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We investigate nuclear spin hyperpolarization from nitrogen vacancy centers in isotopically enriched diamonds with 13 C concentrations up to 100%. 13 C enrichment leads to hyperfine structure
of the nitrogen vacancy electron spin resonance spectrum and as a result the spectrum of dynamic
nuclear polarization. We show that strongly-coupled 13 C spins in the first shell surrounding a nitrogen vacancy center generate resolved hyperfine splittings, but do not act as an intermediary in
the transfer of hyperpolarization of bulk nuclear spins. High levels of 13 C enrichment are desirable
to increase the efficiency of hyperpolarizaiton for magnetic resonance signal enhancement, imaging
contrast agents, and as a platform for quantum sensing and many-body physics.

The last decade has witnessed rapid strides in the development of quantum technologies based on atom-like
defect centers in solids1,2 , such as the negatively-charged
nitrogen vacancy (NV− ) center3 . The NV− is a system
of six localized electrons in diamond with a total spin
of 1, whose properties have drawn attention from various scientific fields. For example, optical initialization of
the NV− spin state4 , long electron spin coherence times
exceeding 1 ms5,6 , and optical spin state readout7 have
made the defect a model platform for quantum information processing8–10 , simulation11,12 and metrology13–15 .
Nearly all of these technologies require knowledge of
and capitalization upon the interactions of the NV− center with nearby nuclear spins both in and external to
the diamond. Tuning the 13 C concentration by isotopic
growth techniques16 enables a variety of quantum technology schemes. For instance, in the limit of low nuclear
concentrations (≤ 1%), NV− -13 C pairs can form quantum registers17–19 with increased sensing resolution20,21
and sensitivity22 . At slightly higher concentrations (∼
10%), a single NV− center can be coupled to a number of 13 C nuclei to form the node of a quantum information processor, allowing the indirect fast actuation and universal quantum control on the nuclear spins
via the electronic qubit23,24 . At high concentrations beyond 50% and approaching 100% where internuclear couplings become significant, hybridized nuclear spin states
enable decoherence protected subspaces25 where classical information can stored. This also forms a versatile
system to study various condensed matter phenomena
in the strongly dipolar coupled quantum networks26 , including notions of quantum transport27 , localization and
criticiality28,29 , and Floquet many-body phases30–32 .
Additionally, integrated NV− -nuclear spin systems
provide an exciting opportunity for long-standing Nuclear Magnetic Resonance (NMR) and Magnetic Resonance Imaging (MRI) technologies. While NMR and
MRI are indispensable tools to the fields of chemistry,
biology, engineering and medicine, their sensitivity relies
on nuclear spin initialization (i.e. polarization), which at
best reaches 10−4 at room temperature. In stark contrast to the weak magnetization of nuclear spins, opti-

