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» Overview and Motivation

» Nucleon charge and magnetization from elastic e-N scattering
» Quark structure using deep-inelastic scattering

» Hardware: Polarized 3He at William & Mary

» Hardware: Particle detectors

» *Quantum Enhanced Tracker (QET) project




-Nucleon Structure Studies

GOAL: Understanding the structure of the nucleon in terms of its constituent parton

The players: 3 valence quarks, qgq pairs, gluons

Quarks are spin %2, electrically charged, color
charged, interact via the strong nuclear force

Gluons are spin 1, electrically neutral, color
charged, self-interacting, strong force mediator

proton/neutron properties

Mass ~ 1 GeV
Spin =2
Charge = 0/1 (n/p)

Radius ~ 1 fm FRANK & ERNEST reproduced by permission of NEA. Inc.

Mag. moment (un)= 2.79/-1.91 (p/n)

h
Dirac moment = 1/0 (p/n) p = ;—m
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>

Where do quarks physically reside?

What is the charge distribution inside the
nucleon?

How does the nucleon get its mass when
the bare quark mass is ~ 2-5 MeV

What is the spatial spin distribution?

What contributes to spin = 72 ?
- Quark and gluon spin?
— Quark and gluon angular momentum?

What is the role of qq pairs? gluons?

Why contributes to the magnetic
moments?
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de Broglie ho Studying the internal structure
Wavelength A= 5 :> of the nucleon (N) requires a
probe with energy ~1-12 GeV

9-4)—{ » Very low energy: nucleon = point-like A1y
e'—)—i » Low energy: featureless nucleon with finite size  } ~ 7

e-— %
» High energy: quark structure, resonances A<y

» Very high energy: quarks, qq pairs, gluons 1 < ry

nucleon radius ry~ 1 fm
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DIS

Cross section

A

» Elastic scattering = free nucleon 0.4

W =2 GeV

> Quasi-elastic = nucleon in a nucleus

> Inelastic = nucleon resonances, W<2 GeV 0.2

» Deep-inelastic (DIS) = partons

~0
oo

—_—
A%
> Proton = uud
Constant W
» Neutron = ddu (resonances)

W=M

> AT =uuu (quasi—elastic)

> DIS=W >2 GeV
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» Electron beam = EM scalpel, no strong interaction
» Current up to 80 pA CW
» Polarization ~ 85%
» Energy 1-12 GeV
» Diameter ~ 200 pm

» 4 experimental halls
» Hall A —high resolution, large acceptance
» Hall B — 4n spectrometer > multi-particle
» Hall C - High momentum
» Hall D -- e- 2 y: meson spectroscopy

Recirculation

Arcs (magnets)

North Linac

Newport News, VA
45 MeV

& 20 mi from William & Mary

South Linac

> My primary research at Jlab:
Neutron structure studies
using polarized electron
scattering from polarized
3He (n) targets

End Stations
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Coulomb scattering from a point-like charge
Not included: magnetic contribution, relativity, spin, Au recoil

Rutherford’s Gold Foil Experiment Observation Interpretation

Most o particles travel } The atom is mostly

‘/ through the foil empty space

undeflected

The nucleus is
positively charged,

as is the L particle

Some O particles are

Detector deflected by small

angles

Beam of o particles

4 particle travels back most of the atom’

| Occasionally, an 0. } The nucleus carries
from the foil

Radioactive
Source

\

10” \ /

10* \ - /
10° \\‘-\
s

Scattering angle @ (in degree)
0 20 40 60 80 100 120 140 160 180

Number of scattered particles detected

10
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» Mott scattering = point-

k= (E k)

like scattering + relativistic + electron spin

_

- k'=(E"K) Measure in lab frame: E, E’, .4

1= (V, C[) <2 Mott a dQ Ruth 2

P = (En,DPn) N

Physics happens here

N P'= (En,pN)

Kinematic variables

> Q% = —q? = 2EE'(1 — cos 6) > (-) four-momentum transfer?

