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UVa solid polarized target group  
has achieved polarizations  30 % ≥
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Figure 6: The NMR measurement for a deuteron

polarization at 49.8%, with the fit used to extract

the polarization measurement.
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Figure 7: NMR measurement with fit result after

the ss-RF has been applied to the two negative

tensor regions. The tensor polarization from this

example was 28.8%.

the number of variables. We then waited for the system to reach a steady-state and then

recorded the results. We present the parameters for the best measurements with the

cleanest signal and best fit results in Table 1.

ss-RF Enhanced Measurements

Peak (MHz) Amp

(mV)

Pedestal (MHz) Amp

(mV)

Pzz (%) Error

(%)

32.62(0.000) 20 32.85(0.015) 70 26.7 5.4

32.63(0.015) 30 32.85(0.020) 40 28.8 5.7

32.64(0.015) 30 32.84(0.025) 40 29.4 7.2

32.64(0.015) 25 32.83(0.035) 20 26.5 6.8

32.64(0.015) 20 32.85(0.035) 70 30.3 7.8

32.64(0.020) 20 32.85(0.025) 40 27.5 4.7

32.64(0.015) 40 32.88(0.055) 50 31.1 8.5

Table 1: NMR measurements for various trials of optimized tensor enhancement for different applied ss-RF

amplitude and frequency location for both the pedestal and peak, and the corresponding modulation range.

For the set of measurements listed in Table 1, the amplitude (Amp) and modulation

center frequency and range are given for the RF applied to the peak and pedestal. The

resulting tensor polarization was extracted after the data was taken and analyzed offline.
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Semi-Saturating RF (ss-RF)


~ 30   7 % (rel) ±

3

D. Keller. Nucl. Instr. Meth.A 981 (2020)



Charge 1: What technique(s) will be used to produce “a tensor polarization of 30% under 
standard experimental conditions”.
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Figure 6: The NMR measurement for a deuteron

polarization at 49.8%, with the fit used to extract

the polarization measurement.
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Figure 7: NMR measurement with fit result after

the ss-RF has been applied to the two negative

tensor regions. The tensor polarization from this

example was 28.8%.

the number of variables. We then waited for the system to reach a steady-state and then

recorded the results. We present the parameters for the best measurements with the

cleanest signal and best fit results in Table 1.

ss-RF Enhanced Measurements

Peak (MHz) Amp

(mV)

Pedestal (MHz) Amp

(mV)

Pzz (%) Error

(%)

32.62(0.000) 20 32.85(0.015) 70 26.7 5.4

32.63(0.015) 30 32.85(0.020) 40 28.8 5.7

32.64(0.015) 30 32.84(0.025) 40 29.4 7.2

32.64(0.015) 25 32.83(0.035) 20 26.5 6.8

32.64(0.015) 20 32.85(0.035) 70 30.3 7.8

32.64(0.020) 20 32.85(0.025) 40 27.5 4.7

32.64(0.015) 40 32.88(0.055) 50 31.1 8.5

Table 1: NMR measurements for various trials of optimized tensor enhancement for different applied ss-RF

amplitude and frequency location for both the pedestal and peak, and the corresponding modulation range.

For the set of measurements listed in Table 1, the amplitude (Amp) and modulation

center frequency and range are given for the RF applied to the peak and pedestal. The

resulting tensor polarization was extracted after the data was taken and analyzed offline.
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Semi-Saturating RF (ss-RF)


Figure 3: Drawing of the ss-RF cup and coil used for the set of experiments discussed. The NMR coil is also

shown inside.

copper clad non-magnetic steel with a diameter of ⇠0.2 mm. The coil was constructed

to approximate a homogeneous RF field around the target material that was perpen-

dicular to the holding field. For optimal performance, the coil was both impedance

matched and tuned as an LCR circuit to maximize power and reduce reflection at the

coil. The target cell used was 2.5 cm in diameter and 3 cm long with a volume of about

15 cm3, which held about 9 g of d-butanol. The ss-RF coil was fitted and fixed around

the diameter of the target cell. The ss-RF was modulated over the frequency domain

of interest at the appropriate RF power to semi-saturate the NMR line to the intensity

level of interest.

