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Abstract

An analytic model of the deuteron absorption function has been developed and is compared to experimental NMR
signals of deuterated butanol obtained at the SMC experiment in order to determine the deuteron polarization. The
absorption function medel includes dipolar broadening and a frequency-dependent treatment of the intensity factors. The
high-precision TE signal data available are used to adjust the model for Q-meter distortions and dispersion effects. Once
the Q-meter adjustment is made, the enhanced polarizations determined by the asymmetry and TE-calibration methods
compare well within the accuracy of each method. In analyzing the NMR signals, the quadrupolar coupling constants
could be determined for both the C-D and the O -D bonds of deuterated butanol.

1. Introduction

Two methods to measure deuteron polarization will be compared in this paper. The “area” method uses
the ratio of enhanced and thermal equilibrium (TE) signals to determine the polarization (labeled Pag) in a
manner which is mostly insensitive to distortions caused by the electronics of the NMR system. However, it is
noise limited due to the small size of the TE signals. The “asymmetry” method fits a theoretical model of the
deuteron absorption function to NMR signal data determining the polarization (labeled Pag) from the shape
of the signal. The absorption function presented in this paper assumes that the spin temperature of the system
is uniform throughout the sampling range of the NMR coils. Frequency-dependent distortions caused by the
NMR system influence the value of the polarization measured by the asymmetry method. However, TE-signals
can be used to determine the instrument effects and then the polarization values calculated with the asymmetry
method and the thermal equilibrium method agree within the accuracies of each method. In addition, using
the theoretical absorption function developed here, the values of the electric quadrupolar coupling constants
in the C-D and the O-D bonds of deuterated butanol (C4DyOD) were able to be determined.

1.1. Nuclear susceptibility and polarization

Consider a system of particles with spin each having a magnetic moment g in a magnetic field H,. There
will be a Zeeman energy splitting of a spin-/ system into 27 + 1 levels separated in energy by Awy =
—u - Ho/l = gunHy, where g is the g-factor of the particle with spin and py is the nuclear magneton.

When the spin system is irradiated by radio frequency (RF) energy at the Larmor frequency the spins either
absorb some energy or the RF induces the spins to emit energy. The response of a spin system to RF irradiation
is described by its magnetic susceptibility y(w) = y'(w) — iy”(w) in which y” is the absorption function and
¥’ is the dispersion function. The static susceptibility is yo = x(0) = x(0). The deuteron absorption function
whose maximum occurs at its Larmor frequency wy only extends over about a 2r x 300 kHz range, outside
of which the dispersion function can be considered to have constant value . The spin polarization of the
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Fig. 1. A block diagram of the Q-meter circuit detecting the real part of the NMR signal.

material is given by the integral of the absorption function [1]

2#7 = wgx(w)
P=(="— Lax @)
(gzﬂ?qﬂN) /o 0 1 M

where &V is the number of spins. The general characteristics of the absorption function for deuterated butanol
can be seen in Figs. 6 and 7, and are discussed in more detail later in Section 2 of this paper.

1.2. Detection of the deuteron absorption function

In order to measure the absorption function, a coil of inductance L. and resistance r, is embedded in the
target material. Through the inductive coupling between the spins and the coil, the impedance of the coil will
become [2].

Ze = 1. +ioL(1 + 4nny(w)), )

where y is the filling factor of the coil. The change of impedance is detected by a continuous-wave constant
current Q-meter [3] connected to a series LRC resonant circuit as shown in Fig. 1. Here, the LRC circuit
consists of the NMR coil connected via a coaxial transmission line to the damping resistor, R, and the tuning
capacitor, C. A frequency synthesizer connected to the Q-meter sweeps the RF frequency w over values where
x" is nonzero. A complex voltage ¥ = V(w,y) which is a function of Z;, and hence of y, is generated if
the current is constant. The voltage is a superposition of both the signal proportional to y and the so-called
Q-curve, which is the response of the Q-meter to w in the absence of y. The last stage of the Q-meter selects
the real part of the voltage by using the input RF signal as a reference. The Q-curve is made symmetric
around wy by adjusting the capacitance €. The Q-curve is measured separately by changing Hp such that oy
is well outside the range of the frequency scan of the Q-meter in which case x” vanishes and y’ is negligible.
The two signals are subtracted and the result is the NMR signal

S(w) = Re{V(w, 1) = V(w,0)} o y"(w) . 3

In a magnetic field of 2.5T, the deuteron Larmor frequency is 2m x 16.35 MHz, Thus, the polarization for
deuterons can be approximated by

