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Abstract

The 1996 data taking of the SMC experiment used polarized protons to measure the spin-dependent structure function
g1 of the proton. Three liters of solid granular ammonia were irradiated at the Bonn electron linac in order to create the
paramagnetic radicals which are needed for polarizing the protons. Proton polarizations of + (90 + 2.5)% were
routinely reached. An analysis based on a theoretical line shape for spin-1 systems with large quadrupolar broadening
was developed which allowed the nitrogen polarization in the ammonia to be determined with a 10% relative error. The
measured quadrupolar coupling constant of **N agrees well with earlier extrapolated values. The polarization of the
nitrogen nuclei was measured as a function of the proton polarization in order to provide a test of the equal spin
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temperature (EST) hypothesis. It was found to be closely valid under the dynamic nuclear polarization conditions with
which the protons are polarized. Large deviations from EST could be induced by cross relaxing the proton and nitrogen
spin systems at low fields. Nitrogen polarizations up to 40% were reached by these means. © 1998 Elsevier Science B.V.

All rights reserved.

PACS: 76.60.-k; 76.70.Fz

Keywords: Nuclear magnetic resonance; Quadrupolar interactions; Dynamic nuclear polarization

1. Introduction

The measurement of spin-dependent structure
functions requires that both the target and the
beam be polarized. At CERN, the Spin Muon Col-
laboration (SMC) used a beam of muons polarized
to about 80% and targets of polarized protons and
deuterons with polarizations of about 90% and
50%, respectively [1-7]. Before 1996, SMC used
normal or fully deuterated butanol as target mater-
ial. Butanol is a clean material to use in polarized
targets in the sense that almost all of the back-
ground carbon and oxygen nuclei are spinless.
However, the dilution factor, which is the relative
amount of polarizable nucleons in the material,
is rather small for butanol. In 1996, we used an
ammonia target in order to further investigate the
spin structure of the proton. Ammonia has a much
larger dilution factor than butanol, but it has the
drawback that its nitrogen nuclei have spin-1 and
introduce a polarized background. Thus, the polar-
ization of the nitrogen nuclei must be known before
the spin structure functions can be extracted from
the data. The Equal Spin Temperature (EST) hy-
pothesis allows the nitrogen polarization to be
written as a function of the proton polarization.
Were it valid, the nitrogen polarization could be
calculated from the measured proton polarization
and the lengthy process of measuring nitrogen po-
larization during the limited beam time of SMC
would not be necessary.

There have been other investigations of the EST
hypothesis in ammonia. It was concluded [8] that
EST seems to hold well in **NH; up to + 80%
proton polarizations. In **ND; an EST between
the nitrogen nuclei and the deuterons was found,
but for the residual protons a strong disagreement

was observed [9]. In *>NH; and in !NDj there
are conflicting results, even when exactly same
material was used [8—11]. Because of these dis-
agreements and because higher polarizations than
+ 80% were expected, we decided to measure the
nitrogen polarization as carefully as possible.

This paper is organized as follows: Section 2
describes the preparation of the ammonia material
for use as a polarized target, and Section 3 dis-
cusses the technique of polarization measurement.
Section 4 covers the results of the proton polariza-
tion measurement and error analysis. Section 5
develops a nitrogen line shape, discusses the
method of measuring the nitrogen NMR signals,
and presents the results of the nitrogen polarization
measurement. Section 6 concerns the relationship
between the proton and nitrogen polarizations in
ammonia and the effect of the polarized nitrogen
nuclei on the measurement of the proton spin struc-
ture functions.

1.1. General target description

The target [12] consisted of two volumes, each
a 65cm long cylinder with a diameter of Scm,
which are referred to as the “upstream” and “down-
stream” target cells. The ammonia material was in
the form of small granules which were cooled with
a dilution refrigerator. The protons of the ammonia
in the two target cells were dynamically polarized
[13] in opposite ways, either parallel or antiparallel
to the beam momentum direction. The beam was
polarized antiparallel to its momentum. Thus, both
beam-target polarization configurations were
available simultaneously. To further aid in reduc-
ing acceptance effects of the spectrometer to the
two target cells, the spin directions of the protons in
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the target halves were reversed five times per day by
“rotating” the magnetic field in an automated pro-
cedure. The solenoid field was lowered from 2.5T
and raised again with the opposite polarity while
a transverse field of 0.5T was applied when the
solenoid field decreased below 0.5T. This pro-
cedure only required that the the muon beam be
turned off for 10 min. In addition to the field rota-
tions, the polarizations of the cells were reversed by
dynamic nuclear polarization (DNP) at three week
intervals.

The proton polarization was measured using
NMR at four sampling points in each target cell.
Before and after the data run of SMC, the nitrogen
polarization was measured as a function of proton
polarization using one NMR coil.

1.2. The choice of ammonia as the target material

The statistical error on the measurement of the
proton spin-dependent structure function for
a given amount of beam time shows the following
dependencies on material properties:

1

JpP’

where P is the average nucleon polarization, p is the
density, x is the packing fraction, and x is the
dilution factor of the material. In the first approxi-
mation, the dilution factor is just the fraction of
polarizable nucleons and thus yields x,mm = 3/17
and xy, = 10/74. The average polarization ob-
tained by SMC in the 1993 data taking was
Py, = + 86% whereas the average polarization
reached in 1996 was P,,n, = =+ 89%. The solid
densities of the two materials at 77 K are
Pamm = 0.853 g/cm’[14] and py, = 0.985 g/cm>.
The measurement technique is described in [15].
The effective density xp was also smaller for ammo-
nia than butanol because the ammonia granules
had irregular shapes, and, in addition, are only
slightly denser than liquid nitrogen. This presents
handling difficulties since the target cells are sub-
merged in a liquid nitrogen bath during packing.
The ammonia packing fraction was measured to be
only 0.58 whereas it was 0.63 in the butanol target
[15]. Using these values, the ratio of statistical
errors of the measurements on ammonia compared

(1)

g oC

to those on butanol is

p
Tamm ~ 0,82 [but Zowt o 083,
Obut Xamm Pamm

To reach the same statistical accuracy with a bu-
tanol target, about 45% more beam time would
have been needed.

2. Material preparation

This section explains the preparation of the
liquid ammonia for use as a polarized proton tar-
get. About 2kg of ammonia with a purity of
99.98% and the natural isotope content was used
as the raw material. It was delivered as liquid with
a vapor pressure of 8.6bar at a temperature of
293 K. At 1bar, the boiling point of ammonia is
240K and its melting point is 195 K. Its gaseous
state density is 0.719 g/cm? at 288 K and its liquid
state density is 0.682 g/cm® at 240 K.

2.1. Solidification and granulation

The liquefied gas can be solidified either in a fast
or in a slow process which have both been shown to
provide highly polarizable material. In the fast
solidification, liquid ammonia is dropped into
liquid nitrogen which leads to spherical frozen
beads. With this procedure a large amount of solid
material can be produced in a reasonable time.
However, due to the fast solidification, the beads
are brittle and their density is ill-defined because
of the inclusion of bubbles. Both disadvantages
are serious because the ammonia beads tend to
disintegrate during the subsequent irradiation and,
therefore, there is a considerable uncertainty in the
determination of the target density. This fast
freezing procedure was chosen for the target
material of the EMC experiment [16]. In the slow
process, the gaseous ammonia is liquefied and
thereafter slowly frozen in the same glass tube.
Using this method, a solid block of frozen ammonia
is obtained which has only a few crystal domains.
Then, this block is crushed and sieved to obtain
chips of the desired size (2-3 mm). Granules made
in this way are more stable and uniform.
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Fig. 1. The solidification apparatus for the ammonia material. Operation is described in the text.

