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Dissolution Dynamic Nuclear Polarization (dDNP) was invented almost twenty years ago. Ever since,
hardware advancement has observed 2 trends: the quest for DNP at higher field and, more recently,
the development of cryogen free polarizers. Despite the DNP community is slowly migrating towards
‘‘dry” systems, many ‘‘wet” polarizers are still in use. Traditional DNP polarizers can use up to 100 L of
liquid helium per week, but are less sensitive to air contamination and have higher cooling power.
These two characteristics make them very versatile when it comes to new methods development.
In this study we retrofitted a 5 T/1.15 K ‘‘wet” DNP polarizer with the aim of improving cryogenic and

DNP performance. We designed, built, and tested a new DNP insert that is compatible with the fluid path
(FP) technology and a LOgitudinal Detected Electron Spin Resonance (LOD-ESR) probe to investigate rad-
ical properties at real DNP conditions. The new hardware increased the maximum achievable polarization
and the polarization rate constant of a [1-13C]pyruvic acid-trityl sample by a factor 1.5. Moreover, the
increased liquid He holding time together with the possibility to constantly keep the sample space at
low pressure upon sample loading and dissolution allowed us to save about 20 L of liquid He per week.
� 2022 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

In recent years, hyperpolarized Magnetic Resonance (MR) has
become a well-established branch of MR thanks to the unprece-
dented sensitivity gain it can give access to [1–11].

Among the different hyperpolarization techniques targeting the
liquid state, dissolution Dynamic Nuclear Polarization (dDNP) is
probably the one requiring the most expensive and technically
demanding hardware [12]. Invented in 2003 by Ardenkjaer-
Larsen and co-workers [13], dDNP produces solutions of hyperpo-
larized nuclei by suddenly dissolving solid frozen samples pre-
pared by DNP [14]. Being the polarization transferred to the
nuclei of interest from unpaired electron spins via microwave irra-
diation, operating at low temperatures (1–1.5 K) and high mag-
netic field (3.35 – 7 T) [15–17] is a key requirement for this
technique. Indeed, the electrons’ Boltzmann polarization sets the
theoretical limit that the nuclear spins can achieve.

These experimental conditions are provided by the so-called
‘‘dDNP polarizer”. In its most general definition, a dDNP polarizer
is a cold-bore magnet equipped with a source/waveguide appara-
tus able to shine microwaves at the appropriate frequency onto
the magnet isocenter, and a dissolution system that instantly melts
and extracts the hyperpolarized sample. Most importantly, liquid
He is used to cool the sample down to the target temperature. Tra-
ditional dDNP polarizers [15,18,19], based on a ‘‘wet-cryostat”
design needing the provision of liquid He from an external source,
can use up to 100 L of the cryogenic fluid per week. Liquid He is a
non-renewable expensive commodity, and not all facilities are
equipped with recovery systems. Therefore, the dDNP community,
inspired by the clinical and commercially available SPINlab (GE
Heathcare, Chicago Illinois, USA) [20], is progressively moving
towards cryogen-free systems able to recondense the boiled off
He gas in a closed loop by using a cryocooler [21–23]. These sys-
tems are excellent ‘‘workhorses” for application experiments and
have the clear advantage of low running costs and absence of cryo-
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genics to handle. Moreover, they are often equipped with a disso-
lution apparatus based on the fluid path (FP) technology to mini-
mize the heat load during the process [20,21,23]. Indeed, the FP
allows to efficiently melt the hyperpolarized sample without
repressurizing the sample space and having to introduce an exter-
nal dissolution wand.

Nevertheless, cryogen-free systems have three main disadvan-
tages: a high upfront investment, a limited cooling power (few
Watts), a higher sensitivity to air contamination.

On the other hand, ‘‘wet cryostat”-based dDNP polarizers are
still used on a daily basis by several groups [24–27]. These systems,
being more robust and offering higher cooling power, are very flex-
ible and versatile when it comes to methods developments. The old
generation of dDNP polarizers was designed between 10 and
20 years ago [13,19]. Ever since, no real improvement has been
provided.

In this study, with the purpose of improving the cryogenic and
polarization performance of an existing wet 5 T/1.15 K DNP polar-
izer [18], we detail the cost-effective implementation of a new DNP
probe compatible with a custom fluid path system (CFP)
[12,24,28,29]. Furthermore, we show how the new design allows
to easily complement the apparatus with a home-built LOD-ESR
spectrometer with the purpose of investigating the radical proper-
ties at real DNP experimental conditions [29,30].
2. Materials and methods

2.1. Original setup

The DNP polarizer being upgraded (Vanderklink Sarl, La Tour-
de-Peilz, Switzerland) is similar for design and working principle
to the prototype developed by Comment et al. in 2007 [18]. It is
based on a vertical unshielded 89 mm wide bore magnet (Bruker
Spectrospin, Fällanden, Switzerland) set to a field strength of 5 T
corresponding to an ESR frequency of about 140 GHz. The magnet
bore accommodates a double-walled 316L stainless-steel cryostat
equipped with two copper radiation shields and a tail section of
50/80 mm ID/OD (Leiden Cryogenics B.V., Kenauweg 11, 2331 BA
Leiden, Netherlands). The cryostat inner vacuum chamber (IVC)
hosts the variable temperature insert (VTI) to condense and control
the helium flow. The latter mounts, at the top of the tail, a 316L
stainless-steel gas/liquid He phase separator used to refill, with
minimal perturbation, the 36.5 mm wide sample space.

