neutrino Experiment, funded separately through the
O�ce of High Energy Physics at the US Department of Energy. Although classified as “‘High
Energy” at the DoE, the PI has represented Daya Bay to the nuclear physics community
on a number of occasions, including an invited talk at DNP 2012 and a contributed talk at
DNP 2014. He has also presented Daya Bay as invited talks at several other conferences,
and also in seminars and colloquia at universities and laboratories.

The research proposed here represents the PI’s interest in contributing to exciting oppor-
tunities at Je↵erson Laboratory. He has also recently joined the JLab PAC, for the PAC41
and PAC42 meetings in Summer 2014, and will be PAC Chair starting with PAC43.

Furthermore, the PI served as Co-Chair of the local organizing committee for the 2014
Joint QCD Town Meetings at Temple University, 13-15 September 2014. He has also served

6

➥ For 0.1% uncertainty in δ⟨Along⟩
need to know BQUAD to several Gauss.

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

12

⟨Along⟩

⟨Events⟩

⟨θCM⟩

⟨ΦCM⟩
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Target Heating Data

18

This is from the Hall C and Basel groups!

2%
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And in case you 
were wondering…
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Figure 5: Target heating measurements from the Hall C/Basel group. Left: Magnetization
versus temperature for a saturated pure iron foil [11, 12]. Right: Beam polarization mea-
surements at di↵erent beam currents, with and without a beam kicker to raster the beam.

Table 2: Systematic error summary for Møller polarimeters at JLab. The Hall C polarimeter
is described in [10] and the tilted-foil Hall A polarimeter is described in [7, 8].

Systematic Hall C Hall A Strategic Approach
E↵ect Tilted Proposed

Target polarization 0.25% 1.50% 0.25% Demonstrate saturation vs B ...
Target angle ? 0.50% ? ... and tilt angle
Analyzing power 0.24% 0.30% 0.20% Accurate spectrometer simulation
Levchuk e↵ect 0.30% 0.20% 0.20% Simulation w/atomic modeling
Target heating 0.05% ‡ 0.05% Match data to heating calculation
Dead time ‡ 0.30% 0.10% Confirm “zero dead time” w/FADC
Background ‡ 0.30% 0.10% Measurements with beam
Others 0.10% 0.50% 0.10% See text

Total 0.47% 1.8% 0.42%
?: Not applicable ‡: Assumed zero
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Summary and Outlook

20

• New target holder ready to go, waiting on magnet. 
• Simulation software in good shape, and first results 

with it look promising and point to other issues 
• Magnet mapping and beamline alignment are the 

most critical issues to attack now 
• Need to get simulation restarted to continue study of 

systematics, including CREX beam energy 
• Given good simulation, turn attention to studies of 

Levchuk and Radiative Corrections 
• Must come up with a plan to study target heating

Remember: It is not easy to get down to 1%