P=u / ©aS(@) 4. (4)

w

where the integration limits (sweeping range of the Q-meter) extend over a 2n x 500kHz band around the
Larmor frequency which is the full range where y” is nonzero. The constant %" contains all the unknown
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frequency-independent gains in the Q-meter and is determined by making a thermal equilibrium (TE} cah-
bration [4] of the system. In a TE calibration, NMR signals are taken at a temperature around 1K with the
spin system in thermal equilibrium with the lattice. The polarization calculated from the spin-1 Brillouin
function is

Atanh(hwg/2kT) 4 .
- ~ 2 tanh(hwy/2KT), 5
Tt et hoog/2kT) 3 e/ 2KT) (%)

where & is Boltzmann’s constant and T is the temperature. For @y = 21 x 16.35MHz and T = 1K, the
polarization is P = 0.0523% at TE for deuterons. Thus, the TE calibration determines the constant J# in the
following manner:

x ) (6)

The small polarization of the TE signals limits resolution of measuring # by Eq. (6) because the noise
on the signal is appreciable. Normally, one TE signal is the average of 2000 or so double sweeps [S] over
the 500kHz sweep range. However, the noise on a TE signal is large even if 2000 sweeps are used. By
taking many signals and measuring the temperature for each signal, an average constant " is determined.
The averaging significantly reduces the noise as can be seen in Fig. 2, where 380 TE signals of 2000 double
sweeps are averaged, resulting in a “super-TE-signal.”

After the calibration constant " has been measured, Eq. (4) can be used to determine the polarization of
the material in the enhanced polarization state once the integral of the NMR signal is determined. Enhanced
polarization is attained via the dynamic nuclear polarization (DNP) process [6] in which microwaves are used
to increase the polarization. Enhanced polarizations of P 2 +50% are obtainable [4,7] for deuterons, and they
produce much larger signals than TE polarizations. Thus, only 200 double sweeps are needed for sufficient
noise reduction to allow an accurate area determination of an enhanced signal.

S{w)
{rmv}

0.4 -

P s
18 18.35 w/2n (MHZ) 16.6

Fig. 2. A TE signal and a super-TE-signal. The dots are the data points of a 2000 double sweep TE signal. The line is a super-TE-signal
which is the average of 380 TE signals, which means 760000 double sweeps in total. The averaging reduces the noise sufficiently to
allow a determination of the calibration constant ¥, and in addition, reliable fitting.



114 C. Dulya et al [ Nucl. Instr. and Meth. in Phys. Res. A 398 (1997) 109125

2. Quadrupole resonance lines

At this point, the theoretical model for the line shape of the absorption function for deuterated butanol
(C4DgOD) needs to be developed. In the model, first-order quadrupole splitting with electric field gradients
which can be asymmetric about the bond axes is considered.

The Zeeman splitting of a spin-1 system in a magnetic field has three evenly spaced quantized energy
levels. However, in deuterated butanol, as in many other materials which do not have cubic symmetry, there
are local electric field gradients that couple to the quadrupole moments of the deuterons causing an asymmetric
splitting of the energy levels into two overlapping absorption lines. In the case of deuterated butanol, the C-D
and the O-D bonds generate the fields. The quadrupole tensor (Q) of the deuteron couples to the gradient of
the electric field (VE) [8] arising from the atomic electrons in the bonds. The energy levels of such a spin-1
system are written as [9-11]

Ep = —hogm + hog{3 cos’(8) — 1 + nsin®(0) cos(29)}(3m* — 2), (7

where @ is the polar angle between the axis given by the C-D or O-D bond and the magnetic field Hp, and
m = —1,0,1 is the spin magnetic quantum number. An often used notation for the quadrupole interaction is
fiwg = eqeQ/8, where eq is the magnitude of the electric field gradient along the bond direction and eQ is
the electric quadrupole moment of the deuteron. The azimuthal angle ¢ and parameter n are necessary for
describing bonds where the electric field gradient is not symmetric about the bond axis. Specific definitions
of eq, eQ, #, and ¢ can be found in Refs. [12,13]. The electric field gradient has different values for the two
types of bonds, while the quadrupole moment is of course the same.

