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EPR irradiation by a train of inverting pulses has potential
dvantages over continuous-wave EPR irradiation in DNP appli-
ations; however, it has previously been used only at high field (5
). This paper presents the design and testing of an apparatus for
erforming pulsed DNP experiments at 10 mT with large samples
17 ml). Experimental results using pulsed DNP with an aqueous
olution of a narrow-linewidth paramagnetic probe are presented.

maximum DNP enhancement of about 236 with a train of
nverting pulses (width 500 ns, repetition time 4 ms) was mea-
ured. A preliminary comparison showed that, when the same
nhancement value is considered, the pulsed DNP technique re-
uires an average power that is about three times higher than that
equired with the CW irradiation. However, for in vivo DNP
pplications it is very important to minimize the average power
eposited in the sample. From the experimental results reported in
his work, when considering the maximum enhancement, the
ulsed technique requires only 2% of the average power necessary
ith the CW DNP technique. We believe that this reduction in the
verage power can be important for future DNP studies with large
iological samples. © 1999 Academic Press

Key Words: DNP; EPR; pulsed; CW; single electron contrast
gents.

Dynamic nuclear polarization (DNP) is a double-resona
echnique that permits the enhancement of the polarizati
uclei in samples containing paramagnetic species (1). DNP
as many applications in physics, chemistry and biology.
xample DNP associated with Magnetic Resonance Ima
MRI) techniques permits the detection of stable nitroxide
adicals in large animals (this technique is known as pr
lectron double resonance imaging (PEDRI)) (2–4). Nitroxides
ave been widely used as probes of biophysical and bioc

cal properties such as (5) electrical potential, pH, temperatu
xygen concentration, molecular mobility of proteins and

ds in membranes, and enzyme activity. Nitroxides have

1 On leave from IPSIA and Istituto Nazionale Fisica Materia, Dipartim
i Scienze e Tecnologie Biomediche, Universita’ dell’Aquila, Via Vet
7100, L’Aquila, Italy. Address correspondence to Dr. M. Alecci, FMR
entre, Department of Clinical Neurology, University of Oxford, John R
liffe Hospital, Headington, Oxford, OX3 9DU, England; E-mail: alecc
mrib.ox.ac.uk.
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een studied as potential contrast agents for MRI (6). More
ecently, nitroxides have been used as tracers for low
uency electron paramagnetic resonance (EPR) imagin7)
nd in DNP cross-polarization experiments with biomolec

n frozen solutions (8).
Double-resonance experiments involving two-spin sys

an be performed with either continuous wave (CW) or pu
xcitation of the transitions of one spin while observing
ther spin. After the theoretical prediction of Overhause
953 (9), the first double-resonance experiment using the

echnique was performed by Carver and Slichter (10). The
ouble-resonance pulsed technique was originally de
trated by Solomon (11) for two nuclear species, this meth
eing known as the transient nuclear Overhauser effec
olomon’s experiment the relaxation times of the two nuc
pecies (1H and 19F) were of the same order (;1 s). For eac
cquisition cycle only one inverting pulse (p pulse) was ap
lied at the resonant frequency of the proton spins; the lo

udinal magnetization of the fluorine was detected and sho
transient decay in a time comparable to the longitud

elaxation times.
The majority of DNP experiments have been performed
W irradiation of the EPR transitions. Recently, pulsed D
as been proposed by Un and co-workers (12) for spectro
copic studies at very high field (5 T). Their main goal was
etection of13C spectra (from a powder sample of an orga
onductor) with increased signal-to-noise ratio and decre
verage microwave power deposited in the sample (12). The
ulsed DNP technique was demonstrated indirectly by divi

he experiment into two phases: (i) excitation of the elec
pins with a train of microwave (140 GHz) pulses, enhan
he proton polarization in a time comparable with the nuc
elaxation times; (ii) transfer of the proton polarization to

13C spins via a conventional cross-polarization method. Un
o-workers stated that, for a given average EPR power
ith an inhomogeneously broadened EPR spectrum, a m
alculation predicts higher pulsed DNP enhancement wit
pect to CW DNP (12).
In this Communication we describe the design and testin
pulsed DNP (pDNP) apparatus operating at very low fi

10 mT) suitable for detection of free radicals in large aque

-
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314 COMMUNICATIONS
amples. Direct experimental evidence of thepDNP technique
s shown with a water-soluble single line triarylmethyl pa

agnetic label. The main goal of thispDNP technique at low
eld is to increase the signal-to-noise ratio and/or to decr
he average RF power deposited in the sample.