A new high-capacity solidification apparatus
with a continuous cooling system was constructed.
As shown in Fig. 1, nitrogen gas (1) was cooled by
guiding it through a liquid-nitrogen vessel (2). The
gas passed through a heat exchanger which was
immersed in an ethanol bath (3) surrounding
a glass tube (4). The temperature of the bath,
monitored by a Pt100 resistor and regulated (5) to
within + 1°C, controlled the nitrogen flow rate (6).
Ammonia gas was condensed in the glass tube as
soon as the temperature of the cooling bath de-
creased below 240 K. The condensing pressure was
stabilized at 500 mbar. The desired bath temper-
ature of about 190K was typically reached within
1h. The ammonia gas inlet (7) was closed after
about 150 cm® of ammonia was liquefied. The ma-
terial immediately started to freeze from the outer
regions towards the center. At the same time, the

vapor pressure was decreasing towards the triple
point of about 60mbar. In this stage the glass
cylinder was filled with 500 mbar of argon (8). This
allowed the liquid to freeze homogeneously and the
final product was a clear and transparent block of
solid ammonia. After removing the lid, the cylinder
was filled with liquid nitrogen which caused the
material to crack. Finally, it was crushed into pieces
and shifted to the desired chip size at 77 K. Each
solidification process took 6h and resulted in
125cm? of 2-3 mm size ammonia chips which were
stored in liquid nitrogen until the irradiation.

2.2. Production of the paramagnetic centers
For the DNP process to operate efficiently,

a paramagnetic center density on the order of
10'%¢~ /em?® is needed. In the case of irradiated
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ammonia, these centers are NH, radicals, which
were identified via electron paramagnetic reson-
ance studies [17]. The radicals were created by
irradiating the solid ammonia chips in the 20 MeV
electron beam at the Bonn linac. The average beam
current was 30 pA. The irradiation was carried out
in several batches of 100cm® each. During the
irradiation, a special cryostat kept the sample in
aliquid argon bath at 87 K. The details of an earlier
version of this cryostat are described in Ref. [16]. In
order to achieve similar conditions for all batches,
some parts of the cryostat were improved. The
most significant concern was ensuring that in each
batch an equal amount of homogeneously distribu-
ted paramagnetic centers were created. Thus, the
geometry of the sample container and the condi-
tions and control of the material exposure to the
electron beam were optimized.

Fig. 2 shows a schematic diagram of the appar-
atus with a detailed view of the sample container.
The cryostat consisted of a thermally isolated inner
part (1) containing the argon, which was liquefied
by a liquid nitrogen heat exchanger (2). The argon
level (3) is indicated by the shaded area. Since at
1 bar, the boiling and freezing points (87.3K,
83.8K) of argon are close, the temperature of the
argon coolant in the sample container (4) was kept

constant by controlling the liquid nitrogen level in
the heat exchanger with the argon vapor pressure.
From energy loss estimations of the electron beam,
the expected heating power was several hundred
watts, which agreed well with a calculation based
on the liquid nitrogen consumption of the heat
exchanger.

The sample container was a frame of two concen-
tric cylinders made of aluminum and covered with
thin titanium foils (6). It was fixed to a rotating
aluminum shaft (7). A current integrator (8) which
measured the flow of electrons emitted by the ma-
terial and captured by the container walls was
connected by a rotating feed-through (5) to the
sample container. The integrated current was used
as a relative measure for the density of the para-
magnetic centers. The geometry of the container, in
combination with the vertically spread beam spot
(9) and the 1rps rotation speed of the sample,
produced a sufficiently homogeneous irradiation of
the material. A maximum of 150 cm?® of material
could be irradiated uniformly in a single run. The
homogeneity was determined from the uniform
violet color of the granules produced by the irradia-
tion as well as from the similar polarization behav-
ior of different small samples which were tested at
Bonn. The accurate bombarding current could not

Sample Container

Fig. 2. Schematics of the irradiation cryostat on the left and the sample container detail on the right.
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be measured due to the unknown amount of sec-
ondary electron emission. Thus, the amount of in-
tegrated current (10! ’e ~ /cm?) that the batches were
requested to receive was inferred from the polariza-
tion behavior of several test batches which received
different amounts of irradiation. The final density
of the paramagnetic centers was estimated to be
6 x 10"? cm ™ from previous measurements [17].

3. Measurement of polarization

The measurement of polarization was based on
integrating the absorptive part of the RF suscepti-
bility x”, which can be related to the polarization by

[18]

P

h o0
Ly __ 20 fx”(w)dw, @

I ¢* ik NnJo
where uy is the nuclear magneton, I and g are the
spin and g-factor of the species, and N is the num-
ber of spins in the sample. This equation is not
generally valid when quadrupolar interactions are
present. The effect for nitrogen is discussed in Sec-
tion 5.6 and corrections are estimated.

Using Eq. (2) to determine the '*N polarization
involves two important practical difficulties as well.
The NMR signal is too broad to be covered with
a single-frequency sweep and it is too small for a
direct calibration. The first problem was solved by
measuring two small pieces of the nitrogen signal
and reconstructing the whole signal by fitting a the-
oretical line shape to the data. From this signal, the
unnormalized area could be calculated. The calib-
ration of the NMR system was done using proton
signals taken at the nitrogen Larmor frequency.

The quadrupolar splitting of the nitrogen NMR
line provides a second method to determine the
polarization, which could be used as a verification
of the results. The shape of the resonance line
depends on polarization in a way which will be
described in Section 5.1.

3.1. Equal spin temperature

The DNP process in ammonia, with a high den-
sity of paramagnetic centers and the EPR line

width larger than the nuclear Larmor frequency, is
believed [8,17] to proceed mainly via cooling of the
electron spin—spin interaction reservoir which, in
turn, is in strong thermal contact with the nuclear
spins. This leads to an equal spin temperature (T')
among all the polarizable spin species, assuming
the spin-lattice relaxation and polarization time
constants are equal for all nuclei. This is the EST
hypothesis and it may be a plausible assumption in
ammonia.

Ammonia contains both hydrogen and nitrogen
nuclei which have spin-} and spin-1, respectively.
Let us show how their polarizations are linked if
the two species have a common spin temperature.
The polarization of the proton system is written

h
P, = tanh(zkw; ), (3)

where w,, is the Larmor angular frequency of proto-
ns. In the absence of quadrupolar interactions, the
polarization of a spin-1 nitrogen system is

4tanh(hwy/2kT,) r?—1
Py = 5 = : (4)
3 + tanh“(hon/2kT,) 1 +7r+1
where r = ¢"**T- and @y is the nitrogen Larmor

angular frequency. Assuming EST is valid, the po-
larizations of the two systems are related by

_ 4tanh((wn/w,) arctanh (Py))
Y7 3+ tanh? ((wy/op)arctanh (P,))

(5)

Due to the quadrupolar splitting, Eq. (4) is not
exact. The corrections involved in the estimation of
the polarization including the quadrupolar
broadening as a perturbation are, however, small
for the nitrogen system being considered here. The
calculations are made in Section 5.6.

3.2. The NMR instrumentation

Measuring the polarization by NMR was done
using commercially available Q-meters [19], each
connected to an NMR coil via a coaxial cable,
a capacitor, and a damping resistor forming a series
LRC circuit. The circuit, shown in Fig. 3, is driven
by a digitally controlled frequency synthesizer. As
the frequency is swept through the Larmor reson-
ance, the material absorbs or emits energy causing
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Fig. 3. A block diagram of the NMR circuit. The rms excitation
level V, was 100mV.

a change in the inductance of the coil. The induc-
tance change, in turn, causes an impedance change
in the circuit, of which the complex output voltage,
V(w,y), is a function as long as the feed current is
kept constant. At the last stage, a phase-sensitive
detector (PSD) allows the selection of the real part
of the output with respect to a reference fed in from
the synthesizer.