> v=FE—E'
> W2 = M2+ 2Mv — Q2

2
roX = L
2Mv

» virtual photon energy
> invariant mass of y*-N system

» fraction of nucleon momentum of struck quark
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» Overview and Motivation

> Nucleon charge and magnetization from elastic e-N scattering
» Quark structure using deep-inelastic scattering

» Hardware: Polarized 3He at William & Mary

» Hardware: Particle detectors

» *Quantum Enhanced Tracker (QET) project
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Rosenbluth formula
do do E’ 1 5 T Q>
- — | —G2 }, _ X
(). = (i), (5) e {erfon) =i

—1
€= <1 +2(1 + 7) tan® (g)) Y polarization

> D d onl 0?2
GE(Qz) = Electric form factor epend only on

» “Parameterize our ignorance of the

2 .
Gar(@7) = Magnetic form factor structure of the nucleon” — H&M

» At Q2 = 0 we expect
» Charge » Magnetic moment

GE(0)=1, GE(0)=0 G (0) = pp,  Gr(0) = pin

> But cannot measure at Q2= 0
» Fit data to get intercept
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» Sachs form factors ~ not too different from dipole FF at lower Q? (ex. G¢")
» Lots of nucleon dynamics entering at large Q2

0.8 —
%c proton GegP/Gp E
5 04F- -
% 02- =
0.0F i —
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https://arxiv.org/list/hep-ph/recent
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> What do these form factors tell us?

2
Charge radius (r?) = —6ng—(2Q) -
(r2) ~ 0.717 + 0.014 fm? (r?) ~ —0.11 + 0.008 fm?

» Proton-- ~agreement between e-N and atomic measurements

» In the neutron case, it is the complicated dynamics of the strong force between
quarks and gluons, the fermionic nature of quarks and spin-orbit correlations that
leads to an asymmetric distribution of u- and d-quarks in it, thus resulting in a

negative value. Nature Commun. 12, 1759 (2021)  arXiv:2105.00571
Charge distribution Magnetization distribution
o0 C— = oo
p(f’) — / e_zq'TGE(C_?)dsq_’ M(F) — / e—zq.rGM((Dd?)q—»
0 0

» Experimentally these limits cannot be reached



https://arxiv.org/abs/2105.00571
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What is the charge distribution within the nucleon? - Frame dependent E

» Non-relativistic: Fourier transform of lab frame spatial distributions

» With relativistic corrections: No probabilistic interpretation, |p,| # |p;]|

» Breit Frame: pi = —py > probabilistic interpretation but...model-
dependent boost corrections

r) Breit Frame neutron

VN

412 p

NSAC 2007 Report, "recent achievement”

— The charge distribution of the neutron
was mapped precisely and with high

resolution. The measurements confirmed
that the neutron has a positively charged
core and a negatively charged pion cloud.

o
0 fope] H
(3]
IIIIII||III||

|||ll

14
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> IMF - Infinite Momentum Frame: Model- Transverse charge distribution
independent interpretation

» No recoil correction needed
Transverse charge density vs. b
found to have negative core...hmmmm...

x < 0.23 total

> Low x

bp1 (b)

0.01 |

> Med x

0.00 | » High x

-0.01

0.02

John Arrington, ANL

-0.03

L

1.0
b [fm]

Miller, Arrington PRC 78, 032201 (R) (2008)

0.0 0.5 1.5
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Appearance (disappearance) of negative neutron core in IMF (BF) is due to
contribution from magnetization as nucleon momentum increases. Interpreted
as the frame-dependence of the direction of the nucleon polarization.

