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a b s t r a c t

Noise measurements of nuclear spin systems using a tuned circuit can reveal the signatures of two dif-
ferent phenomena: Thermal circuit noise absorbed by the spin system, and nuclear spin-noise leading
to tiny fluctuating magnetization components. Polarization enhancement can increase the observed
noise amplitudes due to an enlarged coupling with the reception circuit. In this work we explore the
detection of noise in 1H NMR of liquid water samples whose spin alignment is enhanced via ex situ
dynamic nuclear polarization. A number of ancillary phenomena related to this kind of experiments
are also documented.

! 2010 Elsevier B.V. All rights reserved.

1. Introduction

Spin-noise describes the fluctuating signals emanating from a
collection of spins, and is a result of the quantum measurements
of spin values. This phenomenon was predicted by Bloch in 1946
[1], but at that time could not be detected. Sleator et al. were
able to measure nuclear spin-noise for the first time using a so-
lid sample at liquid helium temperature [2,3]. Later, Ernst and
McCoy [4], and independently Guéron and Leroy [5] demon-
strated that spin-noise was also observable at ambient tempera-
ture with a conventional liquid-state NMR spectrometer on
concentrated samples. Nuclear spin-noise was also detected opti-
cally using a technique based on Faraday rotation [6]. Recently,
nuclear spin-noise was detected in the presence of magnetic
field gradients along different directions and exploited for recon-
strucing a two-dimensional image of the cross section of a phan-
tom without the use of radio-frequency (rf) irradiation [7]. Spin-
noise NMR could also be important in other practical applica-
tions: it has been proposed, for instance, for determining opti-
mum tuning conditions of NMR probes [8,9]. With
cryogenically cooled probes the observation of nuclear spin-noise
phenomena has become relatively straightforward when dealing
with large (!1020–1022) numbers of spins [10,11]. The detection
of spin-noise with conventional (ambient-temperature) high-res-
olution probes is also possible, albeit at somewhat longer accu-
mulation times. Still, further applications of these effects are
certainly limited by fundamental sensitivity issues. The quantum

origins of the spin-noise phenomenon have been discussed by
Hoult and Ginsberg [12].

The weakness of spin-noise NMR also raises the question of
whether or not hyperpolarization techniques could be useful for
amplifying the detected signals. Although the spin fluctuations or
spontaneous emission probabilities should not experience any sig-
nificant enhancement due to an increased spin polarization [3], the
detection sensitivity could be enhanced indirectly, via an increase
in the coupling to the rf-circuit (radiation damping) [13,14]. Re-
cently, noise detection was enhanced in such fashion to enable a
measurement of hyperpolarized solutions of 129Xe without rf irra-
diation [15]. This state was generated by optical pumping [16,17].
Alternative methods that could be exploited in this kind of exper-
iments include chemical synthesis using parahydrogen [18,19] and
microwave-driven magnetization transfers from electrons to near-
by nuclei by dynamic nuclear polarization (DNP) [20–23]. DNP is
probably the most generally applicable among these methods,
leading to signal-to-noise (SNR) enhancements of thousands or
tens of thousands compared to conventional NMR [24,25]. The
most natural approach to exploit the benefits of DNP within the
framework of a NMR experiment would be to perform the micro-
wave irradiation in situ. Although this is a method of choice for
the polarization of solid state NMR signals [26], the inefficiency
of the electron-nuclear spin transfer mechanisms in liquids at high
field makes this procedure inappropriate to enhance signals in a
high-resolution NMR setting [21,23]. An alternative way of record-
ing DNP-enhanced liquid-state NMR data is to perform the polari-
zation ex situ, at low temperatures in a glassy state, and then
rapidly dissolving the sample with hot solvent vapors that concur-
rently transfer it to an NMR spectrometer for a conventional acqui-
sition [24,25]. This approach has led to promising developments
and applications in the field of in vivo NMR spectroscopy and
imaging [27–30]. Ex situ DNP NMR was also recently combined
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with spatially-encoded ultrafast methods [31,32], leading in a
single-scan to multidimensional spectra of hyperpolarized samples
[33,34].

The question arises about how to distinguish spin-noise signals
from noise signals originating from the absorption of circuit noise
by thespins. In thisworkwedescribea seriesofmeasurementsmade
utilizing this ex situDNP procedure, on 1H NMR resonances of liquid
water. Although hyperpolarization enhances the noise measure-
ments, it does not provide the means for making this experiment
more sensitive than its traditional pulsed NMR counterpart. A theo-
retical analysis and numerical fitting of the experimental results,
however, show that the observed signals in the hyperpolarization
case originate from absorbed circuit noise rather than spin-noise.
Althoughthe latter is theoretically alsoobservable inhyperpolarized
samples it would not be enhanced, and therefore would not be ob-
servable under the relatively low spin concentration conditions as-
sayed in this work. A number of additional, interesting features
emerge fromstudying theeffects of hyperpolarizationonnoisemea-
surements; these included resonance frequency shifts and line
broadening phenomena arising from radiation-damping effects,
which besides clarifying the noise phenomena themselves provide
insight into the details of the ex situ DNP process.

2. Theory

A simple analysis should highlight the distinction between
spin-noise (SN) and absorbed circuit noise (ACN). Starting from
the basic Nyquist noise relationship one may write for the voltage
spectral density according to Sleator et al. [2,3]

SV ðxÞ ¼ 2
p kB½TcRc þ TsRsðxÞ'; ð1Þ

where Tc and Rc are the circuit temperature and resistance, and Ts
and RsðxÞ the sample temperature and (frequency-dependent)
sample resistance. The second term in this equation originates from
the fluctuating magnetization components of the sample arising
from SN. Sleator et al. [2,3] have further shown that for a spin-1/2
the SN term is constant regardless of spin temperature (and there-
fore also regardless of polarization). In any conventional measure-
ment by a tuned circuit, however, one would measure the current
spectral density

SIðxÞ ¼ 2
p kB

TcRc þ TsRsðxÞ
jZc þ ZsðxÞj2

ð2Þ

with Zc and Zs denoting the circuit and sample impedances.
Before moving onto more quantifiable expressions, it is useful

to investigate this equation on-resonance with negligible detuning,
where Zc = Rc and Zs ¼ Rs and one has

SIðxÞ ¼ 2
p kB

TcRc þ TsRs

ðRc þ RsÞ2
: ð3Þ

In thermal equilibrium (Ts = Tc), this expression predicts a ‘dip’ into
the circuit noise. In the absence of SN, a dip would also be seen,
but it would be deeper. For a hyperpolarized sample on-resonance
and considering a negligible linewidth, one can write Rs ¼
l0cLcgx0KMz, with Mz being the thermal polarization, K the
enhancement factor, g the filling factor, and Lc the circuit induc-
tance. Since, by definition the spin-temperature Ts would be re-
duced by a factor K, the SN term in the numerator would remain
constant. For a sizable K-factor, then, one would still observe a
dip, with a negligible contribution of SN. Under these circum-
stances, the dip can be regarded as originating from circuit noise ab-
sorbed by the spins – absorbed circuit noise (ACN). In this Letter we
refer to ‘noise measurements’ when we mean the measurement
process and to SN and ACN when we describe the underlying mech-

anism. We continue with a more quantitative description of the rel-
evant circuit equations, which will allow us to determine the
conditions under which ACN and SN can be observed in polarized
samples, and provide simulations fitting the experimental data.

Starting from the basic Nyquist noise relationship, McCoy and
Ernst [4] and Sleator et al. [2,3] derived the expressions describing
the line shapes expected fromthe spin-noiseNMRsignals. Following
Eq. (10) of Ref. [4], one can modify above expressions to include a
treatment of both hyperpolarized samples and cryogenically-cooled
receiver circuits [9], and write the noise current spectral density as

SIðxÞ ¼ q
1þ aðDxÞk0r

½1þ aðDxÞKkr'2 þ ½dðDxÞKkr þ 2QDxc=xc'2
; ð4Þ

where aðDxÞ and dðDxÞ are the absorptive and dispersive spectral
line shapes, xc the circuit tuning frequency, Dxc the deviation of
the Larmor frequency fromxc, and the radiation-damping rate con-
stant of a thermally polarized sample is

kr ¼ 1=Trd ¼ 1
2
gQcl0Mz ð5Þ

with g the filling factor, Q the quality factor, c the gyromagnetic ra-
tio, l0 the permeability of space, and Mz the z-magnetization of a
thermally polarized sample. The modified rate constant including
the temperature effect of the receiver circuit and the sample [9] is

k0r ¼ kr
Ts

Tc
¼ kr#; ð6Þ

where Ts is the sample temperature and Tc the circuit temperature.
For ambient temperature probes, # ¼ 1, and for cryoprobes, # ( 1.

It was recently reported that under on-resonance tuning condi-
tions, both negative (‘dips’) and positive (‘bumps’) noise power sig-
nals can be observed on top of the thermal noise in experiments
involving cryoprobes [9]. In analogy to the derivation of Eqs.
(11)–(14) of Ref. [4] and Eq. (5) of Ref. [9], one can define the con-
dition for measuring noise absorption peaks (dips) at the noise tun-
ing optimum

k2
#

K
) 2

! "
< Kkr ð7Þ

with k2 ¼ 1=T*
2 (assuming Lorentzian lineshapes), where T*

2 is the
transverse relaxation time including both homogeneous and inho-
mogeneous contributions. A bump always indicates SN (in particu-
lar, a bump is always seen for a saturated sample), while a dip will
have contributions from both ACN and SN. Eq. (7) indicates that,
when the enhancement is large (K( 1), noise signals will appear
in the form of dips in both room temperature and cryoprobes. Low-
ering the circuit temperature further increases the contribution of
SN, while enhancement of polarization increases the contribution
of ACN. We set out to explore the latter changes by means of ex situ
liquid-state 1H DNP NMR.

3. Experimental

The samples examined in the DNP experiments were prepared
by dissolving 4-Oxo-TEMPO (Aldrich) in a 1:1 H2O:DMSO-d6 v/v
mixture (Cambridge Isotope Laboratories), so as to yield a 30 mM
radical concentration. For the spin-noise experiments 200 lL of
this solution were used; 50 lL aliquots of the same mixture were
also used for studying the decay of the H2O NMR signal after
hyperpolarization. To perform the DNP enhancement these sam-
ples were placed inside the helium-cooled variable-temperature
insert located inside a 3.35 T Hypersense" polarizer (Oxford Instru-
ments). These glass-forming samples were then cooled to 1.4 K,
and irradiated for 15 min at 94.08 GHz with a microwave power
of 100 mW, after which the solid-state probe indicated that a
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polarization plateau was reached. Following its hyperpolarization,
the sample was suddenly dissolved in pre-heated D2O vapors
(Cambridge Isotope Laboratories), and chased with a 5 atm
99.999% He gas stream into the NMR tube located within the mag-
net. Additional tests revealed that the actual solvent volume to
which the hyperpolarized samples were diluted in these cases
equaled approximately 2.2 mL. The transfer time between dissolu-
tion and arrival in the NMR tube was determined to be 0.75 s. The
temperature of the solution in the NMR tube was determined to be
312 K by measuring the frequencies of injected solutions of water
and methanol. Additional spectroscopic imaging measurements re-
vealed that a temperature gradient across the sample, if present,
would not have been in excess of 2 K.

The NMR measurements themselves were carried out on an
11.7 T Varian Inova spectrometer, equipped with a 5 mm probe
including triple axis gradients. For all experiments, the probe was
detuned by )1.3 MHz with respect to the 1H resonance frequency
to reach the spin-noise tuning optimum (SNTO) [9]; this is the
reception-tuning condition [8], and its value was chosen so as to
obtain a purely negative dip for spin-noise experiments. The qual-
ity factor Q of the probe was determined from the tuning curve as
190. For the spin-noise experiments, the transmitter cable was dis-
connected from the 1H amplifier while the NMR data were ac-
quired. Spin-noise acquisitions lasted 8 s for conventionally-
polarized samples and 16 s for the DNP-enhanced ones; in all
cases, data were sampled over a 2 kHz spectral width (500 ls dwell
times between the complex-valued data points). The resulting ac-
quired data string was exported from the spectrometer, spliced
into 2000-point arrays, and Fourier-transformed in power spec-
trum mode (square of absolute value). Eight consecutive power
spectra were subsequently co-added to improve the overall sig-
nal-to-noise ratio (SNR). Ancillary DNP-enhanced NMR experi-
ments were also recorded; these data acquisitions were started a
few seconds prior to the sample’s dissolution and ejection from
the hyperpolarizer, so as to allow for a more precise determination
of the initial sample injection moment. These measurements were
aimed at characterizing the behavior of the 1H liquid signal after
concluding the hyperpolarization; toward this end a total of 1000
NMR signals were recorded on DNP-enhanced samples using 0.8
degree excitation pulses (pulse duration 1 ls), an acquisition time
of 0.2 s (50 ls dwell time), and no delays between scans. All pro-
cessing was performed using Matlab".

4. Results and discussion

As a first step in this spin-noise analysis, the enhancement fac-
tor K involved in Eq. (4) was independently determined. To do so, a
series of small flip-angle NMR experiments was collected, as a
function of time elapsed following a DNP-enhanced sample injec-
tion. The integral of the resulting signals should yield a reliable
indicator of the relative enhancement factor, and when compared
to the integral at thermal equilibrium, it should yield the absolute
value of this enhancement. Fig. 1 illustrates the typical time pro-
gression observed for the resulting 1H NMR spectra, plotted in 4 s
increments and in a normalized fashion. Two main features are
apparent from this time progression. One is the large linewidth
of the resulting peak; reaching up to !1190 Hz at very short times
following the injection, and decreasing to normal values of a ther-
mally polarized sample afterwards. This effect was initially
thought to be mainly a result of large DBo field inhomogeneities
associated with air/gas bubbles arising upon executing the sudden
sample injection. On the other hand, in the strong radiation-damp-
ing regime, the linewidth is dominated by the radiation-damping
time constant. Therefore, if Kkr ( k2 the linewidths of these spec-
tra would be dominated on Kkr. Hence, the resulting widths should

also correlate with the polarization’s progressive time decrease;
this behavior is indeed experimentally observed. Still, it should
be noted that these radiation-damping effects should result in a
symmetric broadening of the resonance; some of the asymmetries
evidenced at short times by the peaks shown in Fig. 1, should
therefore be assigned to heterogeneities that have not yet settled
after the sample is injected. A second remarkable feature evi-
denced by the DNP-enhanced 1H resonances in Fig. 1 is the appear-
ance of clear shifts that the resonances undergo as a function of
time following the sample injection. Although shifts may be ex-
pected due to nuclear-spin-induced dipolar fields [35], such effects
would be minor (up to !14 Hz at the observed enhancement fac-
tors). At this point it is much more likely that these shifts are
caused by radiation-damping induced shifts [13,36,37], which de-
crease over the course of time as the spin polarization decays. Inde-
pendent experiments at variable microwave irradiation times
show that an overall good correlation between linewidths, fre-
quency shifts, and polarization levels is indeed observed, even if
inhomogeneities partly mask these effects – especially at early
times after injection.

Fig. 2 summarizes the relevant aspects of these DNP-enhanced
NMR data in a more quantitative fashion, by plotting the relative
integral, linewidth, and frequency shift values of these spectra as
a function of time after injection. For the sake of convenience all
these parameters are plotted normalized to the values they took
6 s after the sample’s injection; a time chosen since it was observed
that from this point onwards all the parameters followed an
approximately exponential decay vs. time. Notice that the signal
integrals do not follow a perfectly exponential behavior, especially
immediately following the sample’s injection. Here their values are
smaller than expected; possible causes underlying this effect could
relate to the fact that (i) the sample has not yet settled completely
in the tube and air bubbles may still occupy a sizable fraction of the
coil’s volume; or (ii) radiation-damping phenomena could be coun-
teracting the effects of the rf pulses used for the excitation [38] –
especially given the very weak fields that were used in order to
preserve the largest possible fraction of the enhanced magnetiza-
tion along the z-axis. Still, these deviations are not severe, and a
mono-exponential behavior of these integral values sets in after
approximately 2.3 s, with a decay constant of 6.5 s (an independent
inversion-recovery measurement from a sample with the same
composition gave a T1 constant of 7.5 s). The post-injection

Fig. 1. Small flip angle (0.8#) spectra of hyperpolarized water signals after injection
into the NMR spectrometer, at 4 s intervals. After injection, the signals narrow and
the frequency shifts as discussed in the text.
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enhancement factor achieved by ex situ DNP was estimated from
the mono-exponential decay of these signal integrals: a K = 705
enhancement then resulted vis-à-vis thermal polarization.

Interestingly, much more severe are the deviations from mono-
exponentiality displayed by the remaining two observables mea-
sured in these DNP characterizations: the linewidth and the fre-
quency shift of the hyperpolarized H2O signals. While these
parameters follow approximately the same exponential decay
behavior as the signal’s integral at times P6 s after the sample’s
injection, they are considerably different at shorter intervals. The
origins of these deviations are not entirely clear; it is known, how-
ever, that hyperpolarized sample line shapes may show a complex
behavior immediately following their injection [39]. Part of this
behavior could be due to inhomogeneities created upon flowing
the sample into the NMR tube; for instance by the generation of
a transiently concentrated sample, which gets diluted as the
NMR tube is filled up and homogenized by the solvent being
‘chased’ over the first 1–1.5 s (with associated transient relaxation
effects), and/or due to the presence of thermal gradients arising
from the externally injected sample.

Fig. 3 shows a comparison of a noise spectrum at thermal polar-
ization, with a series of 1H noise spectra arising from the same DNP
polarization-enhanced sample as a function of time. The thermally
polarized 1H noise spectrumwas performed in order to identify the
correct circuit tuning conditions [8,9], as well as to extract all the
remaining parameters needed for the simulation of DNP-enhanced
noise measurements. A simulation based on Eq. (4) with K = 1
(thermal polarization), # ¼ 1 (room temperature probe), and
kr = 38.4p rad/s fitted the experiment best. With these results at
hand, the progression of the spin-noise 1H power spectra arising
from DNP-enhanced water following the sample’s injection into
the NMR (Fig. 3) could be analyzed. Although the individual data
strings leading to these spectra were digitized over 1 s, eight suc-
cessive data sets had to be signal averaged for each measurement.
In order to show the behavior of the noise spectra as a function of
polarization decay, consecutive panels represent the spectra ob-
tained from data strings starting at the indicated time after injec-
tion. As a result, the data are obtained from interleaved blocks.
This overlap was unavoidable in order to show the decay of the
noise signal with a reasonable SNR. Simulations of the resulting
experimental data could then be performed on the basis of Eq.
(4) with no fitting parameters: the enhancement factor K = 705

was extrapolated from Fig. 2; the radiation-damping constant
was taken from the thermal noise measurement and divided by
the dilution factor of 22 (concentration difference between the
100% H2O sample and the DNP sample); and the T1 value was de-
rived from the exponential fit of the integrals as shown in Fig. 2.
The exponential decay was considered to adjust both the linewidth
and the frequency shift through the time course of the experiment,
as indicated by Figs. 1 and 2. Each simulated spectrum is hence the
result of an average of frequency-shifted and enhancement-ad-
justed noise spectra calculated according to Eq. (4), over the 8 s
span involved in the experiment’s signal averaging. Overall, a very
good agreement results between these theoretical predictions and
the experimental traces. The most evident feature in this time ser-
ies is that, as the DNP-imparted spin polarization decays, the noise
signal becomes narrower and smaller – eventually disappearing
into the circuit noise. Indeed, at this dilution factor, the sample-
generated noise effect is not observable on a thermally-equili-
brated sample within such short signal-averaging times. Another
notable agreement between the predictions and the experiments
rests in the asymmetry displayed by the noise spectra within the
first three experiments following the sample’s injection. This
asymmetry arises from the effects of the radiation-damping-de-
rived frequency shift effects during the course of the experiment
(noted in Fig. 1); as expected, these effects (and their consequences
on the noise profiles) also diminish over time.

In observing these transient noise phenomena, it would have
been particularly interesting to investigate situations where the
protons are initially endowed with a negative polarization (thereby
leading to a negative kr term in the denominator of Eq. (4)). The
polarization could have been created by carrying out DNP on the
opposite-polarizing transition; i.e., by pumping microwaves onto
the double-quantum instead of on the zero-quantum transitions
[22]. Unfortunately, given the available hardware this option could
not be realized (our source’s 400 MHz bandwidth could not cover
the necessary shift in microwave frequency). Still, we attempted
to invert the enhanced polarization by applying a 180 degree pulse
inside the NMR spectrometer, followed by a strong field gradient to
dephase transverse magnetization which could have otherwise ini-
tiated a burst of signal due to radiation-damping feedback [13].
Even with such precaution, however, noise initiated a radiation-
damping reaction, flipping the magnetization quickly back to its
equilibrium position (observable as a burst in the detected signal).
In fact, a recent report described multiple such spontaneous ‘ma-
ser’ bursts for dissolved hyperpolarized 129Xe [40]; a very interest-
ing effect which may be the signature of non-linear spin dynamics
such as spectral clustering [41]. Only a single burst was seen in our
1H DNP experiments; a fact which was attributed to the much
shorter T1 times compared to the noble-gas case [40]. Although
much longer T1 times could of course be explored in 13C NMR, no
such bursts were seen altogether in ancillary DNP-enhanced 13C
NMR experiments – not even a single one. This behavior, arising
in spite of the very high polarization levels achievable in such sys-
tems (+30–50 %), is likely a reflection of the very low radiation-
damping constants involved in low-c setups.

We highlight that the DNP approach leads to the enhanced
detection of noise signals via the increase of the coupling with
the coil. On a microscopic level, there may be difficulties in produc-
ing a fundamental physical picture that would delineate the differ-
ence between radiation-damping phenomena and genuine
absorbed circuit noise and spin-noise effects, since the former are
present in any measurement process [12]. DNP hyperpolarization
can therefore also be used to examine the dynamic ranges of all
these phenomena. The Nyquist treatment can be adjusted properly
to include the effects of a large polarization and fits the experimen-
tal data very well with the major contribution arising from ab-
sorbed circuit noise under the conditions considered in this work.

Fig. 2. Integral vs. time, linewidth vs. time, and frequency (of the maximum) vs.
time dependencies of hyperpolarized water samples. All three plots are normalized
at !6 s after injection, in order to compare the decay behavior. A mono-exponential
fit with T1 = 6.5 s is shown as well (dashed line).
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5. Conclusion

The ex situ DNP approach usually employed to hyperpolarize di-
lute 13C or 15N spins in metabolites, can also give enhancement lev-
els approaching 1000 for conventional 1H NMR samples such as
water. This effect in turnmay open a number of interesting avenues
to explore the physics of hyperpolarized high-c spins in liquids. The
present study reported a number of such features, with an empha-
sis on the detection of sample noise signals. It was demonstrated
that these kinds of power spectra could be observed even from
low-concentration samples, provided that these are pre-enhanced
by DNP. This polarization enhancement leads to an increased cou-
pling of the fluctuating signals with the reception circuit, thus
enhancing the detected signals. The study of the noise processes
in the presence of high polarization may allow one to better under-
stand the interplay between genuine spin-noise phenomena, ab-
sorbed circuit noise, and the detection process, which is amplified
by radiation damping. Using the Nyquist treatment, we have also
shown that the contribution of spin-noise to the signals diminishes
as polarization levels increase. Marked line broadening and fre-
quency-shifting effects were also seen related to radiation-damping
effects. Both the linewidth and the frequency shifts decayed to-
gether with the hyperpolarized sample’s magnetization, although
without exhibiting the polarization’s nearly mono-exponential T1-
driven decay. Potential reasons underlying this behavior and re-
lated to sample inhomogeneities were put forward, and are the tar-
get of further research. Regardless of these deviations, there was
excellent agreement between the overall features revealed by
pulsed NMR regarding the post-DNP 1H polarization behavior,
and independent noise experiments. Multiple maser effects from
spin-temperature inversion were also sought, but could not be
found in these DNP-enhanced 1H NMR experiments – most likely
as a result of the short T1 times involved.

We trust that liquid-state DNP experiments like the ones here
reported can lead to a better understanding of many basic phe-

nomena in NMR, such as the spin-noise and absorbed circuit noise
mechanisms.
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