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Outline

* Understanding Internal Structure
 |ntroduction to The Target

* Spin-1 Solid Polarized Target

* High Intensity Photon Source

e Conclusion
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Understanding Dynamics
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* Need Additional Tools

* Need Complete Framework




What Is a Solid Polarized Target

* A marriage of sciences for the purpose of optimizing the
over all figure of merit of Nuclear/Particle Spin Physics

« Use of high density, high polarizability, with high
Interaction rate Iin fixed target experiments



Dynamic Nuclear Polarization

Add Free Radicals, cool sample, RF-sample in B-field
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Transfer of spin polarization from electrons to nuclei
Electrons 1K 2.5T ~92%
Protons 1K 2.5T ~0.25%

Narrow ESR width will help optimize

Calibrate P:Area
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Spin Polarization

Spin-1/2 system in B-field leads to 2 sublevels due to Zeeman interaction

<] < Pl

Defining Polarization



Spin-1

Pure Tensor Polarization Pure Vector Polarization

All spins in the m=0 level m=0 level depopulated

Two nucleon density distributions connected to electromagnetic form factor for spin-1 -7 < PZZ < +1




Polarized DIS
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Novel Targets for Novel Physics
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Construct the most general
Tensor W consistent with
Lorentz and gauge invariance

Frankfurt & Strikman (1983)
Hoodbhoy, Jaffe, Manchar (1989)

Nucleon
1 _1
3 2ge0f + a7 7]

1 1
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Deuteron
LT, chlat + i+l
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> e |24 — (a7 + q{l)}

} Tensor Polarization



Probing Polarization of Partons

Resulting in the spin structure observed in the nuclear spin

q° . Probability to scatter from a quark (any flavor) carrying momentum fraction x while
the Deuteron is in state m=0

g* : Probability to scatter from a quark (any flavor) carrying momentum fraction x while
the Deuteron is in state |[m| = 1

Probes a particular aspect of spin-1 internal structure

¢’(x) — ¢*(x)
9

bi(x) =

Should be zero for internal constituents being in s-wave



Tensor-Polarized Structure

Magnetic Moment(D) = Magnetic Moment(p)+Magnetic Moment(n)

1 1

q, +q; 1 _

S wave: 8 q,(x,Q°)=q, - > =0, b, =52ef{.[5Tqi[X,Qz)+5qu[x,Q2))=0
. q, +q, 1 _

S-D Mix:& g (x,Q°)=q°- =70, b= EZeff[c‘iqu[x,QZHSqu[x,Qz)) £0

where g™ 1s patron distribution function in hadron spin-m state.



Extraction of Observable
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Use negative or unpolarized |
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Extraction of Observable

=K [ ‘A ‘%
2 a5 %' W
Hermes .da.ta show that b, is FlOt as small as 01l ermes
the prediction for the S-D mixture proposal - +
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Extraction of Observable
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Very Unexpected Result

/bl(d')d&f' =0 if the sea quark tensor polarization vanishes
0,004
0.85
/ bi(xz)dz = 0.0105 + 0.0034 4+ 0.0035
0.0002
0,002
oy
=
Efremov and Teryaev (1982, 1999)
0
i1 !
® Hermes w4
-0.002 - .. Miller (1988) s
2" moment more likely to be satisfied experimentally Miller (2010)
since the collective glue is suppessed compared to the sea - — — - Kumano (no & gbar)
—— Kumano (&, gbar contributes)
Study of b, allows to discriminate between deuteron o : Ul : U
components with different spins (quarks vs gluons) -“'{][ﬁ[H]l 0.01 0.1

X

no conventional nuclear mechanism can reproduce the Hermes data



Hidden Color

G. Miller PRC89 (2014) 045203

0.012 “Pionic and Hidden-Color, Six-Quark Contributions
0.01 — to the Deuteron bl Structure Function”
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Hidden Color

@® HERMES
e Miller b16q at O° =1.17 GeV?
me Miller bl6q at Q7 =1.76 GeV~
e Miller bl16q at Q% =2.12 GeV”
m— Miller b16q at Q7 =3.25 GeV~
s K UMano

