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PREX Introduction

What PREX measures

• 208Pb Radius EXperiment is sensitive to the neutron distribution
through parity-violating elastic scattering of polarized electrons
from unpolarized nuclei

• From this, one can obtain Rn =
√
〈r2n〉, and ultimately the

neutron skin thickness, defined as:

∆rnp = Rn −Rp
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PREX Introduction

Why PREX-II?

• PREX-I ran in spring 2010
• Issues with radiation and target lifetime
• Only ∼ 15% of planned statistics recorded

o-ring destroyed by radiation

Measured ∆rnp = 0.33+0.16
−0.18 fm
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PREX Theory

Scattering form factor

Extended target cross section is modified by a form factor:(
dσ

dΩ

)
ext

=

(
dσ

dΩ

)∗ ∣∣F (q2)
∣∣2

F (Q2)

F (q2) is the Fourier transform of charge density:

F (q2) =

∫
ρ(x)e−iq·xd3x

Decades of scattering experiments yield
nuclear charge (proton) distributions

→ requires several measurements at
different Q2

→ neutrons are nearly invisible to
electromagnetic processes
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PREX Theory

Extracting RMS radius

What information can you get from a single measurement?

Expand about q2 = 0 for spherically symmetric nuclei:

F (q2) ≈
∫ (

1− (q · x)2

2
+ ...

)
ρ(x)d3x

= 1− 1

6
q2〈r2〉

Therefore, the average radius squared of the charge distribution is

〈r2〉 = −6
dF (Q2)

dQ2

∣∣∣∣
Q2=0

7 / 37



PREX Theory

Parity-violating electron scattering

Two tree-level diagrams for e− + 208Pb→ e− + 208Pb

e−

γ

e−

208Pb

Photon exchange

• Sensitive to protons (FEM )
→ QpEM = 1, QnEM = 0

• Conserves parity
→ML

γ =MR
γ

e−

Z

e−

208Pb

Z exchange

• Mostly sensitive to neutrons (FW )
→ QpW ≈ 0.05, QnW = −1

• Violates parity
→ML

Z 6=MR
Z

σ ∝ |Mγ +MZ |2 = |Mγ |2 + |MZ |2 + 2M∗γMZ

How can neutron-sensitive term be observed?
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PREX Theory

PREX measurement

Measure the parity-violating asymmetry :

APV =
σL − σR
σL + σR

≈ Mγ(ML
Z −MR

Z)

M2
γ

In the Born approximation:

APV =
GFQ

2

4πα
√

2

[
4 sin2(θW )− 1 +

Fn(Q2)

Fp(Q2)

]

• Measuring APV determines Fn(Q2)

• At small Q2 ≈ 0, Fn(Q2) yields Rn

9 / 37



PREX Theory

Neutron radius

[X. Roca-Maza et al.] 3
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FIG. 2: Same as Fig. 1 against the neutron skin of 208Pb.
The linear fit is 107Apv = 7.88�3.75�rnp. The correlation is
found to be quite stable: for example, if we remove the forces
excluded by the depicted test constraint, then r = 0.990.
The figure also shows the points calculated with the neutron
densities deduced from experiment in Refs. [2, 3, 5].

fectively removed by analyzing Apv vs rn � rp. Ac-
tually, the correlation of Apv and �rnp is implicit in
the BA. That is, expanding Eq. (2) at q ! 0 yields
Fn(q)/Fp(q) ! 1�(rn +rp)(rn�rp)q