Although the cryostat is of the continuous flow type, it is gener-
ally operated in batch mode to achieve lower temperature. Firstly,
it is filled with liquid helium from an external dewar via a rigid
transfer line ending inside the phase separator. Then, the phase
separator is isolated from the sample space by closing two needle
valves, and the He bath is pumped on by a 253 m3/h root pump
(Ruvac WAU 251, Leybold, Cologne, Germany) backed by a
65 m3/h rotatory pump (Trivac D65B, Leybold). This procedure
enables to reach a helium bath temperature of (1.15 ± 0.05) K.

Two peculiarities characterize the original dDNP polarizer
design by Comment et al. [18]: insertion and dissolution of the
sample happen at atmospheric pressure, and the waveguide has
to be removed upon insertion of the dissolution wand.

Supplementary Figure S1 shows all parts of the original design
that have been replaced in this study: the ‘‘DNP insert” (or main
insert) including the brass microwave cavity, the NMR coil with
its stainless steel outer conductor coaxial cable, the brass baffles
to cut thermal convection and radiation; the fiber glass ‘‘sample
stick” for sample insertion into the polarizer; the gold-plated stain-
less steel ‘‘removable waveguide”, slid inside the sample stick, car-
rying the microwaves onto the sample space; the carbon fiber
dissolution wand to be inserted instead of the waveguide to
2

instantly transform the solid frozen sample into an injectable
hyperpolarized solution.

2.2. CFP compatible DNP insert

The CFP presented previously [12,23,24,28,29] has been
adapted to the length of the retrofitted polarizer (Fig. 1, the differ-
ent components are reported in bold italic in the text). The red
arrow pointing down indicates the input for the superheated buf-
fer; the green arrow pointing right indicates the output for the
hyperpolarized solution. The superheated buffer reaches the sam-
ple flowing through a 1/1600 natural color PEEK inner capillary -
not shown- (Zeus Inc., Orangeburg, NC, USA); the hyperpolarized
solution is ejected from the polarizer flowing in between the
1/1600 inner capillary and a 1/800 black color PEEK outer capillary
(D, Zeus Inc., Orangeburg, NC, USA). The stainless steel ‘‘quick con-
nect” (A, SS-QM2-B-200, Swagelok, Solon, OH, USA) allows cou-
pling of the CFP to the ‘‘dissolution head” boiler (see
Supplementary Figure S2). The PEEK ‘‘flow separator” (B, P-713,
IDEX Health & Science, Lake Forest, IL, USA) splits the dissolution
buffer from the hyperpolarized solution. The home-built PEEK (C,
Ketron 1000, Mitsubishi Chemical Advanced Materials, Tielt, Bel-
gium) ‘‘dynamic sealing” allows to move the sample vial inside
the polarizer downwards for insertion and upwards for dissolu-
tion/extraction while keeping the sample space at low pressure.
The home-built vial is reusable and made of a PEEK ‘‘vial top-
part” (E, Ketron 1000, Mitsubishi Chemical Advanced Materials),
laser welded (Leister Technologies, Kaegiswil, Switzerland) to the
outer capillary, and a PAI ‘‘vial bottom-part” (F, Duratron T4203,
Mitsubishi Chemical Advanced Materials) containing the sample
(500 lL of maximum capacity). The two parts are made leak tight
to superfluid He by compressing a PTFE o-ring (Kremer GmbH,
Wächtersbach, Germany) to be replaced before each new loading.
The ‘‘one-way valve” (G, AKH04-00, SMC, Tokyo, Japan) at the out-
let prevents air cryo-pumping when the vial is at low temperature
inside the polarizer. A detailed description of the assembling pro-
cedure and functioning principle of the CFP was provided in the
work by Capozzi et al. [24].

A new DNP insert was designed to accommodate the CFP into
the polarizer (Fig. 2, the different components are reported in bold
italic in the text).

The insert is built around a 1320 mm long 316L stainless steel
12.0/13.0 mm ID/OD tube (B, Interalloy AG, Schinznach-Bad,
Switzerland) inside which the CFP slides to reach the magnet
isocenter. An ‘‘air lock compartment”, composed of a vial 316L
stainless steel ‘‘loading chamber” (G) and a KF 16 gate valve (H,
Vatlock 01224-KA06, VAT, Haag, Switzerland), is attached to the
top of the sample tube as a buffer volume between the room and
the low-pressure sample space.

