Get into shape - Pulse shaping and its

practical applications in EPR

International EPR Symposium
Sunday July 17, 3:30pm-5:30pm
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When men speak of the future, the gods laugh.
-CHINESE PROVERB



Workshop Schedule

3:30-3:45 Gareth R. Eaton -General introduction to
why we even think about shaped pulses, and why it is a
current topic

3:45-4:15 Laura Buchanan - Examples of the utility of
an AWG for shaping pulses, the bandwidth of pulses of
different shapes, and their implementation on a
spectrometer.

4:15-4:45 Ralph T. Weber - Examples of experiments
one can do in pulsed EPR with an AWG

4:45-4:55 Break

4:55-5:30 Songi Han and llia Kaminker - lllustrations of
the power of shaped pulses, and quick demonstrations
of some state-of-the-art applications.

5:30-5:35 Stefan Stoll — Pulse shaping with EasySpin



Enabling technology

25 years ago, we had to use discrete fast
microwave switches and phase shifters to shape
pulses.

Now, arbitrary waveform generators (AWG) can
produce almost anything you can imagine.

Modern AWGs can produce shapes that can be
mixed with any frequency needed for pulsed EPR.

Some AWGs can even produce arbitrarily
modulated X-band frequencies.

Bruker now has an AWG as a component of the
E580/E560 series of spectrometers.



What is the shape of a “normal” pulse?

Timing device tries to make rectangles
Switches slow down the rise and fall
Amplifiers slow down the rise and fall
Resonator Q shapes the pulse

If the Q is high enough the pulse may never
reach maximum B, at the sample

Therefore, we are always “shaping” our pulses
even if we do not think of that.



16 ns X-band pulse, Q =200

For a rectangular pulse, the
turning angleis 4 _ - py.qp

For any amplitude-modulated
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Bandwidth = 45 MHz

It takes a few resonator time constants for the current in the resonator to exponentially
reach the maximum value.

The current in the resonator decreases with the same exponential time constant after
the end of the pulse



The primary stimulus for shaped pulses is
bandwidth.

A hard pulse, even as short as 10 ns, which is
near the limit of many microwave switching
devices, excites only about 100 MHz, or about 35
G (3.5 mT) of spectra.

This is about the 3 dB bandwidth of a strongly
overcoupled X-band resonator.

Coherence and polarization effects are limited to
the subset of transitions within the excitation

band.

To excite broader spectra requires specially
shaped pulses, including compensation for the
response function of the resonator.



With modern instrumentation, one can vary in
arbitrarily chosen ways, the amplitude,
frequency, and phase of the RF/microwave pulse.

Pulse amplitude modulation is difficult to achieve
with high-power pulses, because most TWT
amplifiers are operated in the saturated output
region.

Some lower-frequency RF pulse amplifiers can be
operated in the linear response region and still
output sufficient power for some EPR
experiments.

However, since efficient use of the maximum
power available is often the design goal, even if
only for cost reasons, techniques other than
amplitude modulation are the focus of many
papers.



First use of composite pulses in EPR — 1989
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F1G. 1. (a) Layout of the hardware used to produce the composite pulses in this study. The reflective
microwave switch was from New England Microwave, and the required complementary ECL logic inputs
were obtained from a Precision Instruments, Inc., four-channel digital delay generator. (b) Phase-sensitive
detection of a typical composite pulse supplied to the input to the TWT. The vertical solid arrows indicate
180° phase shifts; the vertical dashed arrow represents the turning on of the microwave power.

R. H. Crepeau, A. Dulcic, J. Gorcester, T. R. Saarinen, and J. H. Freed,
Composite pulses in time-domain ESR. J. Magn. Reson. 84, 184-190 (1989).



Amplitude modulation

* The 256 pulses were 109 ns long and implemented 16 phase steps.
The complete pulse sequence required about 56 us.

* Notably, only 1.5 mW pulse power was used.
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Fig. 1. The pulse sequence that was used to produce the spectra in Fig. 2 consisted of 256 pulses of 109 ns with the 16 different phases selected as shown in part a. The time
required for the complete sequence was about 56 ps. The detailed timing of the first 2 and last 2 pulses is shown in part b. Data were acquired continuously at 4 ns intervals
during the entire pulse sequence, but only the signal corresponding to times between the pulses was analyzed.

M. Tseitlin, R. W. Quine, S. S. Eaton, G. R. Eaton, H. J. Halpern, and J. H. Ardenkjaer-Larsen,
Use of the Frank Sequence in Pulsed EPR. J. Magn. Reson. 209, 306-309 (2011).

M. Tseitlin, R. W. Quine, S. S. Eaton, G. R. Eaton, Use of polyphase continuous excitation
based on the Frank sequence for EPR. J. Magn. Reson. 211, 221-227 (2011). PMC3148075



FT EPR

 The goal is to excite entire spectrum of an organic radical
uniformly, and avoid resonator Q effect on spectrum.
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The shaped pulse provided excitation at the positions of the 3 lines of the
nitroxide.

l. V. Koptyug, S. H. Bossmann, and N. J. Turro, Inversion-recovery of nitroxide spin
labels in solution and microheterogeneous environments. J. Am. Chem. Soc. 118,

1435-1445 (1996).



N. Devasahayvam et al. [ Journal of Magnetic Resonance 168 (2004) 110-117
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Since the FT of a square pulse is a sinc function, a sinc pulse shape can yield
a nearly square excitation profile.
Amplifying the side bands partially compensates the resonator response function.



Frequency modulation — chirp pulses

The frequency of a pulse can be varied during the pulse
to achieve a large increase in bandwidth.

The spins are not excited simultaneously with a chirp
pulse, in contrast to a single-frequency pulse.