P, = average longitudinal

/En [I/fmz] momentum
0.2¢ Pz [GeV]
B ~ 0 - BF
0.1t ™. 0.5
. = . __.0.75
. T
0.1y 131
—0.2! Neston p
eutron .4
—0.3! mea £
—0.4} — oo » IMF

C. Lorce, PRL 125, 232002 (2020)
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B T T T T |(J) T T T T T ]
1 0;\% i i If charge and magnetization
* S O . . . .
p :ﬁs}%% % ~ ! have the same spatial distribution:
_\. NF \ Gp (QZ)
L\ Y e L | expect > HpCU g _
QQMO.S_ S 94 1 GM(Q )
O ¢ N i { 1
== r . \\\ i
L N e BN } § » proton measured to 8 GeV? at JLab
0.0 SR
Tl s Clos09,r=08fm N N
| Changll,add k, AN N
I Eichmanni1,m = 1.8 \\'\, i » completely unexpected decrease
- memne Eichmannll,n=2.0 N g
_0.5 I I I I | I I I I | AN I
0 5 10 9 Vexch : J
Q2 (GeV?) -Yexchange was ignored.

JLab precision

» Cannot keep decreasing with Q2

k

> Data needed at higher Q2 - Stay Tuned

A.J.R Puckett, et al.,
Phys.Rev.Lett. 104 (2010) 242301
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. - RcaMm S
B — GPD / ../"i e - ’//"
06~ ——— vMD /0 277 71 » Measured to Q? ~ 3.5 GeV?
- | —-DsE e I -
0] i //,T’ ~__1 » Notconverging at all
cl 041 gl —— —
(Dc — /,.//// 4 » Hard to do Fourier transform
= - 7= /‘F ] with data to only 3.5 GeV?
l =74 -
02~ s T PQCD, A =150 MeV-\ ' 71 . Theory all over the place
- / — - - pQCD, A =300 MeV
i Our Fit |
1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 2
00 05 10 15 20 25 30 35 - Data at higher Q° needed
. Q® [GeV?
» Is this true? [ ]

Again, if charge and magnetization
have the same spatial distribution:

NPG?E(QZ)

(@)

expect 2

Red triangles: S. Riordan, ..., T. Averett
Phys.Rev.Lett. 105 (2010) 262302



&
WILLIAM & MARY

CHARTERED 1693

» Small cross sections require spectrometers with large angular and momentum acceptance

» SBS = Super Big Bite Spectrometer system (SBS): electron spectrometer (BigBite) and hadron
calorimeter (HCAL)

GRINCH Gas Cherenkov
Glass Shower Counters

Timing Hodoscope

GEM Trackers

6 3721
Cu Analyser

Neutron Polarimeter
1219 Charge Exchange np—>pn Scattering




Hadron calorimeter R MARY

Sweeper
magnet for
p/n
separation

Hadron
Calorimeter
as currently
installed

Wavelength Shifter

s |
‘ = BT~ RIR\ |7
AV

l_'_.l

Rectangular to cylindrical
Scintillators  Light Guide
Absorbers

20



» Protons are down-bended

HCAL

actual

- HCAL, positions

‘expected
hdxdy HCAL

, " Entries 1033311 300

XpcaL Xexpect (m)

250

200

150

100

y (m)

HCAL- expect

HCAL proton efficiency ~95%

L p/ n events WILLIAM & MARY
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Q?=3 GeV?, 0.49 < W? < 1.44 GeV?, Fiducial Cuts

:_ ;& e Data

C . e Simulation

i °

m ¢ ¢

= L Plot Credit:

2 . P. Datta

C :

- t

- 'R &

= . ¥ A"

E ¢ :o 3: =¢

| @

B P W

2?5 2 -15 -1 05 0 0.5 1 1.5 2
Ax (m)

Time resolution - currently 2 ns but expect 1 ns after additional calibration

Energy resolution ~30%

21
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Completed Feb. 2022

Data analysis now on pass 2
First results ~ Summer 2023
Systematics ~ 3%

Preliminary
statistical uncertainty
shown on Ye 2018 fit

/

@K . . World data
B L 7 ' Global fit (Ye 2018)
it ?ﬁ 0.6 . SBS GMN projected .
.l: : i 1 1 1 I 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 1 1 1 I 1 1 1 | 1 :
0'50 2 4 6 8 10 12 14
Q? (GeV/c)?

World data for Gy, /u,Gp with projected SBS accuracy based on
completed data taking 2021-2022
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» First run complete Q?= 2.9, 6.6 + some 9.7 GeV?