The procedure for measuring a signal follows.
First, the magnetic field is set such that the Larmor
frequency of the spin species is not within the sweep
range of the synthesizer. This measures the fre-
quency dependence of the output voltage to the
NMR electronics, which is denoted by Re{V(w)},
and is called the Q-curve. Next, the field is set to the
resonance value and the output voltage is measured
again, which is denoted by Re{V(w)}. Then, the
Q-curve is subtracted from it and the result is called
a subtracted signal. The absorption function of the
material is proportional to the subtracted signal,

1(@) oc Re{V(w)} — Re{V(w)} = S(w),

and, therefore, the polarization is proportional to
the integral of that signal,

P« J S(w)dw,
Aw

where Aw is the frequency range over which the
signal is measured. The small residual Q-curve,
owing to circuit drift between the two measure-
ments, is taken care of by fitting a polynomial to the
signal wings, and by subtracting it. The absolute
calibration of the system is done by comparing the

signal area to a known polarization value when the
material is at thermal equilibrium (TE) at about
1K temperature.

During the “field rotation” procedure, the pro-
ton Larmor frequency is also swept over a broad
range. When the polarization is negative, during
field ramping it is possible to induce superradiance
[20] which destroys, or even reverses, the polar-
ization locally around the NMR coil, due to the
circuit self-resonances. To overcome this effect,
small-inductance coils were used to avoid those
circuit resonances which lie at proton Larmor
frequencies swept through during the rotation
procedure.

The coils intended for measuring only proton
polarization were entirely enclosed in an
FEP/PTFE sheat to reduce the filling factor, and
thereby, the sensitivity of the coils. This was done in
order to help prevent superradiance and, more im-
portantly, to linearize the Q-meter response while
measuring proton signals (see Section 4.2).

The design of the NMR coils is shown in
Fig. 4 and the parameters of the NMR system are
listed in Table 1. Because the coils could not be
changed after loading of the target material and
since both positive and negative polarizations were
used simultaneously, we could not design the coils
for optimal nitrogen signal detection. Otherwise,
with the high-inductance coils necessary, super-
radiance and nonlinearity would have seriously
handicapped the field rotation procedure and the
polarization measurement, respectively. Thus, we
modified only one coil so that it could be used (not
optimized) for measuring both nitrogen and proton
signals. This coil, labeled “N/p-coil”, had a slightly
higher inductance, and did not have a coating so
that its sensitivity would be higher. The dual-pur-
pose coil was connected to different Q-meters with
different cables depending on whether proton or
nitrogen signals were being measured.

A novel technique was employed in the NMR
system for measuring the nitrogen signals. Instead
of a tuned 2/2 cable, a short (/ = 5m) untuned
coaxial cable was used to connect the coil to the
Q-meter. In this way the Q-curve becomes flatter
and the effect of circuit drifts is diminished, includ-
ing thermal drifts in the cable itself. The require-
ment is that the cable length should not be too close
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Fig. 4. The NMR coils as used in the SMC 1996 data taking.
The N/p-coil in (a) was used to measure both proton and
nitrogen polarization, and the other coils in (b) were used for
protons only. The coils were made of CuNi tube with a wall
thickness of about 0.1 mm. The proton coils were enclosed in an
FEP/PTFE sheat.

to the impedance pole that occurs at /4 = 6.9m.
All of the cables consisted of three sections,
a 0.0501in. copper cable (Coaxitube DAS50050) in-
side the mixing chamber, an 0.085in. copper-clad
stainless-steel cable (Coaxitube JN50085) in the tar-
get holder and a 0.1411in. copper cable outside the
cryostat.

Table 1

4. Proton polarization

In this section, we present the results of the
proton polarization measurement. A simple model
of the proton NMR line shape in ammonia is
developed so that corrections for the non-linearity
of the Q-meters could be made. Then, the complete
error analysis which considers both TE and
enhanced polarization signals is presented. The
polarization characteristics of the ammonia mater-
ial are demonstrated at the end.

4.1. Proton NMR signal

Typical proton NMR signals for positive and
negative polarizations are shown in Fig. 5 for low
and high, positive and negative polarizations. The
line shape at low polarizations is symmetric but it
becomes strongly asymmetric at the highest polar-
izations, and the peak shifts in different directions
depending on the polarization sign.

The broadening of the line due to the in-
homogeneity of the external field, which is on the
order of AB/B =3 x 1077, is small. The irregular
shape of the granules gives rise to additional
broadening due to the demagnetization field. This
can be a larger effect than that due to the field
inhomogeneity, but it also leads to a symmetric
broadening, as does the dipolar interaction in
the crystalline lattice. Proton—nitrogen and

Typical circuit parameters for the proton and the nitrogen NMR system. The filling factor has been calculated assuming a homogeneous

packing fraction of the material to be 0.6

Parameter Symbol Proton coils N/p-coil N/p-coil
protons nitrogen
Larmor frequency (at 2.5T) (MHz) v, 106.5 106.5 7.7
Frequency sweep width (kHz) Ay 600 600 2 %200 or 300
Feed resistance (Q2) R. 900 1430 900
Damping resistance (Q) R 16 43 10
Amplifier input impedance (Q) R, 50 + 70 50 + 50 50 + 60
Coil RF resistance (at v,) (Q) re 0.5 0.4 0.1
Coil inductance (nH) L, 66 95 95
Tuning capacitance (pF) C 27 19 400
Cable length in 4/2 (m) n (/) 5 (5.0) 5(5.0) 0.36 (5.0)
Cable Q-factor 0 70 70 100
Coil filling factor n 0.14 0.29 0.29
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Fig. 5. Proton NMR line shapes. Left: Experimental proton line
shape for approximately =+ 20, + 40, + 60, + 80, and =+ 90%
polarization. Right: The calculated proton line shape for the
same polarization values.

nitrogen—nitrogen interactions are much weaker
owing to the small magnetic moment of the nitro-
gen. It was verified that the line shapes were the
same for two proton signals of P, = 90% where the
nitrogen polarizations were Py =15% and
Py = 40% (see Section 6.2).

The line shape due to dipolar interactions for
a triangular configuration of nuclei has been cal-
culated in Ref. [21]. The Zeeman levels with a z-
component of total angular momentum j = + 3
are threefoldly split while the level j = + 3 are
shifted. The resulting NMR line has contributions
from nine transitions between these sublevels
whose energies depend on the relative orientation
of the molecule with respect to the external field.
Their calculation was unfortunately made only at
zero polarization and is rather complicated.

Indirect spin—spin interactions can give rise to
asymmetric line shapes as well. They originate
either from the distortion of the electron shell [22]
or from exchange coupling of the s-state valence
electrons [23]. In the ammonia molecule, the
hydrogen atoms have covalent bonds with the
nitrogen atom but not with each other. Therefore,
the possible exchange interaction has to be me-
diated by the nitrogen.

Our goal was to develop a simple line shape
model in order to use it to study the properties of
Q-meter circuit. It was based on the Hamiltonian
for the indirect coupling between spins I; and
I, which is of the form I, - I,. When applied to the
triangular configuration of the protons it leads to

two extra lines located symmetrically on each side
of the Zeeman line. Only dipolar broadening due to
next-nearest neighbors was included since indirect
couplings are of much shorter range. Therefore, the
full line was composed of three Gaussians. These
three lines correspond to the . ,(j = —3 - —3),
Jo(j= —3—3%),and the .# _(j =% — 3) transitions,
where j is the z-component of the total spin of the
three protons.

The relative intensities can be easily calculated if
we assume that the probability of individual spins
having I, = § or I, = — } does not depend on the
spin—spin interactions. This yields for the relative
populations of the j states

(13 N1+ P\Y(1—P\*¢)
=\ 2 2 :

where P is the polarization. The transition inten-
sities, which are calculated from .#; _,; oc dn; /dt =
n,Wi_; —n;W;_;, where W is the combina-
tional transition probability, become

Lo (1HPY (1P

+ = 2 > - 2 >
14+ P\/1—-P
=22 ) (=)
=)

The right-hand plot in Fig. 5 shows examples of
proton lines calculated using this model for several
values of polarization. This model reproduces the
basic features of the proton line shape in ammonia,
but does not fit well to the data. However, used
with a splitting of Av = 25kHz between the three
resonance lines, it was good enough to analyze the
nonlinearity of the NMR circuit response.