The frequency change during the pulse can occur at a
constant rate or at a variable rate, depending on the
goal.

One advantage of variable rate frequency sweep is that
one can create offset-independent adiabaticity.

T. F. Segawa, A. Doll, S. Pribitzer, and G. Jeschke, Copper ESEEM and
HYSCORE through ultra-wideband chirp EPR spectroscopy. J. Chem. Phys.
143, 044201 (2015).



The chirp echo experiment

All spin packets should refocus at the same time
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FT-EPR correlated 2D and 3D spectroscopy

Inversion recovery Pulsed dipolar spectroscopy HYSCORE (3D experiment)
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T. F. Segawa, A. Doll, S. Pribitzer, G. Jeschke,
J. Chem. Phys. 2015, 143, 044201



Applications include

Ultra-wideband pulses
T EPR
maging

DEER and other pulsed dipolar spectroscopy
ESEEM

HYSCORE

Relaxation

Efficient use of power

Compensation for resonator bandwidth






slides for Q&A

 3slides from Gunnar Jeschke
* 3 slides from George Rinard



Features of the frequency-swept pulse

Adiabatic and fast passage

o frame rotates with instantaneous frequency
e adiabatic sweep: magnetization follows effective field

o fast sweep: magnetization lags and starts to precess
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G. Jeschke, S. Pribitzer, A. Doll, J. Phys. Chem. B, 119, 13570-13582 (2015



Offset-independent adiabaticity for resonator compensation

~ Q-band TWT amplifier bandwidth- Sweep more slowly where you have less power
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Current in the resonator as affected by Q
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Pulse turning angle for Q = 100 or 50
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Effect of resonator Q on 16 ns rectangular pulse
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Outline

Overview of arbitrary waveform generator (AWG)

How to Use an AWG
* Input and output

What to think about when designing pulses
Examples of Shaped Pulses

* Power
e Bandwidth



Why use an arbitrary waveform generator (AWG)?

 Pulses or wave forms of arbitrary amplitude,
frequency, and phase can be created and
executed

* New opportunities to create pulses that excite a
wider bandwidth than traditional rectangular
pulses

« Develop unigue pulse shapes and sequences

« Many types of experiments can benefit from
shaped pulses

* DEER

» Deeper modulation depth, longer distance
measurements

 EPR Imaging
« Reduce imaging artifacts, use larger gradients

Tektronix 70002A

Bruker SpinJet-AWG



AWG Overview

Tektronix 70002A

Programmable (reads Matlab data)
Up to 50 Gsample/s

Synchronized marker outputs

10 bit vertical resolution
Sequencer

16 GSample waveform memory

Bruker SpinJet-AWG

Amplitude resolution 14 bit

0.625 ns time resolution

Up to 16384 individual waveforms per
acquisition cycle

5 predefined shapes

Support for custom shapes

Memory corresponding to 80 ms of
continuous pulsing



What is the highest frequency an AWG can generate?

* Depends on the maximum clock speed of the AWG
 Maximum clock speed of an AWG is not the same as the highest operating frequency

Maximum clock speed of AWG

* Highest operating frequency =
& P & 9 y Number of points per cycle

Max Clock speed = 8 Gigasamples/s Max Clock speed = 8 Gigasamples/s
Number of points per cycle = 10 Number of points per cycle = 4
Output frequency = 800 MHz Output frequency = 2 GHz
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EDITOR

. Loy Find Files = Insert = fx v
CO L[:ll |lJ Compare v L[ GoTo v Comment %, sz /J
New Open Save
e AWG Input and Output
FILE NAVIGATE EDIT p p
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Z|= f0=1e%; % RF carrier
3= fmax=8e9; % max sampling rate of AWG
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Bl £ o ey * Internal Waveforms
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10 — t=tb*n; % time vector
11 — WE=sin (2*pi*f0*t); 5 W
12 %
13 — W f N 1 = 'l GHz Continuous Wave'; o E t I W f
| s xternal Wavetorm
15 . .
16 — save ('Waveform', 'Wave*', '-v7.3'): ® PraCtlca”y anythlng
[L7

1 R f h i Lt
1\ U fh \ LAY
P ) LA L
TN \ p; b I LA
ST L SRR B L R N
05/ \' ! .\ ;F ! : ! 1 .\
1) ! | i ! \ [ ! ! '
[ \ , \ | \ i ! 1 |
1 \ k L , | i n‘ 1 1
1 \ K \ ! ' ] ! 1
f | \ f \ 1 ' 1 \
0¢ & c'fv 'y ? 9 ® :% :ﬁ ] $
\ 1 I 1 1
v ,' \ 1 ‘. 1 ! 1 | :’
\ , \ ! ' ] ! ! ! ,
' i 1 ] \ f ' ! ! 1
! I ! 1 1 ! | ! ! 1
-05 1 1 i 1 ! ! 1
1 ! \ B ! I ! ! 1 !
1 1 ]
) P o ® g o lq 4 b 9
' I Vo o ! ' 7
\ ) V! Vo \
N N ' vy N
1 é ¥ b ° é
0 0.5 1 15 2 2.5 3 3.5 4 4.5 5

Time, seconds



Instrumentation

1 Bridge
E: |

AWG RF Source

High Power pulse
RF amplifier

Richard Quine



Resonator Tuning with a Linear Chirp (frequency swept)

Pulse

dB, Reflected Power
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—Cross Loop Rescnator #1 | —

—Cross Loop Resonator #2 “
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* Input linear chirp pulse centered around resonant frequency

 Fourier Transform the reflected RF



Review of Rectangular Pulses

« Rectangular pulses produce a
current in the resonator that Is
at a maximum at the carrier