» Second run in progress at Q? = 9.7 GeV?

Arrington18 fit

- — Segovial4 (DSE)
10— — —

Riordan10 fit
World data
ERR/PR12-09-016
GEN-RP

Current plan

—

Rough error estimates based
on acquired data

00 _____________________________________________________________________________________________________________________

October 2022 - present

, ///+,/~"<‘f‘
- i

95C at 45%

+
i
p—

Q. Cates

5
Q? (GeV/c)
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» Overview and Motivation
» Nucleon charge and magnetization from elastic e-N scattering

» Quark structure using deep-inelastic scattering

» Hardware: Polarized 3He at William & Mary
» Hardware: Particle detectors

» *Quantum Enhanced Tracker (QET) project
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> Nucleon with extended structure N(e el)X
9

- two unpolarized structure functions K k'
2 2
Wl(V,Q )7 WQ(VaQ )

- two polarized structure functions

9n(1,Q%), g2(v, Q%) }"
dg;’E, = (%)Moﬁ (%) {WZ(V, Q?) + 2W, (v, Q?) tan? (g)}

do \'1 do \ T 2 2
(deE’> B (deE,) x g1(v,Q%), g2(v, Q%)

» Add g1 terms
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2
» Bjorken scaling: At large Q2, v with = = 5170 finite, the scattering

becomes the sum of incoherent elastic scattering from free quarks.

» xis the momentum fraction of the struck quark

Wl(V7Q2)7 W2(V7Q2)_> Fl(x)7 F2(x)
n(1,Q%), g2(r, Q%) = g1(z), g2(x)

Parton Model Interpretation

nl)=5 Y & (dale)+ Ag()),

F2(w‘)=% > el (g(x) +@lx), i=u.d,s
i=u,d,s
Agi(z) = q] (x) — g; (x)

qi(x) = probability to find a quark with
flavor i and momentum fraction x

¢ (z) = probability to find a quark with
flavor i and momentum fraction x parallel to
the nucleon spin
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A fP(z, Q%)
DSSV14

1 L] 1 [ | 1 I e | 1 Tl Al 4 | 1 11 1 AT AT 1 O N (A 1 VA R ot R 184 11 M | 1 N B O N |

10~° 10~% 10~° 10~2¢ 101 1 0~ 10— 10~ 1
4 M L
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Quark contribution to nucleon spin

AY = Au+ Ad + As + A+ Ad + As
1 ]

— Y

valence sea
+ sea

EMC (1988) finds AY =4 — 24% ‘Spin Crisis’ \

Averett's thesis experiment, SLAC E143, re-measured
with higher precision using polarized proton and
deuteron targets = Crisis confirmed!

Current status: AY ~ 15 —35% As=—-0.1+£0.04

S. Bass, Rev.Mod.Phys.77:1257-1302,2005 /

Ji Sum Rule %:%AE+L(I+JQ

Lattice QCD calculation

®Ju

3.2

24 %

Jd “Js ®Jg

X. Ji, F. Yuan, Y. Zhao,
arXiv:2009.01291v1
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1980s

» QCD is not analytically solvable. Asymptotically free = non-perturbative

» BUT valence quarks dominate behavioras =1 ; the only place theorists can
make absolute predictions

» For access to the valence quarks, we measure the virtual photon
asymmetry

Scaling model
(%)2 Au(x) + (_71)2 Ad(x)
(3)" ulz) + (5)" d(x)

