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Introduction

During the G14 run, the target spin was reversed using either magnetic field rotations or RF spin flips. It appears that the NMR
calibration is different depending on the field direction and that unexpected polarization losses occurred during some of the
field rotations. In this note, we analyze the data to provide the correction to the NMR calibration when the field is anti-parallel
to the beam direction. We also list for completeness the cases when RF spin-flips were done but they are not relevant to this
problem since the magnetic field was not rotated and since the RF spin-flip was always associated with polarization losses that
are difficult to predict.
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Test cell (14a) measurements

Tests of spin flips were done in the IBC at the start of G14 with the test cell (14a). The field rotation tests were done on H
only and are not precise because of the low cell polarization and the large noise in the Hall. The following table summarizes the
runs of interest. The signals are plotted in Fig. 1. The uncertainty is estimated by looking at the sigma of the signal dispersion
over 150 Gauss (see Fig. 2) atq
the beginning of the of run 19870353 and dividing it by the square root of 150 Gauss over the
integration range: 2.06×10−6 /
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TE measurements (cell 21b)

A dedicated study of polarization reversal using B-field rotation was done at the end of G14 on the non-aged cell 21b (short
T1 cell). TE was measured for H with both parallel and anti-parallel magnetic fields. Measurements in both field directions
are available for H only on the λ RF circuit resonance. (The D signal was measured once but was too small to be useful. A
H run on λ/2 resonance is available but no run was done in the anti-parallel field configuration. In addition, such study is
less relevant to G14 since its NMR measurements were performed on the λ RF circuit resonance. The parallel-anti-parallel
calibration difference may depends on the resonance on which we sit. However, we did take both λ and λ/2 measurements
concurrently for cell 22b with the same parallel-anti-parallel calibration difference in both λ and λ/2 cases.
The following table summarizes the runs of interest. The signals are plotted in Figs. 3 to 5. The uncertainties are from the
plots of section 3.0.2.

Figure 1:
NMR signals for the test cell 14b. The peaks are shifted for clarity and the baseline 2nd half of the blue is shifted for easier
comparison. The signal with negative magnetic field (red line) has been reversed.

Figure 2:
Top: Signal at the beginning of the sweep for run 19870353, over 150 Gauss. The corresponding dispersion is shown on the
bottom panel.

<To > (mK)

Run #

from mix

cycles

RF
power

amp

res.

chamber 1

dBm

(µV) @-

RF
freq.

B-

area down/up

center(Gauss)

kHz

purpose/comments

10−6 V.Gauss
integrated over

15dBm

20G. Norm. to
-18dBm, T=71mk
& 11140kHz
+5o ϕ offset.

214757303

330

471

-18

123.2

11140

+2652

-57.91±3.42/

214848465

174.5

432

-18

123.2

11135

+2752

-47.19±1.42/

214932453-1

71.0

400

-18

122.9

11140

+2752

-36.15±0.43/

214932453-3

71.5

700

-23

122.9

11140

+2752

-37.77±0.76/

215275683

70.5

476

-18

122.7

11140

-2752

+26.65±0.45/

B-Field reversed

+25.04±0.40

+5o ϕ offset.

-59.17±2.31/

+5o ϕ offset.

-54.47±3.05
+5o ϕ offset.

-46.10±1.33
+5o ϕ offset.

-34.09±0.48
+5o ϕ offset.

-36.33±0.80

215364398

303

465

-18

121.3

11142

+2752

-53.67±2.09/
215452919

298

445

-18

121.3

11142

+2752

-56.01±2.58/

+5o ϕ offset.

-54.00±2.75/
215536406

495

999+864

-18

121.3

11142

+2752

-55.45/-54.00 (1)

+5o ϕ offset.

-52.04/-57.21 (2)
-53.87±1.24/
-55.49 ±1.27(av)

The λ RF circuit resonance appears to be stable so we assume that the NMR gain is constant during this test. The
discrepancy between TE amplitude when normalized to the same condition is likely due to the temperature: the temperature
sensor was not measuring the HD temperature but the 4 He bath temperature. It is likely that the temperature sensor was not
properly calibrated for the lowest temperatures (X. Wei). Also, there might be a significant source of internal heating since the
non-aged target has H2 and D2 impurities at the % order and their decaying excited states can heat the HD, especially below
100mK when the effect of the Kapitza resistance becomes important. Another possible source of systematic difference could
have been the effect of non-zero T1 . However, this effect changes at most by only 2 % the amplitude, for T1 shorter than 30s
(see next section). Thus, non-zero T1 effect cannot account for the discrepancy. Furthermore, no sign of long T1 is seen on the
time evolution of the signal in Figs. 13 to 16.
To assess the correction to the anti-parallel magnetic field calibration, we must compare runs at similar temperatures
(highlighted in red in the table). Runs between 300 and 500 mK are consistent so we expect the temperatures readout of 70
mK to actually correspond to about 100mK.
3.0.1