The sequence forpDNP is shown in Fig. 1, where an “idea
rain of EPRp pulses is considered. This means that (i)
uration of the train ofp pulses,TEPR, is longer than th

ongitudinal proton relaxation timeT1p (infinite train); (ii) the
idth of eachp pulse,t p, is very small in comparison to th
lectron longitudinal and transversal relaxation timesT1e and
2e (instantaneous inversion); (iii) the pulse rise time and

ime are very short with respect tot p; and (iv) the bandwidth o
he p pulse is large enough to cover the full EPR spectrum
he paramagnetic probe. Moreover, we assume that the
esonator dead time,TD, is smaller than the pulse repetiti
ime, t r. These conditions influence the design of the hardw
nd the operating conditions of thepDNP instrument as dis
ussed in the following.
The T1e and T2e of the paramagnetic sample are impor

or the definition and optimization of thepDNP experimenta
equirements. As explained in the following, to reduce
ardware constraints paramagnetic samples withT1e ' T2e $
ms are required. Alternatively, becauseT2e is inversely pro
ortional to the linewidth of the paramagnetic sample, v
arrow lines are required (;5 mT). Nitroxide free radicals hav
een used extensively in previousin vivo EPR/DNP studie
2–8, 13, 14). Unfortunately, they have large linewidths (;150
T) and the measured relaxation times are too short (;350 ns)

15, 16). Perdeuterated nitroxides present much narrower
ines (;20 mT) and the linewidth is highly sensitivity
xygen concentration, making these compounds very inte

ng for biological applications (13).
Recently, a novel class of water-soluble triarylme

TAM) compounds have been proposed forin vivo EPR and
NP studies (17). The structure, synthesis, and character

ion of the TAM agents have been reported elsewhere (18). The
AM free electron contrast agents have one major very na
PR line and a number of small satellite EPR lines. Th
atellite lines arise from the hyperfine coupling of the

FIG. 1. Diagram of the sequence used for pulsed DNP.
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lectron with the13C nuclei of the contrast agent. A detai
escription of the EPR and DNP spectral properties of T
ompounds similar to that used in the present work has
ecently reported (19, 20). Kuppusamy and co-workers show
hat from CW EPR studies at 1.2 GHz the linewidth of
nalogue of TAM is;6 mT in absence of oxygen (21). From
W DNP measurements at about 10 mT, Konijnenburg
o-workers found that another analogue of TAM in wa
olution hasT1 3 T2 > 2.9 3 10212 s2 (22). The propertie
f the TAM compounds are appropriate to test thepDNP

echnique. A small amount was obtained as a gift from
omed Innovation AB (Malmo¨, Sweden) and was used
reliminarypDNP studies at 10 mT. A 1 mM water solution o
AM contained in a 17 ml sample tube (diameter 23 mm)
sed. The solution was deoxygenated with a flux of nitro

or about 2 h to reduce line broadening due to paramagn
elaxation.

Figure 2 shows a block diagram of the RF hardware
igned and tested in this work forpDNP at 10 mT. A puls
enerator (Lyon Instruments, model PG71) was used to
rate a TTL gating signal with variable width of 100 to 500
nd period of 1 to 20ms. The TTL signal was applied to t
xternal gate input of an RF source (Gigatronics, model

hat provided the EPR frequency of about 280 MHz wit
aximum nominal output of117 dBm. The external gating

he RF source could be disabled, allowing CW DNP meas
ents. A low-power directional coupler (Mini Circuit, ZAD
0-1) was inserted between the RF source and the p
mplifier (Kalmus, 400 FC), and its coupling output CPL (210
B) was connected to a high-frequency oscilloscope (Ph
M 3295A) for monitoring of the low-power transmitted (T
ulses. The power amplifier is a class-A linear amplifier
overs a frequency range of 1.5 to 400 MHz. When operat
W mode the maximum nominal power is 60 W (gain 48 d
homebuilt, high-power directional coupler (23) was used fo

FIG. 2. Schematic diagram of the radiofrequency hardware develope
ulsed DNP at 10 mT.