()'T —O"L 1\ D
M) =T T~ R | A =

X. Zheng, UVa
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neutron
proton 1.2r
1 — e - ~ Statistical A Jlab_E99117
- - -- Soffer g | = JLab_E06014 ——=
0.9F ..... LSS _or C e pQCD(w/angMom) © SLAC_E142 LetT
- - C -- pacop .
0.8 = [ ] HF Perturbed QM e ’,/ 08— <+ SSE(realistic) 9—SLACF154 Phe
TE - BBS g Lt C <4 DSE(contact) o HERMES Rl
0.7/ —— BBS+OAM J7 0.6
E l - {‘/QI} -
_ [ | b ® * |
0.6 = A7 e :/?, SuU(6)— 04_—
o P soabining —
< . g * i. “%_:‘Q 0'2:_
0.4— Lo 7@ e Egib C
- Eé « Eg1-DVCS 0
03E i {éf}’ﬁak v SMC (1992) 5
02f g ieB ] « E143 (1994) ~0.2]-
= T.i}' . + HERMES (1996) C
0.1 5?‘; D A ARL RIS + E155 (1997) —0.4—
'T_ll 111 I 1 A|AIA:Al‘AIAIAAIAIAAIAI‘AIAIAAIAI“I‘I“I‘I“"I“I‘; 1 I 11 1 1 I 11 1 | | 11 1 | I 111 | :
OO 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1 _06_llllllllllllll|IIlIIlllllllIlIllIlIllIlIlllllllIl
X 0 01 02 03 04 05 06 07 08 09 1
X
D. Parno et al. Phys.Rev.Lett. 113
(2014) 2, 022002, 1404.4003 ) )
Both data sets support pQCD calculations (pink)
Simple parton model predictions:
Model Au/u Ad/d] A} AT |d/u
SU(6) 2 L 12 0 L
. 2799 . 3 3 9 2
> PrOton OK, neutron <« Broken SU(6), scalar diquark 1 -3 1 1 0
QCD Counting Rules 1 1 1 . | z

> Data needed at large x

S. Bass, Rev.Mod.Phys.77:1257-1302,2005
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= T
= - -7 - » pQCD with HHC works well for
™~ [ ——
=) et up quarks; not for down??
<1 05 -  _LmaeeT
+ N
= - » Evidence of orbital angular
~—
momentum?
O e
. 1 F /[ > Need more data at large x
'__? | ® This work //‘//"//
5 - 0 HERMES [106,107] -
~— B -
S i |
™ B
1o L
3 [
-+ L
O
= !
: Il Il Il | Il Il Il | Il Il Il | Il Il Il | Il Il Il
O 02 04 06 08 1

X. Zheng,... T. Averett,
Phys.Rev.C 70 (2004) 065207
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» Measured up to x ~ 0.75 in the DIS region
» New measurement using state-of-the-

c
1 :
= art hyperpolarized 3He target
< e HMS/SHMS, DIS, online projected YPEIP J
i ) > "Flagship” experiment for Jlab 12 GeV
I Z gLL:g E:gi / / upgrade W&M PhD student Junhao Chen
¢ HERMES
% JLab Hall[AE99117 Actual data coverage; arb. values
05 /
Now for the fun part!
How do we make polarize neutrons?
0 What is hyperpolarized 3He?
Why is it so darn cool?
1 L 1 l L 1 L I 1 1 1 l L 1 1 I 1 1 1

0 0.2 0.4 0.6 0.8 1
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» Overview and Motivation

» Nucleon charge and magnetization from elastic e-N scattering
» Quark structure using deep-inelastic scattering

» Hardware: Polarized 3He at William & Mary

» Hardware: Particle detectors

» *Quantum Enhanced Tracker (QET) project
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Requirements for a polarized neutron target for DIS at high Q?

Small cross section measurements require lots of statistics
- high beam current

1. High density gas ~ 10 atm
2. Extended target length 40-60 cm
3. Minimum dilution 2 120 um windows

4. High polarization in-beam > convection

Most recent target cell design




yperpolarized 3He Targets

» Options: ?H or 3He, with nuclear corrections
» My expertise is in polarized 3He targets
» Ground state wavefunction:

Laser 1OOW Diode
optics Lasers (795nm)

RF Drive Coil

S state D state S’ state
(89.93%) (8.75%) (1.26%)
3 | 3
3 P D EPR optics z
= Oven @ 230°C S | Qmmmmmes’ [ °
e— E E
I [} EPR RF Coil [0}
beam I :g’
- o) Ay =
3 5 . 5
I Ham=be L - Pick-Up Coils L
Some N,, Rb, K c <
= =
D=3" RF Drive Coll
Pumping
Chamber
Q.__ AE— - N r——— ‘
40 cm Target Chamber