Adequate power delivery to the material from the ss-RF source was critical. Even

with the ss-RF coil matched and tuned, amplification was required as the SMT03 Rohde

& Schwarz (R&S) RF generator used only delivered a maximum of 20 mW. We used

an inline RF amplifier from Minicircuits (model LZY-1+) at 50 W and with 50 W

amplification between 20 to 512 MHz. The power requirements at the coil was on the

8

~ 30   7 % (rel) ±

ssRF + AFP:  ~32   8.5 % (rel) 
rssRF: ~ 36    9.5 % (rel)

±
±

D. Keller. Nucl. Instr. Meth.A 981 (2020)



 Measurement: 

1. Differential binning


2. Spin temperature consistency


 



3. Rate response





P = C(I+ + I−)
Q = C(I+ − I−)

Agained =
1
2

Alost

J. Clement, D. Keller, Submitted to Nucl. Instr. Meth. A (2022)
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Charge 2: How will the tensor polarization be measured and with what uncertainty? What 
crosschecks or auxiliary measurements can be made to validate the results? Will this uncertainty be 

sufficient to achieve meaningful physics results?
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Figure 6: The NMR measurement for a deuteron

polarization at 49.8%, with the fit used to extract

the polarization measurement.
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Figure 7: NMR measurement with fit result after

the ss-RF has been applied to the two negative

tensor regions. The tensor polarization from this

example was 28.8%.

the number of variables. We then waited for the system to reach a steady-state and then

recorded the results. We present the parameters for the best measurements with the

cleanest signal and best fit results in Table 1.

ss-RF Enhanced Measurements

Peak (MHz) Amp

(mV)

Pedestal (MHz) Amp

(mV)

Pzz (%) Error

(%)

32.62(0.000) 20 32.85(0.015) 70 26.7 5.4

32.63(0.015) 30 32.85(0.020) 40 28.8 5.7

32.64(0.015) 30 32.84(0.025) 40 29.4 7.2

32.64(0.015) 25 32.83(0.035) 20 26.5 6.8

32.64(0.015) 20 32.85(0.035) 70 30.3 7.8

32.64(0.020) 20 32.85(0.025) 40 27.5 4.7

32.64(0.015) 40 32.88(0.055) 50 31.1 8.5

Table 1: NMR measurements for various trials of optimized tensor enhancement for different applied ss-RF

amplitude and frequency location for both the pedestal and peak, and the corresponding modulation range.

For the set of measurements listed in Table 1, the amplitude (Amp) and modulation

center frequency and range are given for the RF applied to the peak and pedestal. The

resulting tensor polarization was extracted after the data was taken and analyzed offline.
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 Sources of Uncertainty: 

1. TE (area, temperature stability, among 
others)  

2. Systematic variation in enhanced signal 

3. NMR measurement limitations with 
respects to relaxation rate 

4. Line-shape analysis

• ss-RF  (~7 % relative uncertainty ) 

• ss-RF + AFP (  ~8.5 %  uncertainty measured)

• rss-SF (~9.5% relative uncertainty)


6

Charge 2: How will the tensor polarization be measured and with what uncertainty? What 
crosschecks or auxiliary measurements can be made to validate the results? Will this uncertainty be 

sufficient to achieve meaningful physics results?
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Figure 6: The NMR measurement for a deuteron

polarization at 49.8%, with the fit used to extract

the polarization measurement.
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Figure 7: NMR measurement with fit result after

the ss-RF has been applied to the two negative

tensor regions. The tensor polarization from this

example was 28.8%.

the number of variables. We then waited for the system to reach a steady-state and then

recorded the results. We present the parameters for the best measurements with the

cleanest signal and best fit results in Table 1.

ss-RF Enhanced Measurements

Peak (MHz) Amp

(mV)

Pedestal (MHz) Amp

(mV)

Pzz (%) Error

(%)

32.62(0.000) 20 32.85(0.015) 70 26.7 5.4

32.63(0.015) 30 32.85(0.020) 40 28.8 5.7

32.64(0.015) 30 32.84(0.025) 40 29.4 7.2

32.64(0.015) 25 32.83(0.035) 20 26.5 6.8

32.64(0.015) 20 32.85(0.035) 70 30.3 7.8

32.64(0.020) 20 32.85(0.025) 40 27.5 4.7

32.64(0.015) 40 32.88(0.055) 50 31.1 8.5

Table 1: NMR measurements for various trials of optimized tensor enhancement for different applied ss-RF

amplitude and frequency location for both the pedestal and peak, and the corresponding modulation range.

For the set of measurements listed in Table 1, the amplitude (Amp) and modulation

center frequency and range are given for the RF applied to the peak and pedestal. The

resulting tensor polarization was extracted after the data was taken and analyzed offline.
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D. Keller. Nucl. Instr. Meth.A 981 (2020)



 Crosschecks: 

 MeasurementT20

Pzz ∼
1

T20

The low Q  elastic measurement 
will validate the proposed enhancement 

and measurement techniques.

2

E. Long, et al. E12-15-005 proposal (2016).
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Charge 2: How will the tensor polarization be measured and with what uncertainty? What crosschecks 
or auxiliary measurements can be made to validate the results? Will this uncertainty be sufficient to 

achieve meaningful physics results?

