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Two Approaches for the Neutron Skin Thickness

Probing the matter/neutron/weak-charge distribution

Takes the difference from the charge (or p) distribution — ARy,

e Less/no model dependence PREX

e Data must be highly accurate » elastic scattering

O'(ARnp) 002 fm o coherent 1 production
R 5.45 fin

P

=¥ Probing the difference between the p/n distribution

e Requires th tical model
cquires theotetical OAeLs Dipole Polarizability
e Data can be less accurate
PDR
G(AR”P) - 0.02 fm ~107" GDR
AR 0.2 fin !
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DP: Dipole Polarizability

HIC: Heavy Ion Collision

PDR: Pygmy Dipole Resonance

IAS: Isobaric Analogue State

FRDM: Finite Range Droplet
Model (nuclear mass analysis)

n-star: Neutron Star Observation
cEFT: Chiral Effective Field Theory

QMC: S. Gandolfi, EPJA50, 10(2014).
I. Tews et al., PRL110, 032504 (2013)
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Abstract

Information on the size and shape of the neutron skin on *®Pb is extracted from coherent pion
photoproduction cross sections measured using the Crystal Ball detector together with the Glasgow tagger
at the MAMI electron beam facility. On exploitation of an interpolated fit of a theoretical model to the
measured cross sections, the half-height radius and diffuseness of the neutron distribution are found to be
¢, = 6.70 = 0.03(stat.) fm and a, = 0.55 # 0.01(stat.) 505 (sys.) fm, respectively, corresponding to a
neutron skin thickness Ar,, = 0.15 + 0.03(stat.) 003 (sys.) fm. The results give the first successful
extraction of a neutron skin thickness with an electromagnetic probe and indicate that the skin of 2%8Pb
has a halo character. The measurement provides valuable new constraints on both the structure of
nuclei and the equation of state for neutron-rich matter.
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Information on the size and shape of the neutron skin on 2Pb s extracted from coherent pion

photoproduction cross sections measured using the

Crystal Ball detector together with the Glasgow tagger

at the MAMI electron beam facility. On exploitation of an interpolated fit of a theoretical model to the

measured cross sections, the half-height radius and

diffuseness of the neutron distribution are found to be

¢, = 6.70 £ 0.03(stat.) fm and a,, = 0.55 £ 0.01(stat.) S 3 (sys.) fm, respectively, corresponding to a

neutron skin thickness Ar,, = 0.15 & 0.03(stat.)

003 (sys.) fm. The results give the first successful

extraction of a neutron skin thickness with an electromagnetic probe and indicate that the skin of 2*Pb
has a halo character. The measurement provides valuable new constraints on both the structure of
nuclei and the equation of state for neutron-rich matter.
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Obtaining an accurate determination of the character
of the neutron distribution in nuclei has proven elusive
despite decades of study. This has been a long-standing
and segigus shortcoming in our understanding of nuclea’
structult. The difference hetween the neutron and protoi:
distribilions-a.oftgn ex{llessedmagneytron, skin shiek:
ness (4%,,), ¢efinell as e difference betweth file roat
mean ghuare tadii for the neufion andprotgi distriby-
tions. This convention was adopted as many previous
measurements had little or no sensitivity to the diffuse-
ness of the density distributions, excluding analysis based
on the more familiar half-height radius and diffuseness of

at Fermi distribution [1]. State-of-the-art
nucledr theories predict Ar,, values for *Pb that range
from 0.05 to 0.35 fm [2], despite all being constrained by
the same nuclear data. Reofntly, it was pointed out that
the magnitude of Ary, in heavy nuclei shows a tight,
wodelgindeperdent-¢irrelation wisirthe depgitysdepend-
€hce of thellymmetry/inergy for fieutroimatier [314]. The
haragier ol the neutrin skin theiifore ias & wide impact
and the potential to give important new information on
neutron star structure and cooling mechanisms [5-9],
searches for physics beyond the standard model [10,11],
the nature of three-body forces in nuclei [12,13],

collective nuclear excitations [14-17], and flows in
heavy-ion collisions [18,19].

The potential impact of obtaining an accurate determi-
nation of Ar,, has led to much theoretical and experimental
interest in recent years. Many studies have focused on 2*Pb,
which has a relatively well-understood structure due to the
closed proton (Z = 82) and neutron (N = 126) shells. A
goal of a £0.05 fm accuracy in Ar,,, is quoted [2] as the
requirement to constrain the equation of state sufficiently to
remove the current major ambiguities. A recent review of the
experimental attempts to measure Ar,,,, in *®Pb is given by
Tsang et al. [12]. Recent analysis of proton [20] and pion
[21] scattering data gave Ar,, =0.211+0.06 fm and
Ar,, = 0.16+0.07 fm, respectively. Studies of the anni-
hilation of antiprotons on the nuclear surface [22,23] gave
Ar,, = 0.18 % 0.04(expt.) + 0.05(theor.) fm. Isospin dif-
fusion in heavy-ion collisions gave Ar,, = 0.22 + 0.04 fm
[24]. Measurements of pygmy dipole resonances and electric
dipole polarizabilities of nuclei [15,17.25] gave Ar,, values
ranging from 0.156 to 0.194 fm with quoted accuracies as
small as +0.024 fm, although the model dependence is still
debated [26] and an accuracy of £0.05 fm is taken
in Ref. [12].

