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Nuclear!physics!is!the!study!of!the!structure!of!ma3er!

atom: 10-10 m nucleus: 10-14 m nucleon: 10-15 m 

� �Most%of%the%visible%mass%and%energy%in%the%universe%around%us%comes%from%nuclei%and%%
%%%nuclear%reac6ons.%
8%The%nucleus%is%a%unique%form%of%ma;er%in%that%all%the%forces%of%nature%are%present%:%
%%%(strong,%electromagne6c,%weak,%and%of%course%gravity).!
!
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Proton: a fascinating many-body relativistic system 
Higgs discovery almost irrelevant to proton mass 
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! Decomposi6on!of!Proton!mass![X.!
Ji!!PRL!74!1071!(1995)]!
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Spin Milestones and Proton Spin Puzzle  %%
•  Spin!Milestones:!(Nature)!

"  1896:!Zeeman!effect!(milestone!1)!
"  1922:!SternPGerlach!experiment!(2)!
"  1925:!Spinning!electron!(Uhlenbeck/Goudsmit)(3)!
"  1928:!Dirac!equa6on!(4)!
"  !!!!!!!!!!Quantum!magne6sm!(5)!
"  1932:!Isospin(6)!
"  1935:!Proton!anomalous!magne6c!moment!
"  1940:!Spin–sta6s6cs!connec6on(7)!
"  1946:!Nuclear!magne6c!resonance!(NMR)(8)!
"  1971:!Supersymmetry(13)!
"  1973:!Magne6c!resonance!imaging(15)!
"  1980s:%“Proton%spin%crisis”%%(now%puzzle)%
"  1990:!Func6onal!MRI!(19)!
"  1997:!Semiconductor!spintronics!(23)!
"  2000s:!“New!breakthrough!in!spin!physics”?!

Pauli%and%Bohr%watch%
a%spinning%top%

Nature:%h;p://www.nature.com/milestones/milespin/index.html%%
topological%insulator,%quantum%anomalous%Hall%effect,%etc..%%%

Proton spin taken for  
granted for coming from  
the spin of the quarks!! 
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Impressive experimental progress in QCD spin physics 
in the last 25 years�

!  Inclusive spin-dependent DIS   
➥ CERN: EMC, SMC, COMPASS 
➥ SLAC: E80, E142, E143, E154, E155 
➥ DESY: HERMES 
➥ JLab: Hall A, B and C 

!  Semi-inclusive DIS 
➥ SMC, COMPASS 
➥ HERMES, JLab 

!  Polarized pp collisions 
➥ BNL: PHENIX & STAR 

 
!  Polarized e+e- collisions 

➥ KEK: Belle 

 

Z.!Meziani!
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Nucleon Spin Decomposition 
Proton spin puzzle 

Quark spin only contributes a small 
fraction to nucleon spin. 

J. Ashman et al., PLB 206, 364 (1988); NP B328, 1 
(1989). Spin decomposition 

JAM Collaboration, to appear in PRD (2016). 

Access to Lq/g 

Lattice QCD 

K.-F. Liu, NP A928, 99 (2014). 

It is necessary to have transverse information. 
Coordinate space: GPDs 
Momentum space: TMDs 

3D imaging of the nucleon. 

~ 0.3 

H.!Gao!
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QCD:!s'll!unsolved!in!non0perturba've!region!

•  2004!Nobel!prize!for!``asympto'c!freedom’’!
•  non0perturba've!regime!QCD!?????!
•  One!of!the!top!10!challenges!for!physics!!
•  QCD:!Important!for!discovering!new!physics!beyond!SM!
•  Nucleon!structure!is!one!of!!the!most!ac've!areas!!!

Gauge!bosons:!gluons!(8)!



1960:!!Elas6c!ePp!sca3ering!

Nobel!Prize!!
In!Physics!1961!

Robert%Hofstadter!

"for%…%and%for%his%thereby%achieved%discoveries%
concerning%the%structure%of%the%nucleons"%

Form factors ! Charge distributions

O;o%Stern!

Nobel!Prize!!
In!Physics!1943!

"for%…%and%for%his%discovery%of%the%magne7c%
moment%of%the%proton".!

1933:!!Proton’s!magne6c!moment!

g 6= 2

1969:!!Deep!inelas6c!ePp!sca3ering!

Nobel!Prize!in!Physics!1990!
Jerome!I.!Friedman,! Henry!W.!Kendall,! Richard!E.!Taylor!

"for%their%pioneering%inves7ga7ons%concerning%
deep%inelas7c%sca9ering%of%electrons%on%
protons%…".!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!JianPWei!Qiu!

1974:!QCD!Asympto6c!Freedom!