G. Miller PRC89 (2014) 045203

0.1

0.2 0.3 0.4 0.5 0.6
X



Hall C

Proposed at Jefferson Lab Hall C Polarized
PAC-40 conditionally approved with A- rating ND3Targe~|-

(longitudinal)

Temp Faraday
Fast Stabilized - Cup
Raster ~ Slow BCM/BPMs Lumi \
Raster m
§ 10 » O—0

E12-13-011 The Deuteron Tensor Structure Function b1

Condition: Show tensor polarization of 30%

E12-15-005 Tensor Asymmetry Quasielastic Region
HIGS-P-12-16 Tensor Analyzing Power in Deuteron Photodisintegration

Unpolarized Beam : 115 nA

UVa/JLab Polarized Target =103

Magnetic Field Held Along Beam Line at all times
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Systematics

Charge Determination
< 2 x 1074, mitigated by thermal isolation of BCMs and
addition of 1 kW Faraday cup

Luminosity
<1 x 107*, monitored by Hall C lumi

Target dilution and length step like changes observable in polarimetry
<1x10*

Beam Position Drift effect on Acceptance
<1 x 10%(we can control the beam to 0.1 mm, raster over 2cm diameter)

Effect of using polarized beam
< 2.2 x 105, using parity feedback

Impact on the observable

2
{fart
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—

False asymmetry suppressed by degree of polarizaton 0A.. =+

0§
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The DY Effort

e 2010 First Discussion with Kumano

- Possibility of DY access ,, < (1999) 094026

PRD 60 (1999) 054018

« Sparked Interest
- S. Kumano, S. Phys.Rev. D82 (2010) 017501
- S. Kmano 2014 J. Phys.: Conf. Ser. 543 012001
- S. Kumano et al. Phys.Rev. D94 (2016) no.5, 054022
- S. Kumano arXiv:1702.01477

- S. Kumano arXiv:1902.04712



Drell-Yan Process

P+D—y —suu"+X - E=12006v
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DY-Tensor Polarization

There are 108 structure functions for the hadron tensor of unpolarized proton-
polarized deuteron Drell-Yan Process, and the spin asymmetry Ay, is measured
with the tensor polarized deuteron.

PRD 59 (1999) 094026
— [o(*,0)- (',+1]+G(',—1)] PRD 60 (1999) 054018

< 2

Ze (q,(x,)8,3.(x,)+q.(x,)8,4.(x,))

In Parton Model y
o, ZZe (q,(x,)q,(x,)+q,(x,)q,(x,))




Update to Mode|

The spin asymmetry Ay, Will indicate that existence of tensor —polarized
distributions § g and 0,4, which are only available in D-wave deuteron. In
experiment, the tensor —polarized distributions have been confirmed by Hermes
measurements for b, of electron-deuteron DIS.

0.004 Set-1 results of xb, can not explain
? HERMES the Hermes data at small x (x<0.1).

0.002-

Set-2 results can fit the data well
xb ofooo=oomtT enough.

0.002. It is better to consider the antiquark
= = = - without tensor-polarized antiquark (set 1) tensor-polarized distributions at
——— with tensor-polarized antiquark (set 2) Q2:2 5 GGVz

-0.004 —— ' '

0.001 0.01 01 1

X



Update to Mode|

x0,f(x)

0.004-
: xSTiI=x6T3 =X 51‘3
00024 Ne—m=—"__ "~ S -
= — TS
] S
oy
0 R
' .1’.5],(, x31,L f
-0.002 5 \ !
: X0,8 \ I:
] 7
-0.004 -
: x0,u,=x0,d,~_ o
0006 . PDF <et? - - == (02225 GeV2
| Tensor set- 07=30 GeV?2
-0.008 — . i
0.01 01 1

symmetry for antiquarks
5,ii=8,d=8,5+6,¢

The tensor-polarized PDFs
are evolved to a FNAL

Notice significant tensor-polarized
gluon distribution

DY is more sensitive to the Sea



-0.03-

-0.04

Update to Mode|

set-2 (Includes Sea)

Tensor PDF set-2 .
_____ Tensor PDF set-1 In the figure, tensor-polarized

_____ asymmetry Ag is shown at
- TN typical values of x,=0.2, 0.4 and
0.6.

P +d Drell-Yan
E, =120 GeV
0%>25 GeV? —

AQ(XI, Xz)zzAUQO(Xl, x,)

01 02 03 04 05 06 Eef(qj(xl]5TC_{f(X2)+(Z(Xl)(STqi(Xz])

n:
772y & (4,00, (x,)+ 3,(x,)4,(x,))

The values of set-1 and set-2 are both a few percent.