Experiments with electromagnetic probes [27-29] have
systematic errors different from those with the strongly
interacting probes described above and have the advantage
of probing the full nuclear volume. However, there have
been no successful measurements of the neutron distribu-
tion. A measurement using an electroweak probe has very
recently been obtained in parity-violating electron scatter-
ing on nuclei, utilizing the preferential coupling of the
exchanged weak boson (o neutrons. A first measurement at
a single momentum transfer gave Ar,, = 0.3 4 0.17 fm
in 2°°Pb [30

2° mesons from 2*8Pb as an accurate probe of the nuclear
shape, which has sufficient sensitivity to detect and
characterize the neutron skin. In the coherent reaction,
the target nucleus is left in its ground state, which ensures
that all the nucleons contribute coherently to the reaction
amplitude. For our data at incident photon energies
180-240 MeV, where A excitation is the dominant mecha-
nism, thi for neutron and proton A excitation
ntical [29]. The coherent (7, #°) cross

probes that have been used to s@idy the neutron skin,
ion of the (7, 2%) i as it is

lobtained. The z’-nucleus interaction varies with energy,
land the validity of its treatment can, therefore, be assessed
from the consistency of the nuclear shape parameters
obtained from (y, 7°) angular distributions at different
incident photon energies. The analysis below presents data
for the E, range of 180-240 MeV. Data have also been
obtained from the threshold up to 180 MeV, but extensions
to the theoretical calculation are required before these data
can be used, to allow for different photon couplings to
neutrons and protons. Above E, = 240 MeV the extracted
shape parameters become unreliable, probably as a result of
the rapid increase in the z-nucleus interaction in the A
resonance region.

Previous (7, #°) measurements for 2’Pb [27,29] either
did not use isotopically pure targets or did not achieve the

needed to study the neutron skin, mainly because
they used z° detection systems with limited angular cover-
lage resulting in a small detection efficiency with too large a
dependence on pion energy and angle to give definitive
results. In the present experiment, these problems are
lalmost completely removed by utilizing a large solid-angle
photon detector, the Crystal Ball (CB) [31], in conjunction
with the Glasgow photon tagger [32] and the MAMI
electron microtron [33]. The experimental setup is
idescribed in detail in Ref. [34]. The tagged photon beam
had a resolution of ~2 MeV full width and an intensity of
~2 % 10% s7! MeV~!. The tagged photons were incident
on a 0.52 + 0.01 mm thick isotopically enriched (99.5%)
208 Pb target placed at the center of the CB detector. The CB
lis a 672 element Nal detector covering 94% of 4z sr. A
icentral detector system provided charged particle identi-
fication [35] and track information [36] and allowed the
target position to be determined within ~0.5 mm.
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FIG. 1 (color online). The fits to the spectrum of AES for
E, =200 MeV for a momentum transfer near the first diffraction
maximum (left) and the first diffraction minimum (right)

in the fit gave a good description of the which

6000 Ey = 180-190 MeV
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dold@ (ublsr)
g

g8

exhibited an E, and 6, dependence consistent with a simple
onte Carlo model of quasifree #° production. The area of
the Gaussian fitted to the coherent peak is taken as a
Imeasure of the coherent yield.

To obtain cross sections, the yield was corrected for
the 2 detection efficiency. This is calculated by analyzing
Ipseudodata from a G4 simulation of the detector apparatus
using the same analysis procedure as for the real data. The
ldetection efficiency shows no sharp dependence on pion
angle and was typically around 40%, a factor of over 30

energics and angles of the decay photons [34]. The
coherent events were isolated from background by using
the energy difference AEST defined as

AEST. = pem _ et )

[ES™ is the energy of the pion in the center-of-mass (c.m.)
iframe of the incident photon and nucleus at rest, calculated
using the incident photon energy assuming coherent 70
production from a 2%Pb nucleus. EX* is the detected 7°
lenergy in the c.m. frame. For a coherent reaction, AES
should be close to zero. Example spectra for AEST are
shown in Fig. 1. In the first maximum of the z° angular

not i by initial state i ions. However, final
state interactions between z° and nucleus are significant;
they produce both a shift in the pion emission angle and a
modification of the outgoing flux, which must be accu-
rately treated in the theoretical calculation of the (7, z°)
cross section if reliable nuclear shape information is to be

the coherent process dominates and allows
ithe determination of the width of the coherent peak. The
measured ESM resolution ranged from 2 MeV near thresh-
old to 9 MeV at E, = 240 MeV, in excellent agreement
with a Geant4 [37] (G4) simulation. Near the diffraction
minima a background arising from one or more non-
icoherent processes is evident. An additional Gaussian term

on previous The yield was
18OV eorrec B e e phofonMa kg SFRTieREy T (A0%):
ith the procedure described in Ref. [38]. The contribution
f pions not originating from the 2°°Pb target was found to
ibe less than ~1% in additional runs with the target removed
jand was subtracted from the yield.

The differential cross sections are analyzed in terms of
the momentum transfer ¢, defined as g = P, — P, where P,

s the incident photon momentum and P, is the measured
pion momentum. The differential cross sections as a
ifuncti@n of momentum transfr are presented i@Fig. 2
for E, bins from 180 to 280 MeV. For this E, reglon,

data !o reglons of pion mom
IRef. [42] predicts that FSI effects are fairly small. In order
o extract information about the nucleon distribution in
POSPD, the measured (7, 7°) cross sections are compared

ith predictions from the model of Drechsel et al. [42],

hich represents z° photoproduction using a unitary isobar
model and includes a self-energy term for A propagation
leffects in the nucleus. The pion-nucleus interaction is
eated using a complex optical potential [1], whose

are fixed by fits to pion-nucleus scattering data.
IThe model gave good agreement with coherent data from a
ange of nuclei [43]. In the (7, 7°) model the nucleon
density distribution p(r) is parametrized as a single

q(fm”)

