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Outline 

•  Highlights	  of	  Solid	  Targets	  at	  PSTP2013	  
•  Highlights	  of	  Tensor	  Workshop	  at	  JLab	  

•  Future	  target	  ac@vi@es,	  primarily	  in	  the	  US	  
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Three	  sessions	  (~	  one	  dozen	  speakers)	  
dedicated	  to	  polarized	  solid	  targets	  
hIp://faculty.virginia.edu/PSTP2013/	  
	  
Proceedings	  are	  published	  online	  
hIp://pos.sissa.it/cgi-‐bin/reader/conf.cgi?confid=182	  
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PSTP 2013   
Charlottesville VA 
Sept. 9-13, 2013 



Physics of Polarized Targets 
Presented in PSTP2013, Charlottesville, USA 

with tributes to the work of Michel Borghini and Franz Lehar 

1.  Introduction to spins in solids at low temperature 
•  tributes to the work of Michel Borghini and Franz Lehar 
•  quantum statistics and spin temperature 
•  saturation and relaxation in magnetic resonance 

2.  Equal spin temperature model for DNP 
3.  Magnetic resonance and relaxation at low temperatures 
4.  Radiolytic paramagnetic impurities usable for DNP 
5.  Weak saturation during NMR polarization measurement 
6.  Refrigeration using quantum fluids 

PSTP2013	  	  
CharloIesville,	  VA	  

hIp://pos.sissa.it/cgi-‐bin/reader/conf.cgi?confid=182	  

Physics of Polarized Targets 
−  Tapio Niinikoski, ex-CERN 
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PSTP2013	  	  
CharloIesville,	  VA	  

hIp://pos.sissa.it/cgi-‐bin/reader/conf.cgi?confid=182	  

Neutron spin filter based on dynamically polarized 
protons using photo-excited triplet states  
−  Tim Eichhorn, PSI 
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Tim R. Eichhorn, PSTP workshop 2013 

Tim.Eichhorn@psi.ch 
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ISC via phosphorescence /  
dark decay 

intersystem crossing ISC 
(spin-orbit coupling) 

The photo-excited triplet state as source of paramagnetism 

zero field splitting (ZFS),  
selective population 

Photo-‐excited	  triplet	  states	  of	  pentacene	  replace	  paramagne@c	  radicals	  
polarized	  at	  low	  temperature,	  high	  field.	  



Tim R. Eichhorn, PSTP workshop 2013 
Tim.Eichhorn@psi.ch 

pulse ESR / DNP system  
9 GHz 
Pulse NMR system 

Cryostat T ~ 100 K 

Neutron beam 

Magnet, 0.3 T (max 
0.6 T) 

Caliper for sample 
positioning 

Neutron detector 

Fiber coupled laser 
light @ 600 nm 

Target Crystal 

1st setup on neutron beamline BOA 

PSTP2013	  	  
CharloIesville,	  VA	  

hIp://pos.sissa.it/cgi-‐bin/reader/conf.cgi?confid=182	  

Neutron spin filter based on dynamically polarized 
protons using photo-excited triplet states  
−  Tim Eichhorn, PSI 

P	  	  	  ~	  	  50%	  
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DNP	  at	  200mK	  and	  2.5T	  with	  70GHz	  microwaves.	  
Frozen	  spin	  target	  	  (25mKelvin,	  0.6T).	  
Secondary	  par@cles	  punch	  through	  holding	  coil.	  
Longitudinal	  and	  transverse	  holding	  coils.	  