A home-built 316L stainless steel KF 40 flange seals the insert to
the VTI and provides hermetic RF (C, feedthrough SMA connector,
SF-2991-6002, Amphenol SV Microwave, West Palm Beach, USA)
and microwave (A, circular 4.6 mm to rectangular WR-06 transi-
tion, Elmika, Vilnius, Lithuania) interfaces. Polished brass baffles
(I) are brazed along the stainless-steel tube to reduce thermal con-
vection and radiation and to provide mechanical support to the
4.6/5.0 mm ID/OD circular 316L stainless-steel waveguide (E,
Interalloy AG, Schinznach-Bad, Switzerland) and the semi-rigid
coaxial cable with stainless steel outer conductor (D,.141SS-W-P-
50, Jyebao, Taiwan). The waveguide is interfaced to the microwave
source (VCOM-06/140/1/50-DD, ELVA-1, Tallinn, Estonia) with a
90� WR-06 E-plane bend (Elmika, Vilnius, Lithuania).

The 13.2 cm3 copper cavity (F) is polished to reduce microwave
absorption. The cavity wall is angled at 45� at the waveguide out-
put to reflect the microwaves onto the DNP sample. A copper
Alderman-Grant coil (J, 8 mm ID 16 mmwindow height) supported



Fig. 1. The figure shows the Custom Fluid Path (CFP) used in this study. The device is composed by a ‘‘quick connect” (A); a ‘‘flow separator” (B); a ‘‘dynamic sealing” (C);
‘‘coaxial capillaries” (D), whose only the outer 1/8” one is shown; a ‘‘vial top-part” (E), a ‘‘vial bottom-part” (F) and a ‘‘one-way valve” (G). To adapt the CFP to this polarizer the
coaxial capillary length was increased to 1500 mm with respect to the original study [24]. The red and green arrows indicate the inlet and outlet, respectively.
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by a PTFE coil former (not shown), is inserted into the cavity for
solid-state NMR detection. The coil is remotely tuned and matched
outside of the cryostat with a coaxial cable and a matching net-
work with two piston trimmer capacitors (Voltronics V1949).

A dedicated ‘‘CFP pressure-test station” (Supplementary figure
S3) was built to provide pressurized helium for leak-testing
[20,29], and compressed air for drying the CFP after dissolution.
Loading of the CFP inside the polarizer is similar to what was ear-
lier described [24,29]: the CFP is first connected to the pressure-
test station He gas stem, and the pressure regulator set to provide
a tiny flow; after pipetting the liquid sample inside the bottom part
of the vial and connecting it to the top part, the vial is immersed in
liquid nitrogen to flash-freeze the sample solution; the CFP output
is closed with a stopcock valve, the He gas pressure inside the CFP
increased to 4 bar, and the CFP inlet closed. If after 5 min the pres-
sure gauge indicator steadily shows 4 bar, the CFP is considered
ready for loading inside the polarizer. At this point, the dynamic
sealing is moved down to touch the vial, a mild flow applied to
the He gas port (G1), and the vial moved inside the loading cham-
ber that is then closed at the top with the dynamic sealing. Finally,
the He gas stream is closed, the gate valve opened, and the vial
pushed down to reach the NMR coil at the bottom of the DNP
insert. During all these operations, the sample space is already cold
and continuously pumped, with its pressure that increases from
1 mbar to 10 mbar, at the most.
2.3. LOD-ESR setup

To measure the radical properties at DNP conditions, LOngitudi-
nal Detected (LOD)-ESR was implemented similarly to previous
works [29,30].

The LOD-ESR probe (Fig. 3, the different components are
reported in bold italic in the text) is built around a CFP outer cap-
illary (B) and a dynamic sealing (C) such that a similar loading pro-
cedure of the sample inside the polarizer can be followed (no leak
3

test needed in this case). The detection coil is a 600-turn copper
wire split solenoid made of 0.1 mm enameled copper wire wound
around a PEEK (Ketron 1000, Mitsubishi Chemical Advanced
Materials) coil former (E). A 3 mm gap allows the microwaves to
reach the sample (cut-off dimension at 140 GHz is 1 mm). The bot-
tom portion of the coil former has an outer diameter of 7.5 mm,
small enough to enter the NMR coil of the DNP insert. Up to
120 mL of sample can be loaded into the sample cup (F). The latter
slides and locks inside the coil former. The coil former is perma-
nently screwed to the vial top part (D). The two ends of the detec-
tion coil are routed inside the coil former and soldered to a twisted
pair of silver-plated copper wires that runs upwards through the
black capillary to carry the signal out of the polarizer. Electrical
connections are provided at the outer end of the probe (A).