For a given value of 6, there are two resonant frequencies in this system which correspond to the positive
Ey < E, transition with energy AE, = Ey — E| and intensity [, and the negative E_; < E transition with
energy AE_ = E_; — Ey and intensity /_. These two resonant frequencies are

AE, &f hoy = fog F 3hog{[3 — ncos(2¢)] cos?(8) — [1 — neos(2)]}, {8)

which are no longer equal as in the case of pure Zeeman splitting. However, in practice, a single RF frequency
o is applied to the material which stimulates one of the two transitions depending on 6, that is, the orientation
of the bond. Solving Eq. (8) for 6, we have

/1 —eR—ncos(2¢)
cos(8;) = \/ T eos2d) 9)

where the subscript ¢ = %1 is attached to the angle instead of the frequency and the dimensionless variable
R = (w — wq)/30q is used as a shorthand notation. In other words, RF irradiation of a frequency o induces
the I transition for bonds having an angle 0. Since 0 < cos?(8) < 1, the allowed ranges of w are

-2 < R <[l —ncos(2¢)] (10)
for the [, transition and
—[1 —ncos(2¢)] < R < 2 (1)

for the /_ transition. Thus, the absorption function spans a range from ~2 < R < 2 with the peaks occurring
at R = +[1 — ncos(2¢)]. The intensities /; reflect the net number of spins available for making a particular
transition. The absorption function line shape as a function of frequency for an even distribution of the solid
angle (random orientation of the molecules) can be split into

ROPDIELLEDY

=1 e==1

dI.(8) d(cosb,)
d(cos8,) do
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(12)

3 o 1 V3 ¢
. d(cos ;) g \/3 — ncos(2¢) \ﬁ‘ &R — ncos(2¢)

The angular dependence of the intensity factors (d/.(0)/d(cos8,)) will be elaborated in the next section so
that the dipolar broadening of the density of states (d(cos8,)/dw) can be considered next.

The interaction of deuterons with surrounding deuterons and other spins leads to a dipolar broadening of
the spectrum. Spin—spin interactions cause the local field at a given spin to be distributed about Hp, thus
g varies slightly for each spin. So, in order to refine the model in Eq. {12), the dipolar broadening of the
density of states is taken into account. If the distribution of wqy is assumed to be Lorentzian, the resulting
intensity spectrum is a convolution of the density of states with a Lorentzian function

£{1 -y cos(2¢)] 1 Al q
R A ¥ ’}, g
SR A1, $)= ./ V1 —e&x —ncos(2¢) A* + &(x — R)? (=0
_Z_A/Y dy (13)
on Jo P —2[1 —eR — ncos(2¢)]y? + A2 +[1 — eR — neos(29)?

where substitutions y = \/ 1 —ex —ncos(2¢) and ¥ = /3 — ncos(2¢) for the upper limit of integration were
made. The width of the Lorentzian, 4, is related to the dipolar broadening of the NMR signal by ¢ = 3mgA.
After the integration [14] is done, the resulting analytic function is defined over all values of « (thus R) and
is written

R.A, = 2 ) ¢ 72— ¢? i
S n,¢)= 7m0 { cos(a/2) {arc an(m) + E:’

Y2+ 0% +2Ye cos(a/2)> }

(14)

+ sin(3/2)In ( Y2 + o? — 2¥g cos(2/2)

where ¢> = /A2 +[1 — &R — necos(29)], cos(x) = [1 — eR — ncos(2¢)]/e>. Fig. 3 shows examples of the
dipole broadened function of Eq. (14) compared to the simple function in Eq. (12) both with # = 0. The two
maxima of the dipole broadened function lie inside the pole positions which are at R = +1. Thus, measuring
the distance between the maxima of an NMR signal under-estimates the value of .

In order to use the function f, for fitting to deuteron NMR signals, first the dependence on the azimuthal
angle ¢ will have to be averaged. This can be done numerically with the integral

FrAm =2 [ VLRALY 4 Zfﬂ(RAn,qu
T Jo \/3~ncos(2¢ s V3 —ncos(Zg;)

where J = 64 is sufficient with ¢; evenly distributed over the 0 < ¢ < /2 range. Fig. 4 compares the
function F, for the values # = 0 and 5 = 0.16 whose maximum occurs at R = (1 — 7). The ratio of the peak
width to the shoulder width is 2(1 — 1) which can be used to verify quickly whether # > 0 or not when
looking at an NMR signal.

