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Measuring proton size

Chambers and Hofstadter, Phys 
Rev 103, 14 (1956)

Hofstadter @ Stanford: 1950s - 
electron scattering

Hadronic physicists all over: 
1960s-2010s - Form factors

Bernauer et al., PRL105, 
242001 (2010)

Zhan et al., PLB705, 59 (2011)
Ron et al., PRC84, 055204 (2011)

Atomic physicists - precise 
atomic transitions in 
hydrogen

Pohl et al., Nature 466, 213 
(2010)

• Slope of form factor at 
Q2 = 0

• Finite-size corrections to 
atomic energy levels

Gilman, ECT* Workshop on the "Proton Radius Puzzle”



Proton RMS Charge Radius
Muonic hydrogen disagrees with atomic physics and electron scattering 
determinations of slope of GE at Q2 = 0.

# Extraction <RE>2 [fm]

1 Sick 0.8950(180)

2 Mainz 0.8790(80)

3 JLab 0.8750(100)

4 CODATA’06 0.8768(69)

5
Combined 

2-4
0.8772(46)

6
Muonic 

Hydrogen
0.8418(7)

JLab

Arrington, ECT* Workshop on the 
"Proton Radius Puzzle”



Formalism

dσ

dΩ
= σMott

E′

E0

n

(F1)
2 + τ

h

2 (F1 + F2)
2 tan2 (θe) + (F2)

2
io

; F1,2 = F1,2(Q2)

electron nucleon

E,

−→

k

E ′
,

−→

k
′

ER,

−→
PR

M

GE,M

γ

Q2 = 4EE′ sin2(θ/2) τ = Q2

4M2

F p
1 (0) = 1 F n

1 (0) = 0

F p
2 (0) = 1.79 F n

2 (0) = −1.91

In Breit frame F1 and F2 related to

charge and spatial curent densities:

ρ = J0 = 2eM [F1 − τF2]
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HUGS 2007, JLAB 4



• In NRQM, the FF is the 3d Fourier transform (FT) of the Breit frame 
spatial distribution - not the rest frame! 

• Boost effects in relativistic theories destroy our ability to determine 
3D rest frame spatial distributions. The FF is the 2d FT of the 
transverse spatial distribution.
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Beam–Target Asymmetry - Principle

Polarized Cross Section:
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Alternatives to Rosenbluth separation



Experiment Setup

HRS

HRS

BCM Rasters Chicane BPM

Local
Dump

Septa
Updated beam diagnostics:
• Beam position monitor (BPM)
• Beam current monitor (BCM)
• Rasters

Polarized 
NH3 Target
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Hall A High Resolution 
Spectrometer (HRS)

Chao Gu, Chiral Dynamics Workshop, Aug 2012

E08-027 and E08-007-II



Γ= A1/A2

• High precision (≈1%) survey of the FF ratio at 
Q2=0.01 - 0.16 GeV2.

• Beam-target asymmetry measurement by electron 
scattering from polarized NH3 target.

• Electrons detected in two matched spectrometers.
• Ratio of asymmetries cancels systematic errors → 
only one target setting to get FF ratio.

E08007 - Part II

A few minor mechanical setbacks !
delayed the start of the experiment by 149 days!

Redesigned/Replaced/Repaired!
Polarized target magnet !
Chicane bellows!
Right Septa Magnet !
Both Septa Max Field!
Local Dump Cooling !
Harp wires !• Ran Feb-May 2012 - Moshe 

Friedman (HUJI) Thesis 
project, work in progress
• Higher Q2 points lost mainly 
due to a series of difficulties 
with magnets

Karl Slifer, Trento 2012

By measuring the asymmetry in HRSright and HRSleft simultaneously at the same
value of Q2 (i.e., the same spectrometer angle) we can take the ratio of the two measured
asymmetries thus completely removing any systematic uncertainties resulting from the
beam and target polarizations and the dilution factor. Note that since the two HRSs are
identical, to first order f1 = f2, where f1 and f2 are the dilution factors for the first and
second HRS, respectively.

Figure 10 shows the coordinate system for the reaction !p(!e, e′)p. Figure 11 shows the
kinematics for the two simultaneous measurements.

Fig. 10. Coordinate system for the reaction !p(!e, e′)p.

Fig. 11. The kinematics for the two simultaneous measurement. The scattered electrons e′1 and e′2
are detected in HRSRight and HRSLeft respectively. The protons p1 and p2 recoil in the direction

of the q-vectors !q1 and !q2 repectively. !S denotes the target spin polarization vector.

We may then invert the ratio of the asymmetries to obtain the equation

µP
GP

E

GP
M

= −µP

a(τ, θ)cosθ∗1 −
f2

f1
Γa(τ, θ) cos θ∗2

cos φ∗

1 sin θ∗1 −
f2

f1
Γ cos φ∗

2 sin θ∗2
(10)
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Reconfigured Hall B magnet services 
Hall A Polarized Target for g2p/gep
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Many Evolutionary Improvements from 
previous runs in Hall C
•Rotation
•Target Stick
•Target Lifter
•Software
•Cryogenics
•Cryostat

Still 5T/2.5T 140/70 GHz

• Polarization at 5T consistent with 
experience
• New record for irradiated NH3 at 2.5 T 

• Polarization (same material and EIO) at 
UVa done without benefit of the 12000 m3  
pump at JLAB  

JLAB Target scientists and technical staff did great!
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UVa Target, Magnet born 1992, died 2012
SLAC - 3 experiments, Hall C - 4 experiments 

Hall B Target exactly same field 
parameters, born 1995, reconfigured

Only real difference is location of the quench protection circuitry, above coil package on left and upstream on the 
right, has implications for gep.



Cryostat also modified (and painted!), 
magnet from Hall B, OVC from SANE. First 
time in Hall A.



Kinematics

•On-line analysis – sanity checks.
•Almost all data extracted – but code is still preliminary:

Status Report

Figure 4: Schematic cross section of Hall A with one of the HRS spectrome-
ters in the (fictitious) 0� position. This figure is taken from [23].

Q2 E E 0 ✓
(GeV2) (GeV) (GeV) (deg)
0.013 1.157 1.150 5.7
0.020 1.712 1.701 4.7
0.030 1.712 1.696 5.8
0.034 2.253 2.235 4.7
0.052 2.253 2.225 5.8

Table 1: Kinematics used for E08-007-II. The Q2 binning is not final

9



•External helicity decoder (Chau Gu).

7% helicity decoder inefficiency

•Preliminary optics (Jixie Zhang and others)
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Figure 1. The top target cell is on the left with the bottom on the right. In each case the blue points are
positively polarized and the black points are negative polarized.

of radiation damage sustained with the same beam flux increases after each anneal until the ma-
terial must be changed. The radiation damage over the course of the experiment can be seen by
studying polarization changes with respects to charge accumulated on the material from the JLAB
Continuous Electron Beam Accelerator Facility (CEBAF) electron beam. The polarization as a
function of charge accumulation is shown in Fig. 1. The same ammonia sample was used over the
entire course of experiment E08-007. The charge accumulation is obtained using the Hall A beam
current monitors (BCM) [8].

The material placed in the top target cell was irradiated at NIST for 140 minutes while the
material placed in the bottom cell was irradiated for 120 minutes. The maximum absolute polar-
ization during the commissioning runs were about 70% for the top cell and 60% for the bottom.
This under-performance in the top cell is an indication that there may have been too many param-
agnetic radicals present from the NIST irradiation. On the other hand the bottom cell performs a
bit better after some dose has been put on it indicating that it may not have been irradiated enough.
After the first anneal, at 5.4× 1015e−/cm2 (3.1× 1015e−/cm2) for the top (bottom) cell in Fig. 1,
the material performance improved reaching over 90% polarized. The first anneal had an average
temperature of about 75 K for 15 minutes. Over the course of the experiment the anneals require
a longer duration at a greater temperature but still less than 100◦ K. The other two anneals on the
target materials are shown in Fig. 2. The points in charge accumulation that the anneals took place
are indicated by the solid vertical lines seen in Fig 1.

The systematic effect of the reversal of the target polarization is checked by comparing the
evolution of the polarization decay in Fig. 1. As seen in the top cell, Fig. 1 (left), the points from
positive polarization match up with the points from negative polarization in the decay trend. In the
bottom cup, Fig. 1 (right), this is less evident. The regions of flatness in the negative polarization
are an indication that the microwave frequency was not set to optimize polarization over that time
period. Under this conclusion no uncertainty is added based on positive and negative polarization
differences.

The charge accumulation history is necessary to charge average the polarization over a data
run to make the polarized target data available to use in physics analysis. This is discussed further

– 3 –

Polarization during gep

Dustin Keller, Uncertainty in DNP Target Data for E08-007
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(#) source error (%)
(1) !T 1.45
(2) !ATE 1.61
(3) !Afit 0.75
(4) RB 0.50
(5) !VQ 0.75
(6) NMR-tune 0.47
(7) !VYale 0.1
(8) !Bdri f t 0.25
(9) !Prun 0.53

!P/P 2.58

Table 1. The system instrumental errors of the polarization measurement for protons in ammonia using
DNP.

4.2 System Instrumental Uncertainty

It is necessary to consider several instrumental uncertainties that effect the quality of the polariza-
tion. In general, the NMR Q-circuit is susceptible to changes over time such as changes in coil
material coupling effected by instability of field, coil orientation, vibration, and chemical changes
as a function of dose. All of these type of contributions are expected to be negligible and can only
be seen over multiple TE measurements. The major contributions to the uncertainty in the evalua-
tion of the calibration constant were the uncertainty in the TE signal area at constant temperature
and in the temperature !T of the material while taking the TE signal based on instrumental limita-
tions. Because the uncertainty in temperature was used to weigh each point in a "2-minimization
fit, discussed in the next section, the uncertainty listed as !T is the residual error effect on polar-
ization. The determination of the TE signal area has errors associated with it from the Riemann
sum !ATE and the Baseline fit !Afit . Another component of polarization uncertainty was the non-
linearities of the Q-meter circuit and changes in the electronic length of the (/2-cable as a function
of temperature of the circuit itself denoted as !VQ. Additional main sources of uncertainty were
tuning changes due to magnetoresistance of the coils and cables inside the cryostat, RB, [11]. It is
worth noting that using a cold NMR can greatly reduce the uncertainty associated with the NMR
tune, see ref. [12].

Also considered are the shifts in NMR tune during data taking, the uncertainty in the gain
voltage !VYale, and the effect of the magnetic field drift during an experimental run !Bdri f t . The
uncertainty that comes from averaging over a run !Prun is discussed in Section 7. All components
of uncertainty are listed in Table 1. The uncertainty !Prun is not instrumental but is listed as part of
the total.

The total uncertainty found in polarization is 2.58%. This uncertainty is prior to the system-
atics involved in using the data to find the optimal calibration constant as well as the systematics
involved in dealing with multiple TE measurements for the same consecutive usage of target mate-
rial.

– 9 –

Additional uncertainties 
from the TE data, total 
error < 3.3% 

Polarization vs run (3085-3130)
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Raw Asymmetries uncorrected for beam or target polarizations

•Asymmetries consistent under both target and beam polarization flipping
•Random tests for the 1.7 and 1.1 GeV data gives similar results



Preliminary

On line polarization, rough estimate of the dilution factor. 

Moshe Friedman, “the asymmetries are far below anything that make sense” 
D. Day, “Situation normal”



Cup Al windows
NMR coils
Tailpiece Al windows

•Dilution factor

fp =
N1�p

N14�14 + N1�p +
P

NA�A
To know f, one needs to 
know the packing fraction,
pf, the amount of material 
in the cup (by volume)



RSS

Done by comparing MC (incorporating 
well-tested model of the scattering 
processes (elastic, QED, DIS) to data 
with varying pfs

PROTON GE/GM FROM BEAM-TARGET ASYMMETRY PHYSICAL REVIEW C 74, 035201 (2006)

of the beam at the target. The calculation of momentum and
out-of-plane angle are sensitive to the vertical position. The
HMS optics matrix has been determined without the target
field. The effect of the target field can be mimicked by using
a effective vertical position at the target with the known HMS
optics matrix in an iterative procedure. The reconstructed
angles and momentum of the electron are determined using the
known HMS optics matrix and an assumed effective vertical
position at the target. The electron is tracked from the entrance
of the HMS back through the target field to the center of
the target using a tabulated map of the target field and the
reconstructed electron momentum and angle. The difference is
taken between this tracked vertical position at the target center
and the vertical position of the beam measured by the SEM. If
the difference is larger than 1 mm, then a new effective vertical
position is assumed and the procedure is iterated until the
difference between the tracked and measured vertical position
is less than 1 mm.

To check the angle reconstruction, data were taken with
the sieve collimator that has a 9 × 9 grid of holes. The
pattern of sieve holes were properly reconstructed by the
algorithm described above. The momentum reconstruction
was checked by looking at the reconstructed final state mass,
W =

√
M2 + 2(E − E′)M − Q2. The peak position of W was

plotted as a function of different target variables. The W peak
position had a slight dependence on the out-of-plane angle
and no dependence on the other target variables. An azimuthal
angle dependence was added to the map of the target field
used in the calculation of the electron’s track that changed
the electron’s reconstructed momentum and eliminated the
dependence of W on the out-of-plane angle.

III. EXPERIMENTAL RESULTS

From Ref. [26], the beam-target asymmetry, Ap, for
elastic electron-proton scattering is related to the ratio of the
proton’s electric to magnetic form factors, r = GE/GM , by
the formula:

Ap = −br sin θ∗ cos φ∗ − a cos θ∗

r2 + c
(2)

in which θ∗ and φ∗ are the polar and azimuthal angles between
the momentum-transfer vector, %q, and the proton’s spin vector.
a, b, c are kinematic factors:

a = 2τ tan
θe

2

√
1 + τ + (1 + τ )2 tan2 θe

2
(3)

b = 2 tan
θe

2

√
τ (1 + τ ) (4)

c = τ + 2τ (1 + τ ) tan2 θe

2
. (5)

The measured asymmetry, Am, is defined as (N+ −
N−)/(N+ + N−), where N+ and N− are the raw counts
normalized for deadtime and charge for opposite beam
helicities. The elastic asymmetry for the perpendicular target
field is

Ap = Am

f PBPT

+ Nc, (6)
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FIG. 3. (a) The yield, Ytot, for scattering from the entire bottom
target is plotted as open circles versus W . The error is smaller
than the circle size. The solid line is Yback, the 12C+He yield
that has been normalized to Ytot in the region of 0.6 < W <

0.85 GeV. (b) The dilution factor, f , for the bottom target versus
W . The dotted line indicates zero to guide the eye.

where the measured asymmetry is normalized by PT , PB , and
the dilution factor, f . The dilution factor is the ratio of the yield
from scattering off free protons to that from the entire target.
Nc is correction to the measured asymmetry that eliminates the
contribution from quasielastic 15N scattering under the elastic
peak.

In Fig. 3(a), the yield, Ytot, for scattering off the en-
tire bottom target is plotted versus W. The peak at W ≈
938 MeV for elastic scattering off free protons is evident
on top of the background from quasielastic scattering from
other target material. The width of the elastic peak is σ =
14 MeV and is determined by the resolution in the scattered
electron’s momentum and angle. The width is consistent with
a combination of 1.5 mr resolution in θe and 1.5 × 10−3

resolution in E′. These resolutions are about 50% larger than
the typical resolutions found with no target field and smaller
raster size.

To determine the shape of the quasielastic background un-
der the elastic peak, data were taken with a 12C disk (immersed
in the liquid helium bath) of areal density comparable to the
ammonia in the target. The solid line in Fig. 3(a) is the yield,
Yback, from the 12C+He data that has been normalized to the
bottom target yield in the region 0.6 < W < 0.85 GeV. The
normalization factor was 1.212 ± 0.007 for the bottom target
and 1.235 ± 0.007 top target. One can see that the 12C+He
matches the shape of 15N+He in the region 0.6 < W < 0.85
GeV. The assumption that the shape of the 12C+He is similar
to the 15NH3+He in the W region under the elastic peak was
tested by a Monte Carlo simulation using realistic cross-section
models and including radiative corrections. The Monte Carlo
predicts that normalization factor is 1.19 (1.22) for bottom
(top) target at W = 0.77 GeV and has slight W dependence of
0.04 every %W = 0.1 GeV. The difference in normalization

035201-5

RSS

Q2 = 1.5 (GeV/c)2

•Dilution factor and packing factor



Nitrogen polarization

Nitrogen is polarized and contributes to the asymmetry

drifting of the NMR system between the times
when the Q-curves and signals were taken for each
section of the nitrogen signal. The structure of the
absorption function around the peaks is a very
dominating feature and, for this reason, the absorp-
tion function can be distinguished from the back-
ground even though the Q-curve was actually
taken on the pedestal of the signal. In addition to
the asymmetry, r, the "t determines the other param-
eters of the absorption function such as A, !

!
,

!
!

and C as well. Once these values were known,
the full absorption function could be calculated
over the whole frequency range. The complete
signal reconstructed in this way is shown in
Fig. 15 for a "eld of 2.5 T. As mentioned above,
the large quadrupole splitting of the nitrogen
system necessitates a more careful calculation of
the nitrogen polarization in terms of the spin
temperature including the second order term in
Eq. (23). The correction is at most a few per mill
for nitrogen polarizations of 20% and less for lower
polarizations. The polarization can be directly
calculated from the asymmetry parameter r using
Eq. (23).

A small e!ect came from the fact that the projec-
tion of the spin on the solenoid "eld, "I

!
#, is smaller

and $%(!) is di!erent at lower magnetic "eld due to
the quadrupole interaction. Since the electric "eld
gradient axis is uniformly distributed, "I

!
# de-

creases. Thus the polarization at 1.68T was under-
estimated. This e!ect was quanti"ed by solving
exactly for the eigenvalues and eigenstates of the
Hamiltonian including quadrupole interactions.
The average di!erence between "I

!
# values cal-

culated at 1.68T compared to 2.45T leads to less
than a 1% relative underestimation of the polariza-
tion at 1.68 T.

Also the NMR signal is smaller at lower "eld
values due to the quadrupole interaction [66].
Therefore, the NMR signal taken at 1.68T is small-
er by 4% compared to the NMR signal at 2.45T.
Integrating the NMR signal and multiplying by the
cross-calibration constant, which was determined
from a pure Zeeman system, underdetermined the
polarization by about 2% relative. This was in-
cluded in the systematic error.

The nitrogen NMR signal was calibrated using
the proton signal at a relatively high temperature

with nitrogen nuclei and protons in thermal equi-
librium, which yields

P
!
"g"

"
I
!
N

"
A

!
g"
!
I
"
N

!
A

"

P
"
+287

A
!

A
"

P
"

. (35)

The same sweep range must be used for taking
NMR signals of either species for the cross-cali-
bration to be valid because, as already mentioned,
the tuning of the Q-meter depends on the fre-
quency. The N/p-coil was calibrated with proton
TE signals at 1 K by changing the "eld to 0.15T
where the proton Larmor frequency is 6.47MHz.
The relative error of the cross-calibration was
estimated to be 2.5%.

An interesting result concerned the test of the
EST theory. This was done by polarizing the pro-
tons with DNP starting from zero and continuing
to the highest possible (positive and negative) value,
stopping along the way to measure the nitrogen
signals. The plot of the data in Fig. 16 supports an
overall agreement with the EST prediction over
a large range of polarizations. The small systematic
deviation from EST, also observed in #$NH

%
[63,64], can be due to the solid-state e!ect [24].
However, for the muon scattering asymmetry
A", this deviation can be neglected as will be shown
below.

The absolute error of 1% for the nitrogen
polarization was found to be dominated by the
uncertainty of "tting the residual background

Fig. 16. A test of EST theory in ammonia material. The nitrogen
polarization, as determined by the cross-calibrated area and
asymmetry methods, is plotted as a function of the proton
polarization. The solid line is the expected relation if the EST
hypothesis is valid.
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Should be small.



E08007 - II Projected uncertainties in proposal



E08007 - Part II Projected uncertainties

Much to do
• Optics - elastic peak is 15 
MeV wide!
• Packing fraction
• Dilution factor
• Radiative corrections
• Nitrogen polarization
• Final beam polarizations
• Systematics

Compare ratio method with results from each arm independently

Regular interactions with g2p would be beneficial