FIG. 2 (color online). ~ Differential cross sections for the reaction
208Pb(7, 7°)%8Pb (black circles) for the E, regions indicated. The
v axis employs a square-root scale to improve the clarity. The red
solid Tine shows the interpolated fit of the theoretical model to
the data. The g range of the fit is indicated by the horizontal bar.
The dashed blue line shows the model predictions without
including the pion-nucleus interaction.

ith half-height radius ¢ and diffuseness a. For the present
nalysis, different proton and neutron distributions, each
eparately parametrized by a 2PF distribution, are needed to
escribe the nuclear shape p(r) = (Z/A) p,(r) + (N/A)
(r). Then, in order to put p(r) into the (7, z°) code it is
itted by a single 2PF distribution [44]. The parameters for
,(r) are well determined by electron scattering [45], viz.,
, = 0.447 fm and ¢, = 6.680 fm. The values used have
cen corrected for the finite size of the proton (o give the
oint charge distribution that is relevant for pion photo-
broduction [22]. For the neutron distribution parameters, a
rid of 35 points covering the ranges ¢, = 6.28 to 7.07 fm
nd @, = 0.35 to 0.65 fin was selected and the (7, 7°) cross
ection was calculated at each point. These cross sections
ere smeared with the experimental ¢ resolution o, =
02-0.03 ! depandmg on E,, as determined from the
54 si o ion between
e 35 smeared cross sections was then used to fit the (7, 7°)
ross sections in Fig. 2 in the region ¢ = 0.3 to 0.9 fm™'
nd, thus, extract the best fit values a, and c, for the
eutron distribution for each photon energy bin. Because of

0031-9007/14/112(24)/242502(5) 242502-1 © 2014 American Physical Society 2425022 242502-3
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the extraordinary statistical accuracy in the maxima, ai 070 E- (phtitat [49] M. Ko éTisatigs, YXZI [47] M. Centelles, X. Roca-Maza, X. Vifias, and M. Warda,

additional 3% error was assigned to each cross sectiol
value to ensure that the important information in the firs
minimum was given sufficient weight in the fit. The fitte
theoretical cross sections are shown together with thy
experimental data for all measured ¢ in Fig. 2. Excelle
fits are obtained in the fitted ¢ range with x> per degree

freedom of ~1. Outside this fitted range the model sti
gives a very good description of the experimental data wit
discrepancies only evident at high ¢, probably due to thy
inability of the 2PF parametrization to describe the fin
details of the distribution. A normalization parameter wa
included in the fit and was found to vary only within £5

of unity. Figure 2 also shows model predictions when th
7°-nucleus interaction is not included in the i
For the three lower E, bins, the effect of the #%-nucleu
interaction is modest in the fitted ¢ range. For the highe:
bin, the differences are significantly larger, probably due t
the increase in the 7’ absorption cross section for |

The best-fit half-height radius and
for the neutron distribution are plotted for each E, bin i
Fig. 3. The solid lines show the average values. The hal
height radii are statistically consistent with the average. F
the diffuseness, the value obtained from the highest E, bis
has a 3.5¢ variation. From Fig. 2 it s clear that for this E, bis
the effects of the z°-nucleus interaction are predicted to by
the greatest. This may lead to larger ic errory

065 -

= os0F- —

310
Ey (MeV)

FIG. 3 (color online). The best fit for diffuseness (upper) and
half-height radius (lower) for the neutron distribution for each E,
bin. The horizontal lines show the average over E,. and the
shaded band shows the estimated systematic error (see text)

ﬂ(ﬁlﬁ'\m -mesons from 2%8Pb has provided the ﬁrﬂ
ik oot el ResteH et ol

el
S b o o
&mkd W%‘r‘e;f{”ié”ﬁ ?g’"r&s

of the modern nuclear theories in common use and will
be a valuable new constraint on the equation of state for

framework from Ref. [47], where the theoretical modell
a ted \'lh a 2PF function. The difference]

protons igblotted c 1 Yeight radii
The pre: S 2 at lhe ess of thej
neutrond i m eoreticall

particularly for the diffuseness that is constrained by th
relative heights of the first and second maxima. An estimaty
of the systematic error was obtained from the variation in thy
average with and without the inclusion of this point. Thi
variation (~0.025 fm) is shown by the shaded band in Fig. 3}
Additional Esumales of the syslcmauc uncertainty in th

gave a change of ~0.02 fm in the d.ﬁuseness and had
negligible effect on the half-height radius. Variation in th
modeling of the background used to extract the coheres
strength gave a systematic error in the diffuseness
~0.01 fm. The half-height radius and diffuseness of thy
neutron distribution are found to be 6.70 + 0.03(stat.) fn
and 0.55 4 0.01(stat.) 093 (sys.) fm, respectively. Thi
comesponds  to a neutron skin thickness Ar,, 5
0.15 4 0.03(stat.) 1§01 (sys.) fm, obtained using the analyti
relationship between Ar,,, and the 2PF parameters [46
Although slightly smaller than the result [24] from heavy-io
work, the present result is in good agreement with the othe]
previous measurements [12,15,17,20-23,25,26].
The new results are compared o the current

and is si greater lhdn that for thef
protons. This is an important result, as conclusive exper-
imental evidence for @difference in the diffuseness of thef
nuclear density dmmbuuom has been ld(.km? [48]. A pure]

“skin” al 0 Zero, S
this ne: e on
halo character.