2/6, which is driven
by rn � rp (rn + rp ' 11.1 fm changes by less than 3% in
the models). Though Coulomb distortions correct Apv by
more than 30–40%, the correlation prevails in the DWBA
result. One sees in Fig. 2 that any nuclear model accu-
rately calibrated to masses and charge radii nearly falls
on the best-fit line and that the confidence band of the
regression is very narrow. Looking at Fig. 1, it can be
realized that di↵erent models, similarly successful for the
well-known observables, can give the same Apv with dif-
ferent rn (cf. MSkA, BCP, and SkM*; Sk-Rs, Ska, and
FSUGold; SkI5 and G2), but almost the same �rnp are
obtained with these forces. That the prediction band
of the regression is wider horizontally in Fig. 1 than in
Fig. 2 points to the same fact. Thus, one expects more
accurate estimates of neutron observables using the cor-
relation of Fig. 2. Having found �rnp, one can get rn

by unfolding the finite size of the proton charge from the
accurate 208Pb charge radius [12]. We note that our anal-
ysis allows one to deduce �rnp and rn from Apv without
assuming any particular shape for the nucleon density
profiles. Altogether, we believe our results firmly back
the commissioning of an improved PREX run where Apv

can be measured more accurately. The present method
will permit to retain in �rnp and rn most of the ex-
periment’s accuracy. As recently proposed [26], if rn is
first precisely known, then a second measurement can be
made at higher energy to constrain the surface thickness
of the neutron density of 208Pb.

The correlation of Apv with �rnp is universal in the
realm of mean field theory as it is based on widely dif-
ferent nuclear functionals. It is of interest to get further

indications on it by looking at existing experiments. The
208Pb neutron densities found via proton elastic scatter-
ing at 0.8 GeV in [2] and 0.3 GeV in [3] were both deduced
from the data in a way consistent with the experimen-
tal charge density of 208Pb (known by electron elastic
scattering). We computed Apv using the neutron and
charge densities quoted in these works and plotted the
results in Fig. 2 against the central �rnp value of each
experiment (0.14 fm in [2] and 0.21 fm in [3]). We did
the same with the data deduced from the antiprotonic
208Pb atom [5] (now using the Fermi nucleon densities
of Table VI of [5]). It is seen that the theoretical cor-
relation of the models nicely agrees with these points.
Our test value Apv = 0.715 ppm of 3% accuracy from
PREX would give �rnp as 0.195 ± 0.057 fm (see Fig. 2).
As reviewed in [11], we may recall that the recent con-
straints from strong probes, isospin di↵usion, and pygmy
dipole resonances favor a range 0.15–0.22 fm for the cen-
tral value of �rnp(

208Pb). Recent informations on the
nuclear equation of state derived from observed masses
and radii of neutron stars suggest a similar range 0.14–
0.20 fm [24, 28].

Finally, we analyze how PREX can constrain the den-
sity dependence of the nuclear symmetry energy Esym(⇢)
around normal density ⇢0, which is characterized by the
slope coe�cient L = 3⇢0 @Esym(⇢)/@⇢|⇢0

in the literature
[17–21]. A larger L value implies a higher pressure in
neutron matter and a thicker neutron skin in 208Pb. In-
terest in L permeates many areas of active research, such
as the structure and the reactions of neutron-rich nuclei
[15–21], the physics of neutron stars [22–24], and events
like giant flares [29] and gravitational radiation from neu-
tron stars [30]. The available empirical estimates span
a rather loose range 30 . L . 110 MeV, with the re-
cent constraints seemingly agreeing on a value around
L ⇠ 60 MeV with ±25 MeV spread [17–21]. A micro-
scopic calculation with realistic nucleon-nucleon poten-
tials and three-body forces predicts L = 66.5 MeV [31].
Figure 3 displays the correlation between �rnp(

208Pb)
and L [17–19] in the present analysis. Imposing the previ-
ous constraint �rnp = 0.195±0.057 fm yields L = 64±39
MeV. While the central value depends on our test as-
sumption Apv = 0.715 ppm, the spread following from
a determination of Apv to 3% accuracy, essentially does
not. Then, we have to conclude that a 3% accuracy in
Apv sets modest constraints on L, implying that some
of the expectations that this measurement will constrain
L precisely may have to be revised to some extent. To
narrow down L, though demanding more experimental
e↵ort, a ⇠1% measurement of Apv should be sought ul-
timately in PREX. Our approach can support it to yield
a new accuracy near ��rnp ⇠ 0.02 fm and �L ⇠ 10 MeV
well below any previous constraint. Moreover, PREX is
unique in that the central value of �rnp and L follows
from a probe largely free of strong force uncertainties.

