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Dynamic Nuclear Polarization (DNP)

Can et. al., J Magn Reson, 253, 23-35, 2015
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Pulsed DNP
1. DNP using CW uw irradiation has e~ —=; \/\M/
0

2. Pulsed DNP has constant ¢ (in theory)

Henstra et al., JMR, 77, 389-393, 1988
Tan et al.,, eMagRes, 8, 339-352, 2019
Pang et al., JCP, 156, 24, 244109, 2022
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CP decoupling . T =
: : 180% 90°, . . o : NOVEL: DNP version of CP ((1)15 = C()OI)
BRI :
1: 2 3 4 5 6 i 7 N I . .
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INEPT CP ' (): Need HUGE pw power when B, f
|
|

ENS  Polarization Transfer in NMR

SUPERIEURE



Broadband Excitation by Amplitude Modulation (BEAM) DNP @ 0.35 T
) x ad. BEAM

y[ tp1 fp2 TNk
O }VI
mw —— A
Tm

can be as efficient as nuclear orientation via electron spin
locking (NOVEL),”” the gold standard DNP mechanism.
Concurrently, the ISE requires much less microwave power

than NOVEL," making it a promising method for high field

experiments.
Yifan et al., JPCL, 13, 5751-5757, 2022

EPR

« RA-NOVEL

60 30 0 30 60
QS/ZT[ (MHZ)

Collaboration with
ETH and Aarhus

We did better than gold standard, but needs
versatile & HUGE uw power at high fields

Need new & better Instrumentation

(MW/Probe/MAS)!
Wili et al.. Science Advances 8. eabqg0536. 2022



A Homebunt Cryofree 1.4 K/ 9 4 T DNP Polarizer @ ENS

_ W

§ 'ﬂ»«/‘ @'
NMR Console

ik
_ - It ¥ .',-"in_ 4
E—— | [ b = 2oL

— [
7

4 S e e I
i / r',ﬂv ’hf ) ‘-\ ™ ’J i / J
| /“ Wl &
\ . ,,, S

Ay - \g /4

] \/ Cryostat (1.4 - 300 K) |

t 2
=

LN2 Trap (77 K)

%

= Cryofree Oto+9.4T magnet '~ b

- o/N

DNP Probe in u Closed Hellum

Cryofree (fridge) Magnet: Refilled
He once in 6 years, no N,

Closed He Operation: Stay cold
for months without refill
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1.4Kand 94T
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Coupled) Baudin et. al, JMR (2018)



9.4 T/ 263 GHz Pulsed DNP @ ENS

1. Incorporate arbitrary waveform generator (AWG) into the CW source to make MW

pulses : Change widths, frequencies, phases, and amplitudes — Spin-locked e-

2. Similar design as NMR rf console (MHz — GHz transition), high multiplication
factor (x 24) introduces artefacts (harmonics & power)

|deal: (10 £ 1 ) x 24 ~ 264 GHz for DNP

~ 5k USD AWG (%W) Reality: (m™0 £ n*1)x 24 £ ??? = 263 GHz % rubbish
(Chase Scientific) ——""2°

AWG (if neccesary)
Synthesizer Amp  Filter r "AMC 559 !
9 dB Attn 10.92-11 GH ( :
127 dB
5908GHz D > % . D —{ %24 l——}
B 10.92-11 GHz
9.87 GHz Mixer 92dBm (apm20035PA) (FCL6-11300-800) - -
' (MM1-0222L.S) 23 dBgain 109117 GHz (ZX60-183A-S+ )

>16 dBm

Q_=-85dBm SatPower ~18dBm/ 3V 1.1dBlLoss 24 dBgain
LO-RFisolation @51 dB SatPower ~ 23dBm/ 7V Saturation @~ 18dBm




Unwanted Spurs / Harmonics in MW Output

Marker 1 [T13 REW 200 kHz RF Att 20 dB 3 | Spurious signals grow by 20*log(n)~27 dB (500x in

-43.52 dBn UBH 1@ kHz SEARCH

10.42488978 Gz SWT 2.5 Uni R - power) after n=24 multiplication.

Up-converted

MW (Desired .
Spurious Signal (Desired) Solutions: Use 1Q Modulation (quadrature), filters,

- - i
‘“mg\-“-f-tﬂl===-=---- { amplification bandwidth, high LO/IF...

groups ($$, 1-chn AWG; IQ imbalance / perfect 90°
" ¥& introduces artefact).