* Decreases in amplitude as the
frequency gets further from
resonance

* Required B, increases as
pulse length decreases

f = frequency
T, = pulse length

FET sinfT,

V() = sin2nft) mmm) F(f,T,)= nfT,

from t=0 to t= T

(Square Pulse) (Sinc Function)
8.9G 2.2G 0.89 G 0.22 G B,
|
10 ns 40 ns 100 ns 400 ns Pulse
length

0= yBlTp




40 ns Rectangular Pulse Simulation
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Voltage Pulse Waveform (ns) Current Pulse Waveform (ns) Frequency Spectrum of Pulse (MHz)

Excitation bandwidth and resonator response for a 40 ns rectanqular pulse at 1 GHz with a resonator Q of 100 10




Shaped Pulses
1. Exponential sine pulse

V(t) = sin(2mft) e%t sin(2nft)

f, 1

f, = a= Dr. George Rinard
2Q [V5_ 2+ %fo g

2. Three part composite pulse

V(t) = sin(2mft)
V(t) = —sin(2nf,t)
V(t) = sin(2mf t)

11



Pulse Shaping Considerations

1. Excitation bandwidth

* Frequency spectrum of the pulse
« B, distribution in the resonator

'f nl \T ) 6 ! 5 1.5 G 7.5
———f0:+10 (L_ \“ —6
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Frequency Spectrum of Pulse (MHz) Frequency Spectrum of Pulse (MHz)

40 ns Rectangular 300 ns Exponential Sine

1 GHz
Q=100
Resonator bandwidth = 10 MHz
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Frequency Spectrum of Pulse (MHz)

255 ns Composite



One way to measure excitation bandwidth :{ﬁ}ﬁ

1. Measure FID from a single pulse

2. Fourier transform FID signal and find intensity

3. Step the magnet field

0.2 mM Trityl-CDg

.

U

,..Wmug hhm “M “ (

h

lmulu

Frequency

i uxhhl_l,!lf “ x
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* 1 GHz

Pulse Shaping Considerations © Q=100

e Resonator bandwidth = 10 MHz

2. Resonator response

« Current in the resonator

« Dead time of the instrument

3. Required power

« The integral of the current waveform gives the turning angle.

200 250 - 350 100 150 500 i} ] 0 150 300 25 A 300 350 100 150 500 0 50 100 150 200 250 ol
z .10 Z .10 zZ .10
"0 n.0 ')
Current Pulse Waveform (ns
Current Pulse Waveform (ns) Current Pulse Waveform (ns) (ns)

40 ns Rectangular 300 ns Exponential Sine 255 ns Composite H



300 ns Exponential Sine Pulse

Vinedt)

VE(n+dr)

)
neore 0 £ .00

Voltage Pulse Waveform (ns) Current Pulse Waveform (ns)

V(t)=sin(2 ft) * sin(2mfyt) * exp~t/®

1 f _Jfo
\/\@_2*%’ 17 2¢

.r"r_ |

Where a =

peiaas fo = resonant frequecy
1 —mpla10™®

L

Frequency Spectrum of Pulse (MHz)

Excitation bandwidth and resonator response for a 300 ns exponential sine pulse at 1 GHz with a resonator Q of 100
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Rectangular vs. Exponential Sine Pulse

0025 | —295ns Sine « 295 ns Exponential Sine Pulse
—295ns Square

0.02- a —30ns Sqﬂare ' « 1.1 W

0015 - * 30 ns Square Pulse

N « 1.15W

0.005- e 295 ns Square Pulse
, e 23 MW
o
H3C
-0.005- . CH;
H,C CH,
0.01; -1|.5 1‘ -0|.5 (ll 0.|5 1I 1.|5 2 He® CH3 O
Frequency, Hz X1 OT
DTBSQ
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255 ns Composite Pulse

VE (i)

ar=dis 10

Z 10"

Voltage Pulse Waveform (ns) Current Pulse Waveform (ns)

180° phase shifts at various time
points during the pulse

||:—|| V(t)=sin2nf, Fort<T,
; -(sin2mfy) For T, <t<1.5T,
sin2mf, For1.5T,<t<1.7T,

{ ]

i &
i 10
\rr 7

Frequency Spectrum of Pulse (MHz)

Excitation bandwidth and resonator response for a 255 ns composite pulse at 1 GHz with a resonator Q of 100
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Rectangular vs. Composite Pulse

* 46 ns Rectangular Pulse BE+007 —
« 5 Gauss
« 19W

* 191 ns Composite Pulse
* 5.3 Gauss
600 mW 4E+007 —

* 96 ns Composite Pulse

Q=63
96 ns Composite Pulse
191 ns Composite Pulse
46 ns Sguare Pulse

« 8.8 Gauss & 2T
R S S R
¢ 2.4 W ST < -
COO-M+ 0
0.2 mM Trityl-CD, 510

e Bandwidth plots produced by measuring the FID of
Trityl-CD4 as a function of magnetic field offset

520

530
Field, G
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Excitation Bandwidth
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Bandwidth plots were produced by measuring
the FID of Trityl-CD4 as a function of magnetic
field offset

e Q=153

e fo=151GHz

e Resonator Bandwidth = 10 MHz

Pulse Length | Required Excitation
of Power Bandwidth
Shape | ;e (MHz)
(ns)
Exponential 300 183 mW 11.7
Sine
Composite 255 46 mW 11.4
Rectangular 255 7 mW 4.3

19




Summary

« AWGS
* Programmable
« Many new opportunities for EPR experiments to be
Improved upon

 Increased excitation bandwidth
* The exponential sine pulse required the same amount of
power as the rectangular pulse and has a flatter and more

uniform response

- Composite pulses required approximately one third the power
of the rectangular and exponential sine pulses

20



Questions?

