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§ Implant unpaired electrons in target sample

§ Polarize electrons at high B, low T

§ Use microwaves to transfer electron polarization to nuclear spins

§ Measure polarization with NMR
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Dynamic Nuclear Polarization
A DNP target sample has two components:

• A solid, dielectric matrix containing the nuclear spin of interest (ammonia, butanol, LiH, CaF, …)

• A persistent radical that provides an unpaired electron spins

Material
Dil. Factor (%)
Polarization (%)

Butanol, C4H9OH
13.5
> 90%

Ammonia, NH3
17.7
> 90%

Lithium hydride, 7LiH
25.0
90%

Material
Dil. Factor (%)
Polarization (%)

D-Butanol, C4D9OD
23.8
> 80%

D-Ammonia, ND3
30.0
50%

Lithium deuteride, 6LiD
50.0
55%

Doping method
Rad. resistance

Comments

Chemical
moderate

Easy to produce 
and handle

Radiation
high

Works well at
5T and 1K

Radiation
extremely high

Slow polarization, 
long relaxation

The sample is usually in mm-sized 
granular form and immersed in superfluid 
for optimum heat transfer
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Dynamic Nuclear Polarization

-

The TEMPO radical
• Soluble in alcohols and diols
• Polarizes protons well

The Amine radical (NH2)
• Produced by irradiating solid 

ammonia at cryogenic temperatures

The Trityl radical(s)
• Possess a very narrow EPR line
• Good for polarizing low-g nuclei (2H, 13C…)

- -
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A DNP target sample has two components:
• A solid, dielectric matrix containing the nuclear spin of interest (ammonia, butanol, LiH, CaF, …)

• A persistent radical that provides an unpaired electron spins



Dynamic Nuclear Polarization

Ionizing radiation can damage the radical and/or produce unwanted 
radicals that destroy the polarization → Radiation Damage

Warming the sample to about 100 K 
for several minutes (annealing) can 
restore the polarization.
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Continuously Polarized Targets

DNP Targets can operate up to ≳ 1012 particles s-1 cm-2 if the microwaves stay ON

For electron beam experiments in Halls 
A, B, & C our targets utilize irradiated 
NH3 and ND3 that are polarized at 5 T & 
1 K

Ø Rad-hard
Ø “High” cooling power
Ø ”Easy” operation

Proton pol. > 90%
Deuteron pol. > 40%
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1 K Polarizations are much worse at 2.5 T

At 80 nA beam current and above, the polarization results
matched the performance of the 3 previous Hall C experiments
using this target. Anneals were performed after the polarization
dropped below roughly 65%, typically after 2–4 Pe/cm2 dose on
target. An increased decay rate was apparent with subsequent
anneals: in a typical example, ϕ2 fell from 16.75 Pe/cm2 after the
first anneal to 4.12 Pe/cm2 after the sixth. Although the peak
polarizations often reached 90%, the charge-averaged polarization
for this beam current and field configuration was 70%.

A strong dependence of the critical dose on the electron beam
current was also observed. At the low current, 10 nA setting, a
single decay constant of 25.6 Pe/cm2 was observed. This is sub-
stantially slower than even the long life decay in the high current
case, which was typically around 17.2 Pe/cm2. We suspect that this
indicates additional damage to the polarization due to localized
beam heating at higher beam current.

4.3. 2.5 T field results

With DNP under a 2.5 T magnetic field, much lower peak
polarizations are expected; we achieved a maximum 28%
in-beam polarization. Fig. 9 shows the lifetime of a material
sample which accumulated a third of the total dose on target
during the 2.5 T running. The figure shows the 7 anneals on this
material, and the decrease in the peak polarization with subse-
quent anneals. Although the initial polarization decay after an
anneal was stark ðϕ1 ¼ 1:84 Pe=cm2Þ, decay after 17% was char-
acterized by a very long critical dose ðϕ3 ¼ 32:36 Pe=cm2Þ, shown
in Fig. 7. These critical doses were generally higher than similar
results from 1984 [12] seen in Table 1, although the peak
polarizations were lower. The charge-averaged polarization for
the 2.5 T running was 15%.

The T1 relaxation time at 2.5 T was about 2 min, compared to
the nearly 30 min at 5 T, reducing the overhead time for thermal
equilibrium measurements drastically.

5. Summary

In order to meet the requirements of both the gp2 and Gp
E

experiments, updates were needed to the DNP target that had
been used previously in Hall C at Jefferson Lab. The most
important updates were a new 1 K Helium evaporation refrigera-
tor and the addition of a rotating seal to facilitate the rapid
rotation of the magnet. Failure of the Hall C magnet also required
retrofitting the magnet from the Hall B DNP target to the Hall C
cryostat. These essential updates, combined with a new target
insert, a new alignment system, and a new target positioning
system led to very reliable target operation in a variety of
configurations.

