Journal of Magnetic Resonance Open 21 (2024) 100172

journal homepage: www.sciencedirect.com/journal/journal-of-magnetic-resonance-open

Contents lists available at ScienceDirect

Journal of Magnetic Resonance Open

Research article

Check for

Hyperpolarization and sensitivity in nuclear magnetic resonance | el

Karel Koufil #, Benno Meier %"

2 Institute of Biological Interfaces 4, Karlsruhe Institute of Technology, Herrmann-von-Helmholz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany
b Institute of Physical Chemistry, Karlsruhe Institute of Technology, Fritz-Haber-Weg 2, 76131 Karlsruhe, Germany

ARTICLE INFO ABSTRACT

Dataset link: https://doi.org/10.35097/st1kjw
pvsce77dhw

Keywords:
Hyperpolarization
Sensitivity
Signal-to-noise
Brillouin-function
Q-factor

Hyperpolarization can boost the sensitivity of nuclear magnetic resonance. Other things being equal, a
polarization increase by one order of magnitude leads to a time saving by two orders of magnitude. However,
other things are rarely equal, and in this tutorial article we calculate how side effects of hyperpolarization,
namely changes in duty cycle, dilution, and resolution, influence the net sensitivity and time savings of the
(hyperpolarized) NMR experiment. The signal-to-noise ratio is calculated both in time- and frequency-domain
for a sample at thermal equilibrium using the principle of reciprocity. The hyperpolarized time gain (HYTIGA)
is calculated separately for concentration- and mass-limited samples. The article includes a detailed appendix
on the measurement of the coil’s Q-factor.

1. Introduction

Put simply, the objective of hyperpolarization is to gather informa-
tion of a quality or quantity that cannot easily be collected without
hyperpolarization.

The most widely used hyperpolarization methods increase the nor-
mally available thermal polarization by using low temperatures, larger
interactions than the nuclear spin interactions, or a combination of
these two means. In brute-force hyperpolarization, a hyperpolarized
nuclear spin state is attained at ambient temperature by first equi-
librating the nuclear spins at high field and low temperature [1,2].
In Overhauser-dynamic nuclear polarization (DNP), the larger electron
Zeeman interaction gives rise to a strong electron spin polarization. If
a suitable electron-nuclear cross-relaxation mechanism is active, this
polarization may be transferred to nuclear spins by saturating the elec-
tron spin transition [3-6]. In magic angle spinning (MAS) DNP, as well
as in dissolution-DNP, the electron spin polarization is boosted further
by polarizing the electron spins at low temperature. The polarization
transfer to the nuclei occurs either by strong microwave irradiation of a
forbidden electron-nuclear transition (the solid effect), or by saturating
parts of the EPR spectrum in such a way that ensuing electron—electron—
nuclear triple-spin—flips drive the nuclear spin polarization towards a
negative minimum or a positive maximum. Similarly, in parahydrogen-
induced polarization, one uses a combination of a large interaction (the
rotational splitting of dihydrogen) and low temperatures to create a
highly ordered spin state from which hyperpolarization can be derived.

Non-equilibrium spin hyperpolarization may also be derived from
other techniques, such as spin-selective chemical reactions [7], polar-
ized light [8], or light-induced radical pairs [9-12]. A comprehen-
sive review of spin hyperpolarization techniques has recently been
presented by Eills, Koptyug and co-workers [13].

The departure from thermal equilibrium may be rewarded with a
high polarization, but the gain in sensitivity is often much smaller
than the gain in polarization. In this tutorial, we describe how nuclear
spins, either at thermal equilibrium or hyperpolarized, give rise to a
nuclear magnetization. The precession of this magnetization induces a
voltage in the NMR coil. The coupling of the magnetization to the NMR
coil is discussed in terms of the principle of reciprocity. In addition to
the induced voltage, the random motion of electrons in the coil wire
produces a noise voltage. A Fourier transform of the time-dependent
voltage produces the NMR spectrum, and the signal-to-noise ratio is
the maximum of the spectral line due to the precessing magnetization,
divided by the root mean square of the noise in the spectrum.

The sensitivity of an NMR experiment is the attainable signal-to-
noise ratio for a specified concentration or mass of nuclear spins and
a specified time. We introduce the hyperpolarized time gain (HYTIGA),
which measures how much time can be saved (or wasted) using hy-
perpolarization. The application of hyperpolarization is useful when
HYTIGA > 1, and this is typically the case when observing short-lived
intermediates, or systems where the analyte concentration is dictated
by the application and not by the hyperpolarization process. For mass-
limited samples on the other hand the time gain is highly sensitive to
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Fig. 1. (A) The Zeeman interaction gives rise to a splitting between the nuclear spin states of an ensemble of spins 1/2. (B) The splitting is typically weak compared to the
available thermal energy, and so the spin states are populated almost equally. (C) and (D) show ensembles with a large positive and a large negative polarization, respectively.

the detector volume and Q-factor, and may be smaller than 1 even
for highly polarized spins. Separate HYTIGA expressions are given for
mass- and concentration-limited samples. A detailed appendix derives
procedures for the measurement of circuit Q.