21



AWG Experiments and Practical Tips

Innovation with Integrity




Classical Pulse-EPR
BRUKER

= Rectangular pulses

e Excitation bandwidth

= 1/t, ~ 100 MHz

L

I

|ﬂﬁﬁmk I

i

ELDOR
Pulse

= Primary frequency

e excitation & detection

e ELDOR channel

e excitation

e Large bandwidth resonators



SpinJet-AwWG Features

= Frequency definition for each pulse
= High resolution phase setting

e Pulse shapes within shot

e Pulse amplitude control within shot

= Frequency chirps within pulse

= Multiple channel architecture

= Overlapping pulses

e Optimum Control Pulse input function
e Full Xepr implementation

e 1/Q vector modulator with LO suppression
network

(<)

\ e

0

100 200 300 400 500 600 700 8OO 900 1000 1100 1200 1300 1400 1500
Time [ns]




SpinJet-AwWG Specifications

=  Amplitude resolution 14 bit

= Clock 1.6 GS/s

= 0.625 ns time resolution

= =+ 400 MHz bandwidth around carrier
= Up to 32 channels

= Currently 5 predefined shapes

= Support for custom waveforms




Configurations
BRUKER

X-band configuration

X-Q dual band configuration







Pulse Table Integration




PulseSPEL Integration

Nx ) PulseSPEL Programming Panel 2: awg4dP-DEER-16-Step.exp® (CINCIREY]

hegin awg2
afl ; start fregquency [HHz]
afl ; end fregquency [MHz]
0 ; phase [degrees]
aa? ; amplitude [%]
asl ; shape
end awg2

; fourth pulse

begin awg3
af? ; start fregquency [MHz]
afl3 ; end fregquency [MHz]
0 ; phase [degrees]
aal ; amplitude [%]
as0 ; shape
end awgd

; phase cycles
hegin lists "none"
asgl +a

Ve i hsgl +h

end lists

begin listsl "2-step"
asgl +a -a
hsgl +h -b
end listsl

(LR R

View Frogram )
hegin lists2 "16-step"
asgl +a -a +h -b +a -a +b -b -a +a -b +b -a +a -b +b
hsgl +h -b -a +a +h -h -a +a -bh +h +a -a -b +b +a -a
end lists2?

; Standing Echo for 2-Pulse Set-Up
begin exp “2P ESE Setup" [TRANS QUAD]
; QUAD detection of Transient
for j =1 ton
shot i=1 to a ; accumulation loop
; DAF (Delay After Flash)
[awg0] ; lst pulse and phase program
1 ; tau

[awg3] ; 2nd pulse and phase program
; tau
; constant acquisition delay
dig [sgl] ; acguisition
next i ; end of accumulation loop




FFT Pairs

Rectangular Pulses BRUKER
Time Frequency
1T n/T
o T

sin(evT)/mv




FFT Pairs

Rectangular Pulses BRUKER

Time

Frequency




FFT Pairs

Rectangular Pulses BRUKER
. WUMMLW
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e

Frequency [MHz]




FFT Pairs

Gaussian Pulses BRUKER

e e Numerically Simulated

Time Frequency

1T n/T




ELDOR-NMR (X-Band)

. BRUKER
Gaussian Pulse

Rectangular HTA ELDOR pulse

B |

Nﬁ\/ Gaussian HTA ELDOR pulse

A 1|,

13C




Adiabatic Pulses BRUKER
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Adiabatic Pulses

Broadband Inversion

PNT FID FFT
200 ns Adiabatic Pulse FFT
13 ns Inversion FFT

BRUKER
r T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
-120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120

Frequency [MHz]




Linear Chirp Pulses
BRUKER

= s(t) = eid®
" o(t) = o + Kt

= k= ((Dend - 0)start) / tp

" () = Ot + kt?/2




Linear Chirp Pulses
BRUKER

(Vstart + Vend)/2

Vs’[art -V

end

ISR
6 8 10 12 14 16 18 20 22 24 26 28 30

T | T 1 T T T | T 1 | T 1 | T T LI L | L ‘ T | |
-30 -28 -26 -24 -22 -20 -18 -16 -14 -12-10 -8 6 4 -2 0 2
Frequency [MHz]




Linear Chirp Pulses

Broadband Inversion BRUKER

e Invert as much of the spectrum as

possible

Inversion

Bandwidth
< >




Linear Chirp Pulses

Broadband Inversion BRUKER
8 G
>3
Coal sample A
: — .\-“""‘ “"-\,‘ .~ 10/10ns
Broadband inversion [
— Tl
— DEER
— HYSCORE

Chirp inversion
£~ + 30 MHz / 60ns

\/

-0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1
<Frequency> [GHz]
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Linear Chirp Pulses
HYSCORE

T

160000

140000

3-times
better S/N

<unnamads [1]
e
3

0 3400

L

20 M3 3440 5D MED
Fiad [3)

3470




Linear Chirp Pulses

Broadband Inversion BRUKER
e Invert as much of the spectrum as
ossible
i Pump
- But not too much! Bandwidth
< >
= Avoid overlap
Observe
Bandwidth

<+—>




Linear Chirp Pulses

Broadband Inversion BRUKER

e Invert as much of the spectrum as

possible
e But not too much!