The set-1 results are so different from those of set-2 at small region of
X,, and this 1s because that antiquark tensor-polarized distributions are
more important when x, is small.

The set-2 results should be more reliable, since the tensor-polarized
distributions can also explain the Hermes data well.



Tensor Polarization

Spin-1/2 system in B-field leads to 2 sublevels due to Zeeman interaction

7 For Spin-1 Target
N_ ' . :
\_ Ny -  Three magnetic sublevels
P = FEC 1<P,<+] « Two transitions +1 -0 and 0—-1
/ ~ « Deuteron electric dipole moment eQ
m = —1 =t
m=+1 . . . . .
' « Interaction with electric field gradient
N_ 2
\ o
J - NV, + N
P — (N; — Np) — (No— N2) _ (Ny+ N_)—2N,

;\Jv+ + .\"() + _-‘\r"_ .\‘—+ + .\‘r() + _\"_



Novel Targets for Novel Physics

¥
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+ L= N Be=i et g
By
Using Spin-1 (NDg) Target \_/
Three Magnetic substates (4-1,0.-1) \Z :
Two Transitions (+1 — 0) and (0 — —1) { - =) e S e
Deuterons electric gquadrupole moment a0} B - 5 ;v i
[=) il -} = [=] 3

Interacts with electric field gradients within lattice



Options of Enhancement

Increase the B-Field (Longitudinally Polarized)
Decrease Temperature

Manipulate using AFP - Smoetmediaion paesaee vl e ieierey comer
RF CW-NMR Manipulation

Selective Semisaturation: SSS
MAS + Slow Tilted MAS



Natural Equilibrium Polarization

0.5 :-— - 1
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2h © 3o On =2—4/4-3F;
P, = 0™ " (R)dR v

~ 2uiaN J - 3Rog + op

g i / I.(R)+1_(R)dR,
CE S —oo

Qn — (I+ —‘I—)/CE

* Under Boltzmann equilibrium the relationship between vector
and tensor polarization always exists

* Under this same condition the Height of each peak maintains
a relationship to each other that contains all polarization
information

= The ratio of the peak intensities can be used to calculate
relative population in each magnetic sub-level



Natural Equilibrium Polarization
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On = (I+ ‘"I—)/CE
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m=-1 .
Te—F w,_+6w
*mu-Emu o a
m=0
n_=Bi
DJD+3E::ID D a
M=+1
B=cos((1/3) B=n/2 6=0

On =2—+/4—3P2

* Under Boltzmann equilibrium the relationship between vector
and tensor polarization always exists

* Under this same condition the Height of each peak maintains
a relationship to each other that contains all polarization
information

= The ratio of the peak intensities can be used to calculate
relative population in each magnetic sub-level



Selective Semi-saturation

m=-1
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» Selective RF manipulation of the CW-NMR line
 Enhanced by mitigating the amplitudes below zero
* Can be implemented in parallel to DNP



Novel Targets for Novel Physics

* RF irradiation at the Larmor frequency induces transitions
between m=0 and other energy levels

* RF induced transitions at a single 6 has a resulting effect on two
positions in the line R and -R through conservation of energy

» This can be implemented to shrink one transition lines area and
enhancing the other resulting in tensor polarization manipulation

Tensor Enhancement Mechanism for single position

05
04

s

E 03

o)

=02

01

0

0

5

Selective Semi-saturation : Use power appropriate for position

e

aptimizing tensor polarization for all R

025
020
= 015
E
< 010

0.05)

0.00

Tin

For peak Semi-saturation significant enhancement occurs by

reduction of negative tensor polarization at R as well as adding to

positive tensor polarization at -/

Study Optimization Analytically
Develop Simulated Lineshape under RF

- Empirical info from RF-power profile and Spectral diffusion
- Rate Eq for overlap ratio
- Generate theoretical lineshape manipulated by RF