p ted
( ime
o 0 n
T cr
i we
l r)
p th
i w
a ad
w the
d d
s ig.
2 40
m a
1 ter
A Hz
( e
a 30
c M
c of
t p
w te
f

we
t
c -
t be
m ato
( a
P et
3 tap
( et
( an
s lity
f to
t yse
( it,
Z sur
t g
(
w

the
B

w c
fi .
F t
9 cy
p
h

w
l th
o me-
t r
t f
p
8 e
m the
r
p s a
m ere
r ctors
i e
m width
o idth
o ical
c PR
r u-
r gu-
l idth)
a

i a
b
b

w
t
c ality
f
L
h illo-
s ecay
o
t er
( e
r us
s r than
1 t is
s study
a

en-
a ired
w nce
s ere
a g

315COMMUNICATIONS
ower calibration and monitoring of the TX and reflec
RFX) high-power RF pulses. The measured rise and fall t
f the pulses at the power amplifier output were less than 1
he measured power (incident into the EPR resonator at

cal coupling) was about 13 W with nominal RF source po
evel of 0 dBm. An inductive loop (32 mm in diamete
ositioned in a sliding mechanism was used to match

mpedance of the EPR resonator to that of the RF po
mplifier. All the connections for the RF signals were m
ith 50 V coaxial cable (RG 58). The NMR hardware for
etection of the water proton signal at 10 mT has been
cribed previously (24) and is only schematically shown in F
. The NMR TX/RX originally designed for operation at
T (1.7 MHz NMR frequency) was modified for operation
0 mT by the inclusion of down- and up-frequency conver
70-turn solenoidal transmit/receive coil tuned to 425 k

dia 7.5 cm, length 7 cm) was used (23) and was placed insid
cylindrical 40mm copper foil shield (dia 20 cm, length

m). The EPR resonator was inserted centrally within the N
oil. Because the field of the NMR coil is coaxial with that
he EPR resonator, a variable decoupling capacitor (3–20
as connected in series with the coupling loop to avoid in

erence on the proton free induction decay (FID).
Previous studies have shown that, for a given EPR po

he loop gap resonator gives the maximum B1e field when
ompared to other resonator designs (25). This feature is par
icularly important forpDNP because the EPR power can
inimized. In this work a bridged one-loop one-gap reson

LGR) was used (25). The LGR prototype was built on
erspex cylinder (internal diameter 31 mm, external diam
8 mm, length 30 mm). A sheet of adhesive copper
thickness 10mm) was laid on the cylinder. A PTFE she
thickness 10mm) was used as dielectric and the gap width
eparation were 19 and 0.5 mm, respectively. A high-qua
actor variable capacitor (;30 pF, Oxley, UK) was used
une the LGR to the required frequency. A network anal
Anritsu, MS3606B) and a directional coupler (Mini Circu
AD-10-1) in a reflection configuration were used to mea

he LGR resonant frequency (f o > 280 MHz), the matchin
better than 25 dB), and the loaded quality factor (QL > 173
hen empty).
The flip anglea of the electron magnetization is given by

reit equation (26)

a 5 ge z B1e z tp [1]

herege 5 1.793 1011 rad s21 T21, B1e (T) is the RF magneti
eld in the rotating frame, andt p (s) is the width of the pulse
or ap pulse witht p 5 200 ns, a peakB1e amplitude of abou
0 mT is required. The magnitude of the LGR efficien
arameter,L, determines the power required for thep pulse. It
as been shown that for the LGR (25)
s
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f0 z r 0
2 z Z

, [2]

here P is the power incident on the resonator,QL is the
oaded quality factor, andr 0 andZ are the radius and the leng
f the LGR, respectively. The method of the perturbing

allic sphere (27) was used to measureL and we found that fo
he empty LGRL > 37 m/W1/2. The insertion of 11 ml o
hysiological saline solution reduced the quality factor (QL 5
6) and the measuredL was about 20m/W1/2. By using thes
easured values, the required peak power incident in

esonator is about 1 W with the empty LGR and 3 W with the
hysiological saline solution. The power amplifier provide
aximum power of only 60 W, and for this reason we w

estricted to using pulses with widths of 500 ns. Several fa
nfluence the accuracy with which theB1e amplitude can b

easured: RF source power output level; gain and band
f the RF power amplifier; coupling coefficient and bandw
f the high-power directional coupler; oscilloscope vert
alibration; and matching and efficiency factor of the E
esonator. We estimated thatB1e was measured with an acc
acy of about620%. Consequently, it was necessary to re
ate experimentally the peak EPR power (or the pulse w
round the expected value to select the inverting pulses.
Another factor to take into account withpDNP at low field

