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Polarized WACS
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What is the nature of the quark which absorbs and emits
photons? Is it a constituent or a current quark?

If the GPD approach is correct, is it indeed true that the
RCS reaction proceeds through the interaction of photons
with a single quark?

A will help discriminate between quark helicity flip and
non-flip contributions.

Data on A will provide constraints on the GPD integrals



Experiment Setup: HMS + NPS

High Momentum
HMS:  Spectrometer

About 1.66 m to target

The acceptance is determined by
the collimater.

Solid Angle = ~7 msr.

Momentum acceptance: +/-9%
dP/P = 0.2%

dTheta_tr =1 mr, dPhi_tr =1 mr

dY tg=1mm

Neutral Particle
MNPS: Spectrometer
Size = 30" (w) x 36" (h)
gdE/E = 3%

Positon = 3 mm

Distance to target and vertical
offset depends on kinematics




Kif. C, a0, &, ﬂ;f. Ee, B, L, k.
| (Gevie)” | degree | degree | degree | GeV | DeVic | om cm
P4 1.7 s el 45 2687 | 108 | TEéb | #1.2
""""" o o T T Ry 0 s o 0 2 Ty S o 1 g 1 - R
Fa -S4t TE 13 13 OEE | 2325 | 245 | 400
kinematic P P2 P2
N.., events | 2333 | 1666 | 1404
AA, 0.05 | 007 | 009
Source Systematic
Folarimetry o%
Facking fraction o A
Trigger/Tracking efficiency 1.0%
Acceptance 0.5%
Charge Determination 1.0%
Detector resolution and efficiency 1.0%
Background subtraction 4,0%
Total &




Existing Data

EQ7-002:
5 = 8 GeV?
t =-2.1 GevZ

E99-114:
5 =6.9 GeV?
t =-4.0 Gev?
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K. . : a longitudinal polarization transfer
observable, which is related to the

helicity of the final proton.

GPD: Huang and Kroll

CQM: Miller’'s K,

ASY: Brooks and Dixon

COZ: Chernyak-Ogloblin-Zhitnitsky
Regge: Cano and Laget (A)
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Constraints on Initial State
Helicity

1 T T T
I K]_I_Tjrum E*N-1II-'I- ! I . e -
08 — - A, : the initial state helicity
as- K, (Miller) E_,-ﬁ’; _ correlation observables, which
-\""-\-\. ...-"'-j_.d'
el P e involves the helicity of the initial
g!E :'_H;.-.s, T'L Al ."ll Erall)
- - proton
02— " __,,-r""dr_ h«. N
of == % - Kroll: A, =K,
= _(Miller) ;,;"*
0.2 #,.f’j f#aj n,,\ —
o4l i . VS
Proposed A | measurements
T i Miller: A,, #K
65l i Her. Ay LL
.1 1 I L I L I L I L I

0 a4 &0 90 120 150 180

8,y [deg]

Miller in Impulse approximation of handbag:

Massive quark

Model wave function same as for E/M form factors

Orbital angular momentum and non-conservation of proton helicity
Good agreement with cross section data But A # K,

At large backward angles: A | =- K|
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Separation from Background

PhotonArm=22 °
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Separation from Background
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dX: the difference between the
measured RCS photon vertical position
and the inferred vertical position.

After both dY and dE cuts

Fit Bg+signal to find out dX resolution,
then extract dilution (D) of RCS events.
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Classification Learning Algorithms

Photon Arm st 22° Boosted Decision Tree
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Optimize split point: Information Entropy H = — ) _p(e)logp(c)
= {Nﬂr:,n + N’F:’F] / Nm,r. N sayivad = D f{PaPyfeyiA 7 1 Expected dilution from simulated data:

i > 3 L -
EDT maponss

Normal method: D=2.0, 2.8, 3.9

Also Used for CLAS6 Frost-g9 Dilution Il Toit B

...as well as Hall-D
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Possibility of a Pure Photon Source

Dump: 60 cm high(y), 20 cm wide(x), 15 cm thick(z)

There is a replaceable cylinder block with 6cm diameter. Drilled through this block
with a hole of various diameter of 0.3, 0.5, 1, 2 cm. This block is part of the local
dump and will be used as the collimator.