Nobel!Prize!in!Physics!2004!
David!J.!Gross,! H.!David!Politzer,! Frank!Wilczek!

"for%the%discovery%of%asympto7c%
freedom%in%the%theory%of%the%strong%
interac7on".!

What!is!inside!the!proton/neutron?!

9!



Lepton scattering: powerful  microscope! 
•  Clean!probe!of!hadron!structure!
•  Electron!(lepton)!vertex!is!wellPknown!from!QED!
•  OnePphoton!exchange!dominates,!higher0order!!
!!!!!exchange!diagrams!are!suppressed!(two0photon!physics)!

•  Vary!the!wave0length!of!the!probe!to!view!deeper!inside!

€ 

α =
1
137

q = k − k ' = (!q,ω)
Q2 = −q2

k!

k’!

Virtual%photon%4<momentum!
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Proton Charge Radius 
•  An important  property of the nucleon 

–  Important for understanding how QCD works  
–  Challenge to Lattice QCD (exciting new results, Alexandrou 

et al.) 
–  An important physics input to the bound state QED 

calculations, affects muonic H Lamb shift   (2S 1/2 – 2P 1/2) by 
as much as 2%   

•  Electron-proton elastic scattering to determine electric form 
factor (Nuclear Physics) 

 
 
 
 
•  Spectroscopy (Atomic physics) 

–  Hydrogen Lamb shift 
–  Muonic Hydrogen Lamb shift 

 

!

< r2 > = −6 dG(q
2 )

dq2
|
q2=0

11!



Unpolarized!electron0nucleon!scaTering!
(Rosenbluth!Separa'on)!

•  Elas6c!ePp!cross!sec6on!

!
•  At!fixed!Q2,!fit!!dσ/dΩ!vs.!tan2(θ/2)!

–  Measurement!of!absolute!cross!sec6on!
–  Dominated!by!either!GE!or!GM!

•  Low%Q2%by%GE%
•  High%Q2%by%GM!

€ 

τ =
Q2

4M 2

ε = (1+ 2(1+ τ)tan2 θ
2
)−1

GE!or!GM!



Polariza'on!Transfer!!

•  Recoil!proton!polariza6on!

•  Focal!Plane!Polarimeter!
–  recoil!proton!sca3ers!!

off!secondary!12C!target!
–  Pt,!Pl!measured!from!

ϕ!distribu6on!!
–  Pb,!and!analyzing!power!

cancel!out!in!ra6o!

Electron0proton!elas'c!scaTering!with!longitudinally!polarized!
electron!beam!and!recoil!proton!polariza'on!measurement!

€ 

GE
p

GM
p

Focal8plane%polarimeter%



Asymmetry!Super0ra'o!Method!
Polarized!electron0polarized!proton!elas'c!scaTering%

•  Polarized!beamPtarget!asymmetry!

•  SuperPra6o!

BLAST!pioneered!the!technique,!later!also!!
used!in!Jlab!Hall!A!experiment!



Tremendous advances in electron scattering 
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Unprecedented capabilities: 
•  High Intensity 
•  High Duty Factor 
•  High Polarization 
•  Parity Quality Beams 
•  Large acceptance detectors 
•  State-of-the-art polarimetry, 
                polarized targets 

Focal plane polarimeter 

 – Jefferson Lab 
Polarized 3He target 



Hydrogen Spectroscopy 

The absolute frequency of H energy levels has been measured with an accuracy of 1.4 
part in 1014 via comparison with an atomic cesium fountain clock as a primary 
frequency standard. 
Yields R∞  (the most precisely known constant)!
 
Comparing measurements to QED calculations that include corrections for the finite 
size of the proton provide an indirect but very precise value of the rms proton charge 
radius   
Proton!charge!radius!effect!on!the!muonic!hydrogen!Lamb!ship!is!2%!
 



Muonic hydrogen Lamb shift at PSI (2010, 2013)!
!

2010:!new!value!is!rp!=!0.84184(67)!fm!
!!  �



New PSI results reported in Science 2013 

2013:!rp!=!0.84087(39)!fm,!A.!Antognini!et%al.,!Science!339,!417!(2013)!!



Recent ep Scattering Experiments 

– Large amount of overlapping data sets 
– Statistical error  ≤ 0.2% 
– Luminosity monitoring with spectrometer 
#  Q2 = 0.004 – 1.0 (GeV/c)2  
result: rp =0.879(5)stat(4)sys(2)mod(4)group 

(J. Bernauer) 

J. Bernauer, PRL 105,242001, 2010 5-7σ  higher than muonic hydrogen result ! 

Measurements @ Mainz 



JLab Recoil Proton Polarization Experimental 

Ee: 1.192GeV 
Pb: ~83% BigBite!