T1 correction

Since the gas was not aged, T1H is expected to be smaller than 20 seconds: The target was injected May 25th. The TE
measurements started on the 30th. After a 5 days aging, according to a 2009 measurement (T. Kageya), T1H should be less than
1s at 1.2K so at most 15 to 20s at 70mk (X. Wei). However, we remark that, with one exception, the up signal is systematically
smaller than the down signal, a clear sign of non-zero T1 effect. No T1 correction to the TE signal has been made for this
analysis since the RF losses in the IBC are not known (at this stage of the analysis).
3.0.2

Uncertainty and noise level

Uncertainty The uncertainties for the H and D scans are given in Figs. 6 to 12 (We do not plot the results for the last
run, 215536406, since its data were corrupted, probably during the data transfer between the NMR computer to our computer.
However, it has enough uncorrupted data to allow to determine the uncertainty). The relative uncertainty given by the RMS
are listed in the following table:

Figure 3:
TE signals for the cell 21b (the label 22b on the Fig is wrong). The peaks are shifted for clarity. The signal with negative
magnetic field (pink line) has been reversed.

Figure 4:
Same as Fig. 3 but zooming on the down peak. The peaks have been aligned and rescaled to have the same height. (The label
22b on the Fig is wrong and should be 21a).

Figure 5:
Same as Fig. 5 but zooming on the up peak. The same scale factors adjusting the height are used as the ones in Fig. 5. (The
label 22b on the Fig is wrong and should be 21a).

Figure 6:
Left: Area of the NMR peak vs sweep number (cycle) for the NMR peak for the 471 sweeps done for run 214757303. The top
plot is for the down sweeps and the bottom plot is for the up sweeps. Right: corresponding distributions together with their
Gaussian fits.
Run #
214757303
214848465
214932453-1
214932453-3
215275683
215364398
215452919
215536406
3.0.3

uncertainty
(down/up)
±5.9%/±5.6%
±3.0%/±2.9%
±1.2%/±1.4%
±2.0%/±2.2%
±1.7%/±1.6%
±3.9%/±3.9%
±4.6%/±5.1%
±2.3%/±2.3%

Peak position stability with time

The peak position (center of the resonance peak) in function of time are shown for the first 4 runs on Fig. 13 to 16. The signal
appeared to be too noisy and the peak position cannot be determined. We do no plot the other runs as they are similar and
without information.
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G14 production run cells

The Figs. 17 to 19 give the (preliminary) polarization for the production cell. On these plots, we applied the correction factors
determined online for the anti-parallel signals. Those are for H 0.734 (down) and 0.732 (up) and for D 0.543 (down) and D

Figure 7:
Same as Fig. 6 but for the 432 sweeps done for run 214848465.

Figure 8:
Same as Fig. 6 but for the 400 sweeps done for run 214932453 condition 1.

Figure 9:
Same as Fig. 6 but for the 622 first sweeps done for run 214932453 condition 3.

Figure 10:
Same as Fig. 6 but for the 622 first sweeps done for run 215275683. The straight line is due to corrupted sweeps files.

Figure 11:
Same as Fig. 6 but for the 465sweeps done for run 215364398.

Figure 12:
Same as Fig. 6 but for the 445 sweeps done for run 215452919.

Figure 13:
Left plots: Peak position versus time (a cycle lasts about 2 minutes) for run 214757303. The top left plot is for the down
sweeps and the bottom one is for the up sweeps. The right plots are the corresponding peak position distributions. The signal
is too noisy and the peak position cannot be determined. Consequently, the distribution span the whole possible magnetic field
range.

Figure 14:
Same as Fig. 13 for run 214848465. The signal is too noisy and the peak position cannot be determined.

Figure 15:
Same as Fig. 13 for run 214932453, condition 1. The signal is too noisy and the peak position cannot be determined.

Figure 16:
Same as Fig. 13 for run 214932453, condition 3. The signal is too noisy and the peak position cannot be determined.