= Avoid overlap

Frequency




Linear Chirp Pulses
DEER BRUKER

X-Band DEER T4L72109R1

150 ns Chirp Pulse +70 MHZ Offset 100 MHZ Width

10

09 (e
29% Modulation Depth

08
24 ns Rectangular Pulse
0.7

0.6

% Modulation Depth
os 150 ns Chirp Pulse

04

Normalized Intensity []

03
0.2
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Linear Chirp Pulses
DEER

[

16 ns pump

2-times higher
modulation depth
48 ns chirp pump

-70 to -280 MHz

Pump frequency in resonator tune center

; T ; ; ; ; ; ; T 7 7
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050
Time [ns]

2750 2800 2850 2000 2850 3000 3050 3100 3150 3200 3250 3300 3350 3400 3450 3500 3550 3800
Field [G]

Sample courtesy Thomas Prisner



Chirp Echo with Phase Cycle
BRUKER
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Chirp Echo

BRUKER
Echo field sweep Chirp echo FT
+ 200 MHz
VAMP/Resonator
) 100 G R
33.61.3 ' "sa.ao o :;»406- : ':5426' .Fie;d[gzw. ' 3;4.60” Y -3436 N 3500 o Loz o5 loa -0.05 ‘F;Nuegﬁbmm]'o.os o1 " oeas oz



5 Pulse DEER

NS

Vdetect

St —»!

______

Ypump




5 Pulse DEER
BRUKER

5 P DEER 4 us acquisition
4 P DEER 4 us acquisition

BRUKER
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ELDOR Coherence Effects
Extra Echoes

tau 256 ns 8 step phase cycle:1
tau 256 ns no phase cycle
tau 256 ns 2 step phase cycle

R R L R R R R R R R R B N R R R RN RN RN RN RN RN R
-150 -100 -50 0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Time [ns]




ELDOR Coherence Effects o)
ESEEM B?%“

4P DEER tau 128
4P DEER tau 160
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ELDOR Coherence Effects
ESEEM

4P DEER tau 128 Frequency
4P DEER tau 160 Frequency

BRUKER
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Workshop: “Get into Shape”
58th Rocky Mountain Conference on Magnetic Resonance
July 17th, 2016, Breckenridge Colorado

Songi Han

John Franck, Timothy Keller, Ryan Barnes, llia Kaminker

University of California Santa Barbara



Qutline

Pulsed EPR gets a New Life with
fast (>1 GHz) and high dynamic
range (>14 bit) DAC boards

1. Shaped pulses to “simply” increase excitation bandwidth
in fundamentally incoherent pulsed EPR experiments

2. Coherent pulsed EPR experiments:
“old ideas” stand a chance for a renaissance ek ot Ethernet

. DAC

3. New pulsed EPR experiments with shaped-pulse-turn-pulse-sequence:.;
e.g. self-refocusing pulses

A\ ECL-to-TTL

- e
Gaussian _ converter
filters | trigger

outputs

4. Optimal control pulses

e
differential
amplifiers

5. Truly arbitrary pulses and feedback-generated pulses

1Q mixer —

directional
coupler

Next talk (llia Kaminker):
6. Software lessens the burden of hardware imperfection &

7. Transfer function (mostly of cavity)-corrected shaped pulses



1.a Shaped pulses to “simply” increase excitation bandwidth
in fundamentally incoherent pulsed EPR experiments

D Four-pulse DEER
T = =

1

T 1| Ty 12 ﬂ T2

Vobs i /L
1
N
Voume s w‘:’w_'
=

(] Forward five-pulse DEER

I
2 ®

As demonstrated in:
* PE. Spindler et al., Angewandte Chem, 52, 3425-3429 (2013)
* A.Doll etal., J. Magn. Reson. 230, 27-39 (2013)

=
Vi J o m i o H I AN Example DEER time domain data:
., b4 _V Tim Keller (Talk on Tue, July 19, at 4pm)
=
T n
D Reverse gve-pulse DEER v — 12nsSquare
3 = ®

— 200 ns Prisner Adiabatic

, || n ﬂ T T2 m u A 08¢ — 180 MHz Chirp
obs 1
\/ Gty
v - i 5 0.6}
n

3
s
% g
[ Seven-pulse DEER 2 o4}
z
2 = n n
L2 H 13 IIH kN hﬂ s 0.2}
Vobs J-I : : /\ :

ity ) ity ty 1
W, ! = ! 3 ! 0 , )
o w 4‘\"‘ d V %00 0 500 1000 1500 2000

n n n Time (ns)
C. E. Tait, S. Stoll, Phys. Chem. Chem. Phys., 2016



1.b Shaped pulses to “simply” increase excitation bandwidth
in fundamentally incoherent pulsed EPR experiments

Four-pulse DEER 5-pulse DEER
7 = = * P Borbat et al., J. Phys. Chem. Lett. 4, 170-175 (2013)
Vone J—Hj[ I | N CP-PELDOR
o : t 'ﬂr * P. E.Spindler et al, J. Phys. Chem. Lett. 6, 4331-4335 (2015)
x 1.2
Forward five-pulse DEER P Decoherence time extended from
- % ® 1
i & 5us to 11.5 ps!
J-I 4 i 7 N DAY 30.8
Vohe 1 @©
i} Wx i ':W_.V %0-5 Interprotomer distances of 6 nm
- f g 04 reliably determined of trimeric betaine
Reverse ﬂve_pﬁlse DEER“ S 0.2 transporter (BetP) by extending
i x x 0 observation time by dipolar recoupling
. J] T ﬂ T T2 i 2 /\ 0 §r/’ls 10
V._ t E t,
- e
td 4 ; 08
Seven-pulse DEER < 06
121 x n n g 04
% i 13 1; i 2 ol § 0.2
I Y P FURY Ei X
W | LY | N | N 2
- —
n n| T 0 5 10
Tips

Tait and Stoll, PCCP, 2016



1.c Dealing with coherent microwaves for incoherent pulsed EPR
experiments require phase cycling strategies

+10of 16 Physical Chemsuezhemlcal Physics
DOI: 10. @{%H&m

Journal Name

ARTICLE TYPE

Cite thic: DOI: 10,1030 oo Coherent pump pulses in Double Electron Electron
Resonance Spectroscopy

Claudia E. Tait* and Stefan Stoll**  8-step phase cycle can remove all echo crossings