Develop fitting procedure for measurement

- Unique constraints for overlapping regions are provided by MC

- Fit semi-saturated (optimized d-Ammonia)

- Test measurements with specialized NMR and scattering experiments

Further Optimized Enhancement

- Slow Perpendicular Rotation with semi-saturating RF
- Heavily Reliant on MC for measurements

- Tested with d-but. but not yet for ammonia

Novel Tensor Enhanced Target

1.2 - al 1.2
1.0 | 10 ‘
osl . .

g N
0.6 ] 0.6 b

§) | I

0.4} =04 J_/I
0.2 02 _rjgk

T oo ﬁ,{’__/
00—y ; s %32 0 2 4 %6

R

Simulated Examples of regular lineshape Examples Optimized Tensor Polarization
(13,42,78%) Examples (1.3—-+5.4,13.6 +23.8,52 - 58%)



Selective Semi-saturation
(or just hole burning)

007 ~ o5k
D.-!}Eii—é : ; .
D_ﬂ% B S ;
.,W _____

RE . " : X

u | | P I |

B . 0 z 4 ® -ﬁ"'-4'"-2"'0"'2"'4"'Rs
MC overlap with d-but. NMR experimental MC with fit and d-but. NMR experimental

points (Pn=51-45,0n:20 - 31%) points (Pn=48 —46,0n:18 — 6%)
R — w — Wy
3wgq

DK Eur.Phys.J. A53 (2017) no.7, 155 arXiv:1707.07065



What Things Look Like

Kel-F (C,CIF,), cup and driving gear
* Motor outside cryostat
* NMR coil around cup

» Already used with several designs at UVA
* 1 Hz achieved with no problem
» Fixed beam spot



Rotating Target Concept

For dipolar couplings, the principal axis corresponds to the e
internuclear vector between the coupled spins o.sf]

, Z 03 : Jlf
T, Relaxation o F _ ¥
|

Eosf
£ 0.1 | 1 i
—B —3 —2 a 2 4 =]
- s s s s s =
| | | | | 0= 90°
03__ TlFleIaxatlon @
0 S R B« W 74 | Rotational rate sill faster
- than T, Relaxation
ol oo N o L e
| | o | | |
6 4 2 0 2 4 6 1 1

» Selective saturation/pumping while rotating  sss with siow rotation
e Saturated domain moves with rotation

e Can enhance Q or go -Q On = (I+ —1-)/CE
= (a4 —ap) — (a0 —a_)



MAS-PT

* Nuclear dipole-dipole interaction

between magnetic moment average to

zero at MA

 MA angle is a root of the second-order
Legendre Polynomial P2 mitigating these

local spin-spin interactions

e Tilted Slow MAS

Glycine-ethylester

8 offset / 0.008°

| /a.u.

On-sample

HL¢ |

| 2peer |

8 N—ml=]|

\//\VAVA

20

40 60
T/ms



RF-Manipulated Signals

Fast target helicity flips through Adiabatic Fast Passage (AFP)

AFP at UVA I:':]J from AFP experiments with various suclel in diffes
2 . target mancrials e
performed AFP on different materials (5T, 1K) ¥ Sons Lo B
15NH3, D-butanol, butanol+tempo W T ey "
acsoicn - iy Li LM tonw —nun | gt 2 e
preliminary results on flip efficiency W fmadicid) e
“F A Aeor | pevtancl 1 w10 037 J :
W 40 flip efficiency
: utanal-dy, 236w 10" 092 - - -
15NH3 P etima,  easaie®  _os before ~0.8 after
MIM 356 (1995) 108
e
o e ey .WWH -—-w«-wM’ | oSt A
- BT miE -
i| ;I ; Lo .,..\. ‘ -
Ji2] | | Iy 4 |
[} ; ] | \
| I.I A & !! | 2 I | |
I 1 | | I
) i
\ i l |
flip efficiency )
before 0.55 after before after

AFP produces rotation of the macroscopic magnetization vector by sweeping through resonance in a
short time compared to the relaxation time

« Set record for Tensor Polarization for Deuteron (d-b only) Q>31% @1K 5T
e Set record for AFP flip with Proton e>50% @ 1K 5T
| ° - ] n
! e : /i - / i Pt
A ) -———02 ra A
r-lf 'i'}. 0': r_‘l L"._j b‘ 4 J L } . d )