•  Δp/p0: ± 4.5% , 
•  out-of-plane: ± 60 mrad 
•  in-plane: ± 30 mrad 
•  ΔΩ: 6.7msr 
•  QQDQ 
•  Dipole bending angle 45o 
•  VDC+FPP  
•  Pp : 0.55 ~ 0.93 GeV/c 

LHRS�

•  Non-focusing Dipole  
• Big acceptance.  

• Δp: 200-900MeV 
•  ΔΩ: 96msr 

•  PS + Scint. + SH 20 
X. Zhan et al. Phys. Lett. B 705 (2011) 59-64 
C. Crawford et al. PRL98, 052301 (2007) 



Proton Charge Radius from recent experiments and analyses  
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Revisits!QED!Calcula'ons….!

Evaluation by Jentschura,  
Annals Phys. 326, 500 (2011) 
Recent summary by  
A. Antognini et al., arXiv:1208.2637 
!

An!addi6onal!0.31!meV!to!!
match!CODATA!value!

Birse!and!McGovern,!arXiv:1206.3030!
0.015(4)!meV!(proton!polarizability)!
!
!
!
!!!
!!!!G.A.!Miller,!arXiv:1209.4667!
!
!!!!New!experiments!at!HIGS!and!
!!!!Mainz!on!proton!polarizabili6es!

J.M. Alarcon, et al. 1312.1219 
0.008 meV!
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Revisits of e-p scattering data (just 2015)  
 

%
%

•  Re-analysis of existing proton form factor data  
•  D. W. Higinbotham, arXiv:1510.01293: two parameter dipole 

form fit describes the data at both low Q2 and high Q2 well, and 
the result is consistent with PSI value 

•  K. Griffioen, C. Carson, S. Maddox, arXiv:1509.06676: re-
analysis of Mainz data, focusing on the low Q2 part with a 
polynomial form fit. 

•  M. Horbatsch and E. A. Hessels, arXiv:1509.05644: re-analysis 
of Mainz data, simple fits (one-parameter model, dipole model, 
linear model) for low Q2 data, and spline extension to high Q2 
data, these fits can all describe data well, but the extracted radius 
varies from 0.84 ~ 0.89 fm. So current data is not able to resolve 
the puzzle. 

•  J. Arrington, arXiv:1506.00873: re-analysis of world data, found 
the previous scattering results might underestimate the 
uncertainty. 

•  Distler, Walcher, and Bernauer, arXiv1511.00479 

23!

All these studies emphasize even more the 
importance of low Q2 e-p scattering data  
!



New Physics or what? - Incomplete list  
 

%
%

•  New physics: new particles, Barger et al.,  Carlson and Rislow; Liu 
and Miller,….New PV muonic force, Batell et al.; Carlson and Freid; 
Extra dimension: Dahia and Lemos; Quantum gravity at the Fermi 
scale R. Onofrio;……. 

•  Contributions to the muonic H Lamb shift: Carlson and 
Vanderhaeghen,; Jentschura, Borie, Carroll et al, Hill and Paz, Birse 
and McGovern, G.A. Miller, J.M. Alarcon, Ji, Peset and Pineda….   

•  Higher moments of the charge distribution and Zemach radii, Distler, 
Bernauer and Walcher,….. 

•  J.A. Arrington, G. Lee, J. R. Arrington, R. J. Hill discuss systematics 
in extraction from ep data, no resolution on discrepancy 

•  Donnelly, Milner and Hasell discuss interpretation of ep data,……… 
Discrepancy explained by some but others disagree 
•  Dispersion relations: Lorentz et al. 
•  Frame transformation: D. Robson  
•  New experiments: Mainz (e-d, ISR), JLab (PRad), PSI (Lamb 

shift, and MUSE), H Lamb shift 
24!



Hadron-2016 25 A. Gasparian 

               The Proton Radius Puzzle (June 2016) 

M. Kohl 

#  New, preliminary value for rp was reported in PRP-2016 Workshop (Trento, Italy) from ordinary hydrogen  
#  Consistent with the muonic-hydrogen result ! 
#  Is the Puzzle solved?  No, new measurements are needed (spectroscopy, ep-scattering) 
  



Hadron-2016 26 A. Gasparian 

               Muonic Deuterium: A New Puzzle? 

Deuteron charge radius  rd  (fm) 
from M. Kohl $  Presented by J. Krauth at PSAS-2016 (Jerusalem) 

      and PRP-2016 (Trento)  
"  Reported in Workshop only, unpublished yet! 