ﬂWe abandoned the IQ modulation used by most

- S
Use custom-made bandpass ®
fllter for hlgh'quallty MW Kaminker et. al, JMR, 279, 81-90 (2017)

Delage-Laurin et. al, JACS, 143, 48 (2021)
Doll et. al., PCCP, 17, 11, 7334 (2015)




Customized MW Narrow Bandpass Filter

e 1. Specify the f. . (<11 GHz) and bandwidth (~0.3 GHz)
\ H\m to company (Sirius Microwave, Estonia), costs ~400 €
l 2. Harmonics suppressed by > 40 dB, net: 40-27= 13 dB

Narker 2 [T11 RBU 3 MHz  RF Att 16 4B
-11.52 dBm UBW 10 kHz
10.9610020@ GHz SHT 84 ns Unit m MARKER 1

" =
. h__J. Cleaner MW ™
6 spectrum with filter =

SIGHRL
CUUNT
HHRKER
DEHDD 4
HHRKER
200"

--.-F.'.JH!.I-E

| Building MW Bridge is not just plug a play,
B | check it with a GHz spectrum Analyzer ($$9$)




9.4 T/ 263 GHz Pulsed DNP @ ENS

(DAX14000-16M)
1Chn, 4 GSals
AWG (if neccesary)
Synthesizer \ Amp Filter " "AMC 559 !
9 dB Attn ? 10.92-11 GH (
: N N 12.7 dBﬁl | %
° 7-15 dB 1?;9 0?16(?52 D &2 D 24

Mixe -9.2¥Bm (ADM2-0035PA) (FCL6-11300-800) L
(MM1-02221.8 23 dBgain 1090117 GHz (ZX60-183A 5+ )
CL=-85dBm SatPower ~ 18dBm/ 3V 1.1/dBlLoss 24dBga
LO-Rrisolation @51 dE At Power ~ 23 dBm/ 7V Saturation @7 18dBm
.

9.87 GHz
>16 dBm

Enikig

Highest Frequency (263 GHz) AWG-Based Pulsed DNP




9.4 T/ 263 GHz Pulsed DNP Performance

1 Standlard 50 mMEMFI).OL In DNP| Juice |15 Chirped DNP with diffrent bandwidth centered at 263.8 GHz
DQ-DNP /, —a— Normal CW (without AWG) '
08 -/ 5. | © AWG IF Freq
06
g 04+ 11+ B
2 021
E ) DNP with frequency-chirped pulses
= ;
-/ T |
04 | (L
06
Preliminary Data
0063 2632 2634 2636 2638 264 2642 2644 2646 2648 L o 100 150 200 250
MW Frequency (GHz) Chirped Bandwidth / (MHz)
Similar DNP field profile ensures  Field- or frequency-modulation technique is not new
proper AWG installation DNP improves ~14 % with chirped pulses (unoptimized)

Tycko et. al, JIMR, 204, 303 (2010)
Hovav et. al, JMR, 238, 94 (2014)



Application on Ultra Wideline Low-Gamma Nuclei (53Cu, %1Zr, 33S, etc)

1.

Low-gamma nuclei usually have low sensitivity because of (i) large quadrupolar coupling (and/or
CSA) (beyond MAS) (ii) low abundance and (iii) low gyromagnetic ratio

Examples: 199Pt, 35CI, 91Zr, 83Cu, 297Pb, 33S, etc.., and they play important roles in functional
materials (catalysts / gas adsorption / perovskites / batteries)

Enhance sensitivity with DNP or study dynamics with our unique setup

[
»

~1.5 MHz (3Cl)

WURST-QCPMG ~600 kHz (19°Pt)
no decoupling

/
-
s, - | 13 pieces
| | w Simulation vs -’
(i 10 ‘ co-addition
[ I | 14
S B N S S S R R N S B BN S BN B S S R p | | | | | | | | : |
500 0 -500 -1000 200 0 -200 -400 -600
kHz 195Pt Frequency (kHz)

Schurko, Acc. Chem. Res., 46, 9, 1985 (2013)



Ultra Wideline Low-Gamma Nuclei (°*Cu, %1Zr, 33§, etc.) @ 9,4 T

QCPMG@20K 100s
Cu()Cl _
. T, is too short for
0 Commercial DNP
st
| Setup @ >100 K
-
O
o
1 1s }
(@)
<t > 50 kHz -
linewidth i
100ms [ "
10ms 1 | | 1 1
- ! : : ' 20 40 60 80 100
2500 2000 1500 1000 500 O -500 -1000 -1500 -2000 Temperature (K)
63 : :
Cu chemical shift (ppm)
———— Soon