Achieved So Far

Before recent research (1984): ~20%
Recent studies SSS: (2014-2015): ~30%
AFP with SSS (2016): ~34%

Rotation with SSS: ~39%

DK Eur. Phys. J. A (2017) 53: 155
DK PoS, PSTP2015:014 (2016)

DK J.Phys.Conf.Ser., 543(1):012015 (2014)
DK Int.J.Mod.Phys.Conf.Ser., 40(1):1660105 (2016)



A Possible Fermilab Setup

Split Pair Must be Longitudinal

LHe-4 Pumping

Super-cooled
vaporation Fridge

T |
Proton Beam T

LHe-4 Cryostat
 No Field
» 4 K reservoir

 Hold ND3 with no
Polarization

Supercooled He-4 System
« High Cooling Power
 Low Temp 0.4 K

* High ND3 Tensor
Polarization ~70%

What to Add

New Magnet
New Fridge
He-3 System
Additional Pumps



A Possible Fermilab Setup
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Shifting Gears



Another Look at OAM

Ji Jaffe Manohar

| =
>
B

5= 5 + Lo+ AG+ L,



Another Look at OAM

Ji Jaffe Manohar
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Another Look at OAM

How do we describe the orbital angular momentum of the partons?
q

b= 7r%p L§=—(kfr><b'r)

Classically Partonic
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Relative average transverse
br position from the center of
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k Relative average transverse
T momentum
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Hierarchy of Hadron SF

parton correlation function
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GPCF/GTMD/GPD
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Sum Rules for OAM

No framework yet for GTMD observables

d [, k2
dCB dkTM2F14 H+ F

Twist-2 Twist-3

!

Can we disentangle the Twist-3 GPDs from data?




Exclusive Imaging
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DVCS + BH
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Standard School

Dieter Muller
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DCVS Cross Section: Azimuthal Analysis

Q2 = 2.36 GeV2, x5 = 0.37, —t = 0.32 GeV?2
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Measuring DVCS

« Helpful Observables %W

- Absolute cross section wies

p=0.1015
=1 4485

- Spin Asymmetries

- Charge asymmetries

o Extraction of CFFs

- A complete set of
measurements possible

» So far only Hermes




Proton Tomography

 CFFs are directly linked to the
tomography of the proton

- The mean squared charge radius of
the proton for slices of x

- Error bars reflect a factor 5 of the
model for unconstrained CFFs

e Nucleon size shrinking with x
- Proof of framework?

* New observables needed

- Critical for spin structure
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DVCS Cross Section
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Twist-2 Observables
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Twist-3 Observables
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Observables
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Additional Information
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Additional Information
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Timelike-Spacelike

* Spacelike DIS and timelike Drell-Yan \f\ L N —
processes both factorize into partonic cross
section and a Parton Distribution Function
(PDF)

— Measurement of both demonstrated the h
universality of PDFs

DIS (spacelike)

* In Deeply Virtual Compton Scattering
(DVCS) there is a similar factorization at the
amplitude level into a perturbative
coefficient function and a Generalized
Parton Distribution (GPD)

In TCS the real part of the scattering amplitude can be accessed through the
azimuthal angular asymmetry of lepton pair (unpolarized beam and target) or
through the spin asymmetries (polarized beam and/or polarized target).



Timelike Compton Scattering
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Combining Information

2
Fi® = =2(1 = @)Re| (2Har + &r — 2Hir — E7) (H - =€)
= o \(am & A b-t(zs o 2
T 28 (L"’ET _é;T) (H ———k | q('H?.T - EH:?T) (‘S *i‘f)
TCS - l_tg_' lb‘!” -
’H H} t” _t }-_2 ?_-Ef L (E: :"
T\ — Moy T A 2T — ot *Fj_g-,,ﬁ\tm-r_”‘r
2

cos ¢ ¢ 2 1/ v ' \1 - | 52
F{err o _2 (1 — E‘ )§RP|V (Z’HQT' i 52’_'[1 - 2?{21' -4 82'.!1} kH = - £25)

e 2 (B ) (- 1) W () (£ 4+ 66)
+ (Mar + Hiy "’j;_!;[j (Flar + Hir) + = L - (& + Bir)