4.2. Determination of proton polarization

The calibration of the NMR system was carried
out at 1 K with the dilution refrigerator filled with
superfluid “He to ensure uniform temperature
throughout the target volume. This was essential
because the temperature during the calibration was
measured once per signal only at one end of the
150 cm long target holder, by means of a *He vapor
pressure manometer.

The TE signal areas were extracted by first shift-
ing the field by + 1.5% to record three Q-curves
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and then measuring three resonance signals at the
nominal field. Each signal/Q-curve was averaged
over 2000 double-frequency sweeps over the
600 kHz range, which took 4 min. The proton relax-
ation time was measured to be about 20 min at 1 K
and 2.5T. Therefore, while the signals were being
taken, the TE polarization was still relaxing from
its shifted value towards its nominal value. How-
ever, since the Q-curves and signals were recorded
with field shifts symmetrically around the nominal
field, the error due to the relaxation canceled out.

In proton NMR the abundance of free protons in
many construction materials introduces a polarized
background signal which has to be subtracted from
the TE signal. In our case the target holder was
constructed of various plastic materials, most
notably of Kevlar which can absorb up to 4.5% of
water. The background signal was measured before
loading ammonia and remeasured after unloading
it. The background contributed about 7% of the
TE signal area and was the same both before and
after the run. This background and the circuit drift
which caused uncertainty in area determination of
the signal were the largest error sources in the
calibration (see Table 2).

Quite different error sources had to be con-
sidered while dealing with the NMR signals of the
dynamically polarized material. The response of
the Q-meter becomes nonlinear at high signal
levels. The measured line shape and area depend on
the sign of polarization in a way that positive polar-
izations are underestimated and negative polariza-
tions are overestimated.

In our case, the nonlinearity was large only in the
N/p-coil which was designed to have higher sensi-
tivity for measuring the nitrogen signals. We have
corrected for it by following the guidelines of Ref.
[24]. The first step was to find the effective circuit
parameters which correspond to the simplified cir-
cuit model shown in Fig. 3. This was done by fitting
the simulated Q-meter response function derived
from the circuit diagram (eight parameters) to the
measured Q-curves. The next step was to simulate
the NMR signal which, in the case of ammonia, is
more complex than for materials having a symmet-
rical line shape. We used the model described here
in Section 4.1 and calibrated the signal amplitude
by using TE signals for which the nonlinearity was

Table 2
TE calibration errors

Error source [0P/P] (%)
N/p-coil Proton coils

Temperature 0.3 0.3
Circuit drift 1.5 1.3
Proton background 0.1 0.8
Field polarity 0.1 0.1
Relaxation 0.3 0.3
Total 1.6 1.6

negligible. The separation of the sublines and their
broadening were deduced by fitting the simulated
lines to real signals from the proton coils for which
the nonlinearity was small. As the final step, the
signal area using the simulated response of the
Q-meter was compared to real data. It was found
that for the N/p-coil the correction to be made was
up to 8% while for the other coils it remained
below 2% with a relative uncertainty of 20%.

Another small correction was made for the shift
of NMR line due to the internal field. The response
of the Q-meter is frequency dependent and enhan-
ces signals which are shifted towards higher fre-
quencies. The correction was about 0.5% at the
highest polarizations.

In addition, there were several small error sour-
ces. Some dependency of the TE and enhanced
signal areas on the solenoid field direction was
observed but the origin of this effect remained un-
known. There was RF cross-talk between the target
cells which was measured by polarizing only one
cell and observing the NMR signals in the other.
A depolarization effect by the RF field (NMR satu-
ration) was found and was twice as large for the
uncoated N/p-coil as for the others. Therefore, the
polarization was measured only at 10 min intervals
and long periods without DNP were avoided.

The impact of the uncertainty due to the correc-
tions, together with other error sources, is listed in
Table 3. The total uncertainty becomes thus
|0P/P| =3.0% for the N/p-coil and 2.1% for the
others.

For a scattering experiment it is important that
the polarization be averaged in the same way as the
muon beam samples the material. The muon beam
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Table 3
Enhanced signal errors

Error source [0P/P] (%)
N/p-coil Proton coils

Nonlinearity 22 0.2
Off-Centering 0.1 0.1
Field polarity 0.1 0.3
Circuit drift 0.2 0.2
Cross-talk 0.2 0.2
Saturation 1.1 0.5
Total 2.5 0.8

averaged the polarization uniformly longitudinally
and had a Gaussian intensity profile with a 12 mm
effective radius, which is the radius at which the
number of DIS events originating from inside and
outside were equal. By using several NMR coils
placed throughout the target cells, we were able to
average the polarization longitudinally and verify
that there were no large variations of polarization.
The NMR coils (except the N/p-coil) were placed at
the effective radius of the beam so that a linear
radial gradient in the polarization could not cause
a bias.

To estimate the uncertainty of the average polar-
ization it was necessary to calculate the volume
sampled by each coil. The sampling is weighed by
the square of the transverse RF field amplitude and
thus drops rapidly with distance from the coil wire.
The volume giving rise to 95% of the total NMR
signal was calculated to be 75cm? for the N/p-coil
and 55 cm?® for the others. Assuming random samp-
ling of the polarization, the 1o confidence limits
became |0P/P| = 2.2% for the upstream target cell
and 0.9% for the downstream one. The difference is
due to one inoperative coil in the upstream cell and
due to the more even polarization distribution in
the downstream cell. The overall uncertainty of the
proton polarization measurement, averaged over
the target cells, became [0P/P| = 2.7%.

4.3. Proton polarization characteristics

The material in the downstream target was pre-
pared about half a year earlier than the material in
the upstream and was stored for three months in

liquid nitrogen and three months in liquid helium.
There was a visible discoloration of the older ma-
terial but its polarizability was the same as that of
the newer ammonia.

The optimum microwave frequencies for polariz-
ing positively and negatively were found to be
69.970 and 70.350 GHz, respectively. In contrast to
butanol, frequency modulation of the microwaves
[25] led to only a small improvement of the dy-
namic polarization. The total increase owing to
frequency modulation with an amplitude of
20 MHz and frequency of 1 kHz was estimated to
be about 2% absolute.

About =+ 80% polarization was obtained within
10h after starting DNP and maximum polar-
izations of + 90% were reached. The maximum
negative polarization was slightly higher than the
positive polarization, but the difference was less
than 2%. Fig. 6 shows the polarization rise in the
upstream and the downstream half of the polarized
target as a function of time for the first 10h of
DNP. During the SMC data taking, the average
polarization was + 89% which was very close to
the maximum.

The spin-lattice relaxation times were longer in
ammonia than in butanol, probably due to the
lower density of paramagnetic centers. At 2.5 T and
about 50mK no thermal relaxation could be ob-
served in 12h. At 0.5T, which was the minimum
field during the field rotations, the relaxation time
was about 500 h. This assured negligible losses dur-
ing the field rotations. Interestingly, the decay time
in zero applied field was about 1h at 70mK. In
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Fig. 6. Simultaneous build-up curves for the two target cells.
Left: Positive polarization in percent. Right: Negative polariza-
tion in percent.
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addition, unless the polarities of the solenoid mag-
net’s correction coils were reversed during the field
ramp to make the field inhomogeneous, strong
superradiance effects were seen. A change of polar-
ization from — 89% to + 28% was seen for some
NMR coils.

5. Nitrogen polarization

In this section, we present the results of the
nitrogen polarization measurements. First, a theo-
retical line shape is developed which can be fit to
the two pieces of the NMR signals. From this, the
nitrogen polarization can be determined from both
the shape and integral of the signals. In addition,
the line shape allows a prediction of the dependence
of the ratio of the nitrogen signal peak heights on
polarization. The theoretical ratio is compared to
values estimated from the raw signal data.