The replaceable block used in E12-14-006 will be the ane with a 3 mm diameter
hole. Photon flux reduce to ~40% due to this collimatorf placed radiator 2.7m away

d=6.4cm

d=6cm

\l
<

Crilled through hole, d=0.3, 0.51.0,2.0 cm
Vertical position can also be change

Radiator right at front of
bender

Use Local Beam Dump




7
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For BdL=2.2 Tesla-m®%
11 GeV beam electron d&
~22|~14|~8 cm at the local 8

Collimator sits on top of the loca
dump, 3mm diameter in this case,
can be changed.

1.0 UA beam current results in
~5x10" v /s

10% copper radiator located at -3.5m (upstream)
Shielding not shown, depends on FZ magnet located at (x=0, y=-0.1m, z=-2.3m)
experiment. Local dump at z=-0.8m (15 cm tungsten, 42.7
radiation length)

Jixie Zhang Polarized WACS
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FZ magnet Local Dump

Polarized WACS



Some Bender Options
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Separate Dump and

Magnet in Shielding Magnet

Placement of shielding
and dump?




Extend Kinerr
1uUA 6.6 GeV beam, 10% radiator

Point# HMS HMS PO NPS istance ical

| (deg) ISR eg) o Oy e
5 27.5 3.02 35 300 13 90
6 30 2.81 31.5 350 15 85

j\'rRC.S Jrequired — D/ (Pe P‘p fﬁ",r’ A‘ALL )2

Point# t u D(all/sig)  Time(h) Stat Uncertainty
6.6 <
5 -4 .4 -3.7 11.5 500 2376 9.8%

6 -3.6 4.5 5.6 250 3769  5.4%

19



Radiation St

For high u, t, s with highest photon intensity considering distance
from dump to target, position of radiator, and required shielding

commercial COTS  hardened electronics

accelerators

Semiconductors | |

Pobymers | | ]

Ceramics | |

Metals and alloys

100 1E2 1E3 1E4 1E5 1E6 1E7 1E8 1E9 1EI10 1EM Gy
1E12 1E13 1E14 1E15 1E16 1E17 1E18 1E19 1E20 1E21 1E22 nicm?

|:|- no damage ‘
[ |-mildtosevere damage ! Assumption !

- destruction (depends on particle energy spectra)
- 1 neutron (1MeV) lom? ~ 3.3E-11 Gy

Radiator: z=-370 cm,

C-type Magnet: 2-m long, centered at (0,-10,-270) cm, B=2.0T

Dump (Not Shown): 30x30x15 cm, centered at (0,-20,-103) cm

Virtual Boundary: vacuum, inner R is 200 cm, thickness 20cm. Co-centered with

dump.



Heat load
microwaves.

*+ Beam current can B
the local dump and ra@

py the colling power of

L 2

Overhead time will be grea
measurements (associated wi

eals, target changes and TE

Conservatively speaking, the F.O.R proved by a factor of 10.

Concerns:
*Radiation in the hall
*Shielding need to be applied to protect detector and electronics



Minimum Plan for Kinematics

We want to measure the angular dependence of A |

BCM — SOG.

1. To compare with existing K, data.
2. Atalocationthat K, iscloseto A, .
3. For NPS calibration.

BCM -— QOD
1. Largest |t||u], which is optimal for testing the polarized target WACS handbag
amplitudes.

2. Helpful to clarify the role of the power suppressed helicity flip.
3. Understand the hard reaction mechanism.

BCM — 136D.
1. The best kinematics point to probe the divergence between A, and K,

2. Help to build our understanding of quark orbital angular momentum in the
proton.



UVA/Jlab Polarized Target
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Evaporation System with NH,
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What is a (Solid) Polarized

Fixed-Target Experiment 5
Al
=)o =0 -
i*:;.*l‘

e 4%

FOM=ntf2P2

* Fixed Scattering Experiment Target
e Specific Spin Species Orientation
» Highest Possible Luminosity (FOM)



