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Introduction seen by the sample can be markedly different than those sent from the console.
Pulsed magnetic resonance spectroscopy has well documented advantages over i1ts continu-
ous wave counterpart, including an increased number of variables to control specific interac- Previous work to remedy this has been to create a transfer matrix (or response function), one
tions. When the excitation bandwidth exceeds the spectral width, hard pulses (Simple rectan- that contains the information to transform a set of input pulses to those expected at the resona-
gular pulses) work well. tor. Progressive work on this first set out to measure the spectrometer's impulse response

using a pick-up coil in the resonator [1], sending many sets of pulses through the microwave
Pulses with variable amplitude and phase can be designed to achieve higher excitation band- components causing linear and non-linear distortions, forming a transfer matrix from their
width, and hence higher sensitivity, in the form of optimal control theory [1,2] or shaped measured responses from the pick-up coil. A further method for obtaining data for this trans-
pulses for broadband excitation [3-7]. The main problems in directly applying techniques fer function is to use a sample with very narrow line-width [2].
from liquid state nuclear magnetic resonance (NMR) to electron spin resonance (ESR) are the
time-scales and spectral widths involved; the gyromagnetic ratio of the electron spin is much Using Bruker SpinJet AWG, with its commercial software, this manuscript intends to show
more than that of the nuclear spin, and spectral widths range from tens of MHz to GHz. how simple closed-loop feedback control can be used to optimize an ESR experiment such as
A hurdle in implementing optimal control pulses with an ESR spectrometer is that the pulses echo experiments and Fourier-transform ESR experiments.

.Shp file

Arbitrary Waveform Generator A simple strategy to overcome pulse shape distortions

Existing methods require a transfer matrix [2,4,5], pre-calculated to allow for distortions
a waveform will suffer being sent through electronic equipment. Without prior in-depth
knowledge of the spin system, this work uses feedback control with a gradient free opti-
miser to attempt to find a “good” signal.

The AWG allows the use of shaped microwave pulses with vari-
able amplitude and phase. These shapes are compiled from a
plain text .shp file into the current experiment, which can con-
tain many shapes but is limited by the file size (262144 bytes).
When a new shape file 1s introduced 1t must be newly compiled.
There 1s a limit of compiling 115 shape files. After this the
AWG reaches maximum working memory and the current ex-
periment must be removed, re-compiled, then sent to the AWG.

Using the software cycle indicated (left), a real-time optimisation does not need to deal
with the complications of pulse shape distortions, these become part of the cost function
itself. Although a background noise may seem problematic for an optimiser, the simplex
method outlined 1n this text 1s quite resilient to these perturbations.

Variable definitions are contained 1n a plain text .def file, such
as pulse delays, amplitudes, interpolated shapes etc. These vari-
able definitions are used by the plain text .exp file, setting out
the experiment design. Most of the functional code of these files
can be modified directly with Xepr API, based on Python script- A
ing. Command line button presses are used to compile files.

There are some 1ssues with using a simplex method e.g. its inability to deal with bounded
or discretevariables. The first of these can be overcome by realising that the functional
space can be repeated. As an example, the shape file 1s bounded by +1 and -1, but the
matlab code, abs (mod (waveform-1,4)-2) -1, ensures a reapeating of the functional
space (where the waveform 1s the vector array of the shaped pulse points).
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The PulseSPEL definitions file does have some discretised variables, e.g. pulse delays
must be 1n units of 1ns. Although there 1s no real solution to this problem, i1f care 1s taken
to ensure variables are normalised with a sensible normalisation constant, the optimiser
can cope until 1t gets near a minimum (this 1s probably masked by the background noise).

The integration of Matlab with Python scripted Xepr API com- S
mands 1s set out on the right. The experiment signal is stored in @, ‘\ <||:

a temporary plain text file to be imported into Matlab. fALAR
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Finding Efficiencies pg::teorst;ize A Metric to Optimise

There are two sets of variables available to the optimisation al- initial shaped l Any optimisation requires a figure of merit (also called a cost
gorithm: PulseSPEL variables (definitions file) and the shape pulse-set pulse Sample signal functional), being a measure of that which we would
of each pulse (shape file). PulseSPEL variables can be modified - AWG "| (Resonator) minimise/maximise. Below are a number of these measures al-
directly and this can be quite quick. The shape file must go " ready 1n use [1-7]:

through a number of steps, including compiling, to be sent to new : .

the A%VG - this can be (fuite a slowgprocelss. Agshape file can pulse-set o Optimal ESR Echo - integral of the echo

contain more than one shape (limited by the size of the shape Opt|m|§at|on » Optimal Fourier Transform ESR > curve matching to reference
file) and 1t 1s recommended to process many shapes 1n a 2d ex- Algorithm Optimal ESEEM ~ modulation depth

periment (shapes need to be independent of each other).
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Gradient-free Optimisation

“There is no such thing as a free lunch” where gradient-free optimisation 1S con- [Initial Simp,ex] P .
cerned, especially when a functional evaluation 1s expensive (performing an ex- v
periment). A popular algorithm in this context i1s the Nelder-Mead simplex algo-

rithm [8], where a simplex 1s a polytope of size dimension n+1, n being the number /S Cost of initial /L, Reflection _%n Cost of
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of variables the optimisation can control. Essentially, the algorithm wanders around 0
the functional space according to its algorithmic rules (right), accepting new verti- Worst
ces of a new simplex if one is better than the best vertex of the previous simplex. yes yes
Expansion —7/ Ll o1 /L> Use best of
Best new simplex contract and reflect
Parallel Functional Evaluation Initialisation
An extension to the Nelder-Mead algorithm, named the multidirectional-search simplex algorithm
[9], has a different set of processes to construct a new simplex. These processes involve n independent no Termination

criteria?

functional evaluations (where one 1s required for Nelder-Mead). This independence allows the functional evaluations Nelder-Mead Mult/d/rect/ona/
to take place 1n parallel. This algorithm has better convergence, 1n that 1t will converge to a local minimum, where the i '
standard Nelder-Mead algorithm may never converge.
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Evaluating all reflections, expansions, and contractions gives further parallelisation (a different path may be taken
within the optimisation), and a number of iterates can be evaluated at the same time, similar to a simulated annealing.

the Nelder-Mead method made the best progress, the multi-
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Q-band Nitroxide field-sweep as reference
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