0.600 (up).
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H polarization ratios

The table below gives the ratios of the parallel over anti-parallel signals or polarizations for all G14 cells and the two test cells.
(The polarizations are preliminary but the preliminary calibration factor cancels in the ratio). Uncertainties are statistical only.
Here, “parallel” or “anti-parallel” refers to the magnetic field direction, not the spin direction. The spin direction is given by
the sign of the polarization.
Cell operation type
initial pol. or
final pol. or
-(signal(Banti−// )/
comment
signal (down &
signal
(signal(B// ) ratio
up)
(down & up)
(down & up)
14a
RF spin flip
Not applicable
test cell, low pol.
14a B-field rotation
11.66+±0.75/
-5.074+±0.75/
0.435±0.070
test cell, low pol.
10.38+±0.75
-7.859+±0.75
0.757±0.091
Only H
14a B-field rotation -5.074+±0.75/
10.47+±0.75/
0.485±0.080
test cell, low pol.
-7.859+±0.75
10.42+±0.75
0.754±0.090
Only H
21a
RF spin flip
Not applicable
21a B-field rotation
-0.086
-0.579
-6.73
H pol. had been erased. Initially
negative even if B>0. Either growth to
TE in spite of long T1 or D to H pol.
transfer for unknown reason.
19b B-field rotation
18.90±0.16
-13.77±0.12
0.729±0.009
18.95±0.10
-13.80±0.07
0.728±0.005
19b B-field rotation
-13.77±0.12
18.77±0.21
0.734±0.010
-13.80±0.07
19.23±0.20
0.718±0.008
22b B-field rotation
22.90±0.10
-18.87±0.27
0.824±0.012
22.98±0.06
-18.91±0.40
0.823±0.018
22b
RF spin flip
(-18.87±0.27
(16.73±0.13
Not applicable
-18.91±0.40(
16.98±0.23)
22b B-field rotation
16.73±0.13
-16.49±0.31
1.015±0.021
Done right after spin flip, possibly not
16.98±0.23
-16.76±0.24
1.013±0.020
leaving enough time for spins to relax to
equilibrium.
22b B-field rotation
-16.49±0.31
11.01±0.59
0.668±0.038
-16.76±0.24
10.99±0.62
0.656±0.038
22b B-field rotation
11.01±0.59
-15.10±0.33
0.729±0.042
10.99±0.62
-14.99±0.33
0.733±0.044
21b B-field rotation
36.54±0.37/
-26.65±0.45/
0.729±0.014
TE test cell. Only H. (Initial signal:
34.71±0.41
-25.04±0.40
0.721±0.014
average of two results prior rot.)

Figure 17:
Preliminary polarization values of the cell 21a.

Figure 18:
Preliminary polarization values of the cell 19b.

Figure 19:
Preliminary polarization values of the cell 22b.
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D polarization ratios

Cell

operation type

initial pol. or
signal (down &
up)

final pol. or
signal
(down & up)

RF spin flip
B-field rotation

NA

NA

-(signal(Banti−// )/
(signal(B// ) ratio
(down & up)
Not applicable
NA

14a
14a
14a

B-field rotation

NA

NA

NA

21a
21a

RF spin flip
B-field rotation

21.70±0.58

-10.24±0.37

Not applicable
0.472±0.02

19b

B-field rotation

19b

B-field rotation

22b

B-field rotation

16.55±0.06
15.85±0.21
-8.87±0.02
-9.16±0.01
24.90±0.35
24.26±0.64

-8.87±0.02
-9.16±0.01
15.75±0.08
15.24±0.05
-9.56±0.94
-8.76±0.89

0.536±0.002
0.578±0.008
0.560±0.003
0.601±0.002
0.384±0.038
0.361±0.038

22b

B-field rotation

-9.56±0.94
-8.76±0.89

11.70±0.29
10.36±1.09

0.817±0.083
0.846±0.124

22b

B-field rotation

11.70±0.29
10.36±1.09

-5.11±0.12
-5.51±0.12

0.437±0.015
0.532±0.057

22b

B-field rotation

-5.11±0.12
-5.51±0.12

8.66±0.25
8.28±0.23

0.590±0.022
0.665±0.023

21b

B-field rotation

NA

NA

NA
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comment

test cell, low pol.
test cell, low pol.
Only H
test cell, low pol.
Only H
H pol. had been erased. May be
unreliable because of possible D to H
pol. transfer for unknown reason.
Apparent losses during this rotation or
next one.
Apparent losses during this rotation or
previous one.
Apparent losses during this rotation or
next one (most likely both based on
antiparal./paral. signal ratio).
Apparent losses during this rotation or
previous one (most likely both based on
antiparal./paral. signal ratio).
Apparent losses during this rotation or
next one (most likely both based on
antiparal./paral. signal ratio).
Apparent losses during this rotation or
previous one (most likely both based on
antiparal./paral. signal ratio).
TE test cell. Only H.