2. Polarization

The interaction of the nuclear magnetic moment u with an applied
magnetic field B is the Zeeman interaction:

The magnetic moment is parallel to the nuclear angular momentum
J’

u=yJ =yh(I) (2)

where y is the gyromagnetic ratio of the given nucleus, I = (I, 1, I,)is
a dimensionless angular momentum or spin operator, and {...) denote
the expectation value of the respective operator.

We choose to apply our magnetic field along the z axis, i.e. B =
(0,0, By)" and obtain

E=-yn (i) B, 3

Typically, the Zeeman interaction dominates all other interactions.
The eigenvalues of I, are then good quantum numbers in the sense that
they describe the stationary states of the spins. The eigenvalues of I,
are m, = —I,—I + 1,...,I, where I is the spin of the nucleus under
consideration, and one obtains the energy structure shown in Fig. 1.

Much like earth’s magnetic field aligns the magnetic moment of a
compass needle, a magnetic field tends to align nuclear spins. Using
Slichter’s analogy [14], without friction a compass needle would oscil-
late about the earth’s field indefinitely. The friction processes that lead
to alignment in NMR are T, processes. It is by these processes, that
after a time of the order of 7}, a thermal equilibrium is established.
The thermal equilibrium is described by a Boltzmann distribution.

2.1. Polarization for an ensemble of spins 1/2

For spins 1/2, like 'H, 13C and the electron, the two eigenvalues
of I, are m, = +1/2. We use the symbol |a) for the m, = 1/2 ground
state, and the symbol |#) for the higher energy state with m, = —1/2,
and denote the populations of these two states with Pla) and Pigys
respectively. The sum of the populations is equal to one: pj,y +pjgy = 1.

The polarization is then defined as the difference of the populations
of the two states:

P =pgy = pipy = 1-2pp). “

After thermal equilibrium is established, i.e. after 3 — 5T, the ratio
of the two populations is described by the Boltzmann distribution.

Pipy ( hJ’B())
— = eX] - = B (5)
P\ay P kT

where T is the lattice (e.g. sample) temperature, and where we have
introduced the Boltzmann ratio B. Solving the above equation for py,
gives

Pipy = 1- P|ﬁ))B (6)
B 1
= = 7
1+ 8B 1+ B! )
and, with x = hy B/(kT), we obtain the well-known result
2 B1-1
P=1-2 =l-— = =— 8
Pip) 1+B1 BT+l ®
2x
exp (7) -1 X hvB
=2/ X\ 2 =
= tanh (2) tanh <2kT> , (C)]

exp(%x)+l

Using this result, we show the polarization for 'H, 13C and the electron
as a function of temperature at a field of 6.7 T in Fig. 2.

2.2. Polarization for an ensemble of spins > 1/2

In general, the nuclear spin may be > 1/2. The general definition of
the spin polarization is

1,4
P—T<IZ>. (10)

In thermal equilibrium,
(L)= % mibn, an

Now we shift indices and make use of the fact that the ratio of the
populations of two adjacent levels is given by 5.
21 21
(L)= X mip;= Y mijph (12)
=0 j=0
Herein, the symbol p; denotes the population of the ground state.
Again, the sum of all populations is equal to one:
21
pG(BO+Bl+/32+...+/321):1:>pG:1/ZBf. (13)
j=0
Combining this result with (10) and (12) gives
21 ;
1 Xj—omi-iB

=== 7 a4
Iy
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Fig. 2. Polarization for a free electron spin, protons and carbons at 6.7 T and for
temperatures between 0.5 and 400 K. For the nuclear spins, the high-temperature

approximation is valid across the shown temperature range. The electron has near
unity polarization at 1 K.

2I +1

coth (21; 1x> !

- 5 coth (%x) = B,(Ix) (15)
The function B; is called the Brillouin function, the derivation is given
in Appendix A. Eq. (14) is the general expression for the polarization
of any spin at any temperature, provided that it is quantized along
the applied magnetic field. The Brillouin function is the appropriate
expression for paramagnetic ions such as Gd’* at low temperatures
and high magnetic fields [15], but also for quadrupolar nuclei with
near unity polarization. The only spin systems where this formula
cannot be applied are nuclei with a quadrupolar interaction that is
significant compared to the Zeeman interaction and electron spins with
g-anisotropy of the order of unity [16]. We note that the same result
for the polarization is obtained using the thermal equilibrium density
matrix p,,, and the expectation value (I,) = Tr{pf,}.

2.3. The high-temperature approximation

When x = hyB,/kT < 1, we can approximate B ~ 1 — x. For
the powers of B we furthermore have B/ ~ (1 — x)/ ~ 1 — jx. With
my_; = I — j, the expression for the polarization then becomes

oo 1IN0 =D =)
A Ay S
1 2 ji()(l +jx)
The sum over (I — j)1 in the numerator vanishes, so that only the sum
over (I — j)jx contributes. In the denominator we ignore the small
contribution from jx, and the remaining sum over 1 gives 21 + 1. We
then get
x(I+1) _ hyBy(I +1)
3 7 3T
This is the high-temperature approximation.

(16)

Pr a7)

2.4. Spin temperature

The thermal equilibrium spin polarization is a monotonic function
of temperature. For spins 1/2, we can therefore describe any spin
polarization P, using a spin temperature. Following a perturbation,
e.g. by an RF pulse, a spin system cannot be described by a spin tem-
perature. Then it is often sufficient to wait for T, relaxation processes
to complete before the spin temperature is well-defined. In terms of
the density matrix this statement is equivalent to saying that any off-
diagonal elements or coherences need to vanish for a spin temperature
to be defined. The T, processes on the other hand describe how the
spin temperature returns to its thermal equilibrium value, or, in other
words, the lattice temperature.