Polarizations at 5 T were on a level consistent with previous
operations of DNP targets at Jefferson Lab. The kinematic require-
ments of the gp2 experiment necessitated 2.5 T running, which
resulted in far lower polarizations. A significant dependence on
the beam current was observed in plots of polarization decay as a
function of accumulated dose. This dependence, along with the
overhead associated with annealing the target material, changing
the sample, and calibrating the NMR should be considered when
designing future experiments. As the figure of merit generally
increases as the square of the polarization, in some cases it is
possible that a greater overall efficiency could be achieved using
lower beam currents.
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Table 1
Critical doses for typical polarization decays and maximum achieved polarizations
at varied field and beam current settings. Only a single decay constant was seen in
the low current, 5 T setting.

B field (T) Flux (e/cm2 s) ϕ1 ϕ2 ϕ3 Pmax (%)

5.0 15.8$1010 2.4 5.5 17.2 92
5.0 2.0$1010 – – 25.6 95
2.5 15.8$1010 1.8 9.6 32.3 28
2.5 [12] r5$ 1010 1.0 4.1 30. 47

Fig. 8. Polarization vs. dose for the material which accounted for over half the total
dose accumulated during Gp

E , taken with a 5 T magnet field and a 10 nA beam
current. The vertical line represents removal and storage at 77 K.

Fig. 9. Polarization vs. dose for the material which accounted for a third of the total
dose accumulated during the gp2 2.5 T magnet field running, under a 80 nA beam
current. Vertical lines represent anneals.
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polarizations are expected; we achieved a maximum 28%
in-beam polarization. Fig. 9 shows the lifetime of a material
sample which accumulated a third of the total dose on target
during the 2.5 T running. The figure shows the 7 anneals on this
material, and the decrease in the peak polarization with subse-
quent anneals. Although the initial polarization decay after an
anneal was stark ðϕ1 ¼ 1:84 Pe=cm2Þ, decay after 17% was char-
acterized by a very long critical dose ðϕ3 ¼ 32:36 Pe=cm2Þ, shown
in Fig. 7. These critical doses were generally higher than similar
results from 1984 [12] seen in Table 1, although the peak
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the 2.5 T running was 15%.

The T1 relaxation time at 2.5 T was about 2 min, compared to
the nearly 30 min at 5 T, reducing the overhead time for thermal
equilibrium measurements drastically.

5. Summary

In order to meet the requirements of both the gp2 and Gp
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tor and the addition of a rotating seal to facilitate the rapid
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retrofitting the magnet from the Hall B DNP target to the Hall C
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insert, a new alignment system, and a new target positioning
system led to very reliable target operation in a variety of
configurations.
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operations of DNP targets at Jefferson Lab. The kinematic require-
ments of the gp2 experiment necessitated 2.5 T running, which
resulted in far lower polarizations. A significant dependence on
the beam current was observed in plots of polarization decay as a
function of accumulated dose. This dependence, along with the
overhead associated with annealing the target material, changing
the sample, and calibrating the NMR should be considered when
designing future experiments. As the figure of merit generally
increases as the square of the polarization, in some cases it is
possible that a greater overall efficiency could be achieved using
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J. Pierce et al. NIM A 738 (2014) 54.

Continuously Polarized Targets

10 nA
80 nA

Solution: Polarize at T < 1 K (3He-4He dilution refrigerator)

2.5 T & 0.3 K is “standard” for low-intensity beams & Frozen Spin Targets 
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Frozen Spin Targets
Po
la
riz
a
tio
n

Time

Polarize (+)
High Field

Polarize (−)
High Field

Take beam (+)
Low Field

Take beam (−)
Low Field

Polarize (+)
High Field Take beam (+)

Low Field

Frozen Spin targets are primarily used with low-intensity, 
secondary beam and high acceptance detectors.

The target sample must be cooled to an 
ultra-low temperature ≳50 mK to 
maintain its polarization without the 
microwaves.

Beam-heating and radiation damage 
limit the beam intensity for heavily 
ionizing particles to about 108 s-1 cm-2
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FROST 3He-4He dilution refrigerator
base temperature: < 25mK
cooling power: 0.1 W @ 0.3 K

Base Temperature: <25 mK
Cooling power: ~100 mW 
@ 300 mK

Frozen Spin Targets
FROST, Hall B 2007
• Polarize outside CLAS, 0.3 K & 5 T
• Take beam inside CLAS, 0.03 K & 0.5 T
• Proton Pol: 90%
• Deuteron Pol: -87%
• Relaxation time: 2000-4000 hr
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FROST Polarizing Solenoid, 5 T

FROST Holding Coils, 0.5 – 0.6 T



Hall D Polarized Target

Q: Which target is best for Hall D, 
Continuously Polarized or Frozen Spin?