In addition, any fitting algorithm has to evaluate the derivatives of the model function with respect to the
fit parameters at each iteration. For the fitting to be efficient, the derivatives should be calculated analytically.
For example, to fit an NMR signal, at each iteration the quantities

of+  Of+  Ofs  Ofx
04 7 dwq ' dwy T n

(15)

FE

will need to be evaluated, and then ¢-averaged. It is easier to take derivatives of the simple function given in
Eq. (12) and then do the convolution with the Lorentzian function than to take the derivatives of the function
in Eq. (14). The necessary derivatives are explicitly written out in the appendix in terms of solutions to the
convolution integrals.
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Fig. 3. Examples of absorption functions. The dashed lines are the naive line shape (1 — eR)~'/2 and the solid lines are the dipolar
broadened functions of Eq. (14) evaluated with # = 0. The intensity factors are taken to be constants with the positive one being twice
as large as the negative one.

F, — [2n]«

Fig. 4. A comparison of the line shapes for symmetric and asymmetric quadrupolar coupling. The solid line is the function Fy calculated
with Eq. (14) setting # = 0 while the dashed line is the ¢-averaged function of Eq. (15) using # = 0.16.

2.1. Intensity factors
The absorption function y”(w) is constructed by multiplying the polarization independent F,(w) functions

by the intensity factors which account for the dependence of the shape and size of the signal on polarization.
The Boltzmann factor of the mth energy level is n, ~ e~fEx_ The differential populations of the three levels
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of a spin-1 system are

d?‘!+ — O/V”eﬁﬁmd——ﬁﬁwq)»(f}} d(COS 6)’
dn_ = Ne HhoaBhod®) g(cos 6), (16)
dng = e d(cos ),

where )(9) = {[3 ncos(2¢)] cos’(9) —[1 —

with T Ut:mg the bpm temperature of the

¢ yields the level populations
AR+ 2(Bhwg)’},
n_ =~ A P’"ﬁﬁ"dﬂ + zfﬁfi( R (17)

— 7 G/ i

A1+ §(Bhng)*},

from which the polarization of the spin system is to be calculated as

;gcos(2¢)]}, A" is a normalization constant, and § = (k

cafnyration tha

over
ik, LULUsldlllé CIowae

5

ancle 8 and averacing aver the
angit v anGg averagmg over uwid

Q

Ry

A

i

P P {32 1
ll.«iL L £ oo \’ +/Il } i
P _ (18)

ned+n.+ny  (ny/no)+(no/n_)+1°

These equations can be rewritten in terms of a parameter called the asymmetry, which will be defined here
to be r = e# 5o that it depends only on the polarization (through 7;) and not in any way on the frequency
of the irradiating RF fieid. Investigating the ratios of the Bolizmann factors from the above equations, it is
seen that

o and 22 mol+ $(Bhog )] (19)

n_ A..

and therefore that there is no correction to the polarization to first order in f#wg. In terms of the asymmetry
parameter, the polarization reads

r—1
rP+l4r

The asymmetry r is a good parameter to use for determining polarization only if it can be related to the line
qhane and this is done thmnuh the 1ntenq1tv factors. The mtenmfv factors of Ea. (12) can be written

Pas = + O((Phog)*) . (20)

Eq. (12) car
d/, (dny —dng) P2 — A0 g2 p1-30R .
d(cos 9+) " d(costy) pit0A8) T pl—9R (21)
and
di_ (dno —dn_ ) r1+37‘)).(0) -1 r]+31_9R 1
d(cos) “tcos R 7 (N R S (22)

where ¥ = wq/wg is the strength of the quadrupole splitting compared to the Zeeman splitting and
the relation —&R = A{#) was used to replace the A-funciion. Remember, the ¢ = +1 sign goes with the
subscript on /;, the intensities, not with the subscript on n,, the populations.

When the cuadrunolar counling is wealr 119 £ 1) ag in the race for the denteran sionale tala
TY LAWLL LAAW \1\Auw u_l.l\llul Vvuylll‘& A ¥Y WG \V ~ 11, Ao 11X WUW WAOW AV AW U RRL UL Olsll“»lo LR VR

which wyq = 2n x 16.35 MHz, the intensity factors are in good approximation independent o
for a given polarization and they have a ratio

d/, /d(cosb..) 1—3R

dar F AL D \%r ~re. (23)
—/[HLOS T}

"o
L &

t V8T far
LA I S £

the frequency

Therefore, a fitting function of the form y” o rF,. + F_ can be used to fit deuteron NMR signals, which
shows why r is called the asymmetry parameter. In order to estimate the polarization, one only needs to
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measure the heights of the peaks. Then, the ratio of the heights is the asymmetry, », from which Eq. (20)
is used to determine the polarization. This works for deuterated butanol because ¥ ~ 10~ in a 2.5 T field.
However, in the case of a nitrogen-14 nucleus in an ammonia molecule, the value is ¥ =~ 0.06 in a 2.5T field
and therefore the intensity factor ratio would neither indicate the asymmetry, nor the polarization, because it
would vary greatly across the measured frequency range. With &} = 10~ the variation of the intensity factors
in Egs. (21) and (22) across the range R = 2 is about 1% whereas with ¥ = 0.06 the variation is 50% or
so. Therefore, for nitrogen signals in ammonia, the dependence of the intensity factors will be an important
component of the line shape [18].

