








fitting. There are slight differences in peak intensities between

the simulated and the experimental spectrum, with the simulated

spectrum featuring more intense peaks than the experimental

spectrum. Altogether however, the correspondence is surprisingly

good, showing that the theory developed in this work is valid

and can help analyze spectra from quite large spin systems.

5.3 Non-ideal pulses

Non-ideal pulses are included in the present framework. As an

example, we look at matched HYSCORE,51 where the second

and fourth pulse of a standard HYSCORE sequence are

replaced by long non-ideal pulses with high nominal turning

angles. The lengths are chosen such that the second pulse

maximizes the generation of single- or multi-quantum nuclear

coherence from allowed electron coherence, and the fourth

pulse maximizes the reverse transfer back to allowed electron

coherence that can be detected. Experimentally, the lengths of

these matched pulses are varied until optimum signal intensity

is found.

With simulations, suitable pulse lengths can be explored in

advance. This is illustrated in Fig. 4 for two protons coupled

to an electron spin S = 1/2. When all pulses have their

standard flip angles, only correlations peaks between single-

quantum (sq) frequencies of the protons are visible. As the

lengths and thus the nominal flip angles of the second and the

fourth pulse are increased, double-quantum (dq) coherences

are increasingly generated and detected. A dq–dq correlation

ridge crosses the diagonal, whereas two sq–dq ridges appear

above and below the diagonal. The presence and the positions

of these multi-quantum peaks help determine the number of

nuclei and the relative signs of their interaction tensors. With

simulations like this, the optimal pulse length for the detection

of multiquantum peaks can be determined.

5.4 Pulse ENDOR

The fact that the formalism can be applied as described to

pulse ENDOR is illustrated in Fig. 5 with exemplary

Fig. 3 Simulation of the Q-band HYSCORE spectrum of a single orientation of Mn2+(imidazole)6. The magnetic field is resonant with a |1/2i2
|3/2i electron spin transition. Spin parameters: g = 2.0036, A(Mn) = �259 MHz, D = �318 MHz, E = �51 MHz with Euler angles a = 1001,

b=231, g=01, hyperfine principal values A(N1) = A(N4) = (2.50,2.62,4.45) MHz, A(N2) = A(N5) = (4.37,2.65,2.64) MHz, A(N3) = A(N6) =

(2.75,4.40,2.60) MHz, quadrupole principal values Q(N1) = Q(N4) = (0.7,0.8,�1.5) MHz, Q(N2) = Q(N5) = (�1.5,0.5,1.0) MHz, Q(N3) =

Q(N6) = (0.8,�1.5,0.7) MHz. Experimental parameters: magnetic field 1251 mT along z axis of D tensor, t = 208 ns, t1 and t2 incremented from

0 to 5.1 ms in steps of 20 ns (256 points), ideal pulses, product rule. Contour levels at 2.5, 5, 10, 25 and 50% of maximum. Gray: (|3/2i,|1/2i)
correlations, black: (|1/2i,|3/2i) correlations. Computation time: 6.1 s.

Fig. 4 Simulations of the effect of pulse lengths on a matched

HYSCORE spectrum. Sequence: (901, 5 ns)x–t–(y,tp)–t1–(1801,
5 ns)–t2–(y,tp)–t, where tp is the pulse length and y the nominal flip

angle of the second and the fourth pulses. Parameters: S= 1/2, g= 2,

two equivalent 1HwithA>=�6MHz,A=6MHz; t=100 ns, 350 mT,

t1 and t2 incremented from 0 to 3.06 ms in 12-ns steps (256 points).

Powder simulation with 91 orientations, 21-point offset integration.

Contour levels at 0.25, 0.5, 1, 2.5, 5, 10, 25 and 50% of maximum.

Computation time: 17 s each.
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simulations of Mims ENDOR at 35 GHz and 1150 mT of a

spin system containing two nuclei, 1H and 19F. Each gives rise

to two ENDOR peaks, centered at their respective Larmor

frequencies, 49.0 and 46.1 MHz, shown in the top trace. Mims

ENDOR spectra exhibit t-dependent suppression effects that

modify these theoretical lineshapes. The intensity of all peaks

is modulated with an envelope of sin2(At/2), where A is the

hyperfine coupling for a given nucleus and orientation of the

spin system in angular frequencies.48 The spectra for

three different t values are shown in the lower traces. For

t = 100 ns, the 19F peaks are fairly undistorted, but the

envelope of the two 1H peaks is severely distorted by the

t suppression, so that the singularity at 50 MHz is greatly

reduced in intensity. At t = 200 ns, also the 19F peaks are

strongly affected. When t reaches 300 ns, the entire spectrum is

scattered with blindspots.

6. Conclusions and outlook

The theory outlined above introduces a general approach to

simulate spectra obtained from electron spin echo experiments.

It is based on the common and widely valid assumption that

only one or non-adjacent EPR transitions are excited in the

experiment. The method automatically analyzes any given

pulse experiment consisting of a sequence of microwave pulses

with fixed and incremented inter-pulse delays to determine

the electron coherence transfer pathways that contribute to

the observed echo of interest. For these pathways, explicit

expressions for the signal contributions are automatically

written down. The signal is constructed by using an improved

variation of the frequency-domain histogram method. All the

theory of this paper is implemented in EasySpin7 and is

accessible via a simple user interface.

The method presented here contains new theoretical

elements that make it more general than existing approaches

in several respects: (1) it is not limited to specific pulse

experiments. Scalar expressions for even the most complicated

pulse experiments are automatically derived. (2) High electron

spin systems are easily accommodated in a very general way,

without the necessity of neglecting nonsecular terms. Also,

nuclei can be included that affect the EPR resonance fields, but

are undetectable in ESEEM. (3) The method is applicable to

many nuclei, with any size and orientation of the nuclear

quadrupole tensor compared to their hyperfine tensor. (4)

Spectra from pulse ENDOR experiments based on polariza-

tion transfer can be simulated. (5) Non-ideal pulses are treated

in the same framework, making it possible to simulate experi-

ments