Pproton	  	  	  ~	  	  85%	  
Pdeuteron~	  75%	  
τ~1000	  ….2000	  hours	  

PSTP2013	  	  
CharloIesville,	  VA	  

hIp://pos.sissa.it/cgi-‐bin/reader/conf.cgi?confid=182	  

Double Polarized Measurements with 
Frozen Spin Target at MAMI 
−  Andreas Thomas, Mainz 
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JLab 

Recent research activities and results of 
the Bochum/Bonn Polarized Target Group  
−  Gerhard Reicherz, Bochum 

PSTP2013	  	  
CharloIesville,	  VA	  

hIp://pos.sissa.it/cgi-‐bin/reader/conf.cgi?confid=182	  

6Gerhard Reicherz | PSTP 2013  INTERNATIONAL WORKSHOP | Charlottesville | 09. – 13. September 2013

Internal�magnet�development

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

l
INB ��� 0�

� field�strength:�� 2.5�T
� as�thin�as�possible�(minimized�absorption)�� 2�mm
� homogeneity��dB/B�� 10�3

NC:�ampere�turn�:�N�I�� 300�kA�� superconducting�wire�necessary
High�current�operation�(�100�A)�in�a�dilution�refrigerator

Internal	  Magnet	  Development	  
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JLab 

Longitudinally Polarized Target for CLAS12 at JLab 

Outer	  vacuum	  
jacket	  

Shim	  coils	  

Ammonia	  sample	  

Heat	  shield	  

Conceptual	  design	  of	  superconduc@ng	  shim	  coils	  	  
for	  CLAS12	  polarized	  target	  

We	  intend	  to	  use	  internal	  superconduc@ng	  shim	  coils	  to	  ensure	  the	  5	  
T	  polarizing	  magnet	  (i.e.	  the	  CLAS12	  solenoid)	  has	  ΔB/B	  ≤	  10-‐4	  
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We	  also	  hope	  to	  use	  internal	  superconduc@ng	  shim	  coils	  to	  adjust	  the	  
polarizing	  field	  for	  mul@ple	  target	  samples,	  allowing	  independent	  
polariza@ons	  with	  one	  microwave	  source	  

Beam	  

Coil	  1	  &	  1A	   Coil	  2	  &	  2A	  

Target	  1	  
(-‐8	  mTesla)	  

Target	  2	  
(+8	  mTesla)	  

1K	  LHe	  

CLAS12	  solenoid	  

5	  Tesla	  

Carbon	  Foil	  

Heat	  shield	  
Vacuum	  can	  
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Longitudinally Polarized Target for CLAS12 at JLab 



Recent research activities and results of 
the Bochum/Bonn Polarized Target Group  
−  Gerhard Reicherz, Bochum 

PSTP2013	  	  
CharloIesville,	  VA	  

hIp://pos.sissa.it/cgi-‐bin/reader/conf.cgi?confid=182	  

32Gerhard Reicherz | PSTP 2013  INTERNATIONAL WORKSHOP | Charlottesville | 09. – 13. September 2013

Polarization�of�Finland�D36�doped�C8D8

Wang�Li�|�NIMA�729�(2013)�36540

PT=�� 61.5%

Temperature�=�400�mK��and��magnetic�field�=�5�T

Polariza@on	  of	  FinlandD36-‐doped	  C8D8	  
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Recent research activities and results of 
the Bochum/Bonn Polarized Target Group  
−  Gerhard Reicherz, Bochum 

JLab 

PSTP2013	  	  
CharloIesville,	  VA	  

hIp://pos.sissa.it/cgi-‐bin/reader/conf.cgi?confid=182	  

33Gerhard Reicherz | PSTP 2013  INTERNATIONAL WORKSHOP | Charlottesville | 09. – 13. September 2013

H.�Vondracek |�Master�Thesis��(2013)�Bochum

Bochum�NMR�box
Bochum	  NMR	  Box	  
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33Gerhard Reicherz | PSTP 2013  INTERNATIONAL WORKSHOP | Charlottesville | 09. – 13. September 2013

H.�Vondracek |�Master�Thesis��(2013)�Bochum

Bochum�NMR�box
Bochum	  NMR	  Box	  

Recent research activities and results of 
the Bochum/Bonn Polarized Target Group  
−  Gerhard Reicherz, Bochum 

PSTP2013	  	  
CharloIesville,	  VA	  

hIp://pos.sissa.it/cgi-‐bin/reader/conf.cgi?confid=182	  

New	  NMR	  Systems	  also	  
being	  developed	  at	  
•  Los	  Alamos	  
•  PSI	  
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HDice	  targets	  used	  in	  
frozen	  spin	  mode	  during	  
E06-‐101	  (G-‐14)	  photon	  
run.	  	  
	  
