Some Developments on Polarized Targets for

Nuclear Experiments

Dustin Keller

November 19, 2014

Dustin Keller (UVA) HiX 2014

HiX-2014

November 19, 2014

1/ 41



Outline

@ Introduction

® SPIN-2014

® Solid Polarized Target Research

Dustin Keller (UVA) HiX 2014



Solid Polarized Target Systems
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‘He Evaporation System

NMR
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Liquid He

Operate at 5 T

Used with up to 100 nA

Large Capacity pumps

Polarizations: p~90%, d~50%
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Dilution Refrigerator
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mixing
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Uses 3He-*He mixture

Operate at 0.5 T

Continuous/Frozen Spin mode

Polarizations: p~95%, d~80%
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SPIN 2014

Peking University, Beijing China

http://www.phy.pku.edu.cn/spin2014/proc.html

12 sessions
http://www.phy.pku.edu.cn/spin2014/proc.html

All spin phenomena
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SPIN 2014

The 21st Intewnational Spin Physics Symposium

® Accelerator Storage and Polarimetry of Polarized Beams
® Applcations of Spin Physics

.
® Future Facilties and Experiments

® Nuckeon Structure.

® Polaized lon and Lepton Sources and Targets

® Spin Physics in Nuclear Reactions and Nucel

® Spin Physics with Photon, Lepton and Hadron Beams
® Spinstructure of Hadrons

spin2014@pku.edu.cn
www.phy.pku.edu.cn/spin2014/
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Spin Physics with Frozen Spin Target at Mainz

Talk by Andreas Thomas

DNP at 200mK and 2.5T with 70GHz microwaves.
Frozen spin target (25mKelvin, 0.6T).

Secondary particles punch through holding coil.
Longitudinal and transverse holding coils.
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Spin Physics with Frozen Spin Target at Mainz
Talk by A. Thomas

Internal Magnet Development
Idea: reduce the magnetic volume of the
large external pol. magnet to the
size/dimensions of the internal holding coil

| strength: ~2.5T
s possible (minimized absorption)
ogeneity dB/B <1073

B:ﬂO.N.%

NC: ampere-turn : N:I ~ 300 kA — superconducting wire necessary
High current operation (~100 A) in a dilution refrigerator
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Longitudinally Polarized Target for CLAS12

Talk by Chris Keith, JLab

Polarized EMC

We intend to use internal superconducting shim coils to ensure
T polarizing magnet (i.e. the CLAS12 solenoid) has AB/B < 10

Conceptual design of superconducting shim coils
for CLAS12 polarized target
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Longitudinally Polarized Target for CLAS12
Talk by C. Keith, JLab

We also hope to use internal superconducting shim coils to adjust the
polarizing field for multiple target samples, allowing independent
polarizations with one microwave source

Heat shield
Coil1& 1A  Coil 2 & 2A 1K LHe Vacuum can
/ \ / \
Z —— Z ——
7
€——— Beam

5 Tesla

Target 1 Target 2 A——
(-8 mTesla) | (+8 mTesla) CLAS12 solenoid
Carbon Foil
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Solid HDice Targets
Talk by Xiangdong Wei, JLab

HD Equilibrium Polarization
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il . ] A [n reality, typically
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0 : i | : i
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B/T (Tesla/milli-Kelvin) Can P, be improved?
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Solid HDice Targets

Talk by X. Wei, JLab

Target Polarizations during G-14 Run

Target21a Target 19b Target 22b
60 L ‘() [y i ] | |
e H
A D Y
40 | HDice targets used in
g - a— frozen spin mode during
5 20 :.-‘—k‘r 5 - E06-101 (G-14) photon
2 run.
N
8 0 g
& Relaxation times were
-20 B S o e s longer than a year at
B=0.9T and T<100mK.
-40 T T T R T
0 20 40 60 120 140

days since 12/01/2011
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Boosting Deuteron Polarization in HD targets
Talk by X. Wet, JLab

”"e Spin Manipulation Methods

Adiabatically flipping spins of H or D with RF
— Nearly 100% efficiency for H and 70% for D so far.
* Could be improved: uniformed RF field, stable power supply...
— Moderate RF power required (~10mW with non-tuned coils).
— Can be used with higher holding field.