cal pumping hyperpolarizes the NV− spin state beyond
thermal equilibrium at arbitrary temperature and over a
wide range of magnetic fields33 . As a result, a number of
schemes for creating nuclear spin hyperpolarization with
NV− centers based on traditional dynamic nuclear polarization (DNP) methods34 have been reported in the
recent literature35–43 . These schemes propose the use
of hyperpolarized 13 C nuclei in diamond for use as MRI
contrast agents44 as well as a platform for polarization
transfer to external nuclei43 for enhanced magnetic resonance signal from arbitrary samples. In these cases, the
low natural abundance (1.1%) of 13 C nuclear spins limits
the efficiency of hyperpolarization and it is desirable to
work with 13 C enriched materials.
Here, we report NV− DNP hyperpolarization of 13 C
enriched diamonds. Our methods result in significant 13 C
bulk polarizations approaching 0.1% at approximately
0.5 T in a variety of samples, an enhancement of three
orders of magnitude over thermal polarization. We show
how isotopic enrichment imparts a complex structure to
the electron spin resonance spectrum and corresponding DNP spectrum. The DNP spectra lend insight to
the mechanism of polarization transfer, illustrating that
NV− centers and the first shell of 13 C spins behave as
a strongly coupled system that transfers polarization directly to weakly coupled nuclear spins. These findings
open the path to their use as efficient external polarizing
agents, and for applications in quantum technologies.
In this work we employ continuous-wave (CW) DNP
to hyperpolarize 13 C nuclei in a set of single crystal diamonds at a magnetic field of approximately 472 mT with
the NV− crystal axis aligned along the magnetic field. A
schematic of the DNP pulse sequence is given in Figure
1a. Each experiment begins with a set of 90◦ pulses to destroy any thermal 13 C polarization before a recovery time
trec where 13 C polarization builds under continuous optical and microwave irradiation. The laser optically pumps
the NV− center to continually initialize its spin state,
while microwave irradiation has the effect of transferring spin polarization between NV− and 13 C spins, thus
hyperpolarizing the 13 C spins and producing enhanced
NMR signals. The hyperpolarized 13 C NMR spectra of
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FIG. 1: CW-DNP with NV− centers. A schematic for
the CW-DNP experiment is shown in (a). The
experiment begins with a series of 90◦ pulses to destroy
13
C polarization, after which the 13 C polarization builds
under continuous optical and microwave excitation. The
microwave frequency fM W is swept to find the optimum
frequency. After the 13 C nuclear polarization builds
during a recovery time trec , a single 90◦ pulse is applied
and the NMR signal is acquired. The spectra of the
hyperpolarized 13 C NMR resulting from optimizing
fM W and the polarization buildup time are shown in
(b) for samples with a natural abundance (1.1%) 13 C
and 10, 25, 50, and 100% 13 C enrichment.

each sample are shown in Figure 1b, where the effects of
the nuclear dipole-dipole couplings are apparent in the
doublet spectrum of the 100% 13 C diamond.
In a field of 472 mT, NV− spin transitions are observed at approximately 16.1 GHz and 10.3 GHz (Fig.
2a). In this work we focus on the higher-frequency transition. We read out the NV− spin state via opticallydetected magnetic resonance (ODMR), where the NV−
fluorescence intensity is monitored while sweeping the microwave frequency. Because the ms = ±1 states are more
likely to relax via intersystem crossing to the ground electronic state, resonant microwave excitation produces a
detectable change in the NV− fluorescence intensity3 .
13
C spins within the first shell of nuclei, those directly

adjacent to the NV− defect, are strongly coupled to the
NV− spin and give a resolved hyperfine structure (Fig.
2). In a 13 C enriched sample, the three nearest-neighbor
sites are occupied by 0, 1, 2, or 3 13 C nuclei with the
balance occupied by spinless 12 C. The ODMR spectrum
is therefore a superposition of 4 distinct patterns of hyperfine splittings with relative intensities determined by
the degree of enrichment. The pattern of hyperfine splittings in Fig. 2 is consistent with the known 13 C -NV−
hyperfine tensor for first-shell nuclear spins46 .
The DNP process involves driving NV− spin transitions to transfer polarization to nearby 13 C spins. The
microscopic mechanism of DNP depends on the width of
the electron spin spectrum relative to the nuclear Larmor frequency and also on interactions between the electron spins34 . In our experiments the solid effect, cross
effect, and thermal mixing mechanisms of DNP all potentially contribute, and are difficult to distinguish. Regardless of the local DNP mechanism, nuclear spin diffusion transports polarization to bulk 13 C spins that do not
interact directly with the NV− center. In general, the
DNP intensity has an antisymmetric frequency dependence and is related to the intensity of the ODMR spectrum (Fig. 3), consistent with DNP mechanisms where
the EPR spectrum is broader than the nuclear Larmor
frequency. Interestingly, this trend holds for the satellite peaks induced by the strongly hyperfine-coupled 13 C
spins in the first shell, indicating that direct driving of
the strongly-coupled hyperfine transition does not generate bulk polarization. This contrasts with NV− hyperpolarization near a level anti-crossing where highly mixed
electron-nuclear spin states result in hyperpolarization of
first-shell 13 C which is then transported to bulk nuclear
spins36 . Here, the symmetric intensities of the hyperfineinduced DNP satellites and the derivative DNP patterns
at each satellite transition indicate the polarization of the
first-shell 13 C spins does not play a role in the bulk DNP,
other than to induce a splitting of the NV− spectrum.
The level of maximum hyperpolarization is sample dependent due to the varied concentration of 13 C , NV−
centers, and other paramagnetic defects that cause nuclear spin relaxation, see Table I. The highest level of
polarization was achieved in the natural abundance diamond, which has the highest NV− concentration while
the highest total magnetization occurred in the 100%
diamond. The 100% 13 C diamond also exhibited the
fastest buildup of hyperpolarization (Fig. 4), suggesting
that the enhanced rate of nuclear spin diffusion more efficiently transports polarization to bulk nuclei. All other
parameters being equal, we expect 100% 13 C diamonds
to be optimum for MRI contrast and polarization transfer applications. We have shown that, despite the spectral complexity associated with multiple strong hyperfine couplings, hyperpolarization can be efficiently transferred to bulk nuclear spins. Furthermore, the control
we demonstrate over bulk nuclear spin polarization in
samples with a high nuclear spin concentration provide
insight for and enable development of quantum technolo-