s the LGR ringing time. The appliedp pulse produces
uildup and decay ofB1e in the LGR with time constantt given
y (26)

t 5
QL

2p z f0
, [3]

heref 0 is the frequency of operation. The dependence oft on
he inverse of the frequency penalizes low-fieldpDNP appli-
ations. For example, at 280 MHz and assuming a qu
actor of 1000, we have thatt > 570 ns. Thet value for our
GR was measured using a power reflection method (26): the
igh-power directional coupler and high-frequency osc
cope (see Fig. 2) were used to monitor the buildup and d
f the reflected (RFX) power. It was found thatt > 160 ns for

he empty LGR andt > 110 ns with 23 ml of deionized wat
QL 5 155). If we assume that forpDNP experiments th
esonator dead time isTD ' 5 z t, this means that with aqueo
amples the repetition time should be chosen to be longe
ms. However, it is important to note that this requiremen

trongly dependent on the nature of the free radical under
nd the loading effect of the sample on the LGR.
pDNP experiments were carried out using 1 mM deoxyg

ted TAM in aqueous solution (17 ml). FIDs were acqu
ithout EPR irradiation (see Fig. 3a) to obtain the refere
ignal for the calculation of the DNP enhancement. FIDs w
lso acquired following a train ofp pulses under the followin
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316 COMMUNICATIONS
xperimental conditions: EPR irradiation frequency 279
Hz; EPR power of28 dBm at the RF source;t p 5 500 ns

r 5 20 ms; TEPR @ 500 ms. ThepDNP enhancement w
alculated as (1)

A 5
I z 2 I 0

I 0
, [4]

here I 0 and I z are the peak-to-peak amplitudes of the F
ithout and with the EPR irradiation, respectively. As repo

n Fig. 3b, the FID showed a significant increase of the
litude and thepDNP enhancement was about26 (the minus
ign is due to the phase inversion of the FID with respect t
eference signal). This EPR power of28 dBm corresponds
peak power of about 2 W in theresonator. The duty cycle

he train of pulses was 3%, and this gives an average
ower of about 60 mW at the sample.
The theory of pulsed DNP (12) predicts that the applicatio

f EPR pulses of arbitrary amplitude that produces a devi
f the longitudinal electron magnetization from the equilibr
alue will enhance the proton FID signal. However, only
exact” EPR power level corresponding to thep pulse will
roduce the maximum deviation of the longitudinal elec
agnetization from the equilibrium value (i.e., maximum D
nhancement). Any further increase of the power level
educe the FID enhancement, and a power level correspo
o a flip angle of 2p should give zero enhancement. As poin
ut in the experimental section, several factors influence

FIG. 3. Proton FID detected: (a) without EPR irradiation; and (b) wi
rain of EPR inverting pulses [EPR irradiation frequency 279.65 MHz;
ower28 dBm at the RF source (peak power of 2 W in the resonator);t p 5
00 ns;t r 5 12 ms; TEPR . 500ms]. The paramagnetic sample was 1 mM
AM in deionized water.
5
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e
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ccuracy with which the RF magnetic field can be measu
ecause of the modest accuracy (620%) of the measured R
ower, for a given EPR pulse width the peak EPR po
hould be experimentally regulated around the expected
orresponding to the inverting pulse. For these reasons,pDNP
xperiments were performed with a wide range of EPR po
between240 dBm and116 dBm at the RF source) usi
epetition times of 12 and 4ms. The pulse width was mai
ained at a constant value of 500 ns. It was found that the
mplitude was sensitive to the power level of the irradia
PR pulses. The FID peak-to-peak amplitude was use
alculate thepDNP enhancement according to Eq. [4].
elieve that the total number of pulses is important to esta
ow the enhancement converges to the maximum achie
alue. Unfortunately, with the present experimental appa
e are unable to clarify this particular aspect. For this re
e used a train of EPR pulses with a total duration

s much longer than the longitudinal proton relaxation t
TEPR @ 500 ms).

The experimental results reported in Fig. 4a for a repet
ime of 12ms show that (i) thepDNP enhancement follows
teady increase from zero to about28 for EPR power levels u
o 212 dBm, and (ii) for higher power, the enhancement sh
n oscillating behavior, with a first maximum of211 obtained
t power of28 dBm and a second maximum of210 at powe
f 17 dBm. The saturation limit of the power amplifier me

hat it was not possible to extend the measurements to h
ower levels. The results obtained with a shorter repet

ime of 4ms (Fig. 4b) show a similar oscillating behavior, w

FIG. 4. DNP enhancement versus the peak EPR irradiating powe
ained with (a) a train of pulses witht r 5 12 ms; (b) a train of pulses witht r

4 ms; and (c) CW irradiation. The EPR power of 0 dBm at the RF so
orresponds to 13 W of peak power incident on the loop gap resonato
aramagnetic sample was 1 mM of TAM in deionized water, and the
cquisition parameters were: EPR irradiation frequency 279.65 MHz;TEPR @

00 ms;t 5 500 ns.
p
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first maximumpDNP enhancement value of236 obtained a
power of 210 dBm. A second maximum in thepDNP

nhancement equal to about225 was observed at a power
4 dBm, although it was not as well resolved as for the lon

epetition time.
These experimental results demonstrated thatpDNP was

ctually being used and not merely discontinuous EPR ir
tion. The observation of these two maxima in thepDNP
nhancement is in accordance with a periodical variation o
lectron spin FID amplitude as observeddirectly with a 9 GHz
ulsed EPR spectrometer using nickel impurities in synth
iamond (28). As shown in Fig. 4, the first maximum in t
NP enhancement occurs with peak power of about 1.

210 dBm at the RF source) and pulse width of 500 ns. Fo
AM water sample the measured efficiency factor was a
4 mT/W1/2 and the corresponding flip angle is about 174°
reviously anticipated, the experimental errors affecting
GR efficiency factor, the pulse width, and the peak E
ower could explain the deviation of the estimated flip a

rom the theoretical value of 180° (inverting EPR pulse).
ust point out that the minimum in the oscillating pulsed D
nhancement curves of Figs. 4a and 4b does not reach th
alue as might be expected. This is probably due to
esonance effects of the irradiating EPR pulse and/or inh
eneity of the RFB1e field within the sample volume. Mor
ver, from Figs. 4a and 4b we observe that for the sh
epetition time the oscillations in the DNP enhancement
ess distinct and shifted by a few decibels with respect to
ata obtained with the longer repetition time. With the sho
epetition time we are approaching the resonator dead
nd this could explain these findings.
A preliminary comparison of the enhancement obtained

hepDNP and the CW DNP techniques was obtained with
resent apparatus. The FIDs using CW irradiation (TEPR @ 500
s) were acquired with EPR power between242 dBm and21
Bm at the RF source. The measured CW DNP enhance
eported in Fig. 4c shows a steady increase from21 to abou
50 for peak EPR power levels up to225 dBm. For highe
ower the enhancement reaches a “plateau” with a maxi
alue of about278 with a peak level of21 dBm. This
ariation of the DNP enhancement is a standard feature fo
PR irradiation and can be explained by the progressive

ation of the EPR transition (1). For the TAM agents Ardenk
aer-Larsenet al. (19) reported a CW DNP enhancement
nfinite concentration of the agent and at infinite EPR irrad
ng power,A`, of about2270. A smaller value (A` 5 2233)
as been reported by Konijnenburget al. (22) using TAM in
ater solutions. In our experimental conditions, we estim

hat the CW saturation factor was about 0.98 and the lea
actor was about 0.33 (from the TAM relaxivity data repor
n Ref.19). This should explain why we have measured a lo
W DNP enhancement (A 5 A` z f z s) value than have oth
roups. Recently, a maximum enhancement of260 in the
r
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ascular area and a value of2100 in the urine bladder of livin
ats have been reported by Golman and co-workers (20).

It is interesting to compare the average power require
he two DNP techniques when thesameenhancement is co
idered. This can be obtained from the results reported in
b and 4c with the peak power in the range of230 to 210
Bm. We observe that in this range the pulsed techn
equires about 14 dBm peak power more than the CW
echnique. This means that, when thesameenhancement valu
s considered, the pulsed DNP technique requires an av
ower that is about three times higher than that required

he CW irradiation. Of course this comparison can be m
nly for enhancement values less that236, since this corre
ponds to the maximum value observed with the train of pu
ith 4 ms repetition time.
For in vivo DNP applications it is very important to min
ize the average power deposited in the sample. The re

eported in Fig. 4b shows that with a train ofp pulses (width
00 ns, repetition time 4ms) the maximum DNP enhancem
f about236 was obtained with a peak level of210 dBm a

he RF source. From the results reported in Fig. 4c, the
mum CW DNP enhancement of about278 was obtained wit

peak level of21 dBm at the RF source. In the pres
xperimental conditions and considering the maximum
ancement achievable, the pulsed technique requires on
f the average power necessary with the CW DNP techn
e believe that this reduction in the average power

e important for future DNP studies with large biologi
amples.
Ardenkjaer-Larsenet al. (19) have reportedT1e 5 11ms and

2e 5 9 ms for the TAM agents in deoxygenated isotonic sa
nd at infinite dilution. In practical conditions, much sho
elaxation times are obtained. From DNP studies at 8.5
onijnenburget al. (22) have previously reported that for
M TAM in water T1e 3 T2e 5 2.9 3 10212 s2. Assuming a

orrelation time of the order of 10 ps (similar to that of sm
itroxides) and considering an irradiating frequency of
Hz, it can be shown (15) thatT1e ' T2e. Thus, from the dat

eported by Konijnenburget al. (22), we estimate that for th
mM TAM solutionT1e should be about 1.7ms. In the presen

tudy, the full width at half-amplitude,DB1/ 2, of TAM was
erived from the CW DNP enhancement as a function o
PR irradiating frequency (main field 10 mT). We found t

or our sampleDB1/ 2 > 20 mT, and this gives an estimatedT*2
alue of 0.5ms. With these values in mind, it is not surpris
hat the train of EPR pulses with 4ms repetition time i
ffective in increasing the maximum enhancement as
ared to the pulses with 12ms repetition time. As the repetitio

ime is further decreased we do not expect a decrease
aximum enhancement. For very short repetition times
ulsed DNP technique should “converge” to the CW te
ique. Consequently, the oscillations in the enhance
hould disappear and the enhancement should show a
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ncrease as a function of power until the plateau is reac
his is approximately the behavior of the DNP enhancem
eported in Fig. 4. However, we were not able to observe
ransition in more detail because of the limitation due to
ead time of the EPR resonator.
In conclusion, an apparatus forpDNP at 10 mT has bee

esigned and the most important experimental problems
PR power, pulse width and repetition time, resonator

ime) have been addressed. The enhanced FID of protons
train of inverting EPR pulses has been detected by us
ater soluble TAM single-electron contrast agent with a v
arrow (;20mT) EPR line. A maximum DNP enhancemen
bout 236 with a train of inverting pulses (width 500 n
epetition time 4ms) was measured. A preliminary comparis
howed that, when the same enhancement value is consi
he pulsed DNP technique requires an average power t
bout three times higher than that required with the CW
iation. However, forin vivo DNP applications it is ver

mportant to minimize the average power deposited in
ample. From the experimental results reported in this w
hen considering the maximum enhancement, the pulsed
ique requires only 2% of the average power necessary

he CW DNP technique. We believe that this reduction in
verage power can be important for future DNP studies

arge biological samples. With CW DNP the saturation o
PR line is not a linear function of the power. In particu
ith large lossy samples, to achieve a high degree of satur

he corresponding EPR power can be very large or prohib
because of instrumental and/or SAR limitations). Of cou
he use of narrow-linewidth paramagnetic agents mak
asier to achieve a given degree of CW EPR saturation
ulsed DNP method proposed in this work aims to overc

he EPR power irradiation problem, and it is not limited
arrow-linewidth agents. We have chosen the TAM pr
ecause the instrumental constraints are less severe an
ecause there is a strong interest in the use of TAM
NP/EPRin vivo oximetry (17–22). Experimental evidence

he pulsed DNP technique with a perdeuterated nitroxide
adical (linewidth 87mT) has been reported elsewhere (31).

ith the present apparatus, because of the dead time o
GR, the EPR pulse repetition time must be longer than 1ms.
t moment this is one of the main instrumental constraints
DNP at low frequency. However, in the context of pul
PR, several methods have been recently proposed (29, 30) to
ecrease the resonator dead time and are being investig
Finally, in this work the main experimental problems

ow-field (10 mT) pulsed DNP have been addressed. How
here are many theoretical and experimental issues that
urther investigation. For example, it will be very importan
ave a detailed theoretical comparison between the enh
ent achievable with the two DNP techniques. Moreove
ill be interesting to know the dependence of the pulsed D
nhancement on the EPR irradiation power, the EPR p
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