Cryogenic Polarized Targets

Target Ireert Flange

Flemble

== o Beam : Neutron,

Photon, Electron,
Proton, Muon

» Target : Proton,
Neutron, Deuteron

» System Types:
Evaporation and
sltin Vo Dilution

: Rotatable Magnet/Vaonm A=embly ,‘

|
T g
L E
u
i 4
= i H




General System

NMR
System
\Magnet Coils /
i NMR Coil
: ‘%%‘ Sl Microwave
: L\ | Generator
/ Refrigerator

£ N

Cryogenics,

Superconducting Magnet
B=2.5-5T

Liquid He

Polarization
Detection

Tuned To Larmor
of spin species

Proton (42.6 MHz/T)

Larmor-ESR

50-185 GHz
~140 GHz at 5T

1=0.03-1K



Vacuum Pumping Subsystem

Cryogenic Instrumentation



The Concept of Polarization

1 ¥
P -Polarization is the F= —ETF{P f;}
degree the spin align =t
© The normalized density
matrix p:zﬂ:N—_N+

N N
For a set of N spins /
In thermal equilibrium a haw,,
Boltzmann distribution is Fy = tanh T
B

established

Spin Temperature — P(T)



Dynamic Nuclear Polarization

e Transfer of spin polarization from electrons to nuclei using
RF irradiation in a magnetic field

* Nuclear spins align using the polarization reservoir of the
electrons made possible by the electrons quick relaxation
rate

* Alignment of electron spins at a given magnetic field and
temperature is described by the Boltzmann distribution
under the thermal equilibrium

» Polarization of the nuclei depends on target material
characteristics, relaxation rate, and concentration of
paramagnetic centers
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* (a) Thermal Equilibrium with single ST
* (b) For positive spin-spin temp
* (c) For negative spin-spin temp



Zeeman Splitting

Elec_tron_relaxatmn Proton Proton relaxation time
time iIs ~ms

- {} ; is ~10s of min.
F v !

Ve 1 Vp Ve — Vp

R B BT
Solid Effect: Spin sees static holding field B causing a
Zeeman Splitting with Microwave inducing ESR

transitions



Narrow ESR line — Solid Effect

MIDS g LLFE]S + wWor
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Solid Effect

Longitudinal
Relaxation

“Ramp-ups” follow an exponential growth
Freguency response can be approximated as a second order system

Palt) = =[(\s +au1)farg)Cre™™t = (A + aps) fasa] Cae ™" 4 Py(o0),

Longitudinal Buildup

P (t) = P, (0) + Cie~Mt 4 Cyehet

_EEI+'1
il

Ch+1
ll =

Ay

+ f(C+1) B B C=_%

First exponential term extremely small (can essentially be neglected)
» Higher &, faster growth/decay

&
(L4
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Relaxation rate
t1=T/In(P/PO)




DNP to Enhance Faster than

DPM
wmim f_ ?"-»Jm + 2A Spin-Lattice Relaxation
s wtéttttt“
tiettetttt
S-D-S"OC) _—
ttittttett =
s"-D-S" )G
' 'Tté' '. 1. ' '. difrusiclm rate
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Mechanisms In DNP

narrow ESR line < woJ
broad ESR line > wor
weak p-wave field wy1glng < 1
. _ 1 1
fast spectral diffusion — s >
worlse 1is
. _ 1 1
slow spectral diffusion — <
worlsg 11s
strong p-field wiglog > 1

well-resolved
solid effect

thermal mixing

cross effect

differential
solid effect



Evaporation Fridge

e Max CC: ~100 nA
e Dilution factor f<50%

« Luminosity: 10% cm™s™
« 1 K (high cooling power)
« Polarization: p~98%, n~42, d~46%



UVA Polarized Target System
Microwave |
Target Insert =%
Pumps

Two Parallel
2063 m3/Hour

600 m>*/Hour

Two Parallel
2000 m*/Hour

1W (~0.121 Torr)

Magnet




|<7 drift space 4~1

“Buncher” i “Catcher”

cavity

kathode

=X

filament

I = Target Insert

' b _ L collector
If—  electron beam :

The extended interaction
oscillator (EIO)

*microwave input microwave output *



Free Radicals - Dopats

NH

-200 -100 0 100 200

A
'Av (MHz)

Y N

2 _/M% 2 NIST irradiation 14 MeV at
W 87 K under liquid argon

3 — \/'3 Dose ~ 10" e’/cm?