In summary, PREX ought to be instrumental to pave
the way for electroweak studies of neutron densities in
heavy nuclei [9, 10, 26]. To accurately extract the neu-

• Measuring APV to within ∼ 3% yields Rn to within ∼ 1%

• PREX-I result: APV = 656± 60 (stat)± 14 (sys) ppb
→ uncertainty dominated by 9% statistical error!
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PREX Physics implications

Symmetry energy

The nuclear binding energy is modeled by:

B(A,Z,N) = aVA− aSA2/3 − aC
Z2

A1/3
− aP

δ

A1/2
− aA

(N − Z)2

A

Asymmetry term ∝ (N − Z)2:
Energy cost arising from unequal number of neutrons and protons

Express energy per nucleon in terms of nucleon asymmetry η ≡ N−Z
A :

ε(ρ) =
B(ρ, η = 0)

A
+ S(ρ)η2

S(ρ) is the density-dependent energy contribution from asymmetry in
nucleus → depends on neutron equation of state!
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PREX Physics implications

Neutron equation of state

[B. Alex Brown]

VOLUME 85, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 18 DECEMBER 2000

literature, one finds a much larger range (0.05 to 0.25 fm)
of S values. [I will consider the 20 SHF interactions given
in Table I of Ref. [11] together with MSkA [12] (21), SkT6
[13] (22), SkP [14] (23), SkSC4 [15] (24), SkX [6] (25),
and SkXcsb [7] (26).]

It quickly becomes apparent that the new aspect of SkX
which constrains the S value is the FP neutron EOS. The
neutron EOS was introduced as a constraint into SkX
following the suggestion of Pethick and Ravenhall [16]
that the existing Skyrme parameter sets gave an extremely
wide range of predictions for the neutron EOS, many
of which were far from the “fundamental” FP calcula-
tion. Indeed, if the FP neutron EOS is removed from
the SkX fit, a much wider range of S values would be
acceptable.

In the Skryme interaction fit one linear combination
of exchange parameters (dominated by the s wave term
x0) is well determined by nuclear binding energies and
radii, whereas another linear combination (dominated by
density-dependent term x3) can only be well determined
by additional constraints to the neutron EOS, or as I will
show, by the neutron rms radius. (The x1 and x2 parame-
ters are much less important for the present problem.) The
situation is illustrated in Fig. 1 where the binding energy
difference between 132Sn and 100Sn, which is sensitive to
the asymmetry (N 2 Z) energy term in the nuclear bind-
ing energy, is plotted against S for 132Sn for the 26 Skryme
parameter sets mentioned above. Whereas most of the SHF
parameter sets do fairly well for the binding energy dif-
ference, they give a wide range of values for S in 132Sn.
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FIG. 1. The binding energy difference between 132Sn and
100Sn plotted vs the S value in 132Sn for 26 Skyrme parameter
sets (filled circles and plusses). SkX is indicated by the
cross. The horizontal line is the experimental binding energy
difference. The filled circles are those 18 sets which are used
for the subsequent figures.

Figure 1 also serves to eliminate from further considera-
tion eight of the 26 Skyrme parameter sets which do not
reproduce the binding energy difference.

The neutron EOS for the remaining 18 parameter sets
are shown in Fig. 2. One observes the extreme varia-
tion discussed by Pethick and Ravenhall. The FP EOS
is shown by the filled circles. Although some of the pa-
rameter sets come quite close to the FP points (the SkX
and SkXcsb by design), most of them deviate significantly.
It is observed that there is a family of curves which can
be distinguished by their derivative at some value of the
density near that found in nuclei which we will take at
rn ! 0.10 neutron!fm3. A plot of this derivative vs the
S value for 208Pb is shown in Fig. 3. There is a very
tight correlation. Thus, within the wide range of Skyrme
parametrizations which have been explored, an experimen-
tal S value for 208Pb will provide a new and important
constraint on the neutron EOS. It will be necessary to
further explore within the Skyrme model and within other
mean-field models whether or not the correlation between
the neutron skin and the neutron-matter derivative is as
unique as it appears to be in Fig. 3.