35



i
WILLIAM & MARY

CHARTERED 1693

» Place cell in B ~25 G field e
. . N2 quenching
» Optically pump Rb D1 transition | upper chamber
50% 50%
» Spin exchange to K oF
2812
o e 000000

» Rb, K spin-exchange with 3He nuclei

mj=-1/2 v mj=1/2

. . Spin-relaxation
> Convectlon to C|rcu|ate gas P

TSE YSE = alkali — 3He spin exchange rate
P(t) = <PA> [1 — 6_(’YSE+1")]

I' = all3He spin relaxation mechanisms

> Require 7Yse >>1




-nt target system at Jefferson Lab

Target cell in beamline

37
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Most recent experiment w/ 30 uA beam current
Polarization vs. time

- 50% in-beam
K“be:.“,ajmgl . polarization using

P4
Sy
®»
%
[ ] 6)0
&
‘e o
o %¢
*®
o8
-
*
5
'

N . ° 4 . .
SRR \i S JE 2 FA R N\ - convection cell design
£ * ‘ A A
|
£ 30 g -0 u _ o o —#— Y0 e pbueneo l
° |
o + Dutch: 180°
20 — | . i A
s . * BigBrother: 90° '
10 ' i 4 BigBrother: 180° ] Collaborators: T. Averett, W&M,
ol | | | N | N | | | | | | 1 G. Cates, UVa, J.P. Chen, JLab
0:00 0:00 0:00 0:00  0:00 0:00 0:00 0:00 0:00 0:00 0:00 0:00
116 1/21 1126 131 2/04 2/09 2114 2119 2/24 2129 3/05 3110

) W&M PhD student Junhao Chen
Time

Effective luminosity vs. time (1993-present)

60 Factor of 10 improvement

51.429 . .
9 > Hybrid alkali
L 42.857 »  Line-narrowed lasers
< 34.286
b
2 25.714
§.17.143
N Development of high-performance alkali-hybrid

8.571 polarized 3He targets for electron scattering,
0 J. Singh..., T. Averett
E142 SaGDH GEn-I Transversity ~ Hall C Aln Phys.Rev.C 91 (2015) 5, 055205
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Cells constructed at Princeton by Mike Souza
Attach to vacuum system

Pump and bake cell to 107 Torr

Fill with 3He at ~ 10 atm

Cool down with liquid *He

Cell pull-off with hand torch

YV V VYV V V

39






-ject: Optimizing optical pumping efficiency

» New undergraduate project (Lauren Vannell) 5P,

s =780.0nm | collisional
P: ' mixing

» Study the characteristics of optical pumping by 5p,
monitoring D2 fluorescence.

» Variables: laser intensity, spot size, circular A, = 794.7 nm
polarization, incident angle, alkali density...

D2 fluorescence D1 pump laser

5231/2

Rb D1 pump laser
85 W

41
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» Overview and Motivation

» Nucleon charge and magnetization from elastic e-N scattering
» Quark structure using deep-inelastic scattering

» Hardware: Polarized 3He at William & Mary

» Hardware: Particle detectors

» *Quantum Enhanced Tracker (QET) project




BigBite Electron Spectrometer AM & MARY

MVDC
500x2000
\

W\ Lead GX22%,
calorime™

GE|
400x1500 Scintillator

\ \

3He Target

890

» Large angular acceptance

» Large momentum acceptance

» GEM trackers 2 momentum

»> GRINCH Cherenkov = PID

» Scintillator hodoscope = timing
» Pb-glass EM calorimeter > E’

» Fast electronics

43
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» Efficient electron identification is essential for e-N scattering experiments
» Largest background is from 7~
» The most efficient is a gas Cherenkov detector

» For a particle with speed v,, in gas with index of
refraction, n, the condition for producing
\ Cherenkov radiation is