The correct way to determine the asymmetry, r, is by fitting the equation of the absorption function from
this theory to NMR signals, not by dividing the peak heights. Then the polarization can be calculated from
Eq. (20). Using Egs. (14,15,21,22) the absorption function for large quadrupole broadening reads

" 1 2 L1-39R 14+39R _ 1
7'(r,R) x (w—){ F?Ti"*‘?—} Fi(R)+ [’”FW} F.(R)}, (24)

q

while for deuterated butanol material in a 2.5T field, where ¥ 1, the absorption function in good approxi-
mation is

1
g

(rR) x ( )(F—;—}-> [/Fo(R) + F_(R)]. (25)
However, the absorption function for deuterated butanol includes contributions from both the C-D and
O-D bonds where the quadrupolar coupling wg (thus R) differs between the bonds. The dipolar broaden-
ing parameter ¢ = 3wqA should be the same for the two bonds, whereas 4 will be different. It is assumed that
the polarization of the deuterons is the same whether they are attached to carbon or oxygen. The experimental
deuteron signals of Figs. 6 and 7 show that # = 0 for the C-D bond since the shoulder width is twice as
large as the peak width. Moreover, a constant factor K representing the relative amount of O-D to C-D
bonds should multiply the contribution from the O-D bonds. The constant will contain a contribution from
the 5% by weight of heavy water that is used so that the material does not crystalize during production [15].
Therefore, the NMR signal should have contributions of roughly 85.5% from the C-D bonds, 9.5% from
the O-D bonds of butanol and another 5% from the O-D bonds in the heavy water. A value K = 0.136 is
expected after accounting for the relative densities of the butanol and heavy water. To wit, the total absorption
function for butanol is

ron(n R o)y = (1 — K)y"(r,a, R, n = 0) + K"(r,0,R*, 1) , (26)

where either of Egs. (24) or (25) can be used to represent y for analyzing deuteron signals. Fig. 5 shows
an example of how the contributions from the four F’s could combine to make up an absorption function.

3. Q-meter corrections

Before the expression for x{, in Eq. (26) can be employed, it is necessary to make corrections for errors
arising from the NMR system itself. One error pertains to the distortion of the signal of x” caused by the
Q-meter and the other is for time dependencies of the properties of the Q-meter.

3.1. Residual background

Earlier it was assumed in the relation S(w) = Re{V(®,y) — V{w,0)} x y"(w) that the properties of the
Q-meter do not change between the times when the Q-curve ¥ (,0) and the signal ¥(w, x) are taken. This is
not entirely true; there is a time dependence that causes a “residual background” in the subtracted signal S(w).
Since the subtraction of two Q-curves taken at different times can be considered a third-order polynomial in
all but the worst cases [16], the residual background can be removed by fitting a polynomial of third order
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to the wings of the NMR signal, where the absorption function is sufficiently close to zero. However, this
procedure will force the wings to be flat, where in fact, there should be small tails from the dipolar broadening.
Therefore, in this analysis the background will be included in the description of the signal. Then the signal
model, including the background, will be fit simultaneously to all data points of the NMR signal. To this end,
the working definition of the experimental NMR signal as the sum of the absorption function and the residual
background reads

S(w) x (W) + ap + ay0 + @’ + a3’ 27

where a third-order polynomial in o representing the residual background is included. An additional com-

plication is thai the NMR system itseif also causes distoriions which need to be correcied before a reliable
signal line-shape analysis can be done.

3.2. False asymmetry and false polarization

The Q-meter distortions appear as a false asymmetry in the deuteron TE signal. It manifests itself by
increasing the size of the right side of the signal by a few percent with respect to the left side. Since the TE
signal has a small and well-known asymmetry which results from its Ptz = 0.0523 % polarization, it provides
a very clean way to measure this asymmetry and therefore it enables the parameterization of the effects of
the Q-meter distortions.