The FP EOS for nuclear matter and neutron matter
are based upon variational calculations using the y14
nucleon-nucleon (NN) potential which reproduces NN
scattering data and a phenomenological three-nucleon
(NNN) interaction (which was modeled as a density-
dependent NN potential) and adjusted to reproduce the
properties of nuclear matter. The NNN interaction for
neutron matter is not known from experiment, and FP
made several assumptions about the isospin dependence of
the NNN interaction in order to obtain their neutron EOS.
The results of more recent neutron matter calculations are

E
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FIG. 2. The neutron EOS for 18 Skyrme parameter sets. The
filled circles are the Friedman-Pandharipande (FP) variational
calculations and the crosses are SkX. The neutron density is in
units of neutron!fm3.

5297

• Parameterizations are constrained by:
→ nuclear density
→ proton RMS radii
→ nuclear binding energies

• Even parameter sets that satisfy these
constraints vary widely in
extrapolation of neutron EOS

To first order, models differ by the slope L of EOS near saturation density:

• Small L → “soft” EOS

• Large L → “stiff” EOS
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PREX Physics implications

Constraints from PREX

Neutron skin thickness is correlated with slope of neutron EOS

[B. Alex Brown]

VOLUME 85, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 18 DECEMBER 2000
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FIG. 3. The derivative of the neutron EOS at rn !
0.10 neutron!fm3 (in units of MeV fm3!neutron) vs the S value
in 208Pb for 18 Skyrme parameter sets. The cross is SkX.

provided by Wiringa, Fiks, and Fabrocini [17] and Akmal
and Pandharipande [18]. Generally the agreement with FP
is good up to about rn ! 0.10 neutron!fm3. At higher
density the differences in the various NN potentials [17]
and the very uncertain NNN potential become important.
Thus, although the FP neutron EOS serves as a reasonable
starting point, we do not have a truly fundamental theory
for neutron EOS. Any constraints coming from the prop-
erties of nuclei such as the neutron radii are extremely
important.

Given the difficulty of the JLAB measurement, it is
important to know to what extent a measurement of S
in one nucleus such as 208Pb will be applicable to other
nuclei. There are two points to investigate: the dependence
of S on mass and the dependence of S on the asymmetry
in the Fermi energy for protons and neutrons. For the first
case, I compare in Fig. 4 the S values for two nuclei near
the valley of stability (where the Fermi energies for protons
and neutrons are about equal to each other), those for 208Pb
and 138Ba. One observes a nearly linear relationship which
starts at S ! 0. For the second case, I compare in the
same figure the S value in 208Pb to the S value for 132Sn
where the neutrons at the Fermi surface are bound about
8 MeV less than the protons (see Figs. 4 and 5 in Ref. [6]).
Again there is a tight correlation, but the asymmetry in
the Fermi energy produces a systematic increase in the
neutron skin for all of the 18 SHF parameter sets. Thus
there are two clear mechanisms for producing a neutron
skin. One which is related to the asymmetry in the Fermi
energy is well determined within SHF, and another which
depends on the neutron EOS is undetermined unless one
adds a constraint to the neutron EOS. It is the Fermi-
energy asymmetry effect which dominates the increase in
the matter radii of neutron-rich light nuclei such as in the
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FIG. 4. The S value for 208Pb vs the S values for 132Sn (filled
circles) and 138Ba (plusses) for 18 Skyrme parameter sets. The
horizontal line is the SkX value for 208Pb.

Na isotopes [11]. Thus it is most important to accurately
determine the neutron rms radius in a stable nucleus such
as 208Pb. The neutron rms radius of 208Pb will provide
an important new constraint on the neutron EOS models
which are used to calculate the properties of neutron stars
[17]. The results discussed here are based upon a wide
variety of parametrizations for the Skyrme Hartree-Fock
model for finite nuclei and nucleon matter. It will be
important to explore the generality of these conclusions
within the Skyrme model as well as in other mean-field
models.