T
10K no sample

Note the metallic Cu signal

2500 2000 1500 1000 500 O -500 -1000 -1500 -2000 -2500 Dynamics 1-300 K Zhenfeng Pang -

83Cu chemical shift (ppm)




Making RF Coils with CNC Machining in Lab

Tool Path Simulation (Fusion 360)

CNC Machining (Genmitsu 4030)

h—.._-‘

Changeable
saddle caoill

(Inductively
Coupled)

13









3D-Printing Drive Caps (Industrial)

Most plastic components ot the MAS assembly, including the
gas inlet bushings (Fig. 1g), coil block (Fig. 1i), bottom plate
(Fig. 1)), and fiber optic block (Fig. 1n) were 3D printed in-house >
using clear resin on a Formlabs (Somerville, MA) Form 3 printer
at a resolution setting of 25 um. The Form 3 printer was not cap-
ENS able of producing the drive caps (Fig. 1a) and drive plate (Fig. 1d)

SR Banks et al.. JMR 335. 1071206. 2022

However, quality varies with batches
| want to make them in our own lab!







Building Drive Caps in Your Own Lab!

A A

Cheap: ~1 cent/pc (consumable) ~4 k USD (Machine), Fast (100 pcs in 4 hours )



Commercial and 3D-Printed 3.2 mm Drive Caps

N
Cyriaque Amerein
Utsab Banerjee

~ 1 week of
undergrad’s work

Bruker 3.2 mm 3D-Printed 3.2 mm (Form 3+, Clear Resin)

> 90 % success rate: spin > 20 kHz (similar as Bruker)




MAS Performance of 2.5 mm Drive Caps

Bruker Max v, ~ 22-26 kHz « Homebuilt: Most
30000 - Homebuilt | ' Spln ~ 22'26 kHZ
= ]  Bruker: 35 kHz
I
2 20000 stable
s + 1 Hz
<
S 15000

250 500 750 1000 1250 1500 1750

Drive (mBar)

SUPERIEURE



Commercial and 3D-Printed 1.3 mm Drive Caps

Bruker (Machined) | Desktop Printer (25 um)




MAS Performance of 1.3 mm Drive Caps

60000 -

» Homebuilt: > 85 %
spin ~ 45 kHz

BrUker_ Need more drive
Homebuilt gas for same v,

50000 -

» Bruker: 67 kHz

8
[=]
o
o

stable
+ 2 Hz

MAS Rate (Hz)

30000 -

Practical for the fragile
1.3 mm drive cap

20000 -

500 750 1000 1250 1500 1750 2000 2250 2500

ENS Drive (mBar)

SUPERIEURE



Commercial and 3D-Printed 1.3 mm Drive Caps

Bruker (Machined)  Desktop Printer (25 um) Industrlal (2 ,,;m BMF, PpSL

Better than
Machining ..

-

- 240 SD/pc ($$5%9) ~0.01 USD/pc ($) 20~80 USD/pc ($$%)

~ 1 week ~ few hours ~ 1 week
~ 67 kHz ~ 45 kHz (> 85 %) Tested till 60 kHz (like Bruker)

20



Industrial 3D-Printed 1.3 mm Drive Cap (2 um)

Spinning Stability of 3D-Printed 1.3 mm Cap (no cooling / VT gas)

60060

> ~60 Hz spike
60050 -
60040
60030 -

60020

Spin rate (Hz)

60010

60000

g ; @ MAS / Temperature stabilizes after ~15 mins

T T T
0 500 1000

59990 A

leG EDbG
Time (s)

MAS frequency v, = 60 kHz + 2 Hz (30 mins)
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3D-Printed + Electroless Plating MW Waveguide

1 m normal waveguide (steel) loses 75 % P

mw

Very Conductive !

Corrugation minimizes ohmic losses till 1 % ~1 mQ

i

Cu + Gold
Plated

R T T TR T T AT E T eI ae L iT ]

»

~2 um

-

A/3~ 0.4 mm

Skin depth @
263 GHz
=0.13 um

Himmler et. al, preprint mr-2022-15 (2022)
Woskov et. al, IEEE, 53, 1863 (2005) 3D_Printed 3D_Printed +

(Plastic) Electroless Plated

Nicolas Birlirakis
Ngoc Diep Le



Our MachlnlngIEIectrlcaI Workshop (NMR Only)
8 i g . i
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