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ABSTRACT

Hyperpolarization of nuclear spins is gaining increasing interest as a tool for improving the signal-to-
noise ratio of NMR and MRI. While in principle, hyperpolarized samples are amenable to the same or sim-
ilar experiments as are used in conventional NMR, the large spin polarization may give rise to unexpected
effects. Here, spontaneous emission of signal was observed from proton spin systems, which were hyper-
polarized to negative spin temperature by dynamic nuclear polarization (DNP). An unexpected feature of
these emissions is that, without any radio-frequency excitation, multiple beats arise that cannot be
explained by the Bloch equations with radiation damping. However, we show that a simple modification
to these equations, which takes into account an additional supply of hyperpolarized magnetization from
a reservoir outside of the active detection region, can phenomenologically describe the observed signal.
The observed effect demonstrates that even well-known mechanisms of spin evolution can give rise to
unexpected effects when working with hyperpolarized samples, which may need to be addressed
through the development of new experimental techniques.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Hyperpolarization of nuclear spins is gaining considerable
momentum for the enhancement of the signal in magnetic reso-
nance, with applications ranging from medical imaging to high-res-
olution spectroscopy of chemical compounds. In the widespread
application of hyperpolarization, however, it is often overlooked
that due to the highly polarized spin system, effects not commonly
encountered in conventional NMR spectroscopy need to be consid-
ered. Such effects include phenomena related to the emission or
absorption of spin noise that have been previously described using
thermal polarization [1-3], but may become more prominent in
hyperpolarized samples. Desvaux et al. [4] have shown that 12°Xe,
hyperpolarized by optical pumping, can enhance the absorption of
noise at the Larmor frequency of that nucleus. Recently, the same
phenomenon has been observed by Giraudeau et al. [5] using hyper-
polarized 'H nuclei. However, when a sample is polarized to nega-
tive spin temperature, an unusual and chaotic behavior arises,
where a series of beats of NMR signal can be observed under certain
conditions. The physical origin of such spontaneous emissions has
been attributed to interplay between radiation damping and the ef-
fect of distant dipolar fields. In the absence of radio-frequency
pulses, it has been proposed that the emission of such bursts may
be triggered by random spin noise [6]. These emissions therefore
arise from positive feedback through coupling with the resonant
detection coil circuit, and are different from the previously observed
spontaneous emissions of signal from a saturated spin system with
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zero polarization [2]. The observation of noise triggered spontane-
ous emission is highly dependent on the conditions used, and it
has also been noted that observation of multiple signal emissions
in hyperpolarized samples of 'H is less likely due to the shorter
relaxation time [5] and the higher gyromagnetic ratio [6].

With the recent development of various technologies for dy-
namic nuclear polarization (DNP), it has become commonplace to
polarize many different nuclei. Of particular importance is 'H,
the NMR active nucleus with highest abundance. Due to the large
signal enhancement provided by DNP (on the order of 102-10* as
compared to thermally polarized spins), applications of this tech-
nique in traditional areas of NMR spectroscopy, such as analytical
and organic chemistry, are forthcoming. In this context, it may be
interesting to investigate in more detail the non-canonical behav-
ior that hyperpolarized spin systems can exhibit. Here, we show
that the spontaneous emission of multiple beats of NMR signal
could be observed for 'H nuclei when the spin system has been
hyperpolarized to a negative spin temperature and the sample is
injected into an NMR spectrometer for measurement. We examine
the conditions under which this phenomenon can be observed,
rationalize the appearance of these emissions, and discuss their
implications for the application of hyperpolarized spectroscopy.

2. Materials and methods
2.1. Hyperpolarization

The optimal frequencies for DNP polarization were determined
by measuring the frequency dependence of the NMR signal in the
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solid state (Fig. 1) [7]. To accomplish this, a sample of 10% H,0, 40%
D,0 and 50% DMSO-dg containing 15 mM free radical, 4-Hydroxy-
2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPOL, Sigma Aldrich, St.
Louis, MO) was irradiated for 60 s at each of 66 frequencies be-
tween 93.66 GHz and 94.31 GHz. The irradiation frequency was
verified using a frequency counter (EIP 578B, Phase Matrix, San
Jose, CA). NMR spectra were measured using the detection coil in
the HyperSense DNP polarizer (Oxford Instruments, Tubney
Woods, UK) and a separate 400 MHz NMR console (Bruker, Bille-
rica, MA). The resulting series of free induction decays (FID) was
Fourier transformed, and the frequency profile was generated by
integration of each spectrum.