Relaxa@on	  @mes	  were	  
longer	  than	  a	  year	  at	  
B=0.9T	  and	  T<100mK.	  

PSTP2013	  	  
CharloIesville,	  VA	  

hIp://pos.sissa.it/cgi-‐bin/reader/conf.cgi?confid=182	  

Boosting Deuteron Polarization 
in HD Targets 
−  Xiangdong Wei, JLab 
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• 	  Directed	  at	  during-‐irradia/on	  effects	  

• 	  Confirm	  NMR	  RF	  screening	  

• 	  Polariza/on	  decay	  	  T1	  ~	  3-‐6	  hr	  

• 	  Re-‐growth	  aDer	  B	  zero’ing	  shows	  

	  	  	  mechanism	  s/ll	  ac/ve	  aDer	  beam	  

	  	  	  gone	  but	  freeze	  out	  aDer	  6-‐12	  hr	  

PSTP2013	  	  
CharloIesville,	  VA	  

hIp://pos.sissa.it/cgi-‐bin/reader/conf.cgi?confid=182	  

Electrons on the HDice Target: Results and 
Analysis of Test Runs at JLab in 2012 
−  Mike Lowry, JLab 
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new	  mixing	  chamber	   Horizontal	  dilu@on	  refrigerator	  	  

HIGS Frozen Spin Target System (HIFROST) 
−  Pil-Neyo Seo, UVa/TUNL 
	  

PSTP2013	  	  
CharloIesville,	  VA	  

hIp://pos.sissa.it/cgi-‐bin/reader/conf.cgi?confid=182	  
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A	  three	  day	  workshop	  with	  
approximately	  40	  par@cipants	  and	  
two	  dozen	  speakers.	  
hIp://www.jlab.org/conferences/tensor2014/	  
	  
One	  day	  devoted	  to	  tensor-‐polarized	  
deuteron	  targets.	  
	  
Proceedings	  will	  be	  published	  online.	  
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Tensor Spin Observables 
Jefferson Lab 
March 10-12, 2014 



K.S.’s Talk Model Predictions

All Conventional Models predict small or �
vanishing values of b1 in contrast to �
the HERMES data�

The Deuteron Polarized Tensor 
Structure Function b1  
−  Karl Slifer, UNH 
	  

Tensor	  Spin	  Observables	  Workshop	  	  
Jefferson	  Lab	  

hIp://www.jlab.org/conferences/tensor2014/	  

All conventional models predict 
small or vanishing values of b1 in 
contrast to the HERMES data  
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The Deuteron Polarized Tensor 
Structure Function b1  
−  Karl Slifer, UNH 
	  

Tensor	  Spin	  Observables	  Workshop	  	  
Jefferson	  Lab	  

hIp://www.jlab.org/conferences/tensor2014/	  

Hall C

Unpolarized Beam : 115 nA �
�
UVa/JLab Polarized Target �
�

"Magnetic Field Held Along Beam Line at all times�

Polarized�
ND3Target �

(longitudinal)�

Slow �
Raster�

Fast �
Raster� Lumi�

Faraday�
Cup �

Temp �
Stabilized�
BCM/BPMs�

L=1035 

Jefferson Lab E12-13-011 (conditionally approved) 

Hall C 

E. Long, K. Slifer, P. Solvignon (U. New Hampshire)       J.P. Chen (JLab) 
O. Rondon, D. Keller (U. Virginia)        N. Kalantarians (Hampton U.) 