"  New high precision experiments are needed (both in spectroscopy and scattering) 
 
  



 Jefferson Lab Experimental Halls 

          HallA: two HRS’                    Hall B:CLAS              Hall C: HMS+SOS  

 6 GeV polarized 
 CW electron beam 
 Pol=85%, 180µA 

 Upgraded to 12 GeV 
with a new Hall D 

Recoil polarimeter Recoil'polarimeters'



12 GeV Upgrade at JLab 

Scope of the project includes:  
•  Doubling the accelerator beam energy 
•  New experimental Hall and beamline 
•  Upgrades to existing Experimental Halls 

Maintain capability to 
deliver lower pass beam 
energies: 2.2, 4.4, 6.6…. 

New Hall 

Add arc 

Enhanced capabilities 
in existing Halls 

Add 5 
cryomodules 

Add 5 
cryomodules 

20 cryomodules 

20 cryomodules 

Upgrade arc magnets  
and supplies 

CHL 
upgrade 

Upgrade is designed to build on existing 
facility: vast majority of accelerator and 
experimental equipment have continued use 

The completion of the  
12 GeV Upgrade of CEBAF 
was ranked the highest 
priority in the 2007 NSAC 
Long Range Plan. 
 

Solenoidal Large Intensity Device (SoLID)
proposed for Hall A   Allison'Lung’s'presenta4on'



!  High resolution, large acceptance, hybrid 
HyCal calorimeter (PbWO4  and Pb-Glass)  

!  Windowless H2 gas flow target 
!  Simultaneous detection of elastic and Moller 

electrons 
!  Q2 range of 2x10-4 – 0.14 GeV2  
!  XY – veto counters replaced by GEM detector 
!  Vacuum box 

       PRad Experimental Setup in Hall B at JLab 

3 

Spokespersons: D. Dutta, H. Gao,  
A. Gasparian, M. Khandaker 

 
Future'sub'1%'measurements:''
(1)'ep'elas4c'sca<ering'at'Jlab'(PRad)''
(2)'μp'elas4c'sca<ering''at'PSI'D'16'U.S.'
ins4tu4ons!'(MUSE)'
(3)'ISR'experiments'at'Mainz'
'
Ongoing'H'spectroscopy'experiments'

GEM
chamber

HyCal

5.0 m1.7 m

PRad Setup (Side View)

bellows bellows

target
 cell

Hydrogen
     gas

bellows

Cryocooler

Tagger
Collimator

2H00
Harp

1.5 m

1.
2 

mNew cylindrical
   vacuum box

0.3 m

1.
7 

m





Installa'on)completed)on)May)11,)2016)

JLab'User'Group'Mee4ng'2016' 5'

GEM'1'

GEM'2'

HyCal&Box&

Vacuum
&cham

ber&

 (Thanks to Hall B Technical Group (D. Tilles and All)'



Windowless H2 Gas Flow Target 

!  Target cell (original design): 
•  cell length   4.0 cm 
•  cell diameter   8.0 mm 
•  cell material    30 µm Kapton 
•  input gas temp.  25 K 
•  target thickness   1x1018 H/cm2  
•  average density   2.5x1017 H/cm3  
•  gas mass-flow rate   6.3 Torr-l/s ≈ 430 sccm 

!  Target components: 
•  pumping system   
•  cryocooler    
•  motorized Manipulator   
•  chillers for pumps and   
       cryocooler 
•  Target and secondary   
       chambers 

3D Motorized  
Manipulator  

Cryocooler  

Target Cell  Gas Feedthrough 
!  Kapton cell 

Target supported by NSF - MRI grant  



Windowless)Gas)Flow)Target)

–  Target'chamber'is'differen4ally'pumped'
with'four'high'speed'turbo'pumps.'

–  Cell'orifices'upD'and'downDstream'

–  FourDaxis'mo4on'system'to'posi4on'the'
target'cell,'~10'm'accuracy'

•  20'K,'0.5'torr'Hydrogen'
gas'inside'the'cell.'
–  Cell'pressure'vs.'chamber'
pressure''
~'200':'1'

JLab'User'Group'Mee4ng'2016' 7'
Cell'orifice'





Vacuum Box and GEM 
  

550&cm&

8.77&deg&

HyCal&Face&

Varian&1000HT&

Gate&valve&

GEM&

Two-cylinder design for vacuum box 
GEM detector to replace veto counter to improve Q2 resolution  
(particularly with using lead blocks) 

! GEM detector funded by DOE 



Vacuum)Box)

–  Engineering'design'done'by'Duke/JLab'
–  Installed'in'May,'2016'
–  Connect'to'beam'pipe'at'the'end,'no'
material'on'the'beamline'