For hyperpolarized NMR spectroscopy, samples of dimethyl
sulfoxide (DMSO) were prepared in H,O (1:1 v/v) mixtures with
15 mM TEMPOL and 1 mM gadolinium diethylene triamine penta-
acetic acid (Gd-DTPA, Sigma Aldrich, St. Louis, MO). 20 pl of the
sample was polarized for 30 min, at a temperature of 1.4 K, using
mm-waves of 100 mW power at the frequencies corresponding
to positive or negative spin temperature (see Results and discus-
sion). Subsequently, 4 mL of deuterium oxide (Cambridge Isotope
Laboratories, Andover, MA) at ~160 °C and 10 bar pressure was
used to dissolve and carry the hyperpolarized sample into a sample
injector device. The first 500 pL of the liquid was injected into a
5 mm NMR tube that was pre-installed in the NMR spectrometer,
using nitrogen gas at a forward pressure of 1.8 MPa, against a back-
pressure of 1.0 MPa to prevent outgassing [8]. The final concentra-
tion of hyperpolarized analyte in the NMR tube was estimated to
be 115 mM DMSO and 453 mM H,0.

2.2. NMR spectroscopy

The coil of a high-resolution 400 MHz NMR probe (Bruker,
Billerica, MA) was tuned using the procedure described in [9], so
that the resonance frequency of the reception circuit matches the
Larmor frequency. The magnetic field was shimmed to a homoge-
neity <2.5 ppb using a sample of identical volume and composition
prior to the experiment. Single NMR scans were acquired either
with or without prior application of a 7/2 radio-frequency (RF)
pulse. Measurements without RF pulse were triggered at the start
of sample injection, prior to the arrival of the polarized solution in
the NMR tube. Measurements with RF pulse were initiated 815 ms
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Fig. 1. Dependence of solid-state 'H polarization on microwave frequency for a
sample of 10% H,0/40% D,0/50% DMSO-dg containing 15 mM TEMPOL free radical.
Spurious points of large intensity (clipped in the figure) are likely due to arcing of
the NMR coil immersed in liquid helium.

after the start of sample injection, to ensure a sufficient amount of
time for sample injection and stabilization. The total experimental
time was 190 s, during which 1201922 complex data points were
acquired. All measurements from hyperpolarized sample were car-
ried out without the use of a lock system. Time-frequency analysis
was performed by a Fast Fourier Transform (FFT) of data contained
in a sliding window of 256 complex points in length. Data process-
ing and plotting was done in the program MATLAB (MathWorks
Inc., Natick, MA). The actual timing of sample delivery (time points
A and B in Fig. 2, for the start and end of arrival of sample in the
NMR tube, respectively) was determined on a sample outside of
the NMR magnet, using a camera. T; relaxation times under the
experimental conditions used for the DNP experiments were esti-
mated from hyperpolarized samples with positive spin tempera-
ture using a sequence of small flip angle excitations [10,11], as
well as from inversion recovery experiments.

For reference, the radiation damping time constant was mea-
sured in a non-hyperpolarized sample of 95% DMSO and 5% D,0
in the 400 MHz NMR spectrometer. An inversion recovery experi-
ment was applied as described in [12], and the equation