3
gies employing strongly-coupled spin systems.
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MATERIALS AND METHODS

C enriched diamonds were grown by chemical vapor
deposition (Applied Diamond Inc.) using 13 C enrichments of methane with 600 ppm nitrogen as a precursor.
13
C concentrations of 10%, 25%, 50%, and 100% 13 C
were used. These samples were compared to a sample
grown by high-pressure high-temperature (HPHT) diamond synthesis (Sumitomo Electric Carbide, Inc.) with
a substitutional nitrogen concentration of approximately
200 ppm and 13 C concentration of 1.1% (natural abundance). All samples were irradiated with 1 MeV electrons at a fluence of 1018 cm−2 (Prism Gem LLC) and
annealed at 800◦ C for 2 h to produce an NV− concentration of 1-10 ppm. Optically detected magnetic resonance (ODMR) and DNP were performed in a purposebuilt instrument consisting of a custom probe fixed in an
electromagnet (GMW Associates, Model 3472-50 with
Danfysik 858 power supply). The probe includes a radiofrequency circuit for inductive NMR excitation and
detection, a goniometer for two-axis alignment of the defect axis along the magnetic field, a 3 mm wire loop for
microwave excitation (Agilent E8257D signal generator),
and optical access to the sample (532 nm Coherent Verdi
G5 laser). For all DNP experiments, the amplitude of
the microwave frequency was set to 10 dBm and amplified with 3 W amplifier (Mini-Circuits ZVE-3W-183+)
before being sent to the 3 mm loop. The NMR circuit
includes a 30-turn planar coil of 46 AWG copper wire,
with capacitance added to impedance-match the circuit
at 5.06 MHz. The NMR component of DNP experiments
are carried out with a Magritek Kea2 console. For ODMR
measurements, the microwave amplitude was modulated
100% at 200 Hz from the reference signal of the lock-in
amplifier (Stanford Research Systems, SR830) and the
fluorescence signal was detected with an avalanched photodiode (APD 410A, Thorlabs). The lock-in amplifier
measured the in-phase component of the fluorescence signal at the modulation frequency using a time constant of
30 ms. A spectrum was acquired by stepping through a
range of microwave frequency centered on the NV− ESR,

where each step consists of changing the microwave frequency by one step, waiting 50 ms, and measuring the
ODMR signal from the lock-in. These spectra were used
to characterize the samples, align the defect axis along
the magnetic field, and set the strength of the magnetic
field as measured by the ensemble of NV− defects for
DNP experiments.
DNP experiments were carried out at 472.2 mT. A
schematic of the DNP experiment is shown in Figure 1.
A 532 nm laser with a beam diameter of approximately
5 mm is set to an output power of 1 W/cm2 and applied continuously throughout experiments. The laser
beam is kept large to irradiate the full surface of the diamond. A set of 90◦ pulses are used to destroy thermal
13
C polarization before waiting a time trec for 13 C polarization to build as a result of DNP processes. The
microwave frequency is set to fM W and applied continuously for the duration of trec . A simple 90 pulse-acquire
experiment is then used to determine the 13 C NMR signal. This is repeated for a range of fM W centered on the
NV− ESR to acquire the DNP spectrum of 13 C NMR
signal as a function of microwave frequency fM W . The
13
C NMR signal was compared by fitting the free induction decay (FID) at fM W,i to the FID of the signal with
maximum enhancement by a scaling factor. All data are
reported with error bars giving 95% confidence intervals
for the scaling factors, taken from the standard deviation of the parameter estimates of the fit. All NMR raw
data were acquired with Prospa (software supplied with
the Kea2 spectrometer) and exported for processing in
Python with Matplotlib47 , SciPy and NumPy48,49 packages. Additional details on methods and data analysis
can be found in the Supplemental Information.
Photoluminescence (PL) experiments in the Supplemental Information document were carried out with a
homebuilt confocal microscope to gain a qualitative understanding of the defect content in each of the samples.
The confocal microscope involves a 532 nm laser (Opto
Engine LLC, MGL-III-532-200mW) directed to the sample through a microscope objective with NA = 0.4 (Nikon
M Plan 20 ELWD). From this NA we estimate an excitation volume of 1.9 × 105 µm3 . The objective is also
used to collect the fluorescence and direct it through a
dichroic mirror to a spectrometer (Mightex HRS-BD1025). The emission of the samples were collected using
an approximate optical excitation power of 2.5 kW/cm2 .
We use the minimum optical power required to detect the
emission spectra with the Mightex Spectrometer in order
to suppress any changes in the emission spectra due to
charge-state conversion between NV− and NV0 . Emission spectra were collected from sixteen random points
in each of the samples. Each spectrum was averaged 256
times with an exposure time of 100 ms. The raw data
were acquired using the software provided by Mightex
for interfacing with the spectrometer, and exported for
processing in Python.
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D1
D2
D3
D4
D5
Sample
13
[ C ] (%)
1
10
25
50
100
TDN P (s)
22.34 ± 0.06
59.55 ± 0.03 36.14 ± 0.02 42.94 ± 0.04
15.28 ± 0.02
Enhancement 1264 ∈ [854,2430] 1094 ± 202
318 ± 22
138 ± 4
604 ± 11
Penh (%)
0.10 ∈ [0.071,0.20] 0.091 ± 0.017 0.026 ± 0.002 0.011 ± 0.0004 0.050 ± 0.0009

TABLE I: Summary of the polarization buildup time TDN P , enhanced 13 C nuclear polarization (Penh ) and
maximum DNP enhancement for each diamond sample.
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strongest hyperfine interactions occur between the NV− and its first-shell 13 C nuclei, those directly adjacent to it.
Occupation of the first-shell sites leads to a splitting in not only the NV− ms = ±1 levels, but also the ms = 0 due
to the anisotropic component of the coupling. The magnified energy level diagram shows how the NV− spin states
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from that of the ODMR spectra in Figure 2 because the two were acquired at different microwave amplitudes. The
optimum microwave amplitude for DNP measurements is higher than the microwave amplitude for optimized
ODMR contrast (see Materials and Methods).
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FIG. 4: 13 C polarization buildup curves are summarized for all samples involved in the study. Characteristic
polarization buildup times TDN P are given in Table I. The sample with 100% 13 C enrichment gives the fastest
buildup and the largest signal. The maximum polarization as well as the second-fastest buildup rate is observed
from the sample with a natural abundance of 13 C , which is likely due to it having the highest concentration of NV−
centers (see Supplemental Information).
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II.

SUPPLEMENTAL INFORMATION

In this document we summarize all data supporting
the analysis of results and conclusions drawn in the body
of the manuscript. All confidence intervals reported in
this work correspond to 95% bounds.

A.

Sample characterization

The samples acquired for this study include one with a
natural abundance of 13 C grown by high-pressure hightemperature (HPHT) methods (D1) in addition to four
samples grown by chemical vapor deposition (CVD, Applied Diamond Inc.). The CVD samples (D2-D5) were
grown with with added nitrogen precursor and varying
levels of 13 C enriched methane to accomplish a distribution of 13 C concentrations. Sample parameters are
summarized in Table SII. The photoluminescence (PL)
spectrum of each sample (Fig. S5) was acquired in order to order to gain a qualitative understanding of the
sample composition. The details on how the PL spectra were acquired are given in the Materials and Methods section. The PL spectrum of a diamond containing
a high concentration of NV− centers typically has four
prominent features within the range of 560 - 750 nm.
The two sharp peaks found roughly at 575 and 638 nm
correspond to the zero phonon lines of the neutral (NV0
) and negatively-charged NV− , respectively. The broad
features red-shifted from each ZPL are the phonon side
bands corresponding to higher vibrational levels of the
excited states of each defect.
Most importantly, the PL spectra qualitatively demonstrate a large variation in the concentration of NV− ,
NV0 , and substitutional nitrogen (NS , also called P1
centers) among even the CVD samples, preventing quantitative analysis of the polarization buildup rates. Also of
note from the PL spectra is that sample D1 has a much
larger ratio of NV− :NV0 than any of the CVD-grown
samples. This is consistent with previous studies50 and
is attributed to higher levels of NS , typical of HPHT
growth, which act as donors to the NV0 to achieve larger
conversion to NV− . These data indicate a higher NV−
concentration in sample D1, which provides an explanation for why the polarization buildup rate of sample D1
exceeds most of the buildup rates of the 13 C -enriched
samples despite slow spin diffusion. Polarization buildup
(TDN P ) and 13 C nuclear spin-lattice relaxation times
(T1,13 C ) are summarized in Table SII.

B.

Calibration of the 13 C nuclear polarization
enhancement in diamond.

The long nuclear spin lattice relaxation times of 13 C
in diamond as well as the low sensitivity of 13 C NMR
at 5 MHz make detecting a thermal 13 C NMR signal
challenging. We overcome this challenge by using a solid

echo pulse sequence51 (shown schematically in Figure 6)
which extends the duration of the free induction decay
via a spin-locking effect. The pulse sequence is originally carried out on the hyperpolarized 13 C NMR signal,
which is fit with a biexponential function. We assume the
thermally polarized signal has the same functional form,
and we seek the scaling factor that relates the thermal
and hyperpolarized signals. The schematic in Figure 6
shows detection of the hyperpolarized signal, which includes laser and microwave excitation at the optimized
frequency. For measurement of the thermal signal, the
same pulse sequence is used with the laser off, and the
microwave frequency set to 13 GHz (far off resonance
from any transition contributing to DNP).
For solid echo pulse measurements to be successful,
the NMR 90 pulse length should be short relative to the
evolution of the spins and τ should be short as possible
relative to the decay of the FID to efficiently spin-lock the
nuclear polarization in the transverse plane, otherwise
coherence is lost rapidly and the spin-locking effect is
diminished. In our experiment, 90 pulse lengths were in
the range 1.0 - 2.5 µs. Typical parameters for an echo
sequence with these samples involved acquiring the freeinduction decay with 32 points at a dwell time of 0.5 µs
and τ of 40 µs for 500 echoes. For the hyperpolarized
signal, the polarization was allowed to build for a time of
4TDN P (see Table SII).
The solid echo pulse sequence results in a time domain decay extended well beyond T∗2 of a true FID. We
process the solid echo data with a moving average to
smooth short timescale noise unrelated to the spin dynamics. The size of the window of the moving average
varies based on the dynamics of the spin system, but
ranges from 0.1 - 0.5 ms. Figure 7 demonstrates this
processing.
Solid echo data for hyperpolarized and thermal signals
of each sample is given in Figure 10. The 95% confidence interval of each biexponential model fit from the
real component of the hyperpolarized data is underlaid
in the figure. The thermal data are fit to this model
with a scaling factor to estimate the amplitude of the
thermal signal. Bootstrapping is used in order to gain
proper estimates of the mean and variance of the amplitude of the thermal signal fitted from the hyperpolarized model data. Bootstrapping is carried out by saving
thermal data sets in sets of 4 averages. Some thermal
measurements require 1000-2000 datasets of 4 averages.
These are randomly resampled with replacement approximately 104 times, where upon each resampling the data
are averaged and a mean amplitude is fit. This produces
a distribution of 104 fitted amplitudes whose mean and
variance give a proper measure of the amplitude of the
thermal 13 C NMR signal. The number of times to resample was chosen such that the values given for mean and
variance are reproduced, despite using random resampling. Because acquiring thermal signal in some cases
involves thousands of averages, the solid echo pulse sequences for these experiments are run with a recovery
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D1
D2
D3
D4
D5
Sample
13
[ C ] (%)
1
10
25
50
100
Mass (mg)
4.4
12.4
10.6
5.9
9.3
TDN P (s)
22.34 ± 0.06
59.55 ± 0.03 36.14 ± 0.02 42.94 ± 0.04
15.28 ± 0.02
T1,13 C (s)
13.08 ± 1.11
76.85 ± 3.70 51.18 ± 0.42 16.68 ± 2.20
10.33 ± 0.14
Enhancement 1264 ∈ [854,2430] 1094 ± 202
318 ± 22
138 ± 4
604 ± 11
0.10 ∈ [0.071,0.20] 0.091 ± 0.017 0.026 ± 0.002 0.011 ± 0.0004 0.050 ± 0.0009
Penh (%)

TABLE II: Summary of parameters and maximum DNP enhancement for diamond samples. Values for TDN P ,
T1,13 C , the enhancement from DNP processes, and the enhanced 13 C nuclear polarization (Penh ) are measured at
470 mT.

time trec of approximately T1,13 C for efficiency. The amplitudes are then corrected with measured T1,13 C data to
obtain the true amplitude of the thermal signal. These
correction factors are given in the subcaptions of Figure
10.
It is clear from the D1 solid echo data in Figure 10(a)
the thermal 13 C NMR signal is still dominated by noise.
This measurement at least allows an assignment of a
mean enhancement with upper and lower bounds to 95%
confidence. While the errors in the amplitude of the thermal relative to the hyperpolarized 13 C NMR signal for D1
are normally distributed, the distribution of noise in the
enhancement is not, so we cannot state a confidence interval in terms of 2σ. We instead find the bounds on the
estimated relative amplitude of the thermal signal and
convert these to bounds in enhancement. In the case of
the 13 C -enriched samples, 13 C NMR signal is detected
and therefore the errors in enhancement are normally

distributed. For these samples, we fit the mean enhancement by bootstrapping the thermal data and fitting to
the hyperpolarized model data, and the variance of this
enhancement gives us the confidence interval. Estimated
values for relative amplitude of thermal 13 C NMR signals, final polarization in the hyperpolarized signal, as
well as enhancements are given in Table SII.
With the exception of the sample with 25% 13 C enrichment, the nuclear T1 measurements are carried out with
a small-flip angle pulse sequence, described schematically
in Figure 9. The angle of the small-flip pulse is calibrated
from a nutation curve and the final T1 value measured
is corrected for the contribution of the small-flip pulse
to relaxation52 . We use small-flip angle pulse lengths of
0.5 - 1.5 µs with a typical spacing τ of 1 s. For each T1
measurement the polarization is allowed to build for approximately 2TDN P . All T1,13 C measurements are given
in Figure 8.
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FIG. 5: Photoluminescence data. The trace for the emission from D1 (1% 13 C ) is given in black to emphasize the
difference in emission between HPHT-grown and CVD-grown samples. The majority of NV centers in sample D1 are
negatively-charged. The NV0 and NV− ZPLs are highlighted.
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FIG. 6: Schematic of the solid echo pulse sequence for detecting hyperpolarized 13 C NMR at 5 MHz. The laser and
microwave excitation are applied continuously, where the microwave frequency is set to the optimum frequency for
DNP. The sequence begins with a series of 90◦ saturation pulses to ensure zero initial 13 C polarization. Polarization
builds up for a time of trec . The solid echo sequence is initiated with a 90◦ pulse along the x axis, a delay of time τ
called the “echo time”, following by a train of n 90◦ pulses along the y axis separated by τ . A free-induction decay is
acquired after every 90y ◦ pulse. The 90y pulses follow a phase cycle of [180, 0, 0, 180].
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FIG. 7: Raw data from the solid echo pulse sequence is given on the left, while the data processed with a moving
average is on the right.
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(d) D4: 50% 13 C . Fitted T2 values from the biexponential
model of the hyperpolarized signal were T2,1 = 5.42 ± 0.51
ms and T2,2 = 100.36 ± 1.22 ms. The amplitude of the
thermal signal fit by scaling to the hyperpolarized signal is
corrected by a factor of 1.565.
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(c) D3: 25% 13 C . Fitted T2 values from the biexponential
model of the hyperpolarized signal were T2,1 = 3.56 ± 0.06
ms and T2,2 = 36.54 ± 0.29 ms. The amplitude of the
thermal signal fit by scaling to the hyperpolarized signal is
corrected by a factor of 1.844.
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(b) D2: 10% 13 C . Fitted T2 values from the biexponential
model of the hyperpolarized signal were T2,1 = 5.22 ± 0.22
ms and T2,2 = 146.67 ± 1.78 ms. The amplitude of the
thermal signal fit by scaling to the hyperpolarized signal is
corrected by a factor of 1.673.
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(a) D1: 1% 13 C . Fitted T2 values from the biexponential
model of the hyperpolarized signal were T2,1 = 2.43 ± 0.17
ms and T2,2 = 33.17 ± 1.63 ms. The amplitude of the
thermal signal fit by scaling to the hyperpolarized signal is
corrected by a factor of 1.758.
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(e) D5: 100% 13 C . Fitted T2 values from the biexponential
model of the hyperpolarized signal were T2,1 = 19.48 ± 0.36
ms and T2,2 = 364.47 ± 3.97 ms. The amplitude of the
thermal signal fit by scaling to the hyperpolarized signal is
corrected by a factor of 1.612.

FIG. 8: T2 measurements of all samples, showing hyperpolarized 13 C NMR signal on the left, thermal 13 C NMR
signal on the right. Note the change of scale in each figure; the amplitude for each hyperpolarized signal is in µV
while the amplitude for each thermal signal is in nV.
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FIG. 9: Schematic of the small-flip angle T1 measurement. The 13 C nuclei are hyperpolarized for a period of time
thp by applying the laser and microwave excitation at the optimal saturation frequency. The laser is then switched
off with an optical shutter and a series of n small-flip pulses along x are acquired spaced by a period τ . The
free-induction decay is acquired after each small-flip pulse. For clarity, 10◦ is chosen in the schematic. The
microwaves remain on during the experiment in an effort to minimize differences in NMR signal due to heating.
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(b) D2: 10% 13 C . Small-flip pulse
angle of 6.44◦ used.
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(a) D1: 1% 13 C . Small-flip pulse
angle of 10.12◦ used.
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(d) D4: 50% 13 C . Small-flip pulse
angle of 8.27◦ used.
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(e) D5: 100% 13 C . Small-flip pulse
angle of 8.27◦ used.

FIG. 10: T1,13 C values measured for each sample.

Data
T1 = 51.2 +\- 0.4 s

0.8
0.6
0.4
0.2
0.0
0

100

200

300

Time (s)

400

500

(c) D3: 25% 13 C . T1 data here
collected point-by-point.