A: Both!
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Hall D Polarized Target

I propose a dynamically polarized target very similar to FROST.

Ø A high cooling power dilution refrigerator to polarize samples inside the 2.5 T field of 
the Hall D solenoid

Ø Polarize up to 20 cm3 target

Ø Keep the microwaves on and polarize the target samples continuously, unless there is 
a good reason not to…

Ø Cool ≲ 50 mK and maintain frozen-spin polarization with 2.5 T field for 
possible tensor-polarization experiments (see Mark Dalton’s talk later today)
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Hall D Polarized Target

DilFridge

Electronics, etc.

3He-4He gas storage
Where are the 
pumps?

My hope is that the polarized target doesn’t take up 
a lot more space than the current Hall D cryotarget.
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Hall D Polarized Target
Problem:  The Hall D solenoid isn’t 2.5 T.  
And it isn’t very homogeneous.
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At the nominal cryotarget position, 75 cm, the field is 1.6 T, with a gradient of 5 mT/cm
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Hall D Polarized Target
Problem:  The Hall D solenoid isn’t 2.5 T.  
And it isn’t very homogeneous.  
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The situation improves farther downstream @ 130 cm B = 1.8 T
 dB/dx = 2 mT/cm

Is this a viable 
option?
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Target sample: 1 x 10 cm
Solenoid field
(+) gradient

Hall D Magnetic Field
For optimal DNP, the solenoid field must be flatter: 

Ø DB/B ~ few 10-4 over the length of the target (or about 0.25 mT/cm)

Fi
el

d

z
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Target sample: 1 x 10 cm
Solenoid field
(+) gradient

Hall D Polarized Target
Fi

el
d

z

I think we can accomplish this with a series of small, internal shim coils around the target

Coil 3Coil 2 Coil 1
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0.7 T

Hall D Polarized Target
Fi

el
d

z

I think we can accomplish this with a series of small, internal shim coils around the target

Target sample: 1 x 10 cm
Solenoid field
(+) gradient

Coil 3Coil 2 Coil 1
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+10 mT

Hall D Polarized Target
Fi

el
d

z

I think we can accomplish this with a series of small, internal shim coils around the target

-10 mT

0.7 T

Target sample: 1 x 10 cm
Solenoid field
(+) gradient

Coil 3Coil 2 Coil 1

-10 mT
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Hall D Polarized Target
Fi

el
d

z

I think we can accomplish this with a series of small, internal shim coils around the target

Coils 1 + 2 +3
(-) gradient

Target sample: 1 x 10 cm
Solenoid field
(+) gradient

Coil 3Coil 2 Coil 1
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Hall D Polarized Target
Fi

el
d

z

I think we can accomplish this with a series of small, internal shim coils around the target

Net Field
2.5 T and flat

Target sample: 1 x 10 cm
Solenoid field
(+) gradient

Coil 3Coil 2 Coil 1
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Capabilities

Nucleus Spin Polarization Material Conditions
1H ½ 90% CH3(CH2)3OH + TEMPO 0.3 K, 2.5 T
2H 1 80% CD3(CD2)3OD + Trityl 0.3 K, 2.5 T
6Li 1 55% 6LiD + irradiation 0.3 K, 2.5 T
7Li 3/2 90% 7LiH + irradiation 0.3 K, 2.5 T
13C 1/2 75% C3H4O3 + Trityl 0.9 K, 5 T
14N 1 15% NH3 + irradiation 0.3 K, 2.5 T
15N 1/2 15% NH3 + irradiation 0.3, 2.5 T
19F 3/2 80% (CF3)2CHOH + EHBA-Cr(V) 0.4 K, 2.5 T
139La 7/2 50% Nd3+: LaAlO3 0.3 K, 2.3 T

These are results previously demonstrated by the polarized target community

Dynamically polarized
by the MRI & Solid State 
Communities:

17O, 29Si, 119Sn …
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Summary

There is currently one, brief polarized target experiment approved for Hall D
Ø  E12-20-11 (A-, 33 days) 

The polarized target will be a major, multi-year R&D, construction, and testing effort
Ø  Hopefully it can serve as the basis for a fuller scientific program

The JLab Target Group has extensive experience building these devices
Ø  Very high proton and deuteron polarizations can be expected at 2.5 T & 0.3 K
Ø Heavier nuclei can also be polarized with high confidence: 6,7Li, 13C, 14,15N, 19F

In frozen spin operation, interesting things can be done to the deuteron polarization
Ø  See Mark Dalton’s flash talk @ 11:50am
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