The signal is measured using a three stages 106 dB gain differ-
ential amplifier (Supplementary figure S4) and NI USB-6002
(National Instruments, Austin, USA) digital acquisition card. To
reduce noise pickup, signals are transmitted as a differential pair
using BNC Twinax cables between the probe, differential amplifier
and acquisition card. Furthermore, all ground loops in the LOD-ESR
setup were eliminated: the acquisition card is grounded to the
cryostat, powered using a floating DC source, and galvanically sep-
arated from the computer using a USB digital insulator
(ADuM4160, Analog Devices, Norwood, USA). A voltage controlled
variable attenuator (VCVA-06 and ADL-10/100, ELVA-1, Tallinn,
Estonia) is added to the output of the microwave source to allow
modulation of the output power at a specific frequency to feed
the digital lock-in [29].

For electron T1 (T1e) measurements the output power was mod-
ulated at 0.1 Hz between 0 mW and 35 mW. The rate was low
enough to record the full time evolution of the electron spins dur-
ing saturation and relaxation [29]; the signal was averaged 256
times. Extraction of the T1e was performed by fitting the relaxation
curve data to the equation representing the signal S evolution as a

function of time t: S tð Þ ¼ A exp � t
T1e

� �
� exp � t

s

� �� �
; where A is a



Fig. 2. The figure shows the new DNP insert. The most important parts are zoomed in (follow straight black lines) to better picture the main components: rectangular WR-06
to circular 4.6 mm microwave transition (A); stainless-steel sample loading tube (B); feedthrough SMA connector (C); rigid coax cable (D); stainless-steel waveguide (E);
copper microwave cavity (F); loading chamber (G) with He gas port (G1); gate valve (H); brass baffles (I), Alderman-Grant copper coil (J).
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free parameter that represents the highest signal intensity, and s is
the characteristic time constant of the probe. The latter measured
20.6 ms, upon excitation of the set-up with a squared wave [29].
For radical spectrum recording, the microwave frequency was
increased from 139.8 GHz to 140.0 GHz in steps of 1.25 MHz and
the output power modulated at 4.8 Hz between 0 mW and 35
mW. For each frequency step the demodulated signal was inte-
grated for 20 s in the time domain, equivalent to set the low pass
filter of the lock-in to 0.05 Hz.

2.4. Estimation of cryogenic performance

To compare the cryogenic performance of the two DNP inserts,
the liquid helium hold time was measured at routinely used DNP
conditions, i.e. sample space cooled down to 1.15 K with a sample
inside subjected to microwave irradiation. Before each measure-
ment, the polarizer was operated for at least half a day to cooldown
the radiation shields of the cryostat below 150 K. Then, a DNP sam-
ple was inserted, the helium was filled to the maximum capacity of
the polarizer (550 mm above the sample location, approx. 1300 mL
4

of usable liquid helium). The hold-time measurement started, after
filling liquid He, once the vacuum pumps lowered the temperature
in the sample space below 1.16 K and the microwave irradiation
was started at full power (60 mW). The measurement was consid-
ered concluded when the temperature into the sample space sud-
denly dropped below 1.12 K, indication of no residual liquid He
inside the sample space. The temperature sensor used was a ruthe-
nium oxide (RuO2) resistor (10 kO at room temperature, RX-103A,
Lake Shore Cryotronics, OH-43081, Westerville, USA). Using the
same strategy, the holding time measurements for the two inserts
were repeated at 4.2 K, keeping the sample space at atmospheric
pressure.
2.5. A simple thermal model for heat conduction

We built a simple model for heat conduction only, to help inter-
preting the cryogenic performance data. The thermal conductivity
k (unitW �m�1 � K�1) relates to the facility with which heat can dif-
fuse into a material. The Fourier’s law, in its most general form,



Fig. 3. We report here the LOD-ESR probe designed for this study and compatible
with the DNP insert with no need for any modification of the NMR part. The probe is
composed by the following elements: a leak-tight connection box that transforms
the twisted pair carrying the signal to BNC Twinax connector (A); a CFP 1/800 outer
capillary (B) with its dynamic sealing (C) and laser welded vial top-part (D); a coil
former supporting a 600-turn spit solenoid (E); a sample cup (F).
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yields the quantity of heat diffusing through a unit surface during a
unit of time d q!=dt within a material subjected to a temperature

gradient rT
�!

[31]:

d q!
dt

¼ �krT
�! ð1Þ

If the cross section A of the material is constant across its length
L, then the problem can be simplified to 1-dimension, and the heat
flowing across 2 surfaces distant dx per unit time writes.
5

dQ
dt

dx ¼ �Ak
dT
dx

ð2Þ

With dQ=dt ¼ Adq=dt. Considering that the thermal conductiv-
ity can be temperature dependent and that the ends temperatures,
Thigh and Tlow are constant, we finally obtain the expression for the
power transmitted across the material:

dQ
dt

¼ �A
L

Z Tlow

Thigh

k Tð ÞdT ð3Þ

To evaluate the difference in heat conduction between the two
DNP inserts, equation (3) was numerically integrated using
MATLAB (MathWorks, Natick, Massachusetts, USA). For all calcula-
tions, Thigh and Tlow were set to 295 K and 1.15 K, respectively; the
cross section of each component was calculated according to the
geometry (Table 1). The temperature dependent thermal conduc-
tivity for the different materials was obtained interpolating data
tables from [31] and [32]. Since the transported heat per unit time
depends on the length of the conductor, the calculation for each
component was ran for 2 values of L: 1200 mm (distance between
the cryostat isocenter and the KF40 flange and corresponding to an
almost empty cryostat) and 1200–550 mm (corresponding to a full
cryostat). The MATLAB code is reported in Supporting Information.

2.6. Sample preparation

For this study, one single kind of sample was used: [1-13C]pyru-
vic acid (Sigma Aldrich, Buchs, Switzerland) doped with 15 mM of
AH111501 trityl radical (Albeda Research, Copenhagen, Denmark).
LOD-ESR experiments were performed on 100 lL samples, while
DNP on 5 lL samples.

Samples were prepared fresh before each experiment.

2.7. Solid-state DNP measurements

Solid-state DNP performance was investigated for the two
inserts in separate experiments. In both cases, 5 lL of sample
was loaded inside the sample cup/vial together with NaOH at sto-
ichiometric ratio (7.2 mL of 10 M NaOH in H2O) to neutralize the
pyruvic acid upon dissolution.

A Cameleon 3 NMR spectrometer (RS2D, Mundolsheim, France)
was used with both inserts to monitor the solid-state NMR signal.

Firstly, a microwave frequency sweep from 139.8 to 140.0 GHz,
in steps of 10 MHz, was performed to measure the DNP spectrum
of the sample and determine optimal irradiation condition (n = 1).
For each frequency step, the sample was hyperpolarized with 55
mW microwave power and the NMR signal was acquired with a
30� hard pulse after 10 min. Before each polarization interval,
microwaves were switched off and the polarization destroyed with
1000 x 10� hard pulses.

Secondly, working at 139.86 GHz, a microwave power sweep
was performed to investigate power density differences between
the 2 inserts (n = 1). The power was increased from 1 mW to 3
mW in steps of 1 mW, from 5 mW to 60 mW in steps of 5 mW
and a final step at 63 mW which is the maximal power output at
this frequency.

Finally, at optimal DNP condition (i.e. 55 mW and 139.86 GHz
for the new insert, and 63 mW and 139.86 GHz for the old one),
the samples were hyperpolarized and monitored with a hard 5�
pulse every 120 s to measure the buildup curves (n = 3). The exper-
iments lasted from 3 to 3.5 h, more than three times the build-up
time constant (i.e. at least 95% of the polarization plateau, result of
a mono-exponential curve fit).

To assess the NMR sensitivity, the signal-to-noise ratio (SNR) in
the last 20 min (10 data points) was averaged and normalized to
the sample volume.



Table 1
Specifications of the DNP insert components used in the heat conduction simulations.

Component name Components number Components material OD
(mm)

ID
(mm)

Cross sec.
(mm2)

Heat cond.
(mW)

Heat cond.
(%)

Mounting rod 3 Steel 316L 3.0 0.0 7.07 52.90 71.6
Wave guide 1 Steel 316L 6.0 5.6 3.64 9.10 12.3
Sample stick 1 Fiber glass 16.0 14.0 47.12 4.30 5.8

Coax cable shield 1 Steel 316L 3.6 3.0 3.11 7.70 10.4
Old insert 6 Miscellaneous \ \ \ 73.90 100

Component name Component number Component material OD
(mm)

ID
(mm)

Cross sec.
(mm2)

Heat cond
(mW)

Heat cond.
(%)

Loading tube 1 Steel 316L 13.0 12.0 19.63 48.90 82.7
Wave guide 1 Steel 316L 5.0 4.6 3.01 7.50 12.6

CFP outer capillary 1 PEEK 3.2 2.4 3.52 0.11 0.2
CFP inner capillary 1 PEEK 1.8 1.6 0.53 0.02 0.0(*)
Coax cable shield 1 Steel 304L 3.2 3.0 0.97 2.50 4.2

New insert 5 Miscellaneous \ \ \ 59.10 100
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Maximum solid-state polarization was back calculated from the
liquid-state value assuming a pyruvate low field T1 of 60 s and a
time interval between end of the dissolution and beginning of
the liquid-state acquisition of 7 s for the original insert and 8.5 s
for the new one (see next paragraph).
2.8. Liquid-state measurements