5.1. The nitrogen resonance signal

The energy states of a spin-1 nucleus located in a
magnetic field and in a lattice are defined by the
interaction of the electric quadrupole moment and
electric field gradients on the site of the nucleus. To
first order in perturbation theory [26], these states are

En = — hoxm — hoy[3cos?(0) — 113m> — 2), (6)

where m = — 1,0,1 is the magnetic quantum num-
ber and w, = ¢°Qq/(8h) is a measure of the quadru-
pole coupling strength. Here Q and eq are the
quadrupole moment and the electric field gradient,
respectively [27]. The sign of the quadrupole term
has been chosen to have w, > 0 for '*N in ammo-
nia [28]. Axial symmetry of the field gradient about
an axis which makes an angle 6 with respect to the
static field was assumed [29]. The system has two
transitions with energies hw, = E, — E; and
ho_ =E_, — E,, and the corresponding inten-
sities I, are proportional to the net number of
spins available to make the transitions. For a given
resonance frequency, the two transitions corres-
pond to the two angles

1 +R -
cos(0:) = [~——= with R=2_N
3 3wg

The line shape of the absorptive part of the RF
susceptibility, for an even distribution of the solid
angle (random orientation of the molecules), is a
sum of the overlapping plus and minus transitions

dI,(0)
e== dCO

dr,(0) d(cost,)
.=% |d(cost,) dw

dI,(0) 1
gl d(cos@s)wc1 /1 + ¢R|

The plus transition has a pole at R= — 1 and
— 1 < R < 2 and the minus transition has a pole at
R=1and —2<R<1

The density of states, d(cos0,)/dw, can be convol-
uted with a Lorentzian function of width A4 in order
to include the broadening of the resonance lines
due to dipolar interactions with the surrounding
nuclei and other effects, giving the following func-
tion for the line shape:

(7)

2 edx A/n
F(R,A) =
a( > ) JsmA2+82(X —R)2
243 dy
Con o y*—2(1 +eR)y* + A% + (1 + eR)?

where y = /1 + ex. The analytic solution [30] to
this convolution integral is [31]

F,(w) = 211@{2 cos<oc/2>

X | arctan ﬂ + r
2Y osin(a/2) 2
Y2 4+ 0% + 2Yocos(2/2) @
Y? + 0% —2Yocos(/2)) |’

where 0% =./A%+(1 +¢R)* and cos(a) =
(1 +¢R)/o*and Y = \/g was the upper integration
limit.

The frequency dependence of the intensity fac-
tors, dI+/d(cos 0 + ), is a very important contribu-
tion to the line shape of broad signals such as those
of nitrogen. Including the quadrupolar coupling

+ sin(oz/2)ln<
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terms in the expressions of the energy levels, their
differential populations are

dn, = N~ tefhontbroldOq(cos (),
dn_, = A"~ le~ PhentBred0q(cos ()
- b

dng = N~ e 2Pt Od(cos 0),

where A(0) = [3cos*(0) — 1], 4 =) e PP is the

normalization, and f = (kT,)~ ! with T, being the
spin temperature of the system. Using r = e/~
which is the same quantity as in Eq. (4), the inten-
sity factor for the plus transition is [31]

dl+ dnl — dno

d(cosf;) d(cosf.)
pLH9L 20 i-R
= — — =
r1+‘%+r 29},+r 1+ 92
P2 pl30R

©)

X—
P2 4 Pl 3R

and the intensity factor for the minus transition is

dr_ dng —dn_,
d(cos0_) ~ d(cos0-)
L R i=-R
TR 20k 1 =

+
Vl 3|9R_1

X—
P24 TR

(10)
where the ratio § = w,/wy is the relative strength of
the quadrupolar and dipolar interactions. The rela-
tion [3cos*(0) — 1] = ¢R was used in the last two
equations to write the frequency dependence of the
transition factors explicitly.

Substituting Egs. (8)—-(10) into Eq. (7) gives the
absorption function

7)o i{[—"z L Jn(& 4)

g P2 4 L3R
pLH39R
+ |:r2 T+ LT3R 1:|F(R5A)}~ (11)

Fig. 7 illustrates how the parts of Eq. (11) form
a nitrogen signal of 10% polarization. Contrary to
the deuteron signal in butanol [31], the plus

FIREN BT SR
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w/2n (MHz)

Fig. 7. An example of how a nitrogen absorption function D is
composed. (A) the two F . shape functions; (B) the df . /d(cos 0)
intensity factors; (C) the products [dI./d(cos0.)]F; (D) the
absorption function y” =) ,[dI,/d(cos0,)]F . The vertical
scales are arbitrary, but consistent.

transition corresponds to the left peak while the
minus transition corresponds to the right peak.
Due to the intensity factors, the signals have
a much higher gain towards the right side, or to-
wards higher frequencies for such broad signals.
Another important fact is that the intensity factor
ratio is not constant across the total signal width. If
one would set 3= 0 in Egs. (9) and (10), then the
ratio of the intensity factors would be d/ . /dI_ =r,
the asymmetry parameter. Thus, while this ratio is
a good parameter that is closely related to the
polarization of signals under weak quadrupolar
broadening like those of deuterons, it is not related
in an evident way to the polarization of broad
signals such as those of nitrogen. The proper way to
obtain r is by fitting Eq. (11) to the data.

Fig. 8 demonstrates the features of the line shape
of Eq. (11). In the left-hand plot, a comparison of
the line shapes for positive and negative signals
is shown. Note that for both + 10% polarization,
the right peak is taller than the left one. This is
caused by the strong frequency dependence of the
intensity factors. In the right-hand plot, the peak
height ratio

dI_(R=1)

T "
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Fig. 8. A study of the line shapes for positive and negative
nitrogen polarizations. Left: Comparison of positive (solid) and
negative (dashed) line shapes for polarizations of + 10%
(r = 1.16 or 0.86). Right: Prediction of the peak height ratio, p,
versus the nitrogen polarization from our line shape using
wy/21 = 0.395MHz and wy/2n = 7.7 MHz. A detailed explana-
tion of the plots is in the text. (11) and (12) were used to calculate
these functions.

for a large range of nitrogen polarizations is pre-
dicted at 2.5 T. The p ratio is useful because it can
be estimated directly from the measured signals,
whereas r cannot. This shows that even at zero
polarization, the ratio converges to p = 1.39, not
p = 1, which is due to the intensity factors. As the
polarization grows, the peak height ratio for posi-
tive polarizations decreases, crossing unity at about
28% polarization, whereas the peak height ratio for
negative polarizations increases as the polarization
magnitude grows. If the quadrupole splitting were
negligible, the peak height ratio would be unity at
zero polarization because the intensity factors
would have no frequency dependence. As the
quadrupolar splitting increases, the frequency
dependence of the intensity factors becomes more
pronounced and the peak height ratio is unity
towards more positive polarizations.

5.2. Proton—nitrogen cross-calibration

At 1K and 2.5T, the TE polarization of nitrogen
is about 40% of that of deuterons. Furthermore,
the absorption function is spread out over 4.8 MHz
as opposed to the 260kHz line width of the
deuteron. Considering also that the density of ni-
trogen nuclei in ammonia is lower than the
deuteron density in the standard alcohol materials,
then the TE signal coming from nitrogen at 1K is

about two orders of magnitude smaller than that of
deuterons. The sensitivity of the NMR system is
already at the edge of what is required for a good
deuteron TE calibration. Thus, a direct TE calib-
ration for nitrogen was impossible.

The only unknown factors in the relationship
between the NMR signal area and the polarization
are the gain of the Q-meter and the filling factor of
the material in the coil. Once an NMR system is
calibrated, it can be used to measure the polariza-
tion of any spin species as long as differences in the
magnetic moments and the number of nuclei are
taken into account. Therefore, the protons in the
ammonia were used to calibrate the nitrogen NMR
system.