SPb has af

FIG. 4 (color online). The quantity (a, - a,) plotied versus
(¢ = ¢p) for Pb. The red inverted triangle shows the present
result with statistical and systematic errors shown by solid and
dashed lincs, respectively. The symbols show the predictions from
the yarious nuclear structure calculations, obtained from Ref. [47].
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Introductions: Neutron Skin Thickness

Neutron distribution in nuclei

Neutron skin thickness (Arnp)

X \/ <I’ 2> = <7‘2> difference of the root mean
e n p  square radii of n and p

* no sensitivity to the diffuseness of the density distributions

Predictions of “state of the art” nuclear theories

Ar, =0.05-0.35 fm
* density dependence of the symmetry energy

 Neutron star structure/cooling mechanism [5-9]
* Physics beyond the standard model [10,11]

* Three-body forces in nuclei [12,13]

e Collective nuclear excitations [14-17]

* Flows in heavy-ion collision [18-19]



Introductions: Neutron Skin Thickness

Neutron distribution in nuclei

two parameter Fermi (2PF) distribution

le——4.4Q —»

1
5 Po

adius



Introductions: The case of 208Ph

A goal of 0.05 fm accuracy is quoted [2] [2] R. J. Furnstahl, NPA706, 85 (2002).

to constrain the EoS sufficiently to remove the current major ambiguities
Taken from [12] M. B. Tsang et al., PRC86, 015803 (2012).

proton scattering Ar,,=0.211£0.06 fm [20]
pion Scattering Arnp =0.16x0.07 fm [21]
anti-proton annihilation Ar,,=0.18£004,, £0.05,,, fm [22,23]

Fsospintd.iffusion heavy Ar, =022+0.04 fm [24]
ion collision

pygmy dipole Ar, =0.156—-0.194 fm [15,17,25]
dipole polarizability with quoted accuracy of £0.024 fm

although the model dependency is still debated
and the accuracy of +0.05 fm is taken
208Pp DP  Ar, =0.156-0.021+0.025 tm [17]

Arnp =0.168 £ 0.022 fm J. Piekarewicz et al., PRC85, 041302(R) (2012)
ARpp =0 .165 £ (0 .009)expt = (0 .013)theor £ (0 .021)est fRoca-Maza ez al., PRCSS,024316(2013)



V.E. Starodubsky et al.,

Neutron Density (Proton Scattering)

PRC18, 2641(1994)
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FIG. 6. Extracted neutron and matter densities for *°*Pb
lying in the middle of the corresponding statistical error bands
(the hatched areas). The HF proton, neutron, and matter
densities are depicted by the dashed lines. The proton density

obtained by unfolding the charge density of Ref. [43] is also
shown with its statistical error envelope. The dotted line at
the bottom is for the statistical error band obtained with the
SOG method of Ref. [23].

[22] J. Zenihiro et al.,

PRC82, 044611
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Dipole Polarizability (ap)

Dipole Polarizability is strongly correlated with R,-R;, [17]

h dB(E1
GD ¢ f abs dm. f ( ) . .
2n’d w? 9 Determination of ap by an
Electro-Magnetic Probe

R;-R, =0.168+0.022 fm for 293Pb

including model uncertainty.

—~
& | ' | ' | ' |
é g | A Skrym |
p—
A - : — : . . — 4

b Sl(rym SV . - B(EI)T<—:—> dB(E1)1/dEx 5 ;
= ® NL3/FSU a | Ao § =t
g < 02 m S
S 20 | A o 1 = =)
S o = 3
o 20.1+0.6fm3 AW @ o WlLEl . . — 2
g 5 10 15 20
8- -—10.168+0.022 fm Excitation Energy (MeV)
= Ex 0 10 20 130 MeV

15 ' ' ' ' | ' ' o 2.7 16.2 1.2 fm?

0.0 0.1 02 03 total 20.1+0.6 fm3
Neutron Skin Thickness (fm) AT et al. PRL107,062502(2011) [27]

J. Piekarewicz et al., PRC85, 041302(2012)



Parity Violating (PV) Cross Section Asymmetry
in Electron Scattering [30]

G =~ > 2 Apy from
e + ) interference
Y e Z°

208Pp 208PH

ogp— 0o GpQ* Fy(0?)

Apy = ~ - — (1) in PWBA
Vooopt o dma2 Fal(Q?) 9 9
R (L): Right (Left) helicity interference between
EM and weak
Iongitudinal polarization mteractions A R
Gr: Fermi coupling constant ( > < )
a: fine structure constant
Q: four-momentum transfer (w,q) Fourier transform of R L
F,: weak form factor the weak charge
F..: charge form factor density %
e %e

Coulomb distortion effect 1s included 1n the real

analysis [9], also other effects [10]. helicity



Weak Charge

J-

F. Rajotte, arxiv:1110.2218v1

TABLE I: Electroweak Couplings of © and d Quarks and Nucleons as Function of the Weak Mixing Angle 0w

Particles| EM Charge|Weak Charge in the standard model
u +% I — %sin.2 Ow
d —1 —1 + 2sin? 0w
p(uud) +1 1 —4sin* 6w |~ 0.08 0.0721
n(udd) 0 —1 -0.9878
with radiative
3,,: Weinberg Angle or Weak Mixing Angle correction
sin2 3,,=0.23116(12) c.f. PDG 2012
v\ [ cosBy sinfy \ [ B° Weak charge distribution 1s primarily
Z% )\ —sinfy cosfy ) \W° determined by the neutron distribution

BUT weak interaction i1s VERY weak...