After shining microwaves at optimal conditions for as long as 3
buildup time constants, each sample was dissolved and transferred
to a 14.1 T / 26 cm horizontal bore magnet (Magnex Scientific,
Oxford, United Kingdom), interfaced to a BioSpec Advance NEO
spectrometer (Bruker BioSpin, Ettlingen, Germany) to measure its
liquid-state polarization and relaxation time. To dissolve the sam-
ples, 5.5 mL of buffer solution (40 mM Tris in D2O balanced to
pD = 7.6) was heated to 170 – 180 �C (12 bar of vapor pressure)
and pushed with helium gas over a 6 m long, 2.0/3.0 mm ID/OD
PTFE tube into a separator/infusion pump placed in the isocenter
of the horizontal magnet [18]. Prior to release the superheated buf-
fer, for the old DNP insert, the dissolution procedure entailed to
repressurize the sample space, to remove the waveguide, to lift
the sample stick in order to raise the sample cup above the liquid
He level, and finally to insert the dissolution wand to be docked on
top of the sample cup [18]. For the new DNP insert, the ‘‘dissolution
head” was removed from the dissolution wand and placed at a
fixed position on top of the polarizer (Supplementary figure S2).
In this case, the dissolution procedure simply entailed to pull the
CFP upwards by 10 cm and connect it to the dissolution head
(watch videos attached as Supporting Material).

Using the dissolution stick, the liquid was pushed during 3.5 s
with a pressure of 6.0 bar, while the CFP required 5.0 s and
9.0 bar due to the higher flow resistance due to the smaller inner
capillary.

After the transfer, the 2.5 ± 0.2 mL of HP solution was left to set-
tle for 3.5 s inside the separator/infusion pump. Then the 13C NMR
signal was acquired with 10� hard pulses every 3 s for 60 times
using a solenoid coil [17,33]. The decay of the HP NMR signal
was fitted with a mono-exponential function to determine the
13C T1 at 14.1 T.

To measure the thermal equilibrium signal, 5 lL of 0.5 M Gd-
DO3A-butrol (Gadobutrol, Gadovist, Bayer) was added to the solu-
tion collected inside the separator/infusion pump to reduce the
relaxation time of pyruvate. The thermal NMR signal was acquired
with 10� hard pulses, TR = 5 s and 1024 averages. The liquid-state
DNP enhancement was calculated from the ratio between the HP
and thermal NMR signals (n = 3 for each insert).
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2.9. Statistical analysis

For each comparison metric between both DNP inserts, a one-
way analysis of variance (ANOVA) in OriginPro 2019b (OriginLab,
Northampton, USA) was used to compare the statistical difference
between means. A p-value below 0.05 was considered significant.
All values are expressed as mean ± standard deviation.
3. Results and discussion

3.1. Cryogenic performance

Fig. 4A shows the polarizer’s holding time when equipped with
the original DNP insert (blue line) and the new one (red line).
While the old design allows to keep the sample immersed in liquid
He for 4 h, the CFP design prolongs this time to 5.5 h, providing a
37.5 % improvement. An increased holding time is very advanta-
geous when long acquisitions are required (e.g. measurement of
a DNP spectrum), especially for polarizers not equipped with an
automatic He filling system.

In both cases, the temperature decreases slightly as a function
of time because the sample space pressure, and thus the tempera-
ture, is affected by the liquid He level inside the cryostat. Less He
means less boil off, therefore a lower achievable pressure for a
given pumping power. The sudden temperature drop at the end
of the measurement is caused by the absence of liquid He in the
cryostat. The latter is followed by a transitory drastic reduction
of the pressure. Right after, the temperature rises (data not shown).
Provided that the cryostat can be filled with maximum 1300 mL of
liquid He, the original design boils off on average 325 mL/h, while
the CFP compatible one only 236 mL/h. Therefore, the original
design every hour has a liquid He consumption excess of 89 mL.

Although our model for conduction accounts for a 25 % differ-
ence in heat transfer (Fig. 4B, see Table 1 and Supporting Informa-
tion for more details about the contribution of each component),
this can only partially justify the prolonged holding time at
1.15 K of the new DNP insert. The original design transfers heat
at a rate of 0.136 J/s, while the CFP compatible one at 0.109 J/s.
The rate difference of 0.027 J/s decreases to 0.015 J/s when the
cryostat is almost empty. Assuming an average consumption of
0.021 J/s, this means that the original design every hour transfers
76 J more than the new one. Therefore, only because of heat con-
duction, being the liquid He latent heat 21 kJ/kg and liquid He den-
sity 0.125 kg/L, the original insert boils off 30 mL of He more per
hour than the CFP compatible one. This is a third of the value
experimentally measured.



Fig. 4. (A) Temperature evolution as a function of time of the polarizer sample space when equipped with the original DNP insert (blue line) and the CFP compatible one (red
line). (B) Calculation of heat transfer due to conduction for the original DNP insert (blue line) and the CFP compatible one (red line) when the cryostat is almost empty. The
heat conduction difference between the two inserts is 25%.