The starting point for the cross-calibration is to
consider a ratio of nitrogen to proton polarizations,
that can be written as

Py _ galxNyo/x
Pp gl%IIpNN%p’

where .7 = j(‘f y"(w)dw using Eq. (2) for the polar-
ization. The g-factors are g, =2.793 and gy =
0.4038 and N, = 3Ny. This gives the nitrogen po-
larization of

PN=287XMNX£=287X%NXJKP, (13)
MP

where ", = P,/</, is simply the calibration con-

stant for protons.

The N/p-coil was calibrated at 1 K with proton
signals by moving the magnetic field to a value
where the proton Larmor frequency corresponds to
the Larmor frequency at which the nitrogen signals
were measured. This ensured that the Q-meter gain
did not change. Once the cross-calibration con-
stants were determined for the nitrogen coil, the
polarization of the nitrogen was obtained using
Eq. (13) and the area of the reconstructed signals,
like the one shown in Fig. 9. The calibration con-
stants were determined with a 2.5% relative error.

5.3. Measurement of the nitrogen absorption function

In a 2.5T field, the Larmor frequency of the nitro-
gen nuclei is wy/2n = 7.7 MHz and their quadrupo-
lar coupling constant is about w./2n = 0.4 MHz
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in solid ammonia at low temperatures [29]. Thus,
the two peaks of the absorption function occurring
at wn/21 £+ 3w,/27 should be found around 6.5 and
8.9 MHz. The sweep width required to pick up both
peaks is about 2.4 MHz while in order to pick up
the whole signal, including the shoulders, at least
a 4.8 MHz sweep would be required. The ability of
the Q-meter to detect an absorptive signal requires
that this signal width be a small fraction of the
Larmor frequency. Since it was beyond the possi-
bilities of the Q-meters to measure the whole nitro-
gen signal with one sweep, only two small pieces of
the nitrogen absorption function were measured by
moving the magnetic field.

The sweeping frequency could not be changed
since both pieces of the signal needed to be taken in
precisely the same way and because the Q-meter
tuning depends on the frequency range. In ammo-
nia, the dipolar broadening is small and each peak
of the nitrogen signal can be covered with
a 100kHz sweep width. However, a minimum of
200kHz is needed to encompass an entire proton
signal, which was needed to calibrate the system as
described in Section 5.2.

A Larmor frequency of 6.47 MHz was chosen
such that the corresponding field was 2.1 T and the
Q-meter was swept over 200kHz. The positions
of the peaks were found at 1.68 and 2.45 T, which
are not symmetric about 2.1 T. This can be
explained by including second-order terms [26] in
the calculation of the energy levels of Eq. (6),
which shift the position of both peaks by the same
amount towards higher Larmor frequencies (lower
fields). Calculation of the exact energy levels
showed that the second-order correction was suffi-
cient.

The quadrupole coupling parameter w, can be
calculated from the magnetic field values where
the peaks occurred when using a frequency of
6.47 MHz. The calculation

6.47MHz

60y/2m = (45T — 168 T) =

— 2372 MHz,

yields a value of w,/2n = 0.395 MHz. This agrees
well with the value of w,/2n =0.396 MHz, mea-
sured at 77 K and extrapolated down to zero tem-
perature [29]. With this information, the algorithm

of the measurement of the nitrogen absorption
function consisted of the following steps:

e Selection of Larmor frequency of 6.47 MHz.

o Measurement of the Q-curve for the left (plus)
peak of the signal at 2.6 T.

o Measurement of the plus peak at 2.45T.

o Measurement of the Q-curve for the right
(minus) peak of the signal at 1.6 T.

o Measurement of the minus peak at 1.68T.

At first, a 200kHz sweep was used but it was
changed to 300 kHz because a larger sweep width
was better for determining the area of the proton
signals used in the cross-calibration. The calib-
ration was done for both sweep widths. The Q-
curves were taken in the pedestal area where the
absorption function does not vary strongly over the
scan width. This measures the shape of the Q-curve
well enough, but the absolute magnitude is wrong
by an additive constant. Since the pedestal is much
smaller than the residual background caused by the
drifting of the NMR system, this constant can be
accounted for when the nitrogen signal pieces are
combined and fit to the theoretical shape of the
absorption function.

5.4. Reconstruction of the nitrogen absorption
function

The fitting algorithm must take into account that
only two parts, amounting to roughly 12% of the
4.8 MHz signal width, can be measured from the
nitrogen signal and that these parts have different
residual backgrounds since they are not measured
simultaneously. Typically, the residual background
is well described by a third-order polynomial. The
model used to fit the nitrogen signals which com-
pensates for the two different backgrounds was

{(g)(”(w, % 5) + Zi a; o'
Cr(,9.7) + Y b

where i = 0,...,3 and the constant % and the ab-
sorption function given in Eq. (11) are the same for
both pieces except that a different value of 3, corre-
sponding to the fields at which the signals were
taken, can be used for each peak. The justification

for R <0,

S(w) =
for R > 0,
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for using two values of 3 will be given in the
following section. The fit parameters are
%,r, A, on, 0g, the a;, and the b; amounting to 13 in
total.

Fig. 9 shows the two measured parts of a nitro-
gen subtracted signal with the fit of the function in
Eq. (14) superimposed. The scales of the parts are
different due to the drifting of the NMR system
between the times when the Q-curves and signals
were taken for each section of the nitrogen signal.
The absorption function at the peaks can be, how-
ever, easily distinguished from the background
even though the Q-curve was actually taken on
the pedestal of the signal and not completely
outside.

The polarization can be directly calculated from
the fit parameter r via the Eq. (4) and is known as
the ‘asymmetry method’. In addition to r, the fit
determines the other parameters of the NMR signal
such as A, w,, wx and €. Once these values were
known, the full signal could be calculated over all
values of frequency. For example, the whole signal
shown in Fig. 9 was reconstructed in this way.
From the area of the reconstructed signal, the
polarization could be determined by multiplying
the area by the cross-calibration constant.

5.5. The nitrogen signal peak height ratio

The evolution of the peak height ratio as a func-
tion of its polarization was predicted in Section 5.1.

Once the polarization of the nitrogen signals was
determined by the procedure above, and the peak
height ratio was estimated from the raw signals,
a test of the prediction was made.

There are two possible ratios which can be
compared to the data. One ratio assumes that
the populations of the non-equidistant nitrogen
states, which were created while polarizing the
protons at 2.5 T, are frozen in and remain constant
while the field is ramped to measure the signals.
This is the ratio plotted in Fig. 8. This would
imply that the intensity factors are the same at both
field values where the peaks are measured, and
that only one value of 3 corresponding to
25T, should be used. Approximately 25min
elapsed between the measurements of the two
parts of the nitrogen signals. Therefore, another
possibility is that the populations of the states
relax when the field is lowered such that a single
spin temperature can always be ascribed to the
system, and values of & corresponding to the field
at which the signals are measured should be
used. Furthermore, we approximate that the
spin temperature of the nitrogen changes
proportionally to the Larmor frequency, so that
the factor r=e” remains constant. These
two assumptions are summed up by the two
equations

_dI_(R=1,9=0051)
P=4I.R= —1,9=0051)

T T T T

LI L

I B B
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w/2n (MHz)
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8 10
/21 (MHz) /2n (MHz)

Fig. 9. The two measured parts of a nitrogen subtracted signal and the entire signal reconstructed from the line shape model. (A and B)
The measured left and right signal peaks (plus and minus transitions). The solid lines are fits to the dots which are the raw data points.
(C) The reconstructed signal with the residual background removed. The hashed areas represent the measured regions. The polarization
of this signal is determined to be Py = 9% from both the area and asymmetry methods.
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and

, dI_(R=1,9=0075)
P=dl,(R= —1,9=0052)

with 9=0.051,9=0.052 and 9= 0.075 corre-
sponding to 2.5,2.45 and 1.68 T fields, respectively.
As can be seen in Fig. 10, the evolution calculated
using a 2.5 T field does not agree well with the data.
However, a better agreement is observed if the ratio
is calculated using a different field value for each
transition. Therefore, we conclude that the popula-
tions vary with the field and the system remains
approximately in thermal equilibrium.