APV ~ 656 ppb = 0.000000656



Backup Slhides

Standard Model

TABLE 13.1
Weak Isospin and Hypercharge Quantum Numbers of Leptons and Quarks
Lepton T T3 Q Y Quark T T3 Q )4
e b1 0 -1 o, 3 3 3 4
93 3 -3 —1 —1 d, L el —1 L
upr 0 0 2 4
€r 0 0 —] — dr 0 0 —1 — 2
Y
Q == T3 -+ Tz—

W=+ 2



Electro-weak Interaction Backup Slides

_lg(Jz)P’ I/V;Li . l%(]Y)# Bpg

charged fields
wr =yt (W F iw?)
neutral fields (mass eigenstates)
A, = Bcos8,, + W sind, (massless), — Electro-Magnetic Field

. 3 .
Z,= —Bsinf,, + Wcosf,  (massive),

Electro-weak neutral current interaction

4

—igI3(W3)* — iS- B

2
.jY
= —z(gsmH J) + g'cosb, 2)A’“ = —ie¢" 4"
Y
—z(gcosﬁ J) — g’sind,, S ) VA — —i—2— 8 jiege
V2 cos 0,

gsinf,, = g’'cos b, =

NE = T3 _ bl em
J, o =J] —sin” 0y,



Electro-magnetic interaction Backup Slides
—ie(jm) A, = —ie(yy"QY) A4,

f Vector coupling

_lleYP

. . Vector couplin
Electro-weak neutral current interaction PHNS

B g 3wl em —
ICOSHW(JN sin® B, ") Z¥ =
i 8 T w11 _ IV w2
ICOSQW¢fy#[2(1 y*)T? —sin?6,,0| ¢, Z,
:
20 —icofgwy“%(c{/ — chy?). V-A coupling

produces parity-violation
f

TAI :

The Z — ff Vertex Factors, (13.41), in the Standard Model (with sin 0, = 0.234)

=L-helicity projection

f Qf Ch C{/
, L operator
Vs Vg 0 e 1
e, 1 ~1 —1 —1 +2sin’8,, = —0.03
ufc, . 4 L 1 — 45in*0,, £ 0.19
Is,. ~4 1 —1 4+ Zsin’f,, F —0.34




In abstract

“provides the first electroweak
observation of the neutron skin”

In summary

“A future run is planned which will
reduce the quoted uncertainty by a factor
of 3 [43], to discriminate between models
and allow predictions relevant for the
description of neutron stars and parity
violation 1n atomic systems.”

No discussion on the
impact of the result?

Result

_ NL3 )
Plane wave
0.85 - | i
_ _ _
OR8 NL3m05 .
[ 6156+ 1.675(4) — 3.420(4)
S SLY4 |
< _ SIII NL3 _
0.65 - * P
i NL3m05 I
06 1 i
1 l 1 l 1 l 1 l 1 I 1
5.4 55 5.6 5.7 5.8 5.9 6
Rn (fm)

FIG. 1 (color). Result of this experiment (red square) vs neu-
tron point radius R, in 208Pb. Distorted-wave calculations for
seven mean-field neutron densities are circles while the diamond
marks the expectation for R, = R,[39]. References: NL3m05,
NL3, and NL3p06 from [11], FSU from [12], SIII from [13],
SLY4 from [14], SI from [15]. The blue squares show plane wave
impulse approximation results.

Is this analysis really
model independent?



Introductions: The case of 208Ph

Experiments with electromagnetic probes [27-29]

no successful measurement on neutron density distribution

Electroweak probe: parity-violating electron scattering PREX [30]

Ar, =0.33+0.17 fm

\ 4

Coherent 1t Photo-production:

* Electro-magnetic probe

» Sufficient sensitivity to the neutron skin



Coherent 9 Photopdroduction

* Electro-magnetic probe

» Sufficient sensitivity to the neutron skin Y

The target nucleus stays

in the ground state

v 9 / A excitation is the dominant

elementary 7Y process at 180-240 MeV

processes Y —5 ¢ ——

neutron and proton A excitations
are expected to be identical

All the nucleons contribute coherently to the reaction amplitude



Coherent 9 Photopdroduction

* The initial state interaction is electromagnetic and is simple
* The final state interaction between 7° and nucleus is
significant.
— shift in the angle and modification in the flux
— theoretical calculation
* The m0-nucleus interaction is energy dependent.
— consistency of the density distribution at
different energies Y

 Below 180 MeV, different photon coupling for p and n Y
* Above 240 MeV, the result is unreliable probably //"

due to the rapid increase on the t0-nucleus int. J‘[O
‘: 1 final state interaction
Y ~ Gl between 70 and the

nucleus



Coherent 10 Photopdroduction

n’ photoproduction - amplitude

* Basic production amplitude ~ equal for protons and neutrons in A region

* PWA (MAID,SAID) - close agreement E >180 MeV for p,n cross sections
= M1 well established multipole

 Electromagnetic probe of the matter distribution!

Y

.%00:-— Full Calcul -
400% — N .
300: ‘ — Isospin structure of amplitude
ol ~ - A(yp—70p) = V2/3 AV3 +V1/3(AVI-ALS)

; A(yn—aon) = V2/3 AV3 +y1/3(AVI +AIS)
100 . ~

e A has 1=3/2 2 AV? only

P50 0 /250 300 350 00 450 S0 s EM couplings identical for p,n

Slide by D.P. Watts



Experiment

The MAMI facility

100% duty factor electron microtron
MAMI-C 1.5 GeV upgrade

(MAMI-B 0.85 GeV)

atts



Experiment

N —

The Mainz Microtron MAMI, scheme GUTENRERG. .,
9 x klystrons, 2.45GHz
total power@100pA = 280kW

..uAln.