A more exact relation [17] for Eq. (3) is available and can be used to estimate higher-order frequency-
dependent corrections to the NMR signal defined in Eq. (27). A detailed example calculation of this distortion
can be found in Ref. [18] which shows that a small mixing of ¥ into the signal causes this effect. The distortion
is annrn\rlmmpd well be a linear omp across the deuteron signal which can be summarized by

praAlliilace =3¢ ] aeal <1222 alLINS LIV sigkar Wil Lgall SN LAY

D(w)=1+1&1+R), (28)
where ¢ is the false asymmetry parameter. The equation is written in this manner so that ¢ is directly the
dlffgrenge in omn between the two peaks of the clannl Now, the false asymmetry correction to XU is put
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together with the residual background correction, and the result is the NMR signal. In summary, the NMR
signai from the Q-meter is

S(w) = 2 ()1 + JE(1 + R)] + a0 + @10 + ;0° + a3 (29)

where 2 is used to represent the constant gain factors of the Q-meter as well as the physical constants.

4. Results of the signal analysis
The full theoretical expression for the NMR signal that is fit to the data is found by looking back through
Egs. (29), (26), (24), (15), (14), amongst which there are a total of 13 fitting parameters. The absorption

function is described by the eight parameters 2, r, wq, 0, 03", wq", plus # for the O-D bond only, and K
from the mixing of O-D and C-D contributions. In addition, the instrumentation requires 5 fitting parameters:
¢, from the false asymmetry, and ap to a3, from the residual background. For this analysis, the absorption
function of Eq. (24) which includes frequency-dependent intensity factors was used.

The NMR signals consist of 200 sweeps at enhanced polarizations and 2000 sweeps at TE polarizations.
The Q-meter voltage is sampled at 400 evenly spaced frequencies (every 1.25kHz) along the sweep range
between 16.1-16.6 MHz. All 400 data points are used to fit the signals. For enhanced signals, the noise is
sufficiently reduced to permit fitting after averaging over 200 double sweeps. However, the fitting for TE
signals requires that many TE signals of 2000 double sweeps be averaged to make a super-TE-signal before
the signal-to-noise ratio is sufficient to allow accurate fitting.

In the SMC polarized target [4], there were nine NMR coils measuring the polarization in parallel during

the 1905 data takino. For the analvsis nresented hplnu) the results and nlots were made using sionals from

|3 $ LU v Uara lanalip. DUL WIS GGy ous PHLOLIIRAAL UREAUYY, Wb GT0UIS Gulk PIULS WAL Laul Usiip Srgllais Rivil

one coil only. However, the results obtained from the other coils were also analyzed on a smaller data sample
and agreed for all the coils.

4.1. Polarization

The first step in the analysis is to determine the asymmetry parameter ¢ from the TE signals, for which
the polarization is known and thus the asymmetry also. For example, at Py = 0.0523% the asymmetry
is r = 1.0008. However, when the model is fit to the super-TE-signal with ¢ = 0, a false polarization of

Pas = 3.81% and an asymmetry of » = 1.059 are found. Fortunately, there is a way to find the value of &,
Fitting S(w) to a super-TE-signal with the asymmetry fixed to » = 1.0008 and ¢ allowed as a free parameter

vielde a value of ; 0 0AR which Fig 6 demeanctrates Heecange the falee agymimetrv » — 1 080 is clnge to
jl\-{luﬂ G4 ¥YAaLuw v TV, YYii1iwvii & 15 \J EWLLIASAADPL QLW AFWWHOW LW AGow uDJ llllll\-f‘rl] i AN 7 AT WANOW L

the sum 1.0008+0.048, it is assumed that the linear approximation to D(w) given in Eq. (28) is sufficient to
take into account all effects arising from the Q-meter, including distortions multiplying »” and any dispersion
contributions.

As a side note, the value £ = 0.048 applies only if the intensity factors are taken as frequency dependent.
However, if the frequency dependence of the intensity factors is ignored and Eq. (25) is used instead of
Eq. (24), a value £ = 0.057 is obtained. Thus, even with a perfect detection system, the peak heights for
deuterons with TE polarizations at i K should not be equal, but the right peak shouid be 1% taller than the
feft one.