 Expected Uncertainty:

8.63% from  parametrization

Pzz
T20



Crosschecks (#2.2): 
UNH Cross-Check
◦ UNH simulation based on modified Cohen & Reif
◦ Calculates transition frequencies from energy levels

◦ 𝐸𝐸𝑚𝑚/ℎ = −𝑓𝑓𝜈𝜈𝐷𝐷 +
1
2
𝜈𝜈𝑞𝑞𝑓𝑓0𝐻𝐻 𝑓𝑓2 − 𝐼𝐼(𝐼𝐼+1)

3

◦ 𝑓𝑓0𝐻𝐻 =
3
2
cos2 𝜃𝜃 − 1

2
− 1

2
𝜂𝜂 sin2 𝜃𝜃 cos(2𝜙𝜙)

◦ 𝐼𝐼 = 1 and 𝑓𝑓 = −1, 0, +1
◦ Assumes random powder pattern for 𝜃𝜃 & 

counts spin flips across NMR frequency bins
◦ Calculates ~125,000 spin flips into ~300 NMR bins
◦ Spin flips determined by 𝑃𝑃𝑧𝑧 and 𝑃𝑃𝑧𝑧𝑧𝑧, which can be independent in 𝜃𝜃 & 𝜙𝜙 bins to 

account for simple RF manipulation
◦ Broadens each frequency bin into all others via real & imaginary Lorentzian

◦ Allows phase angle extraction

◦ Higher order spin diffusion not yet fully implemented
◦ Simulation already agrees with UVA direct 𝑃𝑃𝑧𝑧𝑧𝑧 measurement within experimental 

uncertainties, and we expect this agreement to further improve once spin 
diffusion is fully implemented

148/1/2022 Tensor Conditionals Review           Elena Long <elena.long@unh.edu>

M.H. Cohen, F. Reif, Solid State Phys. 5, 321 (1957)

Charge 2: How will the tensor polarization be measured and with what uncertainty? What crosschecks 
or auxiliary measurements can be made to validate the results? Will this uncertainty be sufficient to 

achieve meaningful physics results?
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Simulation package in development at UNH

 

Courtesy of E. Long.



Charge 2: How will the tensor polarization be measured and with what uncertainty? What crosschecks 
or auxiliary measurements can be made to validate the results? Will this uncertainty be sufficient to 

achieve meaningful physics results?

Proposal 
P  = 30  8 % (rel) zz ±

Proposal 
P  = 30  6 % (rel) zz ±

Update 
P  = 30  7 % (rel) zz ±

Courtesy of E. Long9

Update 
P  = 30  7 % (rel) zz ±



Charge 2: How will the tensor polarization be measured and with what uncertainty? What crosschecks 
or auxiliary measurements can be made to validate the results? Will this uncertainty be sufficient to 

achieve meaningful physics results?

Proposal:


I = 115 nA (Current) 
 = 0.3 (Tensor polarization) 

N = 30 (Helicity changes) 
 = 0.81 (Efficiency ) 

 57 

Pzz

ϵ
IP2

zz N∼

Conservative  
Update:


I = 85 nA 
 = 0.26 

N = 720 
 = 0.72 

  154


Pzz

ϵ
IP2

zz N ∼

Helicity states changes will be done in the order of 
minutes with RF

Update:


I = 115 nA 
 = 0.30 

N = 720 
 = 0.72 

 278 


Pzz

ϵ
IP2

zz N ∼



Annealing
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Charge 3: What assumptions are made regarding the vector polarization of the target?  
How is the tensor polarization expected to respond as the vector polarization decays in beam?

Courtesy of D. Keller.

Under beam 
conditions

• 2 target cups

• One cup change per PAC day

• 1 anneal per PAC day 

• Total of 6 material changes (After  accumulated dose per cup) 2.1 × 1016e−/cm2



Charge 4: What is the current experimental situation? What is the maximum tensor polarization 
that has been achieved under the anticipated polarizing conditions of 5 T and 1 K?

 
DNP 

5 T magnet  
1 K with an evaporation 

refrigerator(1 W cooling power)

0.3 W  microwave on material

Experimental setup:

Material

Irradiated Butanol ( ) 


Note:  Tensor enhancement can be treated similarly 
for materials with the same lineshape ( ). 


C4D9OH
ND3
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ssRF:  ~30  7 % (rel)  
ssRF + AFP:  ~32   8.5 % (rel) 
rssRF: ~ 36    9.5 % (rel)

±
±

±

Also shown:  Rapid spin state transitions (polarization flips  *several per hour*)

                      

D. Keller. Nucl. Instr. Meth.A 981 (2020)



Special thanks to 

E12-13-011 and E12-15-005 collaborations 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