If the spin polarization differs from the thermal equilibrium polar-
ization, the spin temperature will differ from the lattice temperature.
To find the spin temperature, for spins 1/2 we can always choose T

Journal of Magnetic Resonance Open 21 (2024) 100172

such that P(T) = P,. It turns out that this spin temperature has a
physical significance. In solid samples, the nuclear spins of one species
form a thermal reservoir that can exchange heat with nuclear spins of
a different species. The coupling between the two reservoirs depends
greatly on the field strength, as well as whether radicals are present in
the sample. If the coupling is strong (as is the case in the presence of
wideline nitroxide radicals), different nuclei will tend to attain the same
spin temperature [1,17-20]. Note that the polarization of the different
nuclei will not be the same due to the appearance of y in the conversion
between spin temperature and polarization.

2.5. Polarization and order

A highly polarized spin system has a high degree of spin order,
but a highly ordered spin system does not necessarily have a high
polarization. Consider an ensemble of spin 1 nuclei where all nuclei
are in the m = 0 state. This is a highly ordered spin system, yet
the expectation value of fz, and therefore the polarization are 0. A
similar example is pure parahydrogen which is also highly ordered and
likewise has a vanishing polarization. A quantitative measure of the
order of a spin system is its entropy, and it has recently been suggested
to use entropy as a measure of spin order [21].

Alternatively, the order of nuclear spins with I > 1 may be
described using polarization tensors. This approach is presented briefly
in Appendix B.

Here, we prefer to use the conventional definition of polarization,
which ensures that the magnetization is proportional to the polariza-
tion.

3. Magnetization

The NMR signal is induced in the NMR coil by the precessing
nuclear spin magnetization. The magnetization is defined as magnetic
moment per unit volume, with units of A/m. The magnetic moment is
the expectation value of u. We denote the spin density, i.e. (the number
of spins V' per volume V) with n = N'/V. Of course, n is related to the
molar concentration ¢ by n = ¢N ,1000L/m?. After complete relaxation,
the magnetization will only be non-zero along the z axis:

M_=nyh{i,)=nyniP 18)

where P is given by Eq. (14).
In the case of an arbitrary spin in the high-temperature limit we use
(17), and have
hyBy(I + 1)
3kT
This equation is known as the Curie law.

M, =nynl (19)

4. The NMR signal

A radio-frequency (RF) pulse is now required to generate the trans-
verse magnetization that gives rise to the NMR signal. We assume
that the RF pulse is a perfect 90 degree pulse, so that the transverse
magnetization M, after the pulse will be equal to the longitudinal
magnetization M, before the pulse. The magnetization will precess
about the magnetic field with the Larmor frequency w. Faraday’s law
of induction states that the voltage V induced in a coil with N, turns
by a changing flux @ is
V =-N, @ (20)
The flux @ is given as the magnetic field B flowing through the coil,
multiplied with its cross-section A. The magnetic field in turn is given
by B = uyM. If we assume M to precess according to M, = M cos(wt),
we have

V= N, ApyooM , sin(wt) (21)
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Fig. 3. The principle of reciprocity. (A) A current i flowing along a segment of coil
wire dI generates a magnetic field dB, at a distance r from the coil segment. (B) A
magnetic moment m at this point generates a vector potential A at the point of the
coil segment, with r' = —r.

For a sample with thermal equilibrium polarization, the induced volt-
age scales as y> BJI(I + ).

Before we turn to the time dependence of the NMR signal, we
consider the influence of the coil geometry on the attainable signal
amplitude. The first puzzle piece is the famous principle of reciprocity,
introduced into the NMR community by Hoult and Richards [22].

Consider a current i running through a coil as shown in Fig. 3 A.
The magnetic field dB, generated by the length element dI at a point
r away from dl is given by Biot-Savart’s law as
Ho idl x r

dB = — 22
=2 @2)
If we take the integral along the entire wire W, we get
Ho idl xr . Ho rxdl
B = — = —j— 2
Ry ey 23)

On the other hand, as shown in Fig. 3 B, if we have a magnetic
dipole placed at the point r, then this will generate a vector potential
at the point of dI given by

Ho mxr! HomXr
A= — =- . 24
@) w3 4z 3 (24)
where we have made use of r’ = —r. The magnetic field due to the
vector potential A is given by
B, =rotA, (25)

where we have used the subscript s to indicate that this field originates
from the sample. We can calculate the induced voltage using Faraday’s
law of induction

yo_do__d .
p--2_d //AmBS da, 26)

where da is the surface element. Now we insert Eq. (25), use Stokes’
theorem, insert expression (24) for A, and rearrange using the cyclic
relation (ax b)-c=(bxc)-a:

== |, i ).
=—-= rotA-da=—-— [ A-dl 27)
dr J/Area dr Je
d Ho mxr d Mo rxdl
== dl= — = . 2
dt4zz'/c r dr 471'/C s 8)
— ——
=-B,/i
d1
_—E;Bl-m (29)

Now recall that magnetization is defined as magnetic moment per
unit volume. Thus, to get the voltage for all magnetic moments, we
replace the magnetic moment with the magnetization, and integrate
over the volume.