19 additional coherence transfer pathway for echo (considering instrumental transfer functions)
generation, 14 of which are due to echo crossings 70 ‘; R Tom
between pump and probe
P SF‘?.pB SE'.’PEI?.'inS
PE, r; PE, r, PE,,r1 SEy; PEj, PEy, PE,; Phase cycles:
\1 J / / \ \ \ / . 1-step X X Xp X
2 _Tz_‘ 0 7 T,-2T; Ta-Ty 1"? 1, 2step (@) x xp X

4-step (x)(x)xp x

' 8-step [x](x) xp [x]
/\ | 16-step x [x)[xp] x
{'\, \N\

quadrature
\‘\va\d 0-0 == — —

o) R
,:"‘ phase

/ \/"’"\/‘/\/\ quadrature 00 05 10 15 20
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2.2 Coherent pulsed EPR experiments:

“old ideas” stand a chance for a renaissance

P. Schops et al., J. Magn. Reson. 250, 55-62 (2015)

FT of broad-band echo is in good agreement with field-swept echo spectrum
1

o o
@D 0 -

o 08 0.8
é . 0.6 0:6
é 0.4 04 04
DQC £ 02 0.2 0.2
2+1 0 , 0 . 0 A
0 50 100 0 50 100 -200 -100 0 100 200
SIFTER time [ns] time [ns] Freq. [MHz]
X (2 P2 P3
ESEEM ]
Hyscore o & — *
SECSY A - Lo JEl = P w ‘
2 |
+ FT EPR Spectra resolution
Ty T T l T, ‘ SIFTER echo modulated by
- -__ _____ dipolar frequency
- o~ == > -~
Oder = €COS[ee(T2 — T1)](S1y + Sy‘) — SiN[ee(T2 — T1)] (251252



O 000 000

2.b Coherent pulsed EPR experiments:
“old ideas” stand a chance for a renaissance

1
! SIFTER
(rectangular pulses)
| A
DQC 5 08f ,VJ\A/A/ \/\\'W\/‘\ |
2+1 i 4-pulse DEER
SIFTER @ 04 1 (rectangular pulses)
o
£ A
ESEEM 02} -
Hyscore SIFTER
SECSY or I (broad-band pulses)
1 L 1 A ' A A I
+ FT EPR Spectra resolution -4 -2 0 2 4 2 3 4 5 6
time [us] r [nm]
95% modulation at X-band! But only 10% modulation at Q-band

P. Schops et al., ). Magn. Reson. 250, 55-62 (2015)



2.c Coherent pulsed EPR experiments: “old ideas” revived by AWG advances

Goal: Metal ESEEM and HYSCORE
Cu2+ (1ppm) in TiO2 (rutile) crystal

O 000 000
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\

- Slice through 3D Hyscore (through an EPR frequency) o

T. F. Sagawa et al.,

J. Chem. Phys. 143, 044201 (2015)
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3.a New approach to pulsed EPR by shaped-pulse-turn-pulse-sequence:
e.g. self-refocusing pulses

Goal: reduce duration of chirp pulse Goal: minimize deadtime and maximize
sequence to diminish relaxation effects excitation bandwidth for FT-EPR

1. Contraction of pulse sequence

0 +0 0,—0
2. Amplitude and phase over excitation bandwidth of W, @ @m,.
self-refocusing, double frequency modulated pulse 08 = ' ~0+3

]

J.?.LM..?‘.,

T

I self-refocusing 200 ns
after theend of OCT pulse

3. Off-set-dependent performance (after phase cycling)
of self-refocusing, double frequency modulated pulse
1

s

)

Ermakov and Bodenhausen, Chem. Phys. Lett. 204, (1993) P. E. Spindler et al, J. Magn. Reson. 218, 49-58 (2012)



4. Optimal control pulses: e.g. self-refocusing pulses

rectangular prefocused
pre-compensated
pulse OCT pulse
OCT pulse
.l
90 180
1A(|“A-|l>
Merit of OCT is particularly strong when considering
instrumentation imperfection or limitation
200 0 200 ns 000 0 200 NS -1000 0 200 ns

0
offsets/MHz

3}
offsets/MHz

0 40 40
offsets/MHz .. E. Spindler et al, J. Magn. Reson. 218, 49-58 (2012)



5. Implementation of truly arbitrary pulses:
e.g. for the active cancellation of resonator ringdown

R. Barnes et al., J. Magn. Reson., 261, 199-204 (2015)
‘ Oscilloscope
@) Output
ﬂ D [] Waveform

Absorbed

: - signal
into Resonator il .

Il Il Il Il f
e 1111111 i} }\ Il \1\ S A A JWIMIA #

!
ii
4
| To Detector |

Signal DetectionWindow . ' —



Nutation measured inside and within the deadtime of pulse

ILL=—Signal Detection Window
i

A.

o Cancellation-Detected Nutation

i .
=

2t Echo-Detected Nutation

Ly

I

0 100 200 300 400 500 600 700 800

t (ns)

R. Barnes et al., J. Magn. Reson., 261, 199-204 (2015)



Recover short T, decay within cavity ringdown

S R. Barnes et al., J. Magn. Reson., 261, 199-204 (2015)
still within pulse
| | | 1

1.0 1| inside ringdown 2 outside ringdown 3 |

0.8 -
®

o.&\ _

0.4- | i

0.2 i

0.0 '
0 500 1000 1500 2000

T (ns)

* Active cancellation pulses introduce extra noise
* Active cancellation must come from solid-state amplifier
* Neat demonstration of AWG spectrometer fidelity



Iterative cancellation: pulse shapes from detected response in active feedback
Digital Analog Capture