- trg (e i) (6~ )]



TCS with HIPS

Jlab PAC-46: TCS off TPP — E12-18-005

M. Boer, V. Tadevosyan, DK

HIPS/CPS: arxiv:1704.00816.pdf B. Wojtsekhowski, D. Day, DK

NPS: arxiv:1704.00816.pdf, J. Phys. C.S.587012048,
arXiv:0609201 T. Horn, R. Ent, NPS Collaboration

Target/CPS: NIM In Progress DK



Jlab Experimental Setup

2) Transversely 4) Hoﬁdoscopes 2.05 x 2.05 x 18¢m® PbWO, crystals

polarized target  3) calorimeters

1) Compact Photon Source

2m !
polarized e N
25PA ., 3
Neutral Particle
Spectrometer
Polarized Target 150,
with HIPS

Side view of the TCS experimental setup. Shown are photon beam (7), transversely polarized
target (Tg) in the scattering chamber (OVC), and pairs of hodoscope (H) and calorimeter (C) counters for
detection of the recoil proton and the lepton pair.




Compact Photon Source

B. Wojtsekhowski, D. Day, DK . Magnet design

L

I

Distance to target ~200 cm
photon beam diameter on the target ~ 0.9 mm

200 cm . S )
2mm opening

A

1.2 pAe N
8.8 GeV \
3cm NH,
10%X0
Beam Dump
in the magnet
Photon beam
Raster +/-1 mm . 3 mm
Electron beam e e e e e e e . ——— e T e e — ____%_

10%X0 Cu radiator Power deposition area



High Intensity Photon Targets

* Depolarization due to radiation damage
- Photons at the several GeV scale can easily brake up NH3

- Especially with high energy (IPs) we get significant production of NH2, Atomic H, Atomic N, and recombination to
hydrazine and others

- This radiation damage causes either different polarization mechanisms and/or depleted DNP

- The production of these free radicals is the leading cause of target maintenance and overhead time required to anneal
and replace target material

- EGS and Geant indicate we will get some of these processes with a high energy photon but the primary production of
centers is still NH2, Atomic H from the IPs created by the photon source

- Secondary scattering of ionizing radiation inside the target using 101 gamma/sec with RMS~1 mm leads to 20 nA of
e+/e- in an area of 4.5 mm:

- If this dose can be spread out over the surface of the target (570 mm=) we start to approach the radiation damage
seen in CLASE type running

» Depolarization due to localized beam heating
- Local hot-spots caused by interfacial thermal heating can create loss of polarization at the beam location in the target
- Additional heating issue arise from thermal conductivity of the material and the Kapitza resistance
- All of this is easily handled by keeping the beam to target position moving (fix only a couple of seconds)



CPS Polarized Target System

High Intensity High
Cooling

Fixed Photon Beam
Fixed NMR Sampling
Manage Beam Heating

Radiation Damage



Prospects for Better Experiment

* Higher Energy Is Advantageous for TCS
- BH I1s smaller
- Invariant Mass of lepton pair Is larger
 Fermilab Photon Beam
- Primary Production Target
- Bremsstrahlung
- Purity/Monochromatic/Intensity/Tagged




Future of Imaging

Current DVCS data at co‘liders:
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Conclusion

Get More from the Physics with PT observables

Tensor Polarized Observables Largely
Unexplored (Big Part of Spin Physics)

Can isolate Twist-3 GPDs of the vector and
axial vector sector with T/S-like combination

Many more fun things to do with PT



Thank You



Take a look

Extraction of Generalized Parton Distribution Observables from Deeply Virtual
Electron Proton Scattering Experiments

Brandon Kriesten.* Simonetta Liuti,! Liliet Calero Diaz.! Dustin Keller,® and Andrew I&Iu;.-‘ur‘
Depariment of Physics, University of Virginia, Charlotiesiille, VA 22904, USA.
Gary K. Goldstein®”
Department of Physics and Astronomy, Tufts Uniwversaily, Medford, MA 02155 USA.

43
J. Osvaldo Gonzalez-Hernandez"

INFN, Torino

i) Be General and Covariant
i1) Provide Kinematic Phase Separation
it} Provide Clear Information Extraction