T.P. Lê, J.-N. Hyacinthe and A. Capozzi Journal of Magnetic Resonance 338 (2022) 107197
An explanation could be that the two designs establish different
convective pathways for the boiled off He gas. In general, a laminar
flow for the evaporated gas is favourable to reduce heat transfer via
convection [34]. This is most likely what happens inside the new
insert 12 mm ID loading tube. Differently, the original design,
because of the removable waveguide and sample stick, is charac-
terized by discontinuities in the surface of the radiation shields.
These discontinuities can create turbulences in the flow of He gas
and thus increased heat transfer via convection. This explanation
is confirmed by the cryostat holding time measured at 4 K. At these
conditions where the He boil off is less severe, the original DNP
insert design allowed to keep the cryostat at 4.2 K for 15 h, while
the new design for 18 h (see Supplementary Figure S7). This 20 %
improvement is close to what we calculated in our heat conduction
model.

In the analysis above we assumed a constant liquid He evapo-
ration rate for the two inserts. Nevertheless, looking at Fig. 4, this
is true only when the old insert is inside the cryostat. In that case,
the latter boils off He at a rate of 325 mL/h, during the 4 h of
holding time. Differently, when the CFP compatible insert is
inside, the cryostat shows the same consumption rate for the first
2 h, and a decreased rate of 189 mL/h for the remaining 3.5 h. The
rate change happens when the liquid He level drops below the
4th buffer (half of the full capacity), counting from the top (see
Fig. 2). The heat conduction through the insert can justify only
part of the boil-off rate. According to the simulations, this contri-
bution ranges from 194 mL/h to 105 mL/h for the old insert, and
from 155 mL/h to 84 mL/h for the new one, depending on the He
level.

The other contributions come from heat conduction through
the VTI and the inner wall of the cryostat, convection of the
boiled off He, and radiation. A quantitative analysis of the sum
of these phenomena is beyond the scope of this work. Qualita-
tively, we can imagine that when the He level drops, the other
phenomena are attenuated, and the less efficient heat conduction
of the new insert becomes more relevant. Most likely, being the
last three baffles closer than the first three baffles, convection
pathways are ‘‘broken” when the liquid He level drops below
the 4th baffle.

In addition to the longer holding time to each He filling, the
fact that the CFP compatible insert allows to exchange samples
without repressurizing the polarizer sample space further
reduces the He consumption during repeated experiments.
Working at the system maximum capability, these improve-
ments together allowed to save approximately 20 L of liquid
He per week.
7

3.2. DNP spectrum and LOD-ESR results

In Fig. 5A we report the 13C DNP spectrum of the sample (blue
dots). [1-13C]pyruvic acid doped with 20 mM of AH111501 trityl
achieves its maximum polarization for a microwave frequency
value of 139.86 GHz. The positive maximum DNP enhancement
is slightly higher than the negative one, as already reported in pre-
vious studies for a similar sample without addition of Gd com-
pounds [20,35,36]. The DNP spectrum nicely overlaps with the
LOD-ESR one, entailing that the DNP mechanism behind is Thermal
Mixing and/or Cross effect [37–40]. The latter rely on triple spin
flips of one 13C and two electron spins separated in energy by
one nuclear Larmor frequency. Therefore, DNP can happen only
for microwave frequencies where electron spins resonate. Micro-
wave frequencymodulation did not yield any further improvement
implying that the spin system is optimal for direct DNP. Indeed, a
trityl T1e = 651 ± 10 ms is long enough, with respect to spectral dif-
fusion, for efficient saturation of the ESR line by using monochro-
matic irradiation [41].

3.3. Solid-state polarization and microwave power density

Replacing the original insert with the CFP compatible one has a
strong effect on the DNP performance (Fig. 6). The back calculated
solid-state polarization value increases by a factor 1.52 from
24.6 ± 3.0% to 38.3 ± 1.9%. This value is in good agreement with
the maximum achievable polarization (approx. 55%) that the same
sample can achieve on a 5 T SPINlab, considering the different
working temperature of the two machines (0.80 K vs 1.15 K). The
volume normalized SNR improved by a factor 1.45. Therefore,
within the experimental errors, the NMR sensitivity of the two
inserts remains the same, despite the less efficient impedance
matching scheme (i.e. remote tuning and matching network) of
the new insert compared to the original one (i.e. local tuning and
matching network) [18,33]. This behavior is due to the superior
filling factor of the Alderman-Grant coil (800 lL volume) compared
to the original saddle coil (3800 lL), that must accommodate the
16 mm wide sample stick. Moreover, a remote tuning and match-
ing network is more versatile when multinuclear capability is
required, being the cryogenic part of the insert the same.

The buildup time constant decreased by a factor 1.42 from
3920 ± 297 s to 2745 ± 63 s, with a standard deviation smaller
by a factor 5. Most likely, the latter is due to the fixed microwave
source-waveguide assembly that characterizes the new DNP insert
that is not disconnected/reconnected at each dissolution/new sam-
ple loading.



Fig. 5. [1-13C]pyruvic acid NMR signal as a function of the microwave frequency (blue dots with eye-guiding line) superimposed to trityl AH111501 LOD-ESR spectrum (red
line) both measured at 1.15 K and 5 T; y-axis according to color (A). Evolution of the radical signal as a function of time after switching off the microwaves (blue dots); the
data were fitted as explained in Methods to extract the electron T1 (red line) (B).