Apply
Transfer Function

Repeat on
Signal Detector



5. Arbitrary and feedback-generated pulses require digital AWG hardware

| Python programming
interface

= Mmicrowave
== DC-1GHz
= 10 MHz clock

ey | STOrage
Oscilloscope

microwave sodrce directional coupler High Power Amp. limiter
% €L u R —_ > — .
/\/ 2 | 2
6 Pre-Amp.
Sampling ) Power
Oscilloscope Meter

T. Kaufmann et al, J. Magn. Reson. 235, 95-108 (2013)
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range (>14 bit) DAC boards
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THANK YOU

Songi Han
John Franck, Timothy Keller, Ryan Barnes, llia Kaminker

University of California Santa Barbara




moving the burden from hardware to software

llia Kaminker
Laboratory of Prof. Songi Han

University of California Santa Barbara



Conventional pulse forming unit

real

digitizer
e reference arm (N, _imaginary
High power
g amplifier
A
Main P S

source

ELDOR
source

@ |




“Incoherent” AWG implementation

Main
source

To high
power
amplifier i

- 1 i_

ELDOR ny
source




“Incoherent” AWG implementation

Main
source

AWG

ELDOR Ny
source

SSB mixer

To high I . I
power
amplifier

AN awin

DEER, inversion recovery et



“Coherent” AWG implementation

Main
source

| e To high
power
amplifier

— |

IQ mixer

Il



Dedicated AWG spectrometers

Kaufmann, T. et al. DAC-board based X-band EPR spectrometer with Tseitlin, M., Quine, R. W., Rinard, G. A., Eaton, S. S. & Eaton, G. R. Digital
arbitrary waveform control. Journal of Magnetic Resonance 235, 95-108 EPR with an arbitrary waveform generator and direct detection at the
(2013). carrier frequency. Journal of Magnetic Resonance 213,119-125 (2011).



AWG implementation at higher frequency bands

Version 1 Version 2
To high To high
power power
amplifier amplifier

- — QR

High frequency
source

O,



AWG implementation at even higher frequency bands

To sample
—_—

Caution: AMC is a very non linear device!

m
NESDAY, JULY 20: 2016 at 2P

D
on WE RNC alk)

More details



Making a perfect Pulse

Bl o ww )




Getting a perfect pulse to the sample: Correcting for
hardware imperfections using AWG

Local Oscillator Intermediate Frequency RF
(8-12 GHz2) (DC-1 GHz) (8-12 GHz)

Ideal 1Q mixer: W(t) = I(t)cos(2nwt) + Q(t)sin(2rnwt); w — source frequency (9.5GHz at X-band); I(t) and Q(t) - waveforms

Imperfect IQ mixer: I’= I(t+ @)+a; Q" = AQ(t)+b;

ﬁ—phaslg’ ,-quq/azc/e Hardware imperfections can be digitally corrected by
—amplitude imbalance adjusting the AWG outputs to generate the corrected
a,b —1 and Q DC offsets » ”
waveforms /”and Q



Getting a perfect pulse to the sample: Correcting for
hardware imperfections using AWG

The main distortion to the pulse often comes from the resonator.

Waveform generated by AWG: Distortion caused by the resonator: Waveform sensed by the spins
wt) H(t) = FL{H(f)} W'(it) = W(t)*H(t)
0.003 -
real . real
 0.0104 imag. —— amplitude _ imag.
s — % 0.0021
= =
§ 0.005- 5
£ £ 0.001 -
@ @
g g
0.0001 0.000-
0 5 10 15 20 25 30 / 0 5 10 15 20 25 30

time / ns v time / ns



Getting a perfect pulse to the sample: Correcting for
hardware imperfections using AWG

Example 2: Resonator transfer function

The main distortion to the pulse often comes from the resonator.

“Corrected” Waveform generated by AWG: Distortion caused by the resonator:  “Corrected” Waveform sensed by the spins

W(t) H(t) = F1{H(f)} W'(t) = W(t)*H(t)
0.06 -
real real

5 0.04 - imag. 2 0.0104 imag.
© i . ©
> /| — amplitude N
2 0029 H /| phase -
15 () /o P $ 0.005-
[ [
g 0.00 4 g
g g

-0.02- 0.000-

'004 T T T T T T T | /// T T T T T T T

0 5 10 15 20 25 30 | / 0 5 10 15 20 25 30

time / ns v time / ns



Measuring transfer function

Pick-up coil Nutation experiment Small tip angle FID response
?9.7 GHz 13 dBm 60 1.01 (a)
| Splitter | ?';’BBMHZ
| Q~52
AWG ~ E
6dB XL =
4dBm ® _ /. >40MHz |5 = 3
To Oscilloscope - ]
- =¥
g
§// +15 dB
. P an | i
. . 9.2 94 2.6 0.8 -100 =50 0 50 100
P f[GHZ] Resonance Offset [MHz]
<>
MD5
——
Antenna

Fig. 2. Pick-up coil test setup for measurement of the spin excitation function ()
with the standard Bruker resonator MD 5.

Spindler, P. E. et al. J. Magn. Res. 218,49-58 (2012). Doll, A, et al. G.J. Magn. Res. 230,27-39 (2013). Kaufmann, T. etal. J. Magn. Res. 235,95-108 (2013).



Transfer function correction at work:

(a)

—200 100 0 100 200
Time [ns]

Amplitude [a.u.]

-30-20-10 0 10 20 30
Resonance Offset [MHz]

Kaufmann, T. et al. J. Magn. Res. 235,95-108 (2013).

Amplitude [a.u.]

(c) ~ imagiary

-200 100 0 100 200
Time [ns]

30 -20 -10 0 10 20 30
Resonance Offset [MHz)



It is not enough to excite the spins — we need to know
what are they doing: Receiver considerations for
broadband operation.