Raw and loss-corrected results

The ratios of the signal when the field is anti-parallel over signal when the field is parallel are shown on Fig. 20. The error
bars are only statistical. They do not include systematic shifts due to possible losses during the spin rotation (or in between,
although NMR monitoring indicates those would be small). We should bear in mind that two consecutive ratio data points
taken on the same target are correlated, since they use 3 independent measurements (e.g. parallel-antiparallel-parallel) instead
of the 4 that would be needed for 2 independent ratios. For ex, the low lying down ratios for target 14a are due to the one
anti-parallel measurement that gave a low polarization. Hence there is only one statistical fluctuation rather than two. The
other outlying data points for H are the two at index 7 (second pair of data for cell 19b). This is possibly due to the fact that
the rotation was done right after a RF spin flip, not leaving enough time for spins to relax to equilibrium. Ignoring these 4
outlying points, all targets consistently indicate a ratio of 0.737±0.008 (both for the λ and λ/2 resonances NMR measurement),
see the best fit results on Fig. 21. For D the large jitter of the data seems to be due to polarization losses. From the table in
section 6, comparing data on the same target after two rotations, there are clearly losses occurring during spin rotations. We
can correct for them assuming that 50% of the loss occurred on the first rotation and the other 50% occurred during the second
rotation1 . We can then assign a systematic uncertainty covering the whole range of possibilities, from 0% loss during the first
rotation and 100% losses during the second, to 100% loss during the first rotation and 0% losses during the second. The results
with D loss corrections are shown on Fig. 21. We neglected the loss corrections for H. All targets consistently indicate a ratio
of 0.569±0.021. While we could have expected that the D and H corrections were numerically the same, on the basis that for H
the corrections to the λ and λ/2 resonances NMR measurements seem to be the same, this is clearly excluded from the precise
cell 19b measurements done with little polarization losses (the other D ratios could have been barely compatible with the H
ratios, see Fig. 21). The uncertainty on the losses correction is assumed to be maximal. We can infer a more reasonable value
by rescaling them, forcing the fit χ2 to be 1. This assumes that the dispersion is statistical and that the loss are equally shared
between the two successive field rotations. Results are shown on Fig. 22.
Note: The H uncertainties are slightly bigger that for D in average while the H data are more precise tha the D ones.
1 For cell 21a, it is not possible to estimate the losses since there is only one field rotation. There are certainly losses (see corresponding comment
on the table in section 6). For these points, we assign arbitrarily a loss so that the ratio is 0.55, compatible with the other results. The systematic
uncertainty is chosen so that the points with and without loss correction are compatible.

Figure 20:
Ratios -(signal(Banti−// )/(signal(B// ) for the H (top panel) and D (bottom panel). We indicated the G14 run groups for which
the ratios are relevant. For H, the 2 low lying black squares are due to just one statistical fluctuation (see text for details).
The high points at index 7 are suspicious because they were measured just after a spin flip using RF manipulation. For D, the
jitter of the data is likely caused by polarization losses during the spin rotations.

Figure 21:
Same as Fig. 20 but with the D losses corrected for. The outer error bars are the uncertainty associated with the loss corrections.
The inner ones, when visible, indicate the statistical uncertainties. The horizontal lines are the best fits to the data. For H, we
excluded the suspicious points at index 7 and for D, we excluded the cell 21a points since they were set arbitrarily to a ratio
value of 0.55.

Figure 22:
Same as Fig. 21 but with the D χ2 /ndf forced to 1.

This is because we did not correct for losses for H. Consequenctly, the data points have more jitter and the fit χ2 and the fit
uncertainties are larger. Using the same procedure as for D would reduce the H uncertainties. We did not apply this procedure
since no anti-paralell H data were used for G14 and so we do not need this level of detailed analysis.
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Conclusions

The ratios for all targets consistently indicate corrections of 0.745±0.005 (down) and 0.729±0.004 (up) for H (both for the λ and
λ/2 resonance NMR measurements) and 0.549±0.003 (down) and 0.590±0.005 for D (receiver coil resonance measurements).
The D spin rotation was always associated polarization losses, while the H ones seems lossless, except for the last set of
rotations. This difference between the H and D rotation efficiencies is possibly due to the low magnetic field reached during
the rotation: due to the lower D magnetic moment, T1D may have became shorter at low field. The origin of the discrepancy
for the anti-parallel calibration is unknown but could be due to magnetic materials surrounding the In Beam Cryostat.