5.6. Corrections to nitrogen polarization

As mentioned in the introduction, the large
quadrupole splitting of the nitrogen energy levels
necessitates a more careful calculation of the nitro-
gen polarization in terms of the spin temperature.
The polarization can be calculated from its defini-
tion

Ay Tr{pl} Tr{e 1}
1 1 ITr{e )

~BE.,
_ o MPCmiLimy s)

Iy e 5
where  is the Hamiltonian of the system [26].
Taking the energy levels calculated to first order in
perturbation theory from Eq. (6), and the zeroth-
order states, yields the 0-dependent polarization
relation

P

r?—1

Px(O) = P +1+rR

_ tanh(fhwy/2)
T2+ ) + (2 — Atan K2 (Phon/2)

where # = ¢ 33O ~1 " Averaging over the
solid angle leads to

Py = ijN(Q)d(cos 0)

6 $rin’(r) } (16)
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Fig. 10. A comparison of the predicted peak height ratio to the
experimentally measured ratio. The data points are the results
obtained by estimating the peak heights from the raw signals.
The solid line is the prediction if separate values of $are used for
each peak (p’), whereas the dashed line corresponds to the ratio
when only the 2.5T value of 31is used (p). The measured value
gy 21 = 0.395 MHz was used.

which becomes Eq. (4) as 3 vanishes. The correc-
tion is in the range of fractions of a percent for
nitrogen polarizations of 20% and less for lower
polarizations. Thus, Eq. (5) relating the nitrogen
polarization to the proton polarization, assuming
EST, is a good approximation. In addition, the
polarization can be calculated with Eq. (4), once
the parameter r is known from fitting.

A small correction comes from the fact that <I.)
is smaller at lower fields because the matrix ele-
ments {m|l,|m) in Eq. (15) become smaller due to
the quadrupolar interaction. Since the electric field
gradient axis is randomly distributed, the projec-
tion of the spin on the solenoid field, I,, decreases.
In our case the field was lowered from the nominal
value of 2.5-2.45T and 1.68 T in order to measure
the two parts of the N-14 absorption line. Thus, the
polarization at 1.68 T was underestimated. This
effect was quantified by solving exactly for the
eigenvalues and eigenstates of the Hamiltonian in-
cluding quadrupolar interactions [32]. Once the
eigenstates were known, the matrix elements
{m|l |m) were calculable. This effect depends on
0 and vanishes at 6 = 0, i.e., at the shoulders. The
average difference between <I,) values calculated
at 1.68 T compared to 2.45 T amounts to less than
1% relative underestimate of the polarization.
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Another small correction comes from the fact
that also the NMR signal is smaller at lower field
values due to the quadrupolar interaction.
Through the use of Fermi’s Golden Rule, one can
write out the integral of the NMR signal as [33]

foc dpydoo Y KmlIum— 1))

m=0,1

e*ﬂEm _ eiﬁEmfl
[T 1

For the case of pure Zeeman splitting, Egs. (15)
and (17) reduce to the standard relation
) o j<1y>dw. However, when quadrupolar in-
teractions are present, this relation is not generally
valid. Using the solution for the exact states, calcu-
lation of this equation shows that the NMR signal
is reduced at lower field values. The way to relate
the NMR signal to the polarization is to calculate
numerically the inverse spin temperature from
Eq. (17), whose value is known from the integral of
the calibrated NMR signal, and use that temper-
ature in Eq. (15) to calculate the polarization. The
result is that an NMR signal taken at 1.68T is
smaller by 4% compared to an NMR signal taken
at 2.45T. Thus, integrating the NMR signals and
multiplying by the cross-calibration constant,
which was determined from a pure Zeeman system,
will underestimate the polarization by about 2%
relative. This will be included in the systematic
error.

6. Relating proton and nitrogen polarization

In this section, the proton and nitrogen polariza-
tion measurements are used to make a test of the
EST hypothesis. Cross-relaxation between the pro-
ton and nitrogen spin systems is discussed. The
effect of the nitrogen polarization on the measured
scattering asymmetry is estimated.

6.1. A test of the EST hypothesis

A test of the EST hypothesis for ammonia was
made for both positive and negative polarizations.
The protons were polarized with DNP starting
from zero and continuing to the highest possible

value, stopping along the way to measure the
nitrogen signals. The plot of the data shown
in Fig. 11 supports an overall agreement with
the EST prediction over a large range of
polarizations.

The small but systematic deviation from exact
EST behavior towards higher nitrogen polarization
could be understood as a contribution from the
differential solid state effect (DSSE). However, the
DSSE fails to explain the microwave frequency
dependence of the proton polarization [34] as the
only DNP mechanism in ammonia. The deviations
from EST in '°NH; [10,11] are in the same
direction as ours and of the same order of
magnitude.

With the NMR signal area calculation relying
largely on the line-shape model, a careful error
analysis was required. The dominant error per-
tained to the residual background. For each nitro-
gen polarization measurement, several (up to 5)
successive signals were taken for the plus peak
before the field was lowered to take several signals
for the minus peak. Analyzing all of the combina-
tions yielded a relative statistical error of
O0Py/Py = 2% due to noise and different back-
ground drift amongst the signals. A further check
was made using simulated signals. Left-right pairs
of nitrogen signals were created for polarizations
corresponding to our data using the line-shape
model. Then, Gaussian noise and third-order poly-
nomial residual backgrounds were added to them.

Pr
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[[O Asymmetry ﬂ#
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-100 -50 0 50 P 100

Fig. 11. A test of the EST hypothesis in ammonia. The nitrogen
polarization as determined by the cross-calibrated area and
asymmetry methods is plotted as a function of the proton
polarization. The EST curve (solid) was calculated from Eq. (16).
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The simulated signals were analyzed in the stan-
dard way and the polarization of the simulated and
analyzed signals were compared. The residual
background was more influential at low polariza-
tions. The final error, including the considerations
of Section 5.6 combined with the statistical uncer-
tainty and error of the TE -calibration, was
estimated to be |0Py/Py| < 8% at polarizations
exceeding 12% and [0Py| < 1% below that due to
the residual background.

6.2. Cross-relaxation in the ammonia system

In high magnetic fields the proton and nitrogen
spin systems can be considered to be isolated from
each other in the absence of microwaves because
their Larmor resonance lines are very far apart.
However, at low (near-zero) field values, the nitro-
gen nuclei will still have a quadrupolar splitting of
En = — 2ho,(3m* — 2) and therefore a resonance
at 6w,/2n = 2.4 MHz due to this. This corresponds
to a proton Larmor frequency at 56 mT. At this
field cross relaxation can then take place between
the proton Zeeman and the nitrogen quadrupolar
systems.

An investigation of this effect began with a high
proton polarization of 89% and nitrogen polariza-
tion of 16%. The magnetic field was reduced to
45 mT and immediately raised back to 2.5 T several
times. After each of the resonance crossings, the
proton and nitrogen signals were measured. Once
the nitrogen polarization stopped increasing, DNP
was started to see how fast the system would return
to EST conditions. Fig. 12 shows the results of this
exercise. After the first resonance crossing, the
polarization of the nitrogen system increased dra-
matically. After the initial increase, the nitrogen
polarization increased by smaller amounts and
eventually begins to decay due to spin-lattice
relaxation. A maximum nitrogen polarization of
40% was reached and, after DNP, the system
returned exponentially to the EST conditions with
a relaxation time of about 25 min.

We found that the nitrogen system was not in
thermal equilibrium after the cross-relaxation (see
below). This means that there was a separate spin
temperature for each transition. Therefore, for fit-
ting the nitrogen signals, a separate r parameter

Pl % Area Method 5:4
4(;\1" O Asymmetr 76 j?
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Fig. 12. A plot of the cross-relaxation properties of protons and
nitrogen nuclei in ammonia. The numbers above the data points
correspond to the chronological order in which the polariza-
tions were measured. DNP was started between the points
labeled 7 and 8. The EST curve (solid) is plotted for reference.
The nitrogen polarization was determined by the area method
for all points (stars). In addition, the asymmetry method (circles)
was used for the first and last points (see text for details).

was used in Eq. (11) for each transition. For all of
the data points, the polarization values were deter-
mined by the area method. For the first and last
points, two r’s were also used. Their fitted values
produced consistent polarizations with the area
method since they were taken under EST condi-
tions, that is after DNP.