Wavefront generated by charged particle

C
(] h
( , ) (ﬂ/\ Direction of travel 'Up UP > E
Charged particle
C C
» choose nsothat v, > — and v, < —
n n

Similar to a supersonic jet
Overlapping

\ Wavefronts—

Subsonic Mach Supersonic
speed One speed




~ The W&M GRINCH

» GRINCH: Gas RINg imaging CHerenkov » ~70 cm path length, 4 mirrors, 510 PMTs

detector
» Custom, high speed electronics (JLab)

‘/4

Designed, built and installed by W&M
» Commissioned in early 2022,

C4Fg heavy gas gives a pion threshold of Maria Satnik, W&M PhD student
~2.3 GeV
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So thats what I do when I'm not teaching
Thanks for your attention

Questions?

P0G

Strange Charm

* Anyone interested in Quantum Enhanced Tracking with Rydberg Atoms??
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» Overview and Motivation

» Nucleon charge and magnetization from elastic e-N scattering
» Quark structure using deep-inelastic scattering

» Hardware: Polarized 3He at William & Mary

» Hardware: Particle detectors

> *Quantum Enhanced Tracker (QET) project




» W&M Faculty: T. Averett (DOE PI)
» AMO: S. Aubin, E. Mikhailov,
|. Novikova

> W&M Grad. Students: N. DeStefano
» Rob behary

» Jefferson Lab Staff: A. Camsonne (DAQ), G. Park (Beamline),
S. Zhang (LDRD PI) (Electron Source)

V >

THE INNOVATION UNIVERSITY®

Funding: (Jefferson) Laboratory Directed R&D and DOE QIS Grant
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Quantum Enhanced Tracking — QET R&D

Use Rydberg atoms to detect passing charged particles

particles
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Charge particles
are detected by

(n+4)P5/2)

(n+1)F7,2)
|[(n+3)P3/2)
(n+2)P3/2)

S———===|(n—1)F7;2)

(390s.)

Coupling — | (72+1)P3/2)
Laser (n 2)!“7/.2)
~480 nm —

[(n—3)F7,2)
(n—1)Pg3;2)

5 PS/2

Probe
Laser
~780 nm

581 /2

»le

(n—4)Fy2)

)

50



i
WILLIAM & MARY

CHARTERED 1693

—100 -50 0 50 100 150
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Longitudinal
probe laser

Transverse probe beam
ectric Field & Magnetic Field )

Electron gun
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* We are building a QET system to test at Jefferson Lab

* UITF (Upgraded Injector Test Facility) provides a 9 MeV
electron beam

* Rydberg opto-mechanics and vacuum hardware are
being acquired

* System built using ConFlat vacuum parts compatible
with JLab beam line.

* Intended use: 2D beam tracking




&
WILLIAM & MARY

CHARTERED 1693

1969, J.D. Bjorken predicts when Q? v — oo and Q*/v finite , the cross section becomes the incoherent
sum of elastic scattering from point-like, charged, spin-1/2, non-interacting quarks.
Scattering becomes a function of only one variable describing the kinematics of the struck quark!!

Q2
- 2Mv

x ; the fraction of the nucleon’s momentum carried by the struck quark

» Bjorken Scaling: Wy (Q? v), W2(Q?,v) — Fi(z), Fa(x)

1 . . .
Expect Fz(z) = 3 for a nucleon consisting of only 3 non-interacting valence quarks

Fa(x) Three quarks

with 1/3 of Q2 — 00
total
proton

§ /3 X momentum each.
Fa(x)
QuickTime™ and a Tl_'\r'ee quarks 9
are neededc??oo?eper?ﬁi?gicture_ W'Th some m O d e ra‘te Q

X momentum
/3 smearing.

>

Fa(x)
The three quarks

radiate partons low QQ
at low x.

Kendall, Taylor, Friedmann /3 X
Nobel Prize 1990 ....The answer depends on the Q2!
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Scaling Scaling predictions
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-1
( do ) x g1, ~ Two spin-dependent structure functions, a1 (v, Q%), g2 (v, Q%)
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. Averett's work
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