Zeeman Levels of HD

m,=-1
. m,=0 Yo m,=-1/2
Induce “allowed m=+1 o P
transitions with i —
RF ‘ Yu
Yu
P, ‘yu ,— m,=+1/2
v 4 VYo
“¥p
P,
| —flipping 7 ., -flipping D
s A
@
o Adiabatically rotating magnetic field direction
o RF AFP
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Adiabatic Fast Passage at 1 K

H,
"y oz=z "/ | 2 .
Adiabatic: o = yH, Fast (faster than relaxahon):; = |yH,|
. t
M \
M
External field [ contains vf field
H -/ §
H, static field: H,=H, rf field: H =2H, cos(wt)
0 H = Hy + H, cos(ot)% + H, sin(wx) p
X, rotating frame l

r 0}
Ho=(Hy-D)2 +HE  tang=— 11— @
Y Ho_(w 7’) 0y~

Larmor frequency: @, =YH,

For any vector /i satisfying a similar equation of motion the angle
between /i and H remains constant provided the change of
direction of H in time is sufficiently slow
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Recent Developements at Bochum/Bonn

Talk by Gerhard Reicherz, Bochum

Linzarity PSD

LF output /¥

3
aa 0.6 0.8 10 12 03 b t
Input amplitude/mv

H. Vondracek | Master Thesis (2013) Bochum i i Ty =

P g7 LSt 1wt
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Recent Developements at LANL/UVA
Modernized CW NMR system

i J
oy

Cold NMR (Electrical Temp Dep.)

AR cable

-
Cryostat Cryostat

Dustin Keller (UVA) November 19, 2014 16 / 41



Polarized Drell-Yan
Talk by Ming X. Liu, LANL

Polarized

N (target) L 5 \¢

Proton Beam
120 Gev/e

(A) UVA cooldown magnet test
(B) Oxford coil modification
(C) UVA fridge modification

(D) UVA target design
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University Virginia Solid Polarized Target

Hardware Development and Improvements
Radiation and Polarization Characteristics
Measurement of Tensor Enhanced Target

Development of Tensor Enhanced Target

Dilution Reduction
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Material Performance

Radiation Resistant Materials
@ SLim SLiD

@ NH; NDj

@ CH, CDy

No
oNpor
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Polarization Materials
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The Need For Tensor Polarized Target

003 @ Projected

[ ® HERMES
0.02 = Kumano (No 8,qbar)
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001 —

Construct the most general
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Lorentz and gauge invariance

Frankfurt & Strikman (1983)
Hoodbhoy, Jaffe, Manohar (1989)
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2 2

Upcoming: E12-13-011(b1), LOI12-14-002, Duke Tensor-HiFrost
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(refsh (a) Tensor Structure Functions

°
@ (b) Tensor Asymetries
@ Tho, To1, Toz, Ar, b1, ba, ...

P,p=——————— (-2< Pz <1)

Probe Spin 1 Observables use Spin 1 Target (Deuteron)
Three Magnetic substates (41,0,-1)

Two Transitions (+1 — 0) and (0 — —1)

Deuterons electric quadrupole moment eQ

Interacts with electric field gradients within lattice
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The Need For Tensor Polarized Target

* Deuteron also has an electric quadrupole moment, eq, = 2.86 e:fm?

* eqp interacts with electric field gradients within the lattice producing two,

overlapping NMR lines (Pake doublet) vp = deut. Larmor freq.
Vq = ND; quadrupole freg.
_ 20 2 _ eq = deuteron quadrupole moment
E, ==hvym+hve [3COS g 1][3m I+ 1)] 0= angle between elec. & mag. fields

~~~~~~~ Vp+ 6vq

0 e -1=¢(Ny,-N)) 0 > +1=c(N,-N;)

Vp-6vq Vp Vptbvy
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The Need For Tensor Polarized Target

B anh 2 L‘B . T
4tanh| M2 4tanh’ (—) 1k =
[ZkT) UTL) P, =2-,[4-3F
B = ' B, = | | 1
35?2 3anh?| L2
2T, izkr ) 5
4 bl ﬁ oLk gl
.LE 05 | =
* Mutually allowed values for the vectorand =
tensor polarizations are generally restricted to g 1F 7
be on or within the black triangle, but... = ol 3
* Spin Temperature hypothesis restricts the 2 5
polarizations to only those values on the red 5 05 o 05 i

Vector Polarization

parabola. Note: no negative P,, values!
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Homogeneous Broadening

°

kXmV

B 3 —p? w , 3+ p? + 2v3pr(R)
f+(R,A,n~0,¢) = m |:2u(R) (arctan m + 5) + v (R)In (m>]

p= (A + 1 R)/*

v(R) = (1+[1 £ R]/p*)/*/2

VI(R) = (1 - [L£Rl/p*)M4)2
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Tensor Polarization Measurement

kXmV
°

Dol

_ B 3 — p? ™ ’ 3+ p2 + 2v3pr(R)
f+(R,A,n~0,¢) = m |:21/(R) (arctan m + 5) + v (R)In <m>:|

2
I, =/2 f4+(B,R)dR = C(ay — ao)
= /72 f_(B,R)dR = C(ag — a_)
2

1
A= (Z3m2am) —2=(ay —ag) —(ag —a_) = E(I+ —I_)

Dustin Keller (U ) HiX 2014 November 19, 2014 26 / 41




DMR line Fitting

o

kXmV

0_ /

e 2
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2
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—2
I :/2 f_(B,R)dR = C(ap —a_)

Fit to find P = 42.3% and A = 13.1%
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RF Modulation
Deuteron RF Modulation

@ Adjacent Spins Dynamics
RF modulation @ Different Resonant frequencies

@ Change in I'(w)
NMR coil

First Look

@ Secondary Coil (2 mT/A)
@ Translate NMR Area

©® Only Estimates

@ Intermittent NMR
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Interpretation of the DMR line

kXmV
°

et iere

-

; RN

E)

@ (a) Understand change in I (w), I_(w)
@ (b) Useful steady-states
°

(c) Measure with uncertainty
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Interpretation of the DMR line

kXmV
o

4

@ (a) Understand change in I (w), I_(w)
@ (b) Useful steady-states
°

(c) Measure with uncertainty

Dustin Keller (UVA) HiX 2014 November 19, 2014

30 / 41



Steady State Solutions

°

kX mv

N \/\‘

A

4 E 4

@ (a) ¢( < f (Mininal variation)
@ (b) ¢ > B (Saturation)
® (c) ¢ ~ B (Family of solutions)
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The Semi-saturated Fitting

kXmV
°
2

P =0.490 — 0.472 P,, = 0.189 — 0.128
$T(R*, A}, B}, m, 6, b}, T* Kk}, 0%, 8) = fT(R*, AT, B]) — L(h},

§T(R*, AL, B3, n,¢,h5, 0" k3, 0%,8) = f~ (R*, A}, B}) + L(h3,

@ Saturate ¢

@ Use Power Profile to Gauge

@ Semi-saturate to steady state

', r)® G(ki,o",0)

I, r) ® G(k3,07,6)
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The Saturated Fitting

°

kXmv

° J@JA

P =0.414 —+ 0.391 P., = 0.128 — 0.156

0 :1 <R
3T(R*, A}, A3, B] By n,¢) ={ fi (R*, A}, B}) :-1<R<1
S fH(R*,AF,BY) i -3<R< -1
0 :1< R
3T (R",A3,A},B3,B],n,¢) = fy (R", A3, B}) :-1<R<1
CfT(R*,AF, B :—3<R< —1

k3 k3 k2 k3
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Enhanced Tensor Polarization Measurement

Enhancement Method

@ TE& P.. = (2 —2r + 1)/(r2 + 7+ 1)
QPr..=1-30=cU;-1)
@ Saturate Pedestal and Semi-saturate small peak

o

STAFT AT 45T

Error Estimates

@ (a) Natural distribution (4-6%)
@ (b) RF Saturation (5-7%)

@ (c) Semi-saturation (6-10%)

Dustin Keller (UVA) HiX 2014

°

kXmV
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Uncertainty in Tensor Polarization

Standard Uncertainty Contributions

<5C'TE>2 _ <5PTE>2 n <5ATE>2

Cre Prg ArTg

5P 5P, 2 5A 2 5S 2 545 \2 5Sg \?2 5G\2
E:K TE) +< TE) +( TE> i E I E +(7>

Pg Prg ArTE STE Ag Sg G

e A1 g - Relative uncertainties in area acquired during TE

1/2

g STE - Measurement limitation during TE
@ SE - Systematic variation in enhanced signal
@ G - Error from gain
D. Keller NIM 728, 133 (2013)
Additional Contributions (Steady-State)

51p = \/(6C)2 + (8A,2)2 + (8A5;)
@ (8C) Standard Contributions from above
*} (6AX2) Variation in area over covariance matrix minimization

@ (5A5;) NMR measurement limitations with respects to relaxation rate
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Wide-Angle Compton Scattering

Longitudinally Polarized Photon Beam With rage o
. _ —— iy
Longitudinally Polarized Target e Y §§ "
- Bean @ ‘:‘S Beam Dump
on
E12-14-006

Calorimeter

UVA/Jlab polarized Reliance on the Neutral Particle
target Spect ter for photon detecti

Phenomenological analysis of the WACS
including the kinematic power corrections
and suppressed helicity flip amplitudes in the
Soft Collinear Effective Theory framework

N. Kivel and M. Vanderhaeghen, JHEP 1304 (2013)

bed

¢ New Calculation using leading order approximation
* Calculation show a weak s-dependence

¢ Can be checked in a new asymmetry measurement

¢ Extend the measurement of proton axial form factor

1

08+ -

é § () h 0.6
s + + m’ Ar
* : D 044
' 04]
o . . 024 — NLO+PGC 5220 GeV?
The initial State Helicity Correlations can then be

— NLO+PC $=6.9 GeV?
used to clarify the role of the power suppressed

0 + +
60 70 80 90 100 110 120 130

helicity flip contribution 0
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Photon Arm at 22°

400 +

200

Boosted Decision Tree

[ Cres 7 o =5
a0~ — " e ma 12.86 iy
FooEan 1 é (;‘5/)
o BDT efficiency response using tagged MC
[ \ Cutefficiencies and optimal cut value
B o e TS e T B
Photon Arm at 78° 3 :: Background S s g
7 .E. % g e "P\\ -iﬁi
Dan 4 % s § i o
3 ,‘..(«Lﬂ.m ; £

o > Constant 1774
% Ea Moan | o0sser
40— o 7 sigma 2131
=00

m, 4}«#‘“_/L

U
SX/mm

0 2 s
8
5 04
4 5
02
2
[

= \ ES
El 08 08 04 02 o 02 - -08 08 4 02 02
BOT response

Cut value applied on BOT output

Optimize split point: Information Entropy H = =3 p(c)logp(c)

D= (N‘Yﬂ"° + N‘n.’r)/N'm

Also Used for CLAS6 Frost-g9 Dilution

Dustin Keller (UV

N givad =B J(PoBy fuyAA,,) Expected dilution from simulated data:

Normal method: D=2.0, 2.8, 3.9
D=1.01, 1.04, 1.07




Frozen Spin
Dilution
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Fast target Fast target
changes changes
Fast Spin flip

Protons, Neutrons, or Neutrons Protons, Neutrons, or Protons, Neutrons, or
Deuterons Deuterons Deuterons
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Polarized Solid Targets at 12 GeV Jlab

@ Hall A
(E12-11-108) SIDIS with a transversely polarized proton target
(E12-11-108A) Target single spin asymmetries uing SoLID

e Hall B

(E12-06-109) Longitudinal spin structure of the nucleon

(E12-06-119) DVCS with CLAS at 12 GeV
(E12-07-107) Spin-Orbit Correlations with a longitudinally PT
(E12-09-009) Spin-Orbit Correlations in kaon electroproduction in DIS
(E12-12-001) EMC effect in spin structure functions
(C12-11-111) SIDIS on a transversely polarzed target
(C12-12-009) Di-hadron production in SIDIS on a transversely PT
(C12-12-010) DVCS on a transversly polarized target in CLAS12

Hall C

(E12-14-006) Helicity correlations in wide-angle Compton scattering
(C12-13-011) The deuteron tensor structure function bl
(LOI-12-14-001) Search for exotic gluonic states in the nucleus
(LOI-12-14-002) Tensor asymmetry A,. in the < 1 region
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Summary

Hardware Development and Improvements
Radiation and Polarization Characteristics
Measurement of Tensor Enhanced Target

Development of Tensor Enhanced Target

Dilution Reduction

12 proposals Jlab
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