4 dj\(’ )

2490 2495 2500 2505 2510
B (mT) at 70 GHz

332 336 340
B (mT)

Fig. 6. X-band (a) and V-band (b) ESR spectra of TEMPO-doped d-butanol (1), irradiated °LiD (2),
irradiated d-butanol (3), and trityl-doped d-propanediol (4). ¢ Corresponding radicals.

Spin Temperature Theory: Narrow paramagnetic resonance (EPR) line enables
Creation of high inverse spin temperatures — High Polarizations



Some Polarized Target
Developments




Some Polarized Target
Developments
 Fermi-Lab E1039 Polarized Drell-Yan
* NMR Development
 HALL-B Horizontal Fridge (Polarized EMC)
» Adiabatic Fast Passage
* Microwave Automation Control
* Tensor Polarization Enhancement
» Rotating Target



Polarized Drell-Yan (E1039)
T
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Hall-B Polarized Target

Simultaneous Data on two Target Nose of Target
States

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

=
=
5,
(=N
-
Heat shield

Coil 1& 1A  Coil 2 & 2A 1K LHe T Not Optimized
//\\ f/\\ // / £ P

7 \ 7 AN 7

( _,,
:I E G BEOM

5 Tesla
Target 1 Target 2 SR
(-8 mTesla) | (+8 mTesla) CLAS12 solenoid /s
2
F - L] L]
fatan el Optimized as

microwave Cavity



Adiabatic Fast Passage at 1 K

H,
4 =2=2 |
Adiabatic “[_;H =yH;  Fast(faster than relaxation): _ = (7|
' i
M
M
External field H contains rf field
—_— rﬂ o T
) static field: H_=H, rffield H_ =2H cos(wr)
H = H 2+ H, cos(ax)i + H, sin(@x) j
X, rotating frame l
I @
H=(H=2p e08 mig=_ 21 m*
4 Hy—(@7) -

Larmor frequency: @, = ¥,

For any vector (i satisfying a similar equation of motion the angle
between /i and I remains constant provided the change of
direction of / in time is sufficiently slow




AFP Efficiency

AFP was performed on different target materials

Spin-flip efficiencies for different materials are shown below
(0p = pol. ratio before and after spin-flip)

UVA recently achieved over 50% AFP efficiency for NH,

Table 1
Results from AFP experiments with various nuclei in different

U VA—St u d y target materials

Nuclei Substance e~ conc. g pman
dopant {spins/g)

"H 1-butanol 20x10" —0.76

l 1 1 —
r 2X1017 05 H {irradiated) (.50
'H TEMPO — .40
“H | -butanol-d,, 236%10"Y  —0.92
EHBA-CAV)-d, 6.35 x 107 ~0.90

NIM A 356 (1995) 108



Microwave Frequency

* Dictated by difference in nuclear Larmor and
electron paramagnetic resonance frequencies
(EPR)

» 140.18 GHz and 140.45rGHz for NH,




Microwave Freguency (GHz)

Manual Frequency Control

SANE pWave Frequency vs Dose since last Anneal

140.7

f(x) = 140.535 — 0.065¢ ~38=

1403

0 ] 2 3 4 5

Dose Deposted (1077 &7/ on?)