JLab'User'Group'Mee4ng'2016' 10'
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High Resolution Calorimeter 
!  HyCal calorimeter: 1152 PbWO4 modules  
      arranged in 34x34 matrix in the center,  
      576 outer Pb-glass modules                                                       '
!  2.05 x 2.05 cm2 x18 cm (20 rad. Length) 
!  ~5.5 m from the target,  
!  0.5 sr acceptance 
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GEM)Detectors)

–  Largest'GEM'detector'ever'built'in'the'world.'Two'chambers'to'
cover'the'en4re'region'of'HyCal'

–  Two'modules'overlap'in'the'central'part,'
opening'for'beam'pipe'

–  COMPASSDlike'strip'readout'(1.3'm'long'
ver4cal'strips,'acceptable'capacitance'
noise'level)'

•  Mounted'on'HyCal'box'

JLab'User'Group'Mee4ng'2016' 13'

105'cm'

12
3'
cm

'

GEM'1'

GEM'2'

Two'modules'mounted'on'the'holding'frame'in'PRad'GEM'
configura4on'before'the'cosmic'run'in'EEL'(March'2016)'



HyCal)–)GEM)Matching)

JLab'User'Group'Mee4ng'2016' 14'

GEM'1'

GEM'2'

–  Online'matching,'eDp'elas4c'sca<ering'event'candidate'



HyCal)–)GEM)Matching)

JLab'User'Group'Mee4ng'2016' 15'

GEM'1'

GEM'2'

–  Online'matching,'Møller'event'candidate'



Preliminary)analysis)

JLab'User'Group'Mee4ng'2016' 16'

GEM'1'

GEM'2'

•  Energy'resolu4on'from'1st'itera4on'of'
calibra4on'
– Single'cluster'event'(eDp'elas4c'scat.'candidate)'~'
3.4%'

– Total'energy'of'two'clusters'event'(Møller'
candidate)'~'3.0%'



Preliminary)analysis)

JLab'User'Group'Mee4ng'2016' 17'

GEM'1'

GEM'2'

•  2DDmap'of'cluster'energy'vs.'theta'(from'
latest'2.2'GeV'data)'



Preliminary)analysis)

JLab'User'Group'Mee4ng'2016' 18'

GEM'1'

GEM'2'

•  Q2'distribu4on'of'eDp'elas4c'sca<ering'event'
candidates'



PRad Projected Result with world data '



Summary and outlook 
•  Proton charge radius: fundamental quantity 

important to atomic, nuclear, and particle physics 
•  Proton charge radius puzzle triggered by muonic 

hydrogen atom Lamb shift measurements 
motivated extensive theoretical and experimental 
activities 

•  New precision measurement from electron 
scattering at low Q2 is a MUST 

•  PRad: new experiment on e-p elastic scattering uses 
novel experimental techniques – completed data 
taking in June 2016 

•  Stay tuned for more news about proton charge radius  
'

Acknowledgement: the PRad Collaboration 
Supported in part by U.S. Department of Energy under contract 
number DE-FG02-03ER41231, NSF MRI PHYE1229153 



Kunshan'��'
• Popula4on'1.647'million'(by'
2010)'
• Household'popula4on'is'730,000'
• 6,500'foreign'companies'in'the'
city'and'4,200'of'them'belong'to'
Taiwanese'owners'
• More'than'100,000'Taiwaneses'''
live'and'work'in'the'city'
• GDP'in'2013'of'292'billion'yuan'
(US$47.45'billion)'
• capital'of'the'world’s'notebook'
and'tablet'sector'

Located'in'Jiangsu'Province'between'Shanghai'
and'Suzhou'



Duke)Kunshan)University))



Medical(Physics(at((
Duke1Kunshan(University(

A global learning 
experience toward a 
career in medical 
physics 



COPYRIGHT'©'2014'DUKE'KUNSHAN'UNIVERSITY.''

Duke&Degree&
EClassroom & Practicum Teaching 
-Thesis Research 
-Seminars 
-Half-Year Study on the Duke University 
Campus  
2&years&in&2&countries 

Master&of&Science&in&Medical&
Physics& An#English*language#learning#experience#

A#broad#cultural#and#educational#experience#

A#large,#diverse,#established#medical#physics#program#
!Second(largest(medical(physics(program(in(the(United(States(

!Over(50(medical(physics(faculty(at(Duke(University(

!Classroom(teaching,(practicum(experience,(individualized(research(training(

!A(tradition(of(renowned(research(

APPLY'NOW'
JAN'31'Priority'Deadline'
Inquiry:'mpDeduca4on@dku.edu.cn�


