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What is high frequency in EPR?

• Low Frequency: 

– Conventional Electromagnets 

– 0 -> 2 T  or  0 ->  50 GHz

• High Frequency: 

– any system using a superconducting 

magnet

– Usually 90 GHz -> 360 GHz -> 1 THz

or              3T   ->     12T     -> 30T

– mm-wave and sub-mm-wave



What is high field?

• A high enough field to resolve g-anisotropy

B0 (g1-g2)/giso > B1/2

Chlorophyll P700+ radical in Photosystem 1

J.Phys Chem B 1999 103 10973

For chlorophyll radicals 

or most C-H radicals

high field condition is not

reached until 300 GHz!



Very high cw fields

45T cw hybrid

Tallahassee

34T Bitter magnet inside  

11T superconductor

25T Bitter 

Magnet

10-5 homogeneity

Small power 

station as

power supply!!

Good stability

Huge cooling 

systems!

(stability issues

+ v. expensive)



Very very high frequency 
(using pulsed magnetic fields)

60T long pulse 

Magnet (2s)

(Los Alamos)

Generates 1.4 GPa 

stresses

Destructive Magnets

0 -> 300T in 4s

Literally single shot!

(Tokyo)

Only suitable for very strong signals

3MA in single turn coil



Why has EPR not followed NMR?
Why is high field not more routine?

12 T  (263 GHz)

20T +

Bruker E780



8 Core HF-EPR Advantages

(1) Higher sensitivity (potential)

(2) Better spectral resolution

(3) Larger Instantaneous Bandwidth (AWG)

(4) Better time resolution (fast T1, T2)

(5) Larger energy scale (large D, E)

(6) Higher Zeeman spin polarisation (B > kT) 

(7) Dynamic Nuclear Polarisation

(7) Rapidly Advancing Technology (it will get cheaper and better)
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refocused Echo 16-200-32-2200-32

1000av, 250Hz, 200MHz with 80MHz offset.

refocused Echo 16-200-32-2200-32

10000av, 250Hz, 200MHz.refocused Echo 16-200-32-2200-32

1000av, 250Hz, 200MHz.

Hahn Echo 16-2000-32, 1000av,250Hz
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Spin Echo from 1 M TEMPO in Water/Glycerol @ 60K 
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In the last decade Pulse-EPR matured to a well

established tool for the investigation of

paramagnetic species. From the very beginning

Bruker set the milestones in commercial Pulse-

EPR instrumentation with the ESP 380

introduced in 1987.  The next landmark was set

by the successor model ELEXSYS E 580 and

the new high speed digital devices PatternJet

and SpecJet. For the first time in history it was

possible to average FIDs and echoes at a rate

governed by spin relaxation and not hampered

by hardware constraints.

Another cornerstone of the spectrometer, the

probehead, has been in the focus of

development over many years. The result is the

legendary Flexline probehead series.

 

The ELEXSYS E 580 FT/CW X-Band

spectrometer is also the platform for multi-

frequency extensions. Based on the X-Band

spectrometer, frequency conversions are

available to W-Band (E 680), Q-Band (SuperQ-

FT), S-Band, (SuperS-FT) and L-Band (SuperL-

FT). The unique design concept allows to

transform all features of the X-Band to the

additional frequency in a dual-band

spectrometer.
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PatternJet-II Channel

Xepr for experiment

design and data handling

Unprecedented flexibility and ease of use are

the attributes of the Xepr software. Whether you

are dealing with a simple echo decay or a

complicated multiple-pulse 2D experiment, the

graphical user interface of Xepr ensures easy

instrument control, experiment definition and

execution. Numerous novel processing tools,

display capabilities and data representations

open up new dimensions in data analysis as

well.
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(Setup for 3 pulse PELDOR, comparable sample volumes, 

comparable fractional excitations)

X-band Q-band

(150W)
W-band

(1) Higher Sensitivity

(1 kW) (1 kW)



Aim is 1000 times X-band sensitivity

sample

roof
mirror

rotate
elevate

Piezo-motors

microwaves

3D – CAD Drawing

HIPER Upgrade



Where does this sensitivity come from?

1 kW pulse EIK 

amplifier (CPI)

+

94 GHz High volume, non-resonant

Induction mode Sample holder

+

High Frequency, High Power, High Volume

-1.5-1.0-0.50.00.51.01.5

-10

-5

0

5

10



Absolute Sensitivity (numbers of spins) 

(Micro-Imaging, Single Xtal, Single Cell, Surfaces)

But generally needs high spin concentration

Concentration Sensitivity (spins per unit volulme)

(Biological samples – PELDOR, DNP, Defects)

But generally needs high volume (lots of spins)

Absolute vs Concentration

General Experimental Rule

Match the cavity/sample-holder to the size of sample



Pulse Multiplex Advantage

This may change for some systems with AWG’s

In NMR pulse sensitivity is a lot better than cw, as usually lines 

are narrow and one can usually excite all lines at once

In EPR CW sensitivity  is often better,  as lines are often very 

broad  and one needs to reduce the Q of the cavity to increase

excitation bandwidth – and we often still have partial excitation

CW vs Pulse



EPR Sensitivity Scaling with Frequency

Absolute Sensitivity - scales as w7/2

Concentration Sensitivity - scales as w1/2

George Feher (1924-2017)

Similar scaling  for pulse (Eatons)



Assumes cavity size scales 

with wavelength

Cavities at high frequencies become

extremely small and sample handling 

becomes difficult

But absolute sensitivity can be high 

Wavelength at 10 GHz = 3.0 cm

Wavelength at 300 GHz = 1 mm

10 GHz

94 GHz



Non-resonant induction mode

sample

roof

mirror

rotate elevate

Piezo-motors

microwaves Excite linear polarisation 

Detect orthogonal 

linear polarisation

-1.5-1.0-0.50.00.51.01.5

-10

-5

0

5

10

3mm OD

sample 

tube 

Key High Frequency Idea



Pulse Concentration Sensitivity

c. P0
1/2

At low frequencies often better to have high c and lower V

At high frequencies can be better to maximise volume V

effective sample 

Volume Veff

conversion

factor c (G/W-1/2)

System Noise

fractional 

spins excited

Resonant 

frequency



1000 times X-band sensitivity?

Better system 

noise figure +

Better signal

Processing +

Higher power

EPR Volume-> NMR volume

Larger Bandwidth +

B1 inhomogeneity /

compensation

x 2.5

Echo 

with

composite

pulses

x 2 - 5

Keysight Technologies
M8190A Arbitrary Waveform Generator
12 GSa/s Arbitrary Waveform Generator

Data Sheet

x 2 - 4 

Modified

sample holders

5ns p/2  to  2ns p/2 pulses

12 GSa/s

(NF)

(c, Veff)

(f)



(2) Higher resolution

• g-factor resolution

– Fingerprinting, Symmetry

– Nuclear Coupling 

– Orientation selection

– Sensitivity to faster molecular motion 

• Nuclear resolution

– Determination of different coupled nuclei



Fingerprintig

But be wary

of g-strain

Be especially wary 

of D-strain

In transition metal

momplexes / 

metalloproteins



g-factor resolution
(finger printing, symmetry)

Acknowledgement

Olav Schiemann

Field swept

Nitroxide spectra

9.4 GHz and 180 GHz



Orientation Selection
(At 94GHz g-factor fully resolved in a nitroxide)

X

Y

Z
out of 

plane

MTSL

Selectively excite different 

orientations of the molecule

Important for ENDOR / PELDOR



Orientation dependent PELDOR

Bisnitroxide in o-terphenyl

±28˚

±25˚

Model SystemJMR, Vol 216, pp.175-182, 2012



g-factor resolution

gxx (and AZZ and Pyy) component sensitive to hydrogen bonding

gxx

Mobius, Lubitz, Savitsky in Progress in Nuclear Magnetic Resonance Spectroscopy 75,  (2013)



g-anisotropy 

sensitive to faster motions
M

o
le

c
u

la
r 

tu
m

b
lin

g
 i
n
c
re

a
s
in

g

g-anisotropy averaged out

g-anisotropy fully resolved

Fast motion can be 

averaged out at low

frequencies 

(isotropic spectrum) 

but discernible at 

high fields 

Acknowledgement

ACERT (Jack Freed)



Hyperfine Methods

• ESEEM  - optimised for  wN ~ A/2
– Nitrogen ESEEM at W-band 

• ENDOR

– Davies (large hyperfine couplings)

– MIMS  (small hyperfine couplings)

• ELDOR detected NMR (most sensitive)
– All benefit from higher resolution and/or sensitivity at high fields

• DNP – all methods - major interest at high fields for NMR 

– dissolution,   solid-state,   liquid state  DNP



Nuclear Zeeman resolution

Here, thenuclear Larmor frequency isgiven by mn ¼ gn l k B0/h,

and the hyperfine coupling parameter A contains isotropic

and anisotropic contributions of the hyperfine tensor eA. In

isotropic solution, the hyperfine couplings (hfc’s) are given by

Aiso =1/3Tr(eA) and are called the Fermi contact interaction param-

eters. Hence, in ENDOR with each set of inequivalent nuclei the

number of resonance lines increases merely in an additive way.

Double resonance excitation thus offers the advantage of NMRin

termsof high resolution viaareduced number of redundant hyper-

fine lines in conjunction with the advantage of EPR in terms of

detecting low-intensity rf transitions viahigh-intensity microwave

transitions, i.e., by means of a ‘‘quantum transformat ion’’. In EN-

DORspectroscopy, specific experimental conditions, sample prop-

erties, temperature and irradiation field amplitudes have to be

fulfilled in order to be able to detect the signals. These are more

stringent for cw than for pulse irradiation schemes [160,172,173]

(see below). ENDOR signals are observed by monitoring changes

of EPRline intensities when sweeping the rf field through the nu-

clear resonance frequencies.

Apparently, thegain in resolution of ENDORversusEPRbecomes

very significant for low-symmetry molecules with a large number

of groupsof symmetry-related nuclei. Theresolution enhancement

becomes particularly drastic when nuclei with different magnetic

moments are involved. Their ENDORlines appear in different fre-

quency ranges and, providing that their Larmor frequencies are

separated at the chosen Zeeman field B0, the different nuclei can

be immediately identified. In the case of an accidental overlap of

ENDORlines from different nuclei at X-band (9.5 GHz and 0.34 T)

the lines can be separated at higher Zeeman fields and microwave

frequencies, for instanceat 3.4 Tand 95 GHz[174] or even at 12.9 T

and 360 GHz [175]. The disentangling of ENDORlines at different

fields is depicted in Fig. 2. In biological molecules with several

magnetic nuclei other than protons, the separation of accidentally

overlapping ENDORlines is extremely helpful for analyzing com-

plex spin systemsby meansof their nuclear Zeeman and hyperfine

interactions.

3.2.2. Distant ENDOR

In contrast to local ENDORtechniques, in distant-ENDORexper-

iments theNMRresonances arise from nuclei that areremote from

the paramagnetic center. Such distant nuclei are only weakly cou-

pled to the electrons but are more strongly coupled to each other.

In distant ENDORtheunpaired electron of highly diluted paramag-

netic centers serves as a sensitive detector for the weakly coupled

nuclei (see Fig. 3).

Fig. 3 showsschematically amolecular crystal which consistsof

diamagnetic molecules and statistical ly embedded paramagnetic

centers with an interaction sphere with a radius b0, defined by

1

2

h
2

h
ce cn b

3

0 ¼hDx 2i
1=2

n ð4Þ

At adistance b0 the mean dipolar hyperfine coupling equals the

mean internuclear coupling. Theinternuclear coupling isexpressed

by the second moment, which represents the NMR linewidth of

class of distant nuclei Idistant. In distant-ENDOR experiments, the

internuclear magnetic interactions are stronger than the coupling

of the nuclei with the paramagnetic center. The distant-ENDOR

technique, therefore, produces typical wide-line NMR spectra –

but with EPRsensitivity – and this either from disordered samples

(seeFig. 4) or from single-crystals (seeFig. 5). Wewant to point out

Fig. 2. Gain in ENDOR resolution for systems with doublet states (S=1/2, g=2)

with increasing Zeeman field B0 and microwave frequency m. Spectral lines of

typical nuclei in organic biomolecules that largely overlap at traditional X-band

ENDOR(B0 =0.34 T, m=9.5 GHz) become completely separated at 360 GHz/12.9 T.

Fig. 3. Definition of local and distant nuclei, Ilocal and Idistant, relative to electron

spins (large arrow). The radius b0 is defined in Eq. (4). For details, see [9].

Fig. 4. Complete distant-ENDORspectrum (X-band) of partially deuterated succinic

acid C2D4(COOH)2 in a polycrystalline sample containing a small amount (between

0.1%and 1%) of paramagnetic centers HOOCCD2CDCOOH induced by 50 kV X-ray

irradiation [9].

10 K. Möbius et al./ Progress in Nuclear Magnetic Resonance Spectroscopy 75 (2013) 1–49

uENDOR = |vn ± A/2|

Assuming:

S=1/2, 

g=2

No quadrupole

Mobius, Lubitz, Savitsky

in Progress in Nuclear Magnetic 

Resonance Spectroscopy 

75,  (2013)



(3) Instantaneous Bandwidth 

• Higher bandwidth 

• larger potential gains from AWG technology

Cavity Bandwidth f  =  f0 / Q

Non-respnant

Limited by transit time

In practice limited by amplifier (1 GHz)



Gd(III) DEER at short distances

900 MHz

2.1 nm

Benefits of bandwidth



Q-Band vs W-Band (HiPER)

In Collaboration with Anokhi Shah, Michael J. Taylor, 

Anbu S. Kooduthurai, Janet E. Lovett and Anna F. A. 

Peacock

Q-band  166 MHz

HiPER  290 MHz

HIPER  420 MHz

Gd DEER



High Frequency AWG

Keysight Technologies
M8190A Arbitrary Waveform Generator
12 GSa/s Arbitrary Waveform Generator

Data Sheet

Keysight Technologies
M8190A Arbitrary Waveform Generator
12 GSa/s Arbitrary Waveform Generator

Data Sheet

10 GHz
I

Q

92.2 GHz

1.8 ± 0.5 GHz

1.8 GHz from

24 bit DDS

10 ± 0.5 GHz

Filter

94 ± 0.5 GHz

(-90 dB SFDR)12 GS/s

AWG



Wideband Pulses in PELDOR 
Low Spin Fe in Neuroglobin

Simulation Experiment

Refocussed Echoes on Fe

Composite p pump pulse

Observer 

sequence

>3 x improvement

in Signal to Noise

for Fe-N PELDOR

composite

p p
composite



Wideband Pulses

Experimental 
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Low spin Fe in neuroglobin



Chirp Pulses

100 MHz (HIPER) 300 MHz (HIPER) 750 MHz (HIPER)

p/2 Bodenhausen CHORUS

Taken from Fardoozeh et al. J.Mag Res.302  (2019) 



Limited gains at W-band on Nitroxides

due to coupled to Nitrogens

wN ~  2A ~  w1.         (~ wD)

NOTE

8 -16 -16 ns pulse  sequence

Using Composite, Chirp or Rectangular  Pulses



Any Questions



Transmission Question

I have a perfectly collimated single frequency microwave source emitting 

1 W being detected by a suitable detector and I place a perfect 0.1%

transmitting mirror in the way, so only 0.1% (1mW) of the power is detected

What can be put in the box to ensure that 100% (1W) 

of the power reaches the detector?  (in the ideal case)

1W

source
detector

99.9% lossless

reflecting mirror

?

Aside



Answer - Another 0.1% transmitting 

mirror!

1W

source
detector

mirror mirror

n l/2

Now 1kW builds up inside the cavity and 1W makes 

it to the detector without loss! (in the ideal case)

But what happens to the 999mW reflected from the first mirror?

1kW

(you want T1 = T2 for the special case of a lossless system)

T1=0.1%
T2=0.1%



EPR reflection cavities

1W

source

mirror

T1 = 0.1% T2 = 0%

d
e
te

c
to

r

100% 

reflecting 

mirror

~1kW

Sample in:

Magnetic field max

Electric field min



Cavity deadtime

1W

source

100% 

reflecting

mirror

T1=0.1% T2=0%

d
e
te

c
to

r

What happens if I suddenly switch the microwave source on or off?

reflected

The loaded Q of the 

cavity is a measure 

of the time response 

of the cavity 

~ 1W
Reflected Power



Power from sample?

1W

source

mirror

T1 = 0.1% T2 = 0%

d
e
te

c
to

r

100% 

reflecting 

mirror

Spin Echo Sequence

I remove the green 

0.1% mirror after red 

pulses but before the 

echo

Do I get: 

a) More power at detector?

b) Less power at detector?

c) Same power at detector?



(4) High Time Resolution

(Low deadtime and fast risetimes)

Deadtime proportional to Q /f0

Transients bad for receivers

Takes time for power to build up cavity



High time resolution possible
(due to greater instantaneous bandwidth)
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116 ps pulse (200mW)

Very fast risetimes possible

80ps risetime for longer pulses

At high power – limited by amplifier



Ultra Fast Rapid Frequency Scan

Frequency Sweeps 

of 10’s of GHz



HiPER low deadtime
High performance 

quasi-optical circulators

(eliminates standing waves)

94 GHz 1 kW

EIK amplifier

Induction mode 

non-resonant

sample- holder

QUASI-OPTICS

Eliminates standing waves



Zero Deadtime measurements?

100 ns pulse

Zero Deadtime

Measurement

Low Deadtime

Measurement

Variable 

amplitude

Limited by Signal to

(coherent) Clutter

Limited by Signal to 

(incoherent) Noise



Zero Deadtime measurements?

100 ns pulse

Zero Deadtime

Measurement

Low Deadtime

Measurement

Variable 

amplitude

Limited by Signal to

(coherent) Clutter

Limited by Signal to 

(incoherent) Noise



BDPA Single High Power Pulse

Data:  Solid line 

Fit:  Dashed Line

0 dB ~ 15 G

(1 kW)
-6 dB-12 dB

-30 dB -18 dB-24 dB

T2 ~ 120ns,   T1 ~ 300ns    (but distribution of values)



5) Larger energy scale

• Separation of field dependent terms in spin 

Hamiltionian

– Large Zero Field splitting systems

– Faster T1 in some systems,  

– Reduced ESEEM in many systems 

– Forbidden transitions become more forbidden

2wn >> A Large D, E



Higher energy scales

BaAl2O4:Eu

BaAl2O4:Eu

At X-band, zero-field splitting  energy similar to  Zeeman Energy  

-> mixing of states = complex and difficult to interpret spectrum

At W-band, zero-field splitting < Zeeman interaction -> petrurbation -> 

much easier to model

Multi-frequency, large field sweeps, broad field modulation

(zero-field splitting)

X-band W-band



Higher Energy Scale 
(Ferromagnetism)

HA =  (H0 + 4pM0) - D p2 n2 / d2

(w/ Spin Stiffness

Constant

Applied

Field

Integer

1200A Fe on GaAs

Multi-frequency, large field sweeps, broad field modulation

film 

thickness

Magnetisation and crystalline anisotropy can be > 1T
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wn >> 2A

Forbidden Transitions 

become more forbidden

X-band 

Deuterated Protein

Protonated



Sensitivity increase due to 

reduction of second order effects

In zero-field splitting problems second order

effects reduce at high fields sharpening lines

(Forbidden transitions become more forbidden) 

Mn2+ EDTA in H20



(6) Higher Zeeman spin 

polarisation (B > kT) 
• Changing energy level populations, fully 

polarized systems

• Eliminating flip-flop relaxation

• Dissolution DNP

Electrons ~ fully 

polarised at

16T  at 4 K 

Protons ~ 0.2%



Higher Energy Scale and B > kT

Cr12O9(OH)3(O2CCMe3)15

S = 6 

Powder Spectra at 180 GHz

D = 0.088cm-1 + D-strain

Molecular magnets



Increasing T2 relaxation time

In some systems

relaxation time is

dominated by electron 

flip-flop transitions

which are eliminated

in polarized systems

at low temp and high B0

S. Takahashi et al., Phys Rev Lett., 101, 047601 (2008) 



(7) Dynamic Nuclear Polarisatiion

13C spectra of urea (natural abundance)

Single shot NMR

65 hours NMR Averaging

10,000 fold improvement in NMR sensitivity

0.75 Million years

to get same S/N

Jan H. Ardenkjaer-Larsen, PNAS, 100(18): 10158–10163 (2003)

High fields

for NMR



Solid State DNP System

40. NMR-Benutzertagung, Karlsruhe, November 9, 2016 

Solid-State DNP Spectrometer 

Gyrotron 

LT-MAS DNP probe 

Transmission line 

MAS cooling system 

Rosay et al., Phys. Chem. Chem. Phys., 2010, 12, 5850 

Rosay et al., J. Magn. Reson., 2016, 264, 88 

40. NMR-Benutzertagung, Karlsruhe, November 9, 2016 

B0 

µwaves 
100 K 

Solid-State Dynamic Nuclear Polarization 
(DNP) 
 

• Transfer polarization from unpaired 

electron spins to nuclear spins 

   γe >> γn 

• Driven  by microwave irradiation close 

to the EPR frequency 

 

H2O/ 
glycerol 

H2O/ 
glycerol 

 DNP/NMR 

H2O/ 
glycerol 

H2O/ 
glycerol 

H2O/ 
glycerol H2O/ 

glycerol 

H2O/ 
glycerol 

Samples 

260  GHz 

++

few watts 

CW

oscillator



High Field DNP Challenges

• Faster Polarisation with larger volumes 

at higher magnetic fields 

• High Power High Frequency Amplifiers

• Pulse Techniques. NOVEL   wn ~ w1

Few watts

CW Oscillator

5 kW Amplifier (10% BW)



(8) Rapid Technology 

Advances

Faster AWG’s

Faster ADC’s and

digital oscilloscopes

Broadband high 

power amplifiers
Compact cryofree magnets

2 GHz 



Revolution in MM-Wave 

Integrated Circuits

MM-Wave

Communications

on a Chip

2.5mm

MM-Wave Radar on a Chip



Radar / Comms /Spectrometer 

on a chip
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Background

In the last decade Pulse-EPR matured to a well

established tool for the investigation of

paramagnetic species. From the very beginning

Bruker set the milestones in commercial Pulse-

EPR instrumentation with the ESP 380

introduced in 1987.  The next landmark was set

by the successor model ELEXSYS E 580 and

the new high speed digital devices PatternJet

and SpecJet. For the first time in history it was

possible to average FIDs and echoes at a rate

governed by spin relaxation and not hampered

by hardware constraints.

Another cornerstone of the spectrometer, the

probehead, has been in the focus of

development over many years. The result is the

legendary Flexline probehead series.

 

The ELEXSYS E 580 FT/CW X-Band

spectrometer is also the platform for multi-

frequency extensions. Based on the X-Band

spectrometer, frequency conversions are

available to W-Band (E 680), Q-Band (SuperQ-

FT), S-Band, (SuperS-FT) and L-Band (SuperL-

FT). The unique design concept allows to

transform all features of the X-Band to the

additional frequency in a dual-band

spectrometer.

Acessories

PatternJet-II Channel

Xepr for experiment

design and data handling

Unprecedented flexibility and ease of use are

the attributes of the Xepr software. Whether you

are dealing with a simple echo decay or a

complicated multiple-pulse 2D experiment, the

graphical user interface of Xepr ensures easy

instrument control, experiment definition and

execution. Numerous novel processing tools,

display capabilities and data representations

open up new dimensions in data analysis as

well.

Xepr software
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Quasi-optics

At high frequencies

better to have mixture

of optics and microwaves.
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St Andrews MM-Wave Group

Autonomous Boats

Stand-off Security Imaging

Volcano Imaging

Drone Detection



If you’ve enjoyed the school…

• Tell Peter!  Write to Peter!

• Tell your supervisor 

• Remember when you are a supervisor

to send your own students!

– Eventually -Volunteer to organise a school!!