Fig. 6. Example of 13C DNP solid-state build measured when shining microwaves at best conditions with original insert (blue diamonds) and the new insert (red circles); on
both curves, the lighter-colored areas represent the error measured as standard deviation of three measurements. The signal intensity was normalized with respect to the
highest value; the two plateaus correspond to back calculated values of 24.6 ± 3.0% to 38.3 ± 1.9% for the old and new design, respectively (A). 13C DNP microwave power
sweep measured at 139.86 GHz when using the original insert (blue diamonds) and the new one (red dots); the lines connecting the datapoints help guiding the eyes (B).
Sample volume normalized SNR measured in correspondence of the polarization plateau (n = 3) for the original insert (blue diamonds) and the new insert (red dots); the
mean, standard deviation and p-value are reported (C). Build time constant resulting from the fit of polarization curves (n = 3) for the original insert (blue diamonds) and the
new insert (red dots); measurements were repeated 3 times; the mean, standard deviation and p-value are reported (D).
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The superior polarization speed and level are a consequence of
the higher microwave power density at the sample position in the
new insert. Indeed, the reduced size of the microwave cavity
(13.2 cm3 vs 23.4 cm3) allows to achieve maximum DNP enhance-
ment already for a microwave power output of 25 mW with an
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onset of sample heating for 55 mW. Differently, in the original
insert even at maximum output power of the microwave source
(e.g. 63 mW) the DNP enhancement is still growing. This behavior
is usually related to insufficient microwave power and consequent
poor saturation of the radical ESR line [41,42].



Fig. 7. Example of hyperpolarized [1-13C]pyruvic acid relaxation curve measured in the 14.1 T horizontal MRI scanner after dissolution from the original insert (blue circles)
and the new insert (red circles) after dissolution (A). Repeated measurements (n = 3) for [1-13C]pyruvic acid liquid-state polarization after dissolution and pH neutralization
from the original insert (blue diamonds) and the new insert (red dots); the mean, standard deviation and p-value are reported (B). Repeated measurements (n = 3) for [1-13C]
pyruvic acid liquid-state T1 after dissolution and pH neutralization from the original insert (blue diamonds) and the new insert (red dots); the mean, standard deviation and
p-value are reported (C).
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We would like to specify that we did not attempt to measure
the sample 13C NMR signal at thermal equilibrium at 5 T and
1.15 K. When trityl radical is involved, the [1-13C]pyruvic acid T1
value is several tens of hour, implying that one duly performed
measurement would run over 2 or 3 days. This is costly and incon-
venient in absence of an automatic liquid He filling system. The
polarization values in the solid-state were back calculated from
the liquid-state ones (see Methods).

3.4. Dissolution and liquid-state polarization

After dissolution and transfer, the measured liquid-state [1-13C]
pyruvic acid polarization increased from 21.9 ± 2.7% to 33.3 ± 1.6%,
when using the CFP compatible insert (Fig. 7A and B). Despite the
final 13C concentration being the same (i.e. 20 mM), the T1
increases from 42.0 ± 0.5 s to 46.7 ± 1.7 s, when dissolving the sam-
ple from the new insert (Fig. 7C). We ascribe this behavior to a
temperature effect. From T1 measurements at 14.1 T as a function
of temperature of a sodium [1-13C]pyruvate solution, we estimated
that the relaxation time evolves as T1 Tð Þ ¼ 0:877 � T þ 21:4 s (see
Supplementary Figure S8). Therefore, we estimate that, at the time
of acquisition, the hyperpolarized solution obtained using the orig-
inal insert has a temperature of 23.5 �C, while the one using the
CFP insert has a temperature of 28.8 �C. These temperature values
are in good agreement with the reading of a thermocouple placed
inside the infusion pump/separator used to collect the hyperpolar-
ized solution inside the bore of the MRI scanner.

Finally, it is worth stressing the fact that using a CFP dissolution
system simplifies this procedure and makes it less user dependent,
because it avoids any repressurization and subsequent opening of
the polarizer sample space to the room environment (see videos in
Supporting Material).
4. Conclusions

In this study we retrofitted a 5 T ‘‘wet” DNP polarizer. We
designed, built, and tested a new DNP insert compatible with the
fluid path technology. The new design allowed to increase the liq-
uid He holding time on a single experiment from 4 h to 5.5 h and to
save 20 L of liquid He during a working week. The CFP, being a
sample holder and a dissolution system at the same, allowed to
reduce the size of the microwave cavity. The increased microwave
power density at the sample site improved the maximum achiev-
able DNP enhancement and buildup rate constant by a factor of
9

1.5. This yielded, at the time of acquisition, a liquid state polariza-
tion as high as 33% on [1-13C]pyruvic acid doped with trityl. Finally,
the new insert can also accommodate a LOD-ESR probe for investi-
gation of the radical properties at real DNP conditions with no need
to modify/replace any part of the NMR hardware when using it.
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