AE=7.5MeV
¢ =-16°

RTM 2
51 turns
180MeV

B=0.55T

RTM 3 B=1.28T
\ IOOk_v'rher'mionic max. 90 turns
phof'; o .180MeV-855MeV
AE(;SC:).-(;Aé\OeV 3 5MeV — "(pol.o) insteps of 15MeV
beam parameters: 100pA max cw current (86kW beam power)
injector linac: RTM 1. RTM 2: « RTM 3:

oE-1.2keV (3-10%) W) oE-1.2keV (8:105) M) oE=2.8keV (1.5-10%) ml) cE=13keV (1.5:10°5)
€, n=0.05:10"° m rad g, ,=0.07-:10"° m rad £y n=0.25:10"® m rad £xn=13:10° m rad

- . . — . -9
) Increase in energy spread and emittance due to sr-effects gx,abs‘8 10”7 m rad
Andreas Jankowiak, Institut fiir Kernphysik, Johannes Gutenberg - Universitdt MQinZ e ss————— ——— — 12




Experiment

23450 tons, 1.28T, 90 turns
180MeV - 855MeV*\lOOuA

Andreas Jankowiak, Institut fir Kernphysik, Johannes Gutenberg = Universitit MainZ e m—————————— e 13



Experiment

S —

GUTE mgm
The Harmonic Double Sided Microtron (HDSM

for MAMI C
\No. 3

.

LINAC | (4.90GHz) No. 2

F tion 1507MeV

Extrac

B=1.539T

max

Matching-Section 3 turns
4 90GHz 43 tumn
10m

—_—

~ Injec

W 855Mey

No. 4 LINAC 1l (2.45GHz) No. 1

Best adaptation to the inherent stable and reliable RTM principle

Andreas Jankowiak, Institut fir Kernphysik, Johannes Gutenberg - Universitdt MainzZ e ——— — —— 32



MAMI electron microtron [33]

Table 1
Main parameters of the HDSM

Experiment

General
Injection energy (MeV) 8549
Max. extraction energy” 1508.5
Number of recirculations 43
Length of linac straights (m) 17.359
Distance between 1 and linac 2(m) 12599
ng (see Eq. (9)) 1057
HF-system Linac 1 Linac 2
Operational frequency (GHz) 4.899064 2449532
Linac amplitude (MV) 9.05 930
Synchronous phase at second turn 0.6 -35.00
Synchronous phase at last turn —26.8° —-50.5°
Linac length (electrical) (m) 8.567 10.097
Number of sections 8 5
Number of klystrons 4 5
Rf-power per unit length (kW/m) 14.0 11.8
Beam loading at 100pA (kW) 370 284
Total rf-power (kW) 305.00
Total power consumption (including

matching double section) (kW) 1050
Magnet system
Max. magnetic flux density (T) 15388
Min magnetic flux density (T) 0.939
Min gap distance (mm) 85
Max. gap distance 140
Iron mass (ton) 1044
Copper mass (ton) 30
Dipole current (A) 213
Dipole voltage (V) 320
Number of correction dipoles 2x4 x43+8 = 352
Number of quadrupoles 14
Total power consumption (kW) 310
Beam parameters
Energy spread (1s) at 1.5GeV (keV) 30 at 0.855 GeV 1107 at 1.5GeV
Horizontal emittance (norm., 1s)

(= x10"°m) 13 27°
Vertical emittance (norm.,, 1)

(xx 10~°m) 12 12°

N ‘ R

* From SYTRACE simulations.

ABSTRACT

At the Institut fur Kernphysik of Mainz University a harmonic double-sided microtron (HDSM) has been
built to extend the experimental capabilities for nuclear and particle physics experiments to higher
excitation energies. This novel microtron variant accelerates the 0.855 GeV continuous wave (cw)
electron beam of the established three-staged race track microtron (RTM) cascade MAMI B up to 1.5GeV.
It consists of two normal conducting linear accelerators (linacs) through which the electrons are guided
up to 43 times by a pair of 90°-bending magnets at each end. For beam dynamical reasons the linacs
operate at the harmonic frequencies of 4.90 and 2.45GHz. The extended facility is called MAMI C.

The relatively strong vertical defocussing due to the 45°-pole face rotations (Fig. 1) at both the entrance
and exit of the segment-shaped bending magnets is compensated for all recirculations by a suitable field
decay in the magnets towards higher orbits. As a consequence, the energy gain of the electrons has to
decrease with increasing turn number to maintain coherent acceleration. This occurs by an appropriate
phase slip of the electron bunches downwards the rf-waves during the acceleration process.

In this paper the functional principle and the beam dynamical concept of the double-sided microtron
(DSM) as well as the design and development of its main components are described. Finally, the results of
first beam measurements taken after starting up in December 2006 are discussed.

Linac 2 (AE)

1
J

Injection (E,)
¥

Linac 1 (AE)

— M M.
I—In ul

—

==

| NQuadrupolle lens
L

Fig. 1. Scheme of the double-sided microtron.



Experiment

Glasgow Photon Tagger [32]
2 MeV (FWHM)
25kl geet Vil

EXPERIMENTAL | BEAM

AREA |

‘M""‘—’—

EX‘.PERNENT

DETECTORS
SHIELDING WALL

TO FARADAY CUP

t COLLIMATOR

| HOUSING

TAGGER RADIATOR
AREA ELECTRON
BEAM, E,

e at 855 MeV

]
' COLLIMATED
1

plastic scintillators (2 mmt)
353 channels

TAGGING ELECTRON

N & N-1
R

* X

Fig. 3. Schematic view of the scintillator arrangement along the curve S{ x)
which lies parallel to the true focal plane. The scintillators are set normal
to the electron trajectories (&) with widths (w) chosen to achieve slightly
more than a half-overlap with each neighbour. The scintillator thickness
(t = 2 mm) and separation (d = 13 mm) is the same for all elements,
Also shown schematically is the coincidence requirement between adjacent
channels.