Typical receiver bandwidth of a modern EPR spectrometer is ~200 MHz

(Switchable between 20MHz and 200MHz on Bruker 580) FT of Broadband pulse echo
Broadband pulse echo

(A) Hahn Echo rectangular pulse echo Field Swept echo
1| | ] 11

=) ‘ J

o 0.8 0.81

> 0.6} 06!

2]

9:3 0.4 0.4|

C

= 02 0.2
0 0
0 50 100 200 -100 O 100 200

time [ns] Freq. [MHZz]

“The ELEXSYS 580 uses a video amplifier to amplify the output of the detector which has a bandwidth of 200
MHz, however for broadband experiments this was not efficient and we bypassed the video amplifier.”

Schops, P, Spindler, P. E., Marko, A. & Prisner, T. F. Journal of Magnetic Resonance 250, 55—62 (2015).



Switching Burden from Hardware to Software

Automated waveform User interface: User defines the pulse sequence spins should feel
optimization

Software corrects for the spectrometer transfer
function and generates the corrected waveform

Programs the “corrected waveform” toland Q
channels of the AWG.

Process the digitized signal (and / or pulse
Digitizer and signal processing response) and potentially correct for the
receiver bandwidth (transfer function).



Dealing with increased amount of information

| o f‘\PuIse Sequence
Parameter space for experiment optimization

Conventional: — AWG (with preprogrammed shapes): /\/\/\/\'

For every pulse (apodized chirp):

1. pulse length

max pulse amplitude

pulse waveform

pulse phase

chirp bandwidth

Chirp direction

offset from carrier

. Delay length

So ~ parameters to keep track of ~8 x number of pulses

For every pulse:

1. pulse length

2. pulse amplitude (usually limited to 2 — 8 sets).
3. pulse phase (usually limited to 2 — 8 sets).

4. delay length

ONOORE WD

So ~ parameters to keep track of ~ 6 x number of pulses.



Dealing with increased amount of information,




Dealing with increased amount of information

€
specmandepr

exp | ppl | setup | var |queue | mode |devices|custom| buffer | = T T T
= P \ ppl ] setup I var Iqueue[ mode | | | buffer ‘
Tra nsient ;r@a:z 1000 shots 10 y, Tsiont T T
a A@AQ ,
e £049 & b B@AQ &
Z sum > size 2 reps 1 S am® — —
Pi L2 4 ph 1,2,1,2 &L
X axis ¥ size 101 reps 1 N axis ¥ size 101 reps 1
td 100 ns step 20 ns (to 2.1 us) Y 4 td 100 ns step 20 ns (to 2.1 us) Y 4
Parameters scans 1 At scans 1
RepTime 10 ms 4 RepTime 1ms 4
* Attenuator ov V4 * Attenuator ov Y 4
tp 250 ns * Frequency 197.459 GHz V4
* Frequency 197.549 GHz * chirpfrequencyl -625 kHz V4
tpo0 250 ns * chirpfrequency2 -625 khz 4
tp180 500 ns T * chirpfrequency3 -625 kHz
* chirpphasel 0 deg 4
* chirpphase2 11.25 deg 4
* chirpphase3 0 deg 4
* chirpamplitude1 1v 4
* chirpamplitude2 1v 4
* chirpamplitude3 1v
* chirpfwidth1 62.5 kHz Y 4
* chirpfwidth2 62.5 kHz Y 4
* chirpfwidth3 62.5 kHz &L
tpo0 200 ns 4
tp180 100 ns 4
Movable patterns flospiepatems ~| |0 Z
BN
Sample &Experiment Iﬂfoj l [ bl Info‘ ”
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AWG
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1 H Gr dw a interface:
simpler
— Transfer Function
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Main | power
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1
Digitizer and signal processing
Q
J L

High fidelity broadband pulses



Pulse Shaping in EasySpin 5.1
Stefan Stoll, University of Washington, Seattle

pulse()
common pulse shapes

exciteprofile()
pulse excitation profile

rfmixer()

up- and downconversion,
|Q modulation/demodulation

download at easyspin.org



http://easyspin.org/

pulse(): common pulse shapes

[t,1Q,modulation] = pulse(Par,Opt)

time axis / T ,\ f \

amplitude, frequenpy pulse  options
pulse shape and phase modulation

! _ definition
(in-phase and functions
quadrature)
Pulse shapes Pulse parameters
Par.Type = "AM/FM® Par.tp length (us)
/ \ Par_.Flip flip angle (radians)
Par_.Amplitude amplitude (MHz)

“rectangular®  “none” Par .Phase phase (radians)
"gaussian” “linear” Par.Frequency frequency range (MHz)
"sinc* "tanh*
"sech* "uniformQ* additional parameters depending on shape
"WURST*"

"quartersin® bandwidth compensation possible




rfmixer(): up/downconversion, |Q mixer, etc

[tOut,signalOut] = rfmixer(tin,signalln,LOFreq, type)

/ \ /] P

output output input signal input LO mixer
time axis signal time axis signal frequency type
SSB upconverter SSB downconverter Double-sideband mixer
in g} [ — out in g} T\ — out in @7 out
LO LO LO
IQ modulator |Q demodulator IQ frequency shifter
C: :: _ % —— out n— % - lc;::,t C: :: % lc;::,t
LL LL LL




Example: Hyperbolic secant pulse

Pulse IQ data

Par.Type = "sech/tanh”;
Par._.beta = 6;

Par.Frequency = [-50 50]; % MHz
Par.tp = 0.200; % us
Par.Flip = pi;

[t,1Q0] = pulse(Par);

l'in —

Qg)———out
Qin—®

IQ modulation 0

LO = 0.300; % GHz

[t.nw] = rfmixer(t,1Q,L0, " IQmod™);
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