This work was stimulated by discussions with Chuck
Horowitz and Dick Furnstahl during the ECT workshop
on “Parity Violation in Atomic, Nuclear and Hadronic Sys-
tems” which was held in Trento, Italy, June 5–16 (2000).
Support for this work was provided by the U.S. National
Science Foundation Grant No. PHY-0070911.
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• Measuring ∆rnp constrains
neutron EOS

• Stiffer EOS leads to thicker
neutron skin
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PREX Physics implications

Neutron stars

Radius of neutron star depends on slope: RNS ∝ C(M,ρ)L1/4

[C. J. Horowitz and J. Piekarewicz]

Thick neutron skin = big neutron stars!
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PREX Experimental overview

Jefferson Lab
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PREX Experimental overview

Accelerator and Hall A

Polarized 
injectorHall

A

B

C

Hall
D

North linac

South linac

• Max energy:

- 12 GeV to Hall D
- 11 GeV to Halls A, B, C

• Each linac has 20 + 5 cryomodules
containing several RF cavities

• +2.2 GeV per pass

• PREX: E = 1.063 GeV

RHRSLHRS

septum

e- e-

12° (HRS min)

5° (PREX)

beam
target

collimator

polarimeters
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PREX Experimental overview

Polarized injector

Strained GaAs cathode struck with circularly polarized (L = ±1) photons

• Straining GaAs crystal breaks degeneracy between P1/2, P3/2 states

• L = +1 (−1) photons promote electrons to m = − 1
2 (+ 1

2 ) conduction
band
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PREX Experimental overview

Polarimeters

The beam polarization is determined by two independent measurements:

• Compton polarimeter

• Beam scatters off infrared laser
• Polarization-dependent Compton cross section is measured

• Møller polarimeter

• Beam scatters off polarized iron foil
• Polarization-dependent Møller cross section is measured

The measured asymmetry is corrected by the polarization:

AphysPV =
AmeasPV

P

PREX-I averaged P = 89.2± 1.1%
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PREX Experimental overview

Lead target

• Lead foil = 0.5mm thick

• Sandwiched between two
0.15mm thick diamond foils

• Copper frame cooled by liquid
helium

• PREX-II considering target
ladder with up to 15 windows
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PREX Experimental overview

High resolution spectrometer

• Two spectrometers (left and right)

• Each has three quadrupoles (focus), one dipole (bend/separate)

• Resolution allows separation of 1 GeV elastically scattered electrons from
first inelastic peak of 208Pb (-2.4 MeV)
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PREX Experimental overview

HRS pictures
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PREX Experimental overview

Detector hut

• Tracking detectors measure position and angle at the focal plane

• Integrating quartz Cherenkov detectors measure APV
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PREX Experimental overview

Measurement

Two data acquisition modes:
Spectrometer DAQ

• Low current

• Single electrons events

• Tracks → Q2

Parity DAQ

• High current

• Integrate signal over window

• Statistics (measuring 10−7!)

• Helicity flipped at 120 Hz

• Quartets (helicity windows)
followed LRRL or RLLR
pattern

• Asymmetry APV recorded
for each quartet
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PREX Experimental overview

Momentum transfer

The absolute value of momentum transfer squared is given by:

Q2 = 2EE′(1− cos θ)

Need to measure:

• Initial (beam) energy E

• Final energy E′

• Scattering angle θ

Physical interpretation of APV requires measurement of Q2 to better than 1%
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Cherenkov detectors

Section 2

Cherenkov detectors
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Cherenkov detectors Overview

Cherenkov radiation

n > 1

!v > c/n

• Material with index of
refraction n

• Charged particle passes
through faster than local
speed of light

• Cherenkov “cone” emitted
at angle θ, where
cos(θ) = (1/nβ)

• Used in charged particle
detectors (with PMT for
light detection)
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Cherenkov detectors Overview

PREX-I detector

e-, 𝜇-

PMT

quartz

𝛾

Cherenkov cone angle
θCh ≈ 45◦

PMT positioned so segment of Cherenkov cone
is directed straight into cathode
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Cherenkov detectors Overview

PREX-I detector CAD

21

Detector
• Four independent quartz Cêrenkov detectors.