Experiment

Glasgow Photon Tagger [32]

2 MeV (FWHM)
25kl geet Vil

0IPOLE
—— M
"= 2= T (8400,

BOOMeV - ‘

< PHOTON

BEAM
/ QUADRUPOLE
RADIATOE'
MAIN BEAM
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SCALE (M)

Fig. 1. Plan of the Mainz 840 MeV tagged photon spectrometer.



Experiment

Target:
208Pb 99.5%, 0.52+0.01 mm thick (~590 mg/cm?2)



Experiment

Crystal Ball (CB) [31]

Target ’
2t 2 ey
¥ /
Veto
Barrel ——
- ‘».O \
* inner radius = 25.3 cm
e outer radius = 66.0 cm
e icosahedron:
- / | 20 triangles — 4 triangles — 9 triangles:
rystals
’ \ 692 out of 720
PM Tubes

 wrapped with reflective paper and

aluminized mylar



Crystal Ball (CB) [31] EXper iment

E D
244 mm
1 o 120 mm
¥ -
B Beam
! m— —  four veto scintillators
I "~ - S :
B 5mm thick and 120cm long
]
* * 0.76 mm stainless steel
* maintained at temperature 20+£1°C
4 T T 1
<
l - y 0
) ( S 600 - -
»2000 : ] : , ! |
= 400 -
1500 - 7 !
200 T] =
1000 . - i ! ? 1
D 0 0.2 0.4 0.6
500 . : 2
¥y Invariant Mass (GeV/c?)
1 1 FIG. 11. The invariant mass of two photons in K p—yyA
050 ‘ 100 150 obtained with the high-momentum beam. The normalized empty
CB ADC (Channels) target spectrum has been subtracted. The results of the Monte Carlo

simulation are shown by the smooth solid line. The first peak 1s due

FIG. 7. Typical ®Co spectrum of a CB crystal. to K p—m°A and the second one to K p—7A.



Crystal Ball (CB) [31] EXper iment

Crystal Ball at MAMI

= AEy ~2 MeV

"‘ I

TAPS
528 BaF, crystals Crystal Ball

672 Nal crystals Slide by D.P. Watts




E diff

Analysis

Coherent pion photoproduction - analysis

E -1 75'*'5 MeV

)
.
/__1
diff = = calc det ; het
E diff = E calc | E_ 2o MR
=
UR 0
Ll
Ev-210+10 MeV -20 .-"-'
f
ﬂ"l, [ Y &{P Q 8
\! ,br, : -'q ¥ ( 2{)‘6
;401 ;\r ‘ ‘hﬁ( fnﬁb _40-..

A "#V"l }.rf'

- 0 l20 410 60 80 l]00 l 120 140 160 180
‘g5 } A Coherent 0 theta (dégl)
. Awul- i “h, ' .:.‘-T'l: maxima

80 100 120 140 160 I80

© theta (dég)
Slide by D.P. Watts



Extraction of coherent yield

Analysis

E =210¥10 M

eV
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Analvsis

Momentum transfer distributions
| E=185:5MeV |
2000k -- PWIA calculation

— Full calculation
Drechsel et. al. NPA 660 (1999)
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[42] D. Drechsel, et al., NPA645, 145 (1999).

Unitary Isobar Model

Analysis

pion photo-production on a nucleon

We have developed a new operator for pion photo- and electroproduction for appli-

cations to reactions on nuclei at photon equivalent energies up to 1 GeV. The model

contains Born terms, vector mesons and nucleon resonances up to the third resonance
region (P33(1232), P;1(1440), Dy3(1520), S11(1535), Fi5(1680), and D33(1700)).
For the Born terms we propose an energy dependent superposition of pseudovector and
pseudoscalar 7NN couplings. This procedure describes the correct energy dependence
of the non-resonant multipoles for photon lab energies up to E, = 1 GeV, in particular

—r———r 1.0 — . - — 1.0 — ———r .
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: 105} J
: _ 1 00} "
2 I
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Fig. 8. The same as in Fig. 7 for p(y, #°)p. Experimental data from Refs. [28,29].



Analysis

pion nucleus optical potential

[42] D. Drechsel, et al., NPA645, 145 (1999).

(b)

A first-plus-second-order pion-nucleus optical
potential constructed by fitting the phenomenological
02-dependent term to the 5t - 12C total and differential
Cross sections

F
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FIG. 2. Comparsion of theoretical calculations with the data for 7 scattering from '*C. The dashed curves represent the results for
V! and the solid curves include the effects of ¥'?’ with B, and C, taken from Table I, while the dashed—double-dotted line is obtained
with ¥'? calculated for mesoatomic values (Ref. 19) Bo= —0.043(1—i) and Cy= —0.10(1—). Data are from the following refer-
ences: (a) T,=14 MeV (Ref. 22), 20 MeV (Ref. 23), 30 MeV (}Ref. 24; § Ref. 26), 40 MeV (Ref. 25), 50 MeV (Ref. 24), 65 MeV
(® Ref. 28), 67.5 MeV (¢ Ref. 27); (b) T, =80 MeV (Ref. 28), 100 MeV (Ref. 29), 162 and 226 MeV (Ref. 30); (c) 120 < T, <200 MeV
(Ref. 31), 226 MeV ( § Ref. 30; $Ref. 31).