;- _4d1 .
V= d“,///B1 Mdv (30)

This is the principle of reciprocity: The voltage induced in the coil by a
precessing magnetic moment increases with increasing field generated
by the coil at the place of the precessing magnetic moment.
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Now we assume that the product of magnetization and magnetic
field is constant across the sample volume V¢ and vanishes outside the
coil. If the magnetization precesses in the transverse plane according
to M, = M cos(wt), we get

. B

V = —LoM,V; sin(on), (31)
1

The signal amplitude in time is therefore

_ B
V= "LoMVs (32)
1

Since a good detector will have a homogeneous B, across the
sample, it can be seen that the signal scales exactly as magnetic field
per current.

Now we follow Slichter [14] and estimate the amplitude of B, for
a solenoid and a given radio-frequency power. An inductor carrying a
current i stores an energy
1

zLiz. (33)

But this energy is really the energy of the field that is produced by the
current, so we may write

1 2 1 1 2
~Lit=2 MBdAV = — B2V,
2 ' 2 / d 2”0 ¢ (34)

where we assume that the field is homogeneous and contained in the
coil with volume V,. This assumption is valid for an infinite solenoid.
Short solenoids generate significant field strength outside of the coil
and additionally exhibit B, inhomogeneity. We found that for coils with
few turns B; may be a factor two smaller than the estimate of Eq. (34).
In steady state, the power dissipated in the coil’s resistance r, equals
the power provided by the RF amplifier. We therefore have
1

zrciz =P. (35)
Substituting this into Eq. (34), we get

1, 2P 1 .,

~L=— =—BV,. 36
2 e 2 Ho ‘ ( )

Now we introduce the coil’s Q factor, Q = wL/r,, and solve for B:

_ 20Pu
B= ‘/—COVC . 37

The field generated by the coil is linearly polarized, and has to be
decomposed into two counter-rotating circularly polarized fields, e.g.

B cos(wt) = B exp(jot) + B exp(—jwt). (38)
Therefore
HoQP
B, =B/2= 39
1= B/2=4|5 (39)

As we describe in detail in Appendix C, Q is readily measured by the
width of the return loss spectrum (i.e. the §,; trace on a network
analyzer) 3 dB or 7 dB below the baseline [23]. Experimentally, the B,
amplitude can of course be determined using a nutation experiment.
If the duration of a z/2 pulse is 7, then |w,|r = x/2. Rearranging
®; = —yB,, we get B = z/(2y7). It is common in the NMR community
to drop y from the denominator and specify the strength of B, in kHz.
Note that the above equation may be rearranged as

B _ [me
N e
a probe that achieves a stronger B, for a given power and volume will
have a higher Q and therefore higher sensitivity [24].

If we insert (39) into the expression for the signal amplitude (32),
and define the filling factor # = V;/V,, we obtain

_ HoOP oM,V HoQwV,r
Vzv ey, SV Mo “n
c

(40)
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5. The noise

The noise in the coil is Johnson Noise [25], with an amplitude
V, = \/4r.kT,Af, (42)

where Af is the bandwidth, 7, is the coil temperature, and r, is the
(frequency-dependent) resistance of the coil. We note that saline solu-
tions effectively increase the coil’s resistance at high frequencies [26].

6. The signal-to-noise ratio in the time domain

The signal-to-noise ratio in the time domain is simply the ratio of
Egs. (41) and (42). If we also insert the expression for the magnetization
(18), we get

4 U QwV,
SNR =T=1/— nIP. 43
a7 scT.ar " (43)

The bandwidth Af is given by the required bandwidth needed to detect
all signals in the spectrum. The Q factor should be as high as possible
given the expected bandwidth of the NMR signal. As an example, 13C
has a chemical shift range of 200 ppm, corresponding to 20 kHz in
a 9.4 T magnet. To avoid non-linearities due to the circuit, we might
choose a lower circuit bandwidth limit of 200 kHz, resulting in a O ~
100 MHz /200 kHz = 500. A second limitation is imposed by the onset of
circuit non-linearity in the form of radiation damping where the signal
induced by the precessing magnetization is so strong that it acts back on
the magnetization [27]. Radiation-damping causes linebroadening and
is readily observed on samples that exhibit a large magnetization either
because they contain high-y nuclei in high concentration (aqueous
samples) or because the spins are hyperpolarized. We note that high O
circuits may not only give rise to radiation damping but also to rasing,
a technique that can increase the sensitivity of detecting signals in a
narrow bandwidth [28-32].

It should be noted that the signal-to-noise ratio can only degrade as
the signal is amplified by the preamplifier, and processed and digitized
by the NMR receiver. For a detailed discussion of the NMR receiver,
we refer to the works by Hoult [33] and more recently, by Takeda and
Michal [34,35].

7. The signal-to-noise ratio in the frequency domain

Clearly, the signal-to-noise ratio in time is not the same as the
signal-to-noise ratio in the frequency domain. We shall calculate the
latter using the discrete Fourier transform. The noise in the frequency
domain is readily obtained from Parseval’s Theorem, which relates the
RMS amplitudes in the two domains. We follow the convention of using
x,, for samples in the time domain, and X, for samples in the frequency
domain. Parseval’s Theorem states that

N-1 1 N-1
2 al’ =5 21X (44)
m=0 k=0

where N is the number of points in either domain. Therefore, if the
RMS noise is ¥y in the time domain, than the RMS noise is YNV in
the frequency domain. Other things being equal, doubling the number
of samples in the time-domain leads to an increase of the RMS noise in
the frequency domain by \/5
The X, are the Fourier coefficients, defined as

N-1
X, = Z x,, exp(=i2zkm/N). (45)

m=0
We now assume our signal to appear on resonance, i.e. at k = 0, and to
decay exponentially with a transverse relaxation rate constant R,, i.e.

Xy = Soexp(—Ry mT4/N) = Syexp(—RyT4/N)" (46)
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where T, is the total acquisition time, so that T, /N is the dwell time.
Then the maximum in the frequency domain appears at k = 0, with

N-1 [
Xo =Sy Y exp(—R, T, /N)" = Sy Y exp(—RyT/N)" (47)
m=0 m=0

where we have assumed that our signal has decayed at the end of
the acquisition time, such that we can approximate the finite series
with an infinite geometric series. Since, the series is convergent with
> d" =1/(1—¢q), we have

So SoN

Xy = ~
O T—exp(—R, T4 /N) ~ RoT,’ “8

where we have made use of N > R,T, to expand the exponential. The
signal-to-noise ratio in the frequency domain can now be written as
VN _ [HoQuwVe M,
VN "R,T, 8KT,  R,\/T,
We have used the fact that the bandwidth Af is the inverse of the dwell
time, i.e., Af = N/T,.

Often in NMR we choose to set the acquisition time sufficiently long,
such that the NMR signal has decayed completely, and we then use
apodization to improve the signal-to-noise ratio. Let R, be the rate
constant of the exponential apodization. Since both the signal and the
noise are subjected to apodization, they both decrease. Apodization
rescales the signal in the frequency domain by a factor R,/(R, + R,).
The noise in the frequency domain on the other hand is scaled by a
factor \/ (1 —exp (—R4T,)) / (R4T4). The signal-to-noise ratio then is

HoQwV nM, R,T,
8KT. (R, + Ry)\T, \ 1 —exp(=R,T})

SNR,, = (49)

SNR = (50)

A typical choice for apodization is the linewidth itself, i.e. R4, = R,.
Then, if the apodization is sufficiently strong such that R,T, > 1, we
have 1 —exp (—R4T4) ~ 1 and the signal-to-noise ratio becomes

HoQwVe nM
SNR¥ = ﬂ— . 51
@ 8kT, o /R, 6D

We can improve the SNR by repeating our experiment. We assume
that also for hyperpolarized signals, the signal adds linearly with every
experiment, whereas the noise again grows only with the square root
of the number of repetitions. If we give ourselves a total time 7, , which
is an arbitrary multiple of the time required to do the experiment T,
then we have

SNRP — SNR,, Tiot _ HyQwVe 1M, & (52)
@ TeXp 8k7—'¢ 2 ‘( R2 TeXP

Experimentally, the signal-to-noise ratio is determined by dividing
the amplitude of a given signal by the RMS of the noise.'

8. Sensitivity and hyperpolarized time gain

In NMR we typically distinguish concentration sensitivity and mass
sensitivity. We will get to these terms in a minute. However before do-
ing so, we note that what we really mean with sensitivity is information
gain per time. The cost of operating an instrument is linear in time as
well, so we could also say that we are interested in information gain per
buck. The total time required to achieve a given SNR scales, of course,
with the square of the single scan signal-to-noise ratio. If we want to
achieve a signal-to-noise ratio of X, then we have
8kT, 4R,

T, X2— —=
HoQwV, ’12M§ exp

tot —

(53)

1 The TopSpin SINO macro does essentially this, however it first performs
a linear regression of the selected noise data in order to remove baseline
artefacts to first order.
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We define the HYperpolarized TIme GAin HYTIGA G as
G T (54)
o
If we can reduce the required time by using hyperpolarization (G >
1), than doing so will have merit. Sometimes, the argument is made
that high magnetic fields are expensive, and that hyperpolarization can
save money. The monetary saving is the gain weighted by the cost of
running experiments with and without hyperpolarization:
Tt $*
C=—"2—— (55)

hyp ghyp
T $

where $"WP is the cost of thermally polarized and hyperpolarized
experiments per unit time. We note that, at an annual depreciation of
10%, even a 10 M$ instrument has an hourly depreciation cost of the
order of $ 100. A benchtop instrument on the other hand would be
100 times cheaper, so that it comes in at $ 1/h. Whenever hyperpo-
larization requires additional staff, with costs of the order of $ 100/h,
the implication is that the cost gain is almost always smaller than the
time gain. Without stringent automation, staff costs are of course also
applicable to otherwise affordable hyperpolarization techniques such
as parahydrogen-induced polarization.

The time and cost gain depend critically on whether we need to
work with a fixed concentration or with a fixed sample volume or mass.
We now discuss the time gain for these two cases.

9. Concentration sensitivity

Sometimes, we are forced to work with limited concentrations, for
instance if we want to work at or near physiological concentrations,
if we want to determine ligand affinity, or if we are limited by solu-
bility or stability of a protein. Without hyperpolarization, the cost is
inversely proportional to the sample volume or coil volume, as long
as we get a good filling factor (i.e.  ~ 1). With hyperpolarization,
three things change. The polarization changes by the enhancement
e, the time for the experiment changes from T; to the time constant
of the hyperpolarization experiment 7 ,, and R, may increase due
to poorer resolution in the hyperpolarized experiment. The gain from
using hyperpolarization then is
T® RO &2 T

tot

G = = 56
ThyP R;yp Thyp (56)

tot

If a hyperpolarization experiment can be carried out at the same rate
or even a faster rate than 7| than one only needs a very modest
enhancement or even no enhancement to obtain G > 1. This con-
dition is often fulfilled to good approximation in MAS-DNP [36]. It
may also be achieved in certain applications of SABRE [37,38] and
Overhauser-DNP [39].

On the other hand, in a D-DNP experiment, the effective hyperpo-
larization time can easily be 10,000 times larger than the liquid state
T,. After all, a hyperpolarization time of 10,000 s corresponds to > 8
experiments/day. Then, if 7 is of the order of a second, even if R;yp ~
R;“, one requires enhancements of > 100 to justify hyperpolarization.
Recent deuterium-based metabolic imaging studies make stringent use
of the short T of 2H and illustrate this fact succinctly [40,41].

10. Mass sensitivity

If we are interested in mass sensitivity, that is, we want to obtain a
signal from a small amount of sample, the analysis is rather different. It
is well known that for small samples one needs to adapt the coil volume
to the available sample. As was shown already in the 90s [42], and in
the early 2000s for MAS [43] doing so rigorously enables a detection of
a few nL or tens of nanograms of material within minutes without hy-
perpolarization. Microcoils are required to detect such minute amounts
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of sample without hyperpolarization and we refer to Refs. [44-46] for
further reading on this fascinating field.

If we have a limited mass, than we will also have a limited volume,
and - for the most sensitive acquisition — we choose our coil volume
to match the sample volume. The normal sensitivity is then given by
(53).

Now, if we hyperpolarize and dissolve the material, we get a di-
lution factor D, a possibly different R;yp and a different coil volume
V¥ If we produce more solvent than needed to fill the available coil
volume, we can take that into account using a penalty factor p <= 1.

The gain then is

To v R} &2 T

o " PV R DI,

tot

(57)

If we have a mass-limited sample with a volume in the low nL range,
than the dilution factor will easily be 10,000. An enhancement of
10,000 would therefore be canceled by the dilution. There would still
be a gain from the volume factor, however that gain is readily offset
by the time factor. Dissolution-DNP is therefore at present not a viable
tool for sensitivity enhancements of samples with volumes in the low nL
range.

In more favorable cases the available mass and volume are larger,
so that the dilution is only 10-100 fold. In bullet-DNP [24,47-51] one
may achieve only 10-fold dilution for samples down to 30 pL. Using
organic solvents, the volume can be chosen to only marginally exceed
the coil volume, i.e. p = 0.8. Allowing for a deterioration in linewidth
by a factor 2, and a hyperpolarization time of 2 h, we get

1 €2
G, =08x 1051—17200= (58)

€
02 180000
We then need ¢ > 450 to break even. If the dilution is larger, as may
be the case in bullet-DNP experiments involving aqueous solutions, or
in dissolution-DNP experiments, where a solvent volume of 1 mL is on
the lower end of what has been achieved, we would have D = 30 and
p = 0.4. Then we have
1 e? €2
G,=04x 305 30 17200 = 1080000
and we need an enhancement of 1000. Such an enhancement is readily
attained for low-y nuclei such as carbon, but more challenging to
achieve on rapidly relaxing high-y nuclei.

We note that the arguments presented here also apply to SABRE and
PHIP. These experiments often work best at concentrations below those
which one would use when working at thermal equilibrium.

Of course, many labs do not have a microfluidic detector for every
conceivable sample volume, and many of the assumptions that we made
can be questioned. After correcting for sample volume, a cryoprobe has
a superior performance or Q than a microcoil, and small coils bring
about their own challenges with respect to loading, shimming, and so
on. For the time being, however, the scaling that we describe here is
also observed in experiment, where nanograms can be detected using
either small coils [42] or hyperpolarization. The sensitivity of NMR will
extend into the picogram range when near unity polarization with little
or no dilution becomes available at the nL to low pL scale.

(59
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Appendix A. The Brillouin function

The general definition of the spin polarization is:

_ L
P=7 (I.) (A1)
where
I
(I.)= 2 mp, (A2)
m=—1

The probability of the mth Zeeman level being occupied is given by

1
1 E,
=3 2o (-7 *®
Here, Z is the partition sum, which, with E,, = —mhy B, and x = %
is
T E I
Z = exp(--2) = exp (mx). (A.4)

Evaluation of this finite sum using the geometric series (and index
shifting) gives
—Ix _ ,(I+D)x
z=¢"-¢ (A.5)
1—eX
which we rewrite as

sinh((1 + $)x)
Z7=—"" (A.6)
sinh(3 x)

Note that the expectation value of I ., (A.2) is the derivative of In Z:

I
(Ly=2 X mesptm) = iz (A7)

m=—1

Inserting the result for Z, (A.6), we obtain:

dinZ _ 1dZ
dx ~ Z dx
L] 2141 2041\ 1] 1.y 2041 1
smh(EX) = cosh(Tx) smh(zx) -3 smh(Tx) cosh(ix)

sinh( Lz“ x)

sinh? (%x)

= 212+ ! coth (21+ lx) — lcoth (%x)

2 2
(A.8)
Finally we arrive at the following expression for the polarization:
_ 2041 20+1 \ 1 1y _
p==2 coth( ;] x) 57 coth (zx) = B,(Ix). (A.9)
Here, B, is known as the Brillouin function:
B = 2 cotn (255 )) - L coth () (A.10)
Y= or 21 Y) a1 2?) :
Expanding x, we get
I'hy B,
P=B . A1l
! < kT > a1l
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L

Fig. C.4. The RF coil is a lossy inductor that we model as a series circuit of an ideal
inductor L and a resistor r.

For the case of I = 1/2 the Brillouin function simplifies to the tanh
expression:
B, /5(y) = 2 coth(2y) — coth(y)
_ 2cosh 2y _ coshy

sinh2y  sinhy
2cosh’y—1  coshy
= “2sinh ycoshy  sinhy (A12)
cosh? y—1
= sinh y cosh y

hy B
= tanh y = tanh(/x) = tanh | ——
2kT

By expanding the Brillouin function using the approximation
cothx =~ )—1( + ;—‘ and using M, = nyhI P, one again obtains the Curie
law Eq. (19). i

Appendix B. Polarization tensors for spins > 1

One can define spin polarization operators [52,53] 77 ,,(I) with
rank L =0,1,...,2l and M = —=L,—L + 1, ..., L. The rank 0 operator
is a scalar which conveys no useful information, the rank 1 operator is
the familiar polarization vector. The higher rank polarization tensors
are necessary for nuclei with spin 7 > 1/2.

Consider the case of spin I = 1 nuclei in a magnetic field parallel
to the z axis and denote the relative populations of the three Zeeman
levels (m; = —1,0,1) as p,,, . Since p_; +py+p; = | there are two degrees
of freedom and we can describe the order using two numbers [54,55]:
vector polarization P and tensor polarization P,,:

P=p —p (B.1)
P, =1-3p, (B.2)

Appendix C. Coil Q and return loss

We discuss a simple resonant circuit as it is used in NMR and
calculate its return loss. We then derive expressions for the coil Q
from the return loss of an equivalent series RCL circuit. The return
loss is readily measured with a vector network analyzer (VNA). There
are several historical articles in the literature that describe how Q
can be measured without a VNA, however thanks to the advent of
very affordable VNAs like the NanoVNA, today every lab can afford
quantitative measurements of the return loss. Throughout this section
we give general formulas, but we also evaluate them for a specific coil
so that readers can validate their own implementation of the equations.
There are many ways to tune a coil, and we refer to Refs. [56-60] for
further reading on this subject.

The RF coil is a lossy inductor which we model as a series circuit of
an ideal inductor L and a resistor r. For our specific example we choose
r=1Q and L =100 nH. The impedance of the coil is

Z, = joL +r. (C.1)
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Fig. C.5. The RF coil and the tuning capacitor. The tuning capacitor is chosen such
that the real part of the input impedance is R(Z,(w,)) = 50Q.

We also choose our resonance frequency to be 100 MHz, so w, =
27100 MHz. The impedance of the lossy coil at 100 MHz is then (1+63)
Q. Our model of the coil is shown in Fig. C.4. In practice one often does
not have good a priori knowledge of L and r. One can then use a parallel
capacitor of known value and a sniffer loop to determine L [58]. The
resistance (at the desired frequency) can be determined from the return
loss as we will now show.

To transfer energy in and out of the coil, we need to match its
impedance to the system impedance of the spectrometer, which is
Z, =50Q. In a sense, this is the principle of reciprocity again, however
this time we are dealing with source and load impedances. Power
transfer into- and out of the load is maximal when the source and
load impedances are matched [61]. As a side note, the available “signal
power” of a matched NMR circuit is dissipated in equal amounts by the
coil loss and the input impedance of the receiver. Doubling the losses in
the circuit halves the Q - the loaded Q (when connected to the receiver)
is half the unloaded Q [57]. Now in order to match the impedance, we
will first add a shunt capacitor, whose job it is to change the real part
of the impedance to 50 Q.

Let C; be the capacitance of the shunt tuning capacitor. Its
impedance is then Z; = 1/(jwCy). The impedance looking at the coil
via the shunt capacitor is (see Fig. C.5)

Z:Z,

ZzIZ—.
T+Z

(C.2)
By inserting the expressions for Z; and Z,, and extending with the
complex conjugate we get the following expression for the real part of
Z,:
rL/Cy —rb/(wyCr)

RZy= ——————, C.3

: r2 + b2 €3
with b = wyL — 1/(wyCy). We now solve the quadratic equation RZ, =
Z, for Cy and obtain, after some simplification

ray L? - ZOr2 +7r3 >

P (C.4)
wyZo

1
We chose the smaller value for Cr, i.e. to subtract the square root. For
experts, this choice means that we will move a shorter distance on the
Smith chart, and retain a positive reactance, i.e. one that we can cancel
with a series matching capacitor. For our example, we get C; = 21.8
pF. Now we need to cancel the remaining reactance with a matching
capacitor Cy,, i.e.
1

+j8Z, =0 Cy = T (C.5)
0~ £2

JoCyy
For our example we get C), = 3.6 pF.

Now we have completed our RF circuit, as shown in C.6. Since we
know the values for all components, we can calculate its impedance at

any frequency w as
1

(JoL +r)-
R s — (C.6)
joC  joL+r+1/(joCr)
From the impedance we can calculate the reflection coefficient
Z-2z,
- (C.7)

T Z+ 27,
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Fig. C.6. The tuned and matched coil with impedance Z.

and the return loss (RL, in dB) as

zZ-2Z,
RL = -20log|I'| = —201log

Z+Z, €8

To see how the return loss depends on Q, we follow Doty et al. [23]
and model our four-component tuned-and matched circuit with an
equivalent three-component series RLC circuit as depicted in Fig. C.7.

On resonance, the reactances of a series RLC circuit’s coil and
capacitor cancel, and the impedance is purely resistive, i.e. Z, (wy) =
R,. Therefore, we have to chose R, = Z;, = 50 Q.

In order to chose the value for the inductance L,, we note that the
circuit Q factor is defined as [62]:
0=aw¥ntWe .9

B
where W,, and W, are the average energies stored in the inductor
and capacitor respectively. For a current with effective amplitude i on
resonance W,, = %Leiz, and W,, = W,. The losses are P, = R,i*> and we
obtain on resonance
Li* oL, oL

0 —- —=>L,=-L
= = .
0 R R, r ¢ r

(C.10)

where we have used the fact that QO = % applies for the NMR circuit
1

V LECE
we obtain C,, in our example 0.51 pF.
Now we again know all the component values of the equivalent
circuit, and we can compute Z, at any frequency w:

with impedance Z. For our example, L, = 50L = 5 pH. With o, =

Z,= R+ jol,+ - L 11

oC,

The return losses of the exemplary NMR circuit and the equivalent
series circuit are shown in Fig. C.8 A. Notebooks with implementations
of the return loss calculations in bare Python and using scikit-rf [63] are
available online (see Data availability). While the return loss of both the
NMR circuit and the equivalent circuit are almost identical, the same is
not at all true for the impedances, shown for both circuits in Fig. C.8 B.
However, since power transfer is all we care about, the equivalent series
is an excellent model of the NMR circuit. Furthermore, as can be seen
in Fig. C.8 B, the real part of Z, is constant, and the complex part is
linear to a very good approximation.

We can therefore expand Eq. (C.11) into a series at w = w, [62].
Clearly, for the zero order term Z,(w,) = R, = Z,,. For the first order
term we obtain

0Z 1
| (@ —wg) = jL(0— wg) — - (0 —wg) = j2L, (w0 — wp), (C.12)
00 |w, jw?C,
0-e
where we have used wg L,C, = 1. Our approximation is therefore

Z,~ Zy+ j2L(0 - wy) = Zy+ j2L,¢€, (C.13)

where we have introduced ¢ = w — .

From this expression one can derive two ways to measure Q, and
we now show that they are equivalent.

The “3 dB technique” uses the width of the return line at 3 dB. We
then have

3=-20log|l| & |T|* = % (C.14)
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Fig. C.7. The NMR circuit (left) and its equivalent series RLC circuit with components R,, L, and C,.
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Fig. C.8. (A) Return loss of the NMR circuit (blue), and its equivalent series RCL circuit (dashed, black). As can be seen, the correspondence is excellent. (B) Real and imaginary
part of the impedance of the NMR circuit (blue solid and blue dotted line respectively), and real and imaginary part of the impedance of the equivalent RCL circuit (orange solid
and orange dotted line respectively). The impedance of the equivalent circuit Z, is readily described using a first order expansion.

But we also have

; 2
rp=|2=%) . Ze‘Z‘)z:' 2Le [P (LS 1
Z+Z, Z,+Z, 2Zy+ j2L.€ Zg +(L,)? 2

(C.15)

This equation is fulfilled when e¢L, = Z,,. The 3 dB bandwidth is Aw;4; =
2(w — wy) = 2¢, so that we get
Aw Z,

3dB =_Oﬂ=@:Q=
2 L,og O

2
@0 (C.16)

Aw3gp

The alternative “7 dB technique”, described by Doty et al. [23],
chooses ¢ such that 2L,¢ = +Z;, = +R,. For these two values of ¢, the
real and imaginary parts are equal in magnitude, i.e. Z, = Zy(1 + j),
and their phase differs by 90 degree. We have

2 2

P = ;—2 =| 2] -4 €17)
and the return loss is

RL = —20log |I'| = —10log |I'|* = —1010g(0.2) = 6.99dB ~ 7dB.  (C.18)
Again, the 7 dB bandwidth equals 2¢, so that

gy =26 = Re 2 gy B - %0 il (€19)

Le Ow()Le - 0 - Aw7dB
We usually work with the 7 dB technique since it evaluates the return
loss closer to resonance.

Data availability

Notebooks with implementations of the return loss calculations
in bare Python and using scikit-rf [63] (Arsenovic et al., 2022) are
available in KITopen at https://doi.org/10.35097/st1kjwpvsce77dhw.
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