Unpolarized	  electron	  beam:	  115	  nA	  
Luminosity:	  1035	  s-‐1cm-‐2	  
Tensor	  polarized	  deuteron	  target:	  30%	  

σT	  	  	  	  :	  	  tensor	  pol.	  cross	  sec@on	  
σ0	  	  	  	  :	  	  unpolarized.	  cross	  
sec@on	  
	  PZZ	  :	  tensor	  polariza@on	  
	  	  f	  	  	  	  :	  	  dilu@on	  factor	  	  

AZZ =
2
f PZZ

σ T −σ 0

σ 0

=
2
f PZZ

NT

N0

−1
"

#
$

%

&
'

b1 = −
3
2
F1

dAZZ
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The	  deuteron	  is	  a	  spin-‐1	  nucleus	  with	  three	  magne@c	  substates,	  	  
m	  =	  +1,	  0,	  and	  -‐1	  
	  

Three	  quan@@es	  are	  required	  to	  fully	  describe	  an	  ensemble	  of	  the	  spins	  

Tensor	  Polariza@on	  of	  the	  Deuteron	  

PZZ = (N+1 − N0 )−(N0 − N−1) = 1−3N0( )

PZ = N+1 − N−1( )

N+1 + N0 + N−1( ) =1

Vector	  polarizaCon	  

Tensor	  polarizaCon	  

Vast	  majority	  of	  experiments	  using	  solid,	  polarized	  deuteron	  targets	  
focus	  on	  the	  vector	  polariza@on	  	  (excep@ons	  at	  Bonn	  and	  TRIUMF,	  for	  
example)	  

NormalizaCon	  

Tensor Polarized Deuterons: 
Introduction and General Ideas 
−  Chris Keith, JLab 
	  

Tensor	  Spin	  Observables	  Workshop	  	  
Jefferson	  Lab	  

hIp://www.jlab.org/conferences/tensor2014/	  
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νD-‐6νQ	   νD	  	   νD+6νQ	  

Em = −hνDm+ hνQ 3cos
2θ −1"# $% 3m

2 − I(I +1)"# $%

νD	  =	  deut.	  Larmor	  freq.	  
νQ	  =	  ND3	  quadrupole	  freq.	  
eq	  =	  deuteron	  quadrupole	  moment	  
θ	  =	  angle	  between	  elec.	  &	  mag.	  fields	  

•  Deuteron	  also	  has	  an	  electric	  quadrupole	  moment,	  eqD	  =	  2.86	  	  e.fm2	  

•  eqD	  interacts	  with	  electric	  field	  gradients	  within	  the	  laqce	  producing	  two,	  	  
	  	  	  	  	  	  overlapping	  NMR	  lines	  (Pake	  doublet)	  

θ	  =	  π/2	  	   θ	  =	  0	  	  

νD	  -‐	  3νQ	  

νD	  +	  6νQ	  

νD	  +	  3νQ	  

νD	  -‐	  6νQ	  

m	  =	  -‐1	  

m	  =	  0	  

m	  =	  +1	  

Tensor Polarized Deuterons: 
Introduction and General Ideas 
−  Chris Keith, JLab 
	  

Tensor	  Spin	  Observables	  Workshop	  	  
Jefferson	  Lab	  

hIp://www.jlab.org/conferences/tensor2014/	  

0	  ⇿	  +1	  =	  c(N+-‐N0)	  
0	  ⇿	  -‐1	  =	  c(N0-‐N-‐)	  
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Spin	  Temperature	  Hypothesis:	  	  Zeeman	  levels	  are	  populated	  according	  to	  the	  
Boltzmann	  rela@on	  with	  a	  (posi@ve	  or	  nega@ve)  spin	  temperature	  Ts 

PZ =
4 tanh µB

2kTs

!

"
#

$

%
&

3+ tanh2 µB
2kTs

!

"
#

$

%
&

PZZ =
4 tanh2 µB

2kTs

!

"
#

$

%
&

3+ tanh2 µB
2kTs

!

"
#

$

%
&

•  Spin	  Temperature	  hypothesis	  restricts	  the	  
polariza@ons	  to	  only	  those	  values	  on	  the	  red	  
parabola.	  Note:	  no	  nega@ve	  PZZ	  	  values! 
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Vector Polarization

Tensor Polarized Deuterons: 
Introduction and General Ideas 
−  Chris Keith, JLab 
	  

Tensor	  Spin	  Observables	  Workshop	  	  
Jefferson	  Lab	  

hIp://www.jlab.org/conferences/tensor2014/	  
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PZZ = 2− 4−3PZ
2

•  Mutually	  allowed	  values	  for	  the	  vector	  and	  
tensor	  polariza@ons	  are	  generally	  restricted	  to	  
be	  on	  or	  within	  the	  black	  triangle,	  but… 
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•  Spin	  Temperature	  hypothesis	  restricts	  the	  
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Tensor Polarized Deuterons: 
Introduction and General Ideas 
−  Chris Keith, JLab 
	  

Tensor	  Spin	  Observables	  Workshop	  	  
Jefferson	  Lab	  

hIp://www.jlab.org/conferences/tensor2014/	  
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•  Mutually	  allowed	  values	  for	  the	  vector	  and	  
tensor	  polariza@ons	  are	  generally	  restricted	  to	  
be	  on	  or	  within	  the	  black	  triangle,	  but… 

PZ =
4 tanh µB

2kTs

!

"
#

$

%
&

3+ tanh2 µB
2kTs

!

"
#

$

%
&

PZZ =
4 tanh2 µB

2kTs

!

"
#

$

%
&

3+ tanh2 µB
2kTs

!

"
#

$

%
&

Some	  Spin	  Temperature	  Values	  
	   	  Pz 	   	  Pzz 	   	   	  	  
	   	  0% 	   	  0%	  
	   	  10%	   	  1%	  
	   	  20%	   	  3%	  
	   	  30%	   	  7%	  
	   	  40%	   	  12%	  
	   	  50%	   	  20%	  
	   	  60%	   	  29%	  
	   	  70%	   	  41%	  

80%	   	  56%	  
	   	  90%	   	  75%	  
	   	  100% 	  100%	  

b1 goal
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RF	  satura@on	  (hole	  burning)	  can	  be	  used	  to	  decrease	  the	  m=0	  popula@on	  
and	  increase	  the	  tensor	  polariza@on.	  	  The	  effect	  can	  be	  significant,	  but	  not	  
tremendous.	  

Example:	  Burning	  a	  pedestal*	  
	  

PZ	  =	  50.0% 	  PZZ	  =	  19.7%	  	  
	  

P’Z	  =	  48.6% 	  P’ZZ	  =	  23.9%	  
	  

ΔPZ	  =	  -‐1.4%	   	  ΔPZZ	  =	  4.2%	  

Example:	  Burning	  a	  peak*	  
	  

PZ	  =	  50.0% 	  PZZ	  =	  19.7%	  	  
	  

P’Z	  =	  45.0% 	  P’ZZ	  =	  23.2%	  
	  

ΔPZ	  =	  -‐5.0%	   	  ΔPZZ	  =	  3.5%	  

Tensor Polarized Deuterons: 
Introduction and General Ideas 
−  Chris Keith, JLab 
	  

Tensor	  Spin	  Observables	  Workshop	  	  
Jefferson	  Lab	  

hIp://www.jlab.org/conferences/tensor2014/	  

RF	  

*These	  es@mates	  assume	  no	  dipolar	  
broadening	  of	  the	  NMR	  line,	  and	  no	  spectral	  
diffusion	  (cross	  relaxa@on)	  through	  the	  line.	  

RF	  
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Tensor Target Polarization at TRIUMF 
−  Greg Smith, JLab 
	  

Tensor	  Spin	  Observables	  Workshop	  	  
Jefferson	  Lab	  

hIp://www.jlab.org/conferences/tensor2014/	  
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Tensor Target Polarization at TRIUMF 
−  Greg Smith, JLab 
	  

Tensor	  Spin	  Observables	  Workshop	  	  
Jefferson	  Lab	  

hIp://www.jlab.org/conferences/tensor2014/	  
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Tensor Target Polarization at TRIUMF 
−  Greg Smith, JLab 
	  

Tensor	  Spin	  Observables	  Workshop	  	  
Jefferson	  Lab	  

hIp://www.jlab.org/conferences/tensor2014/	  

Conditions:	   Dilution fridge ~ 120 mK 
 - s.b. 50 mK! 

Longitudinal 2.5 T sc split pair 
 - ΔB/B ~ 10-4, persistent mode 

1 mm ϕ deuterate butanol beads 
 - 95% deuterate n-butyl alcohol 
 - 5% D2O doped with EHBA (CrV) 
 - Teflon cell 16x16x5 mm3 

Pz=0.333 ± .015   Pzz =0.085 ± .008 
 - 3 techniques used to msr Pzz 
  1. Thermal equilibrium calibration 
  2. Pz = (1 – R2)/(1+R+R2) 
  3. DIRECT MSR of Pzz from T20(90°) 
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Future	  Use	  of	  Polarized	  Solid	  Targets	  
	  

•  COMPASS	  	  (Polarized	  Drell-‐Yan)	  
•  MAMI	  	  (Compton	  ScaIering)	  
•  FermiLab	  	  (Polarized	  Drell-‐Yan)	  
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Polarized	  Solid	  Targets	  at	  12	  GeV	  JLab	  
	  

(E12-‐11-‐108)	  	  	  SIDIS	  with	  a	  transversely	  polarized	  proton	  target	  
(E12-‐11-‐108A)	  Target	  single	  spin	  asymmetries	  using	  the	  SoLID	  spectrometer	  HALL	  A	  

(E12-‐06-‐109)	  	  Longitudinal	  spin	  structure	  of	  the	  nucleon	  
(E12-‐06-‐119)	  	  DVCS	  with	  CLAS	  at	  12	  GeV	  
(E12-‐07-‐107)	  	  Spin-‐orbit	  correlaCons	  with	  a	  longitudinally	  polarized	  target	  
(E12-‐09-‐009)	  	  Spin-‐orbit	  correlaCons	  in	  kaon	  electroproducCon	  in	  DIS	  
(E12-‐12-‐001)	  	  EMC	  effect	  in	  spin	  structure	  funcCons	  
(C12-‐11-‐111)	  	  SIDIS	  on	  a	  transversely	  polarized	  target	  
(C12-‐12-‐009)	  	  Di-‐hadron	  producCon	  in	  SIDIS	  on	  a	  transversely	  polarized	  target	  
(C12-‐12-‐010)	  	  DVCS	  on	  a	  transversely	  polarized	  target	  in	  CLAS12	  

HALL	  B	  

(E12-‐14-‐006)	  	  	  Helicity	  correlaCons	  in	  wide-‐angle	  Compton	  sca_ering	  

(C12-‐13-‐011)	  	  The	  deuteron	  tensor	  structure	  funcCon	  b1	  
(LOI-‐12-‐14-‐001)	  	  Search	  for	  exoCc	  gluonic	  states	  in	  the	  nucleus	  
(LOI-‐12-‐14-‐002)	  	  Tensor	  asymmetry	  Azz	  in	  the	  x<1	  region	  

HALL	  C	  
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SUMMARY	  
	  

•  No	  earth-‐sha_ering	  breakthroughs	  in	  recent	  years,	  but	  
there	  has	  been	  steady	  progress	  and	  con@nuing	  R&D	  efforts	  
are	  in	  progress	  

	  	  
•  Demand	  for	  polarized	  targets	  are	  at	  an	  all	  @me	  high,	  
especially	  at	  JLab	  

	  
•  We	  need	  more	  people	  (especially	  young	  people)	  to	  meet	  
this	  demand	  
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