Analysis

pion photo-production on nuclei

[43] B. Krusche et al., PLB526, 287(2002)

Self-energy term in the A propagation
fitted to to the 4He data.
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Fig.1. Two main mechanisms of the A isobar excitation and corresponding medium effects: (b) direct
excitation with the bare YNA vertex; (c) vertex renormalization mechanism where the A isobar is excited from
pions produced by non-resonant background.
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Fig. 4. Differential cross sections for L2¢( Y, NO)IZC, 40Ca( Y. T 0)40Ca, and Pb(y, JIO)Pb compared to the predictions from Drechsel et al. [15].
Dotted lines: PWIA, dashed lines: DWIA, full lines: DWIA with A-self energy fitted to 4He cross sections. For the carbon data at 290 MeV the

predictions from Ref. [13] for the coherent reaction (wide space dotted) and coherent plus incoherent excitation of low lying states (dash-dotted)

are also shown.



Analysis

Density Distribution
p,(r) [45]
c,=6.680tm a, 6 =0.447fm

two parameter Fermi (2PF) distribution

— converted to point charge distribution
incorporating the proton finite size

Po

p,(r)
calculated in the 35 grids ranging "
¢,=628-707fm a,=035-0.65fm

Z N Radius
p(r)= pr(”)JfXPn(”)
_ Po
fitted with a single 2PF distribution p(r)= r—c
, 1+ exp( )
— DWIA calculation a

smeared with experimental g resolution of 0.02-0.03 fm-,
3% error is added to the c.s. data

describing the details of the density distribution

e discrepancy at high-q, probably due to inability of 2PF for

Fitted to the data in g=0.3-0.9. e discrepancy at high-E, probably due to the rapid increase

Interpolated in the p, grids. of the m0 absorption c.s. in the A resonance energy




Analysis

[44] To check the validity of approximating p(r) by a single 2PF
distribution, the Fourier transforms of p(r) and the fitted
2PF distribution were compared. In the momentum range up
to g = 0.9 fm~!, over which the (y, z°) cross section was
fited to extract information about p,(r), the fractional
difference between the two transforms only rises to 0.3% at
g =09 fm™.



Analvsis

Momentum transfer distributions
| E=185:5MeV |
2000k -- PWIA calculation

— Full calculation
Drechsel et. al. NPA 660 (1999)
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Results

The extracted skin properties

O E +0.02
. . 3 — a,=055+00 l(stat.)_003(sys.)
= 0.55 = -
.50 E M—%‘“‘— =< *

o ¢ =6.70 £0.03(stat.)fm

: 001

TeeE 4 ’ Ar, = 0.15+0.03(stat.)  (sys.)
E F—— , 3 , 003
O

180 190 200 210 220 230 240
Ev (MeV)

+ Systematics:
1) Normalisation parameter within £5% of unity for all bins
) E, dependences — a, high E, bin 3.5c away from average
i) Vary yield fitting procedure
i) 10% variation relative p,n amplitudes in the model (mainly affects diffuseness)
Iv) Different fit ranges
Slide by D.P. Watts



Results

Systematic Error

e Analysis using only the first minimum

— consistent result in the half-height radius <—How consistent?
e Variation of the relative weighting of the p and n amplitudes by 10%

— change of 0.02 fm in the diffuseness and negligible effect on the half-height radius
e Variation in the modeling of the background

— systematic error of 0.01 fm in the diffuseness <How is the error in radius?

How is error in the reaction model?

Results

Half-height radius: 6.70+0.03(stat.) fm <How is the systematic error?
Isn’t the fluctuation in Fig.3 much larger?

Diffuseness: 0.55+0.01(stat.)+0.02-0.03(sys.) fm

— Arnp = 0.15£0.03(stat.)+0.01-0.03(sys.) fm



Results

Comparison with previous measurements

14

12 — Coherent pion
10 -1
8 L T3]
. PREX
6 — —
— — Electric dipole
4 e ) Heavy |ion diffusion
—— E— Antiprotonic atoms
2 —— — Proton|scattering
* Pion Scattering
0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 05

Alpp

« New result in general agreement with other methods
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The present result clearly shows that the diffuseness of the
neutron distribution in 2%Pb is in the range of theoretical
predictions and is significantly greater than that for the
protons. This is an important result, as conclusive exper-
imental evidence for a difference in the diffuseness of the
nuclear density distributions has been lacking [48]. A pure
“skin” effect would have an a,, — a, value close to zero, so
this new work indicates that the neutron skin of 2%Pb has a
halo character.

l!DV "

Conclusive evidence that the neutron diffuseness is larger than the

proton diffuseness — Halo?



Critical Discussions

* Why only at 180-240 MeV?

* Why only at q=0.3-0.9 fm-1?

* How large is the model dependence of m0-nucleus interaction?

* How is the assumption of the “single” two parameter Ferm
distribution good enough?

* Pion charge-exchange contribution?

» Medium modification of the delta resonance? Pion production

on the multiple nucleons? N N
» Uncertainty of the optical potential and pion \ /
propagation in medium? = 0

See also A. Gardestig , C.J. Horowitz, et al., arXiv:1504.08347



Discussions

Future plans

« Data under analysis for '19Sn, 120Sn, 124Sn & “°Nj
 Plans for 48Ca, 40Ca In future

« Discussions on Xenon isotopic chain
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Summary

In summary, a measurement of the coherent photo-
production of 7° mesons from ?°®Pb has provided the first
determination of a nuclear matter form factor with an
electromagnetic probe. The existence of a neutron skin on
the surface of the ?“®Pb nucleus is confirmed with a
thickness Ar,, = 0.15 & 0.03(stat.) 905 (sys.) fm. The
method 1s sensitive enough to extract the shape of the
neutron distribution, which i1s found to be ~20% more
diffuse than the charge distribution. This new determination
of the neutron skin properties discriminates against some
of the modern nuclear theories 1n common use and will
be a valuable new constraint on the equation of state for
neutron-rich matter and neutron stars.