N tho smarameatar £ e NI NAQ ia nnwn and can he Lant anngtant at all nalarivatianeg With tha £ sarrectin

iVUW’, lllc Polalllvt\dl t’ = ALLUTTO 10 DIIVVYEL Al \aau e I\\J}Jl WAZIIOLGEIL G 4 PUIHXIW&XUIIO ¥V 3Lk LllU Y UUK[V\/&IUE,
the agreement between polarizations calculated with the two methods is excellent. Fig. 7 shows a fit to an
enhanced signal where the results are Par = 44.27% from the area method and Pas = 44.80% from the

asymmetry method.

An in-depth study of the polarizations calculated with the two methods results in Fig. 8 where P,g is plotted
versus Pagr for both signs of polarization as the polarization grows at the maximum possible rate during the
DNP process. For polarizations above 30%, the agreement between the two methods is within the £3.0%
relative error of the TE-calibrated method. The determination of the polarization from the asymmetry method
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Fig. 7. An enhanced signal of 44 % polarization (circles) with the fitted curve superimposed (line).
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assumes the polarization is uniform throughout the sampling range of the coil since one temperature 75 (i.e.
B) is used to describe the system. The good agreement between the two methods at the highest polarizations
supports the spin temperature theory and implies that the polarization is homogeneous throughout the sampling
range of the coil. At the lower polarizations the two methods diverge slightly which is an indication that at
these values the polarization is not uniform due to the DNP process.

The dominant error of the asymmetry method is the 1.0% absolute error occurring when ¢ and r are allowed
as free parameters. However, if the correction for the false asymmetry is made this error will be smaller.
The total error is about 3.0% accounting for the uncertainties in fitting ¢ and the removal of the residual
background.
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Fig. 8. A plot of Pag versus Pap with the Pag = Pag line superimposed. This data represents signals taken at different times over
the span of several months. The deviation at lower polarizations may be a sign of non-uniform polarization vccurring during the DNP
process.

4.2. Fitting parameters and properties of butanol

From the theory of the deuteron line shape and the fitting procedure outlined above, some properties of
deuterated butanol can be measured. The quadrupolar coupling constant (wq) and dipolar broadening (o =
3wqd) for both the C-D and O-D bonds are parameters of the fitting paradigm. The following properties
were determined by fitting the theoretical line shape to enhanced signals

a)ﬁl‘“/Zn = 2158 £ 0.04kHz or eqeQ/h = 172.6 £ 0.3kHz,
wq¥/2m = 26.6 £ 0.1kHz or eqeQ/h =213 + 1 kHz,
/2t = 4.0 £ 0.1kHz,

oxy
Wy

=123+ 001,
g

n=10.154+0.01 (oxygen bond only),
K = 0.065 +0.015.

The errors on the numbers are the statistical errors coming from the average of the 490 enhanced polarization
signals that were used to make Fig. 8 and which were taken at various times during several months of
operation. The false asymmetry correction introduces no error in the measurements of these constants since
the values of the w,’s and ¢ when ¢ = 0 agreed with those when ¢ = 0.048 to well within the statistical
errors quoted above. However, the statistical errors on the determinations with { = 0 were a few percent
larger than those with the correction. If ¢ is left free for the fitting of the signals, the averages and errors are
the same as if £ = 0.048 were used for all signals. In addition, there were small signal-by-signal differences
in the values of the parameters above. The average value of the false asymmetry parameter was { =4.5+09
when it was left free.

Similar methods have been used in previous works by Hamada et al. [20] and Wait et al. [21] to fit
theoretical line shapes to deuteron signals in hydro-carbon materials, and their determinations of the parameters
g, wg”, ¢ and 1 are consistent with our results. However, these analyses assumed the value of K depending
on the chemical composition of their target materials.

The constant K = 0.065, which represents the amount of signal coming from the O-D bonds relative to
the C-D bonds, is about a factor of two smaller than the expectation of K = 0.136 based on the chemical
composition of the target material consisting of deuterated butanol with 5% by weight of heavy water. The
contribution to the integrated NMR signals from the C-D bonds is proportional to (1-K), or P(C-D)x (1-K),
while the contribution from the O—D bonds is proportional to K, or P(O-D)x K. It is possible to use two
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separate asymmetry parameters to describe the NMR signal: one for the C—D bond and another for the O-D
bond. If this is done, then it is found that Pag{O-D)= (0.7 £ 0.3)Pxs(C-D). If this is a real effect, it may
be due to either a lower deuteron polarization in the O-D bonds of water, or a lower polarization of the
deuterons in the O-D bonds relative to those in the C-D bonds.

5. Conclusions

An analytical model of the spin-1 line shape has been developed which includes dipolar broadening, fre-
quency dependence of the intensity factors, and corrections for Q-meter effects. When used to analyze deuteron
NMR signals, it gives polarization values consistent with the standard area method to within the 3% errors
of the two methods. Consideration of the frequency dependence of the intensity factors has a small but
noticeable effect for deuteron signals. In contrast, for materials such as nitrogen nuclei in ammonia where
the quadrupole splitting is much stronger compared to the Zeeman splitting than in deuterated materials, the
frequency dependence of the intensity factors will be important for determining polarization from such signals.

The asymmetry method as used in this article is not meant as a substitution for a good TE calibration as
a method for determining the polarization. A good measurement of the area of the TE signals is needed for
calibrating the NMR system in the area method while a measurement of the TE line shape is helpful for
adjusting ¢ in the asymmetry method. The asymmetry method allows confirmation of the polarization values
and tells whether the polarization throughout the sampling range of the coil is homogeneous.

If needed, the asymmetry method could be used with a limited accuracy in cases where no TE-calibration
is possible. For example, it could be used in very small samples of materials where there simply are not
enough spins to see a signal under TE conditions. In this case, the false asymmetry parameter can be left free
and an accuracy of 5% is within reach.

Finally, the magnitude of the quadrupolar coupling constant and the dipolar broadening of the C-D to O-D
bonds in deuterated butanol have been determined. The values of these constants are the same whether or not
the correction for the false asymmetry is made, and agree with similar measurements done before,

Appendix A.

In fitting methods used for nonlinear equations such as the model function for the absorption of Eg. (25)
used in this paper, not only is it necessary to evaluate the function at each iteration, but it is also necessary
to evaluate the derivatives with respect to the fitting parameters. For example, in the fitting discussed in this
paper, the function £ and its derivatives 0/,/8wq, 0f,/04, and 8 £/fn need to be evaluated in order to fit the
model function to the NMR signals. Instead of trying to take derivatives of equations such as Eq. (14), it is
easier to exchange the order of integration and differentiation. That is, first take the derivative of Eq. (13),
then integrate the resulting equation.

Let us start the calculation of the derivatives by defining the function that appears in the integrand of
Eq. (13), namely,

g{yv) = }’4 — ZZ'y2 + A4+ 22, (A1)

where z = [1 — ¢R — ncos(2¢)], and then also the two functions that appear in Eq. (14), namely,

I v+ 0% + 2ye cos(a/Z)) V2 —¢o?
L=_1 - T = e B
2" (}’2 + 0% — 2vgcos(2/2) and arctan (ZyQ sin(oc/Z)) A2

The integral appearing in Eq. (13) can be written and evaluated in terms of these functions, resulting in [14]

" dy 1 n
f = = = — 2] .
1 /u 7 - 20 KT + 2) cos(oc/2)+Ls,1n(oc/2)} (A3)
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For calculating the necessary derivatives, recursion relations can be used. However, for the recursion relations,
another integral whose solution is not in Ref, [14] needs to be evaluated first. This integral is

Y vzdv 144
f,) - - A T | _ 5
2= A g(y) = 3 { COS(OC/Z) Lsm(oc/Z)] . (A4)

The density of states function is f, = (24/n).#) and the derivatives with respect to R and 4 in terms of
convolution integrals are

ofy 2404, 2 44> [V dy 2 5

R e W EECREES (A-3)
and

of; 2/4{ /Y dy /” yzdy} 44¢

2 )0 | 2 2 = —{z9;— 4,4} A6

R m o 9*(») o 9H(¥) T e (A.6)

Now, the integrals .#3 and .#4 required for evaluating the derivatives in the last two equations can be solved
with recursion relations involving %, and .#,, which are [14]

1 Y

Iy = —n{ ——[V%z L 4? 4 z.¥5

F3 g {g(Y)[ +24° - "1+ QA"+ ") S + ]‘} (A7)
and

g1 X (V222425 +F A8

P4 = 12\ 5 24 20 (A.8)
The last derivative to calculate is & £/dy, which, using a relation found in Ref. [19], is

aof @ ' 4 ra 1 1 dy

9k _ 9 4 =f i( )dy+—~—--—~ (A.9)

on oty gvm) Jo O \g(y.m) g(Y,n) dn
and, therefore, after evaluation yields

af 44 cos(2¢)

on - {zﬂ; Fa 4Yg(Y)}' {A.10)

Now, the derivatives with respect to f; can be averaged over ¢ and then combined to get derivatives with
respect to x”(w) in the same manner as Eq. (26) was constructed from the f; functions.
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