M, = M&tanh(Ryq(t — to)] (1)

was fitted to the experimental data. Here, M;?, R,q and ¢ are the ini-
tial thermal magnetization in the z direction, the radiation damping
rate, and the latency interval, respectively.
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Fig. 2. (a) Signals from a sample of DMSO/H,0 (1:1 v/v) polarized to negative spin
temperature and dissolved in D,0. (b) Inset: expanded view of the signal in the time
window from 0 to 815 ms. The time point t=0 is the point of triggering of the
injection valve. The sample starts arriving in the NMR tube at time point A, and tube is
completely filled at time point B. (c) The corresponding time-frequency analysis of
FID (a) was performed by a FFT of data contained in a sliding window of 256 complex
points in length (time window of 40 ms). The peak height of the spectra was plotted as
a function of time. The solid and dashed lines refer to H,O and DMSO signals,
respectively. (d) The hyperpolarized sample of DMSO/H,0 (1:1 v/v) with positive
temperature was dissolved by D,0 and measured under early triggered acquisition
mode, showing no signals inside the blind time (grey area: the time before the sample
injection and stabilization in the normal measurement, ~815 ms).
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Numerical solutions of radiation damping equations were ob-
tained using the program Mathematica (Wolfram Research, Cham-
paign, IL).

3. Results and discussion
3.1. Hyperpolarization to negative spin temperature

Using DNP in the solid state, spin systems with positive or neg-
ative spin temperature are readily produced [13]. Fig. 1 shows the
frequency dependence of polarization, recorded within the fre-
quency range accessible by the microwave source used. The inten-
sity maximum at 94.005 GHz corresponds to polarization with
positive spin temperature, where the majority of spins are aligned
parallel with the magnetic field, and the negative intensity maxi-
mum at 94.270 GHz corresponds to the negative spin temperature,
where the majority of spins are aligned anti-parallel with the mag-
netic field. It can also be noted that the frequency difference be-
tween the maxima is 265 MHz, which indicates that the DNP
polarization process under the conditions used (see Materials
and methods) takes place via a multi-electron process [14].

DNP polarized samples were dissolved and injected into the
NMR spectrometer in order to analyze their NMR signal. In the
archetypal pulsed NMR experiment, a single 7/2 radio-frequency
pulse would be applied to a tuned coil surrounding the sample,
and the resulting free induction decay (FID) would be observed.
This experiment was used in order to estimate the level of polari-
zation obtained, by comparison with a spectrum acquired in the
same spectrometer using a thermally polarized sample. For the
DMSO signal, a typical polarization level of ca. 4% is achieved, cor-
responding to a signal enhancement of approximately 1300 as
compared to the thermal polarization in the field of the 400 MHz
NMR spectrometer.

3.2. Spontaneous signal emission

For a hyperpolarized sample with negative spin temperature,
spontaneous emission of signals is readily observed as soon as
the sample is introduced into the active region of an NMR coil, even
in the absence of RF pulses. Fig. 2 shows such emissions from a
mixture of DMSO and H,0, which was hyperpolarized on proton
spins, and dissolved in deuterium oxide (D,0) before injection into
the NMR detection coil. Since the NMR experiments measuring
spontaneous emission do not require a radio-frequency pulse, data
acquisition was initiated before the solution arrived in the NMR
spectrometer, in order to detect all potential signals. The grey areas
in Fig. 2 designate the time for sample injection and stabilization
that would normally elapse before the start of an NMR experiment.

The data in Fig. 2a and b indicate the emission of strong, recur-
ring signals, starting almost immediately after the arrival of polar-
ized solution in the detection coil. In order to distinguish the
identity of the sample constituents giving rise to the different
recurring signals, a time-frequency analysis was performed by a
sliding Fourier transform. The resulting peak intensity at the chem-
ical shifts corresponding to H,O and DMSO is plotted in function of
time in Fig. 2c. Due to substantial inhomogeneity during sample
injection, the intensities obtained for the grayed time window
(0-815 ms) may not be quantitative, and the signals appear less
regular. Nevertheless, in Fig. 2b the appearance of signals with dif-
ferent frequency stemming from water and DMSO protons can be
seen. After this time, the sample has settled, and the line width
in the spectra obtained with sliding Fourier transform remains
constant, since the true line width had fallen below the frequency
resolution given by the window used for the Fourier transform.
From Fig. 2 it can however be seen that the recurring beats become

longer in duration at larger time. From this observation, it can be
inferred that the true line width decreases with each emission.
The time-frequency representation of the signal shows multiple
emissions both from H,0 and DMSO spins. Presumably due to cha-
otic processes during sample injection, if the experiment is re-
peated under identical conditions, the appearance of the signal
can vary. However, in all experiments that were carried out, the
signal between two consecutive recurrences was nonzero and the
intensity of a later recurrence was smaller than that of an earlier
one. In Fig. 2d, the measurement of a sample hyperpolarized to po-
sitive spin temperature serves as a control experiment. The ab-
sence of coherent signal excludes the possibility that the spin
emission from the other samples is due to influences unrelated
to the spin system, such as electronic interferences or external
excitation of the detection circuit during sample injection.