The non-equilibrium behavior is easy to under-
stand by the fact that at low fields the m = + 1
states are nearly degenerate and lower in energy
than the m = 0 state. In thermal equilibrium, the
populations of the m = + 1 states would be nearly
equal and different from the one of the m = 0 state.
When the field is increased back to the Zeeman-
dominated regime, the m = 0,1 energy levels cross
and spin flip-flop transitions would tend to re-
arrange the populations in such a way that at high
field the spin system would obey the Boltzmann
distribution. If the field sweep is too fast, the system
does not stay in thermal equilibrium and one
would expect to see enhanced tensor polarization
A= {31 —I(I + 1))/I* at the end of the field
sweep. This is exactly what was observed upon
measuring the peak heights after the cross relax-
ation procedure. The peak height ratio had values
near p =~ 2, instead of p <1, for the nitrogen signals
after the cross relaxation. The tensor polarization
was about — 7% instead of the equilibrium value
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of 2%. This is the justification for using indepen-
dent r-parameters when fitting these non-equilib-
rium signals.

Cross-relaxation could in principle be used to
prepare a polarized nitrogen target. Let us estimate
the maximum nitrogen polarization attainable in
our conditions, neglecting the thermal relaxation.
Assuming exact EST and a typical proton polariza-
tion of 90%, the initial spin temperature of the two
systems will both be 1.7mK. Starting with the
equation for the entropy S = — k)Y, n,In(n,,) [35],
the proton and “high-field” nitrogen entropies per
nucleus are

- RIn(R)
sp_k[ln(RH) R+1]
and
2
SH — k|:1n(r2 +r4 1) _ (22 + r)ln(r):|
rr+r+1

where R = ¢/ and r = " and the quadrupole
splitting was neglected. If the spin systems are isen-
tropically demagnetized by lowering the field from
25T to 56mT, the proton spin temperature re-
duces from 1.7mK to 39 uK, directly proportional
to the field change. However, instead of the pre-
vious equation for the high-field case, the entropy
of the “low-field” nitrogen system considering only
the quadrupolar interaction is described by

2r®n(r®?)
1+ 2r%

where 9= w /oy~ 2.3 at 56mT. Solving this
equation numerically and requiring that the en-
tropy be the same as before yields a quadrupolar
spin temperature of 230 uK for nitrogen, which is
much higher than the proton spin temperature.
This allows the proton system to cool the nitrogen
system. Assuming perfect mixing, the final common
spin temperature can be found from the energy
balance. The heat transfer Q = [TdS = [T(3S/or)
dr for the two cases is

1 1
%= hw"[l +R 1 +RJ

and

1 1
L _ —
& = 6hw°‘[1 21 MJ

Sk = k[ln(l 0% —

where R; and r; are calculated at 39 and 230 K,
and R; and r; are calculated at the new equilibrium
temperature. Numerically solving the heat transfer
balance equation 3Q,= — Qy yielded 56 pK as
a final temperature. Recalculating the entropy of
the two systems shows that the total entropy in-
creases by a factor 1.16.

Isentropical magnetization back to 2.5 T leads to
spin temperatures of 2.5 mK and 420 pK for proto-
ns and nitrogen, corresponding to polarizations of
0.77 and 0.52, respectively. The fact that we did not
reach this value is mostly due to spin-lattice relax-
ation. The field sweep is quite slow, 3mT/s, and the
relaxation is quick even for fields far above the final
field of 56 mT at the 100 mK lattice temperature in
which this experiment was done. With a lower
lattice temperature it should be possible to reach
higher final nitrogen polarizations.

6.3. The nitrogen contribution to the scattering
asymmetry

When a beam of polarized muons is scattered by
an ammonia target, the measured asymmetry will
come largely from the highly polarized protons
with a small contribution from the slightly polari-
zed nitrogen nuclei. The number of events is

N* =nyo(1 + P,P,A,)
+ nnon(1 + PyPAy) 4 ) 0404,
1

where Py is the beam polarization, the n’s are the
number of target nuclei, the ¢’s are the unpolarized
cross sections, and the A4’s are the cross section
asymmetries. The subscripts p,N,A refer, respec-
tively, to proton, nitrogen, and all unpolarizable
nuclei in the target such as those in the NMR coils
and helium coolant. The superscript refers to paral-
lel (—) or anti-parallel ( + ) longitudinal beam-
target polarization configurations. The measured
asymmetry is

N* =N~
Ap =
N*+N

nP, o

I Y

=[PP <A +”NPN0NAN>
- b4 p| “Ip T

P
where fis the dilution factor of the protons in the

target material. In the nuclear shell model,
the spin-1 nitrogen nucleus is considered to be
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a spinless carbon core with an extra proton and
neutron each in a 1p: orbital state [36]. Assuming
the nitrogen nucleus has Mg = 1, the proton and
neutron must both have M, =3 in order to ac-
count for the nitrogen spin. In the coupling scheme
J=LR®S —>1=1®3, the state of one of these two
nucleons can be written as

B =VAL5E -5 - L0450

where |J, M ;) is the total angular momentum state
of the nucleon and |L, M;;S, M) represents its
composition from orbital and spin angular mo-
mentum. Thus, it is twice as likely that the proton
and neutron will have their spins anti-aligned with
the spin of the nitrogen nucleus. The nitrogen
asymmetry is

onAn = — 30,4, + 0,4,) X — 30444, (18)
where A4, and Ay are the neutron and deuteron
asymmetries and the d-state admixture of the
deuteron is ignored. The same result is obtained if
one considers the nitrogen nucleus to be a spinless
core with a spin-1 particle orbiting in a J = 1 state.
More detailed descriptions of the nitrogen nucleus,
including the probability of the nucleons to be in
higher orbital states [37] and modifications to the
nuclear shell model [38] due to higher order cor-
rections [39], lead to similar formulae as Eq. (18)
with different numerical factors. From the distri-
bution of these factors we estimate onAx =
—2x%(0.33 £ 0.08)64A44. Thus, the measured asym-
metry is now

A =fPyP,[A, — (0.034 + 0.009)446,/5,].

where the values P, = (89 +2.5)% and Py=
(13.5 + 1.1)%, corresponding to the average run-
ning conditions of SMC, were used. Using the mea-
sured values of the deuteron and proton cross sec-
tions, and the deuteron asymmetry, the correction
factor ranges from — 2% to —0.2% depending on
the kinematical region. The uncertainty in the con-
tribution of the nitrogen nuclei to the measured
asymmetry will be much smaller than the uncer-
tainty caused by the error of the proton polariza-
tion measurement.

7. Conclusions

The polarization of nitrogen nuclei in ammonia
was determined by both the asymmetry and area
methods using the same theoretical spin-1 line-
shape. A fitting paradigm was used to reconstruct
the entire nitrogen NMR signal from the 12% of
the signal which was measured in two sections
around the peaks. The sign of the electric field
gradient in ammonia was deduced. A study of the
effect of relaxation and DNP on the polarization of
the nitrogen and proton systems showed that the
EST hypothesis is approximately valid during the
DNP process up to the highest positive and nega-
tive polarizations of + 90%.

A cross relaxation was observed when the mag-
netic field was swept to a low value. This cross-
relaxation increased the nitrogen polarization to
40% while the proton polarization decreased to
74%. The mechanism is understood as a cross
relaxation at 56 mT where the proton Zeeman res-
onance crosses the nitrogen quadrupolar reson-
ance. After starting DNP again, the system
relaxed back to EST conditions in a time of about
25 min.
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