• Al mirror light guide reflecting Cêrenkov 
photons toward PMT (to integrating ADC). 

Opening for PMT

Patrick Rogan, UMass.

Aluminum Mirrors

Quartz (14.0 cm x 3.5cm x 1.0 cm)

Quartz, side view
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Cherenkov detectors Overview

Detector characterization

Look at detector response from many single-electron events

Entries  157301

Mean    31.74

RMS     13.15

 / ndf 
2
χ   2167 / 81

LWidth    0.012± 1.404 
MPV       0.02± 25.51 
Integral  6.828e+02± 2.675e+05 
GSigma    0.021± 5.099 

Photoelectrons
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Entries  157301

Mean    31.74

RMS     13.15

 / ndf 
2
χ   2167 / 81

LWidth    0.012± 1.404 
MPV       0.02± 25.51 
Integral  6.828e+02± 2.675e+05 
GSigma    0.021± 5.099 

Run 27431 (JLab)

Resolution = 41.4%

• PEs: number of primary
electrons emitted from cathode

• Ideally, distribution would be
δ-function: detector responds
identically to every event

• High-energy tail caused by
secondary electron emission in
quartz (δ-rays)

• Thicker quartz yields brighter signal, but larger width (more δ-rays)

• Minimize detector resolution = σx/x

• Error in asymmetry given by δA =
√

(1 + σx/x)/N
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Cherenkov detectors Overview

Design improvement (PREX-II prototype)

e-, 𝜇-

PMT

quartz

𝛾 • Quartz total internal reflection θTIR

• θCh ≈ θTIR ≈ 45◦

• Very sensitive to incident angle!
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Cherenkov detectors Overview

PREX-II prototype CAD
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Cherenkov detectors Overview

Beam test at Mainz Microtron

Detector in MAMI beamline (May 2015)
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Cherenkov detectors Overview

PREX-II prototype performance

histo
Entries  4096
Mean    66.91
RMS     10.58

 / ndf 2χ  290.5 / 46
LWidth    0.009± 1.015 
MPV       0.02± 63.01 
Integral  1.128e+03± 8.253e+05 
GSigma    0.013± 7.116 
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Entries  4096
Mean    66.91
RMS     10.58

 / ndf 2χ  290.5 / 46
LWidth    0.009± 1.015 
MPV       0.02± 63.01 
Integral  1.128e+03± 8.253e+05 
GSigma    0.013± 7.116 

Mainz 2015 (run 350)

Resolution = 15.8%
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Cherenkov detectors Current work at SBU

Cosmic muon detector

• Collect data using cosmic
muons as a particle source

• Trigger on two 9x9 cm2

scintillators separated by 1 m
→ sample spread of angles

• Current project: install GEMs
to allow reconstruction of
muon angle
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Cherenkov detectors Current work at SBU

Simulation

qsim: quartz detector simulation in GEANT4

1. Benchmark qsim using data from MAMI, JLab, and cosmic rays

2. Use qsim to optimize PREX-II detectors

• will angle distribution kill performance of new design?
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Summary

Section 3

Summary
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Summary

• PREX measures the parity-violating asymmetry APV in the
scattering of polarized electrons off 208Pb

• APV is sensitive to the neutron r.m.s. radius Rn, which constrains
the neutron equation of state and is strongly correlated with the
radius of neutron stars

• PREX-II will run at JLab in���XXX2015���XXX2016���XXX2017 fall 2018 (hopefully!)

• Group at SBU will design the quartz Cherenkov detector used for
asymmetry measurement
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