3.3. Radiation damping

Coherent emissions in the form of radiation damping are com-
mon from solvent signals in high-resolution NMR spectroscopy. A
typical signal from radiation damping arises shortly after generating
the inverted spin state in the NMR coil, and is characterized by a ris-
ing, then falling signal amplitude [15]. In typical NMR experiments,
radiation damping is triggered by a small amount of transverse
magnetization that is present in the sample following a non-ideal
7 inversion pulse. The coupling of spin magnetization to the tuned
detection coil of the NMR receiver can be described semi-classically
by modified Bloch equations [6,16-18] as shown below.

dM;  M; MM,

@ T, Mot 2

av; M., w2 .
dt T, M()T,—d7

Here, My is length of the initial magnetization vector, which is
aligned with the direction of the magnetic field (z-direction), and
T:q s the characteristic radiation damping time. M, is the magneti-
zation in the longitudinal direction, and My = Mf +M§ is the
magnitude of transverse magnetization. Since in the hyperpolar-
ized experiment the magnetization at thermal equilibrium is much
smaller than the initial magnetization, My < M, it is neglected in
Eq. (3). In order to compare the observed signal to a radiation
damping model, the magnetization My g15ms and Mpgisms Of the
hyperpolarized DMSO spin system with positive and negative spin
temperature, respectively, was estimated by applying a /2 pulse
at t ~ 815 ms after the start of sample injection. It was found that
Mpgg15ms/Mas15ms = 0.4. Since the solid-state polarization levels
(Fig. 1) for polarization to positive and negative spin temperature
are similar, this observation implies that the initial magnetization
Mg decays more rapidly than the initial My, presumably due to
radiation damping.

The characteristic radiation damping time constants of polar-
ized samples were estimated by comparison to a measurement
of radiation damping in a thermally polarized reference sample
of DMSO (see Materials and methods). From fitting of the data ob-
tained with the non-hyperpolarized reference sample, the radia-
tion damping rate (R,4) and the latency interval (ty) were
determined to be 23 s~! and 0.048 s, respectively.

The radiation damping rate can also be expressed as

1
Rig fr—rdf7’7QWM0|» (4)
where o, 4, Q, 7, Mp are the vacuum permeability, the filling factor
and the quality factor of the probe, the gyromagnetic ratio, and the
initial magnetization, respectively [6]. This equation can be used to
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infer the radiation damping rate for other samples, if the relative
sample magnetizations are known. For DMSO, this ratio was esti-
mated to be 12.5, by comparing the intensities obtained by applying
a /2 pulse to the thermally polarized reference sample and to a
hyperpolarized sample, respectively. According to Eq. (4), the radi-
ation damping rate of the hyperpolarized sample is therefore
275 s, For water, the rate is of the same order in magnitude; how-
ever the exact number is more difficult to determine due to the pos-
sibility of the presence of residual non-polarized water in the
dissolution solvent, which would affect the estimate of the absolute
polarization level. Not surprisingly, the radiation damping is more
significant in the hyperpolarized sample, even though the spin con-
centration is two orders of magnitude lower than in the thermally
polarized reference sample.

3.4. Origin of multiple emissions

Radiation damping appears to be the most reasonable explana-
tion for the observed emission of signals. However, the Bloch equa-
tions with radiation damping (Eqgs. (2) and (3)) can describe only
one single emission, where the observed signal rises, then falls.
For illustration, a numerical solution of these equations using
parameters close to the expected experimental conditions for a
DMSO spin system is shown in Figs. 3a and b. This is in contrast
to the present observation of multiple “beats” in the signal from
samples that have been hyperpolarized to negative spin tempera-
ture, and subsequently injected into the NMR spectrometer.

In similar experiments conducted with hyperpolarized xenon,
the occurrence of multiple MASER emissions has been attributed
to a chaotic behavior of the spin system resulting from interplay
between radiation damping and the effect of distant dipolar fields
[17]. It was further apparent that in that case, individual emissions
were independently triggered by spin noise. For the proton signal
emission observed here, the situation appears to be different. The
residual signal between the consecutive beats in our observation
is always larger than the noise level (see Fig. 2). Therefore, in con-
trast to the observations with hyperpolarized xenon, in the present
case it seems unlikely that emissions are triggered independently
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by noise originating from the spin system itself. However, the
experimental conditions are different; in the present case the sam-
ple is injected into the NMR tube, and initial emissions appear al-
ready during the injection process. While, as stated above, the
Bloch equations by themselves cannot describe the observed evo-
lution of magnetization, it is noted that in experiments where
hyperpolarization is used to generate a sustained MASER emission,
for example for the purpose of magnetic field measurements, such
transient oscillations are commonplace [18]. In those experiments,
however, spins with negative spin temperature are continuously
supplied to the system under observation.

Likewise, in the present case the signal oscillations observed
can at least phenomenologically be explained by inclusion of an
additional term in the Bloch equations in an attempt to describe
a similar physical process:

dMr Mr MM,

@t T, Motg )
dM, M, M; i,
dt —7T—1+M0wfoce , (6)

In Eq. (6), the last term continuously supplies negative polariza-
tion from a reservoir not coupled to the coil. The parameter o indi-
cates the initial rate of addition of magnetization, and 7, is a time
constant describing an exponential reduction in the rate of added
magnetization as time progresses. The addition of magnetization
during the initial time (between time points A and B in Fig. 2b)
arises naturally due to the sample injection process, whereas the
addition of magnetization at later times would be expected due
to sample motions. Therefore, 7, should be understood as an aver-
age parameter that includes all of these contributions. Specifically,
T, would be dependent both on spin-relaxation in the volume out-
side of the active coil region, as well as on the rate of sample
introduction.

Fig. 3 shows a numerical solution of Eqs. (2) and (3), which cor-
responds to the typical radiation damping process, as well as of the
modified Egs. (5) and (6). The parameters used are indicated in the
figure caption. In these parameters, the relaxation times were
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Fig. 3. Numerical solutions of Bloch equations. (a) and (b) transverse and longitudinal magnetization obtained from original Egs. (2) and (3), (c) and (d) magnetization
obtained from Eqgs. (5) and (6), with inclusion of an additional term supplying negative polarization during the course of the experiment. Parameters were T, =50 ms, T; =55,
Tra=3.6ms, Mo=1, a=1, 7,=1s. Boundary conditions were M{0) = 0.01 and M,(0) = —M, for (a) and (b), and M{0) =0.01 and M,(0) = 0 for (c) and (d).
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estimated from actual conditions for DMSO samples, the radiation
damping time was taken from the results of Eq. (4) (see above), and
a relative scale is used for the numerical value for the magnetiza-
tion. Further, in contrast to the solutions to the regular Bloch equa-
tions with radiation damping, here, a boundary condition M,(0)=0
was used. This is due to the fact that initially, no sample is present
in the NMR coil. The conditions of the simulation reasonably corre-
spond to the actual hyperpolarized experiment. It can be seen from
comparing Fig. 3c to the experimental results in Fig. 2c that the
numerical solutions to Eqs. (5) and (6) qualitatively describe all
of the features of the observed signal. Notably, there are multiple
recurrences of signal of decaying amplitude, both with increased
spacing, and of increased duration as time progresses. Further-
more, the longitudinal magnetization M, is reduced after the last
of the recurring signals.

The initial occurrence of signal, by the above equations, would
depend on the amount of initially present transverse magnetiza-
tion. Since this magnetization is presumably generated by random
perturbations (noise) and is small, the observed signal occurrences
may be expected to be irreproducible. Indeed, as stated above, the
timing of signal occurrence varies from experiment to experiment.
In the simulation, this is equivalent to a change in the relative mag-
nitude of M{0). In agreement with the narrow spectral region af-
fected by radiation damping, the emissions of the two
hyperpolarized spins in Fig. 2, from water and DMSO, appear to
be independent. Finally, it should be noted that, similar to observa-
tions by Giraudeau et al. [5], if the 'H nuclei are polarized to a po-
sitive spin temperature, and after injection and stabilization, the
magnetization is inverted by a m-pulse followed by a pulsed field
gradient, no signal recurrences were observed. Such a behavior
would also be expected by the above model, as in this case only
the spins that are within the NMR coil at the time of the pulse
are inverted, and no additional negative polarization can be sup-
plied. These conditions are therefore approximated by the solu-
tions to Eqgs. (2) and (3), which are represented in Figs. 3a and b.

In order to further confirm that introduction of fresh magneti-
zation due to sample movement is the likely cause for the multiple
beats of signal emission, experiments were carried out under vary-
ing injection conditions (Fig. 4). A trend is apparent, where an in-
creased pressure differential for sample injection increases the
number of recurrences of signal. The larger pressure differential
gives rise to a larger amount of sample motion. The same is true
for a variation in the height of the injection tube over the bottom
of the NMR sample. Here, a lower height gives rise to a larger
amount of turbulence [8,19]. Both of these observations provide
support for a model, where sample replenishment leads to multi-
ple signal emissions through radiation damping.

While an equation that fully describes the turbulent and inho-
mogeneous sample injection process would likely be impossible
to write, it is remarkable that Egs. (5) and (6), despite their simplic-
ity, can capture most of the observed features of the signal. This in-
cludes the occurrence of multiple signals, the observation that
these signals persist for a longer time, but appear less frequently
at later points in time, and that their amplitude is decreasing.
The functional form of the term used for introduction of the mag-
netization during the experiment was chosen as an exponential, in
analogy to a physical relaxation process. It is possible, however,
that this term underestimates the introduction of new sample at
the beginning of the injection, and overestimates the residual mo-
tions of the sample at later times.

The observations presented here substantiate the notion that
the process of introduction of a hyperpolarized sample, coupled
with radiation damping gives rise to a complicated and perhaps
unexpected behavior of the spin system. On a more practical level,
the observation of the signal occurrences due to radiation damping
in a 'H spin system hyperpolarized to a negative spin temperature

(a)

(b)
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Fig. 4. Emissions of 'H signal from mixtures of DMSO and D,0 (1:1 v/v) hyperpo-
larized to negative spin temperature, under varying conditions for injection of the
sample into the NMR spectrometer. (a) “slow” injection with a differential pressure
of 770 kPa and a tube height of 54 mm (tube height is the distance between the tip
of the injection tube and the bottom of the NMR tube), (b) injection as in a, but with
a tube height of 36 mm and (c) “fast” injection with a pressure differential of
820 kPa and a tube height of 30 mm.

may be useful to judge the amount of residual turbulence after
sample injection.

4. Conclusions

Currently available commercial instrumentation is poised to
make hyperpolarization readily accessible for routine spectros-
copy, and a variety of approaches for efficient hyperpolarization
are being developed. For example, it has been reported that 3C
polarization in some cases is more efficient at negative spin tem-
perature [20]. In the case of 'C polarization with small samples,
radiation damping may not be an issue due to the lower overall
magnetization. However, for spectroscopy with protons, the most
abundant NMR active nuclei, as well as perhaps for NMR with
probes exhibiting a high Q-factor, such as cryogenically cooled
probes, this effect can become dominant. In the data shown here,
the majority of the signal from a sample with negative spin-polar-
ization is lost to radiation damping during sample injection, even
before an NMR pulse can be applied. It is noted that in this case,
the resonances affected by radiation damping stem from analytes
at relatively low concentration (~100 mM), as opposed to highly
abundant solvent species that would normally be the only ones ex-
pected to be subject to radiation damping. Such effects therefore
need to be taken into account when working with hyperpolarized
samples, and merit further exploration. The observations pre-
sented here also serve to demonstrate that when pursuing new
applications of hyperpolarized NMR, even well-known effects such
as radiation damping may give rise to highly unexpected behavior
of the spin system.
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