450

“Frequency Drift”

n)
E 15.0
, . , B
Optimal frequency for positive and negative § oo
polarization is not constant z
=150
Changes take place as more centers are created in R
the material as a result of irradiation.
Steady state of polarization at a particular frequency
also vulnerable to other variables such as
temperature, radiation darmage, number of anneals,
etr.
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. Maintaining Highest Polarization

* Manually maintaining optimal polarization is tedious, error prone

* |f characteristics of polarization growth/decay are understood, process can be automated
+ Input = EI0 voltage divider value o¢ p-wave frequency
* Qutput = Polarization value from PDP software

Area s, bme: 140853 GHz
drea v, fme; 1402413 GHz frag

N N N N L N o | )
a0 M 60 B0 0 10

. -20

-25




Creating a Controller

« Standard 2U Rack-mount hard wear
* Front-panel readout and user interface
* Remote control

* Uses Parallax Micro-controller P8X32A, 8 core
overclocked 100 MHz, ADC: AD7680 (16-bit,
100kSPS), motor control L298N H-Bridge

LCD Display— I/O— - IR Receiver  _
o /0 \\ Menu - Select
® . 7 ®
0\ 0 \\‘ﬂ o) g/
| e
(unused)
OUs Q . ®
" Enter
Data In Microcontroller EIO 9-Pin Connector
Interface
Oel® @eo
= e
Oog ®°0O

120VAC Input



Frgquency Seeking Algorithm

* QOriginal algorithm used recursive estimators of 3, b in Pye” Flatb)’ to determine which position to

move to next.
Probing signal

b, i
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Characteristics of

Polarization

Polarization vs Dose on Material Start Run 72986

Polarization

50

Building
Radicals

||
Anneal

Positive Polarization
Negative Polanzation

Current
Change
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& a8 10
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Characteristics of
Polarization
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Polarization
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System Characterization, Simulation

“Ramp-ups” follow an exponential growth
Frequency response can be approximated as a second order system

Pa(t) = =[(\ +an)faw)Cre™ = [(h +an)faig)Cae™ + Pafse), (0] oo
P(t) = B, (o) + Cie~ME 4 Cpe~Hat

Co+1 Co+1 | _n,
b =—— h=—tBC+)  acp  C=

First exponential term extremely small (can essentially be neglected)
» Higher &, faster growth/decay

&
fiz)

Pn {Ej = Pr: £'I']' T CIE_M (i)

*P ()= C,if starting fromt =0, =0



Some Overhead Optimization

Pure Photon Source can minimize target maintenance and overhead

For e -beam target polarization will eventually decay so quickly in
beam that annealing frequently enough is not practical

(™*NH, this occurs at about 25 Pe’/cm®)

For polarized WACS a pure photon beam has the following advantages:
* Polarization will eventually decay so quickly in beam that
annealing frequently enough is not practical
14NH3 this occurs at about 25 Pe /cm?

* Reduced target maintenance/overhead time
* Possible to significantly increase incoming beam current from
nominal 100 na to 1 yA (~30 nA equivalent)
* Annealing: Heat material to allow excess radicals to recombine
* 70-100K for 10-60 minutes
- “NH,_ at 100 nA must anneal at 8 hours (~3 Pe /cm®)

. 14NH3 at 10 nA must anneal at 90 hours



The Need For Tensor Polarized Target

* Deuteron also has an electric quadrupole moment, eq, = 2.86 efm?
* eq, interacts with electric field gradients within the lattice producing two,

overlapping NMR lines (Pake doublet) Vp = deut. Larmor freq.
vq = ND; quadrupole freq.
Sl i 2 eq = deuteron quadrupole moment
i [Scus g l] [3m I(I+1)] 1= angle between elec. & mag. fields

Yot Evﬂ

0¢+-1=c(N,-N) 0 e +1=c(N,-Ng)

[
=

vD-Evu Vp vD+qu

RF used to manipulate spin

polarization state

(also used for NH)




Rotating Target




Target cell is moving up
and down with rotation

Y A0 ,,..'I ,— ‘ ".‘ =~
%g UVa already rotating target for
) o Y alignment enhancement
B studies



Field Map

Target Magnet
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Summary

E12-16-004 was approved by PAC42 for 15 days
at 4.4 GeV beam

A pure photon beam can be achieved with a CPS or some
configuration of bender to beam dump
could make it possible to improve kinematics

Improves F.O.M by factor ~10 assuming use 1 uA beam
current with 2m long FZ dipole

Presently studying optimization with respects to distance to
radiator, distance from dump to target, shielding, current, and
target behavior

Use of RF, Microwave Optimization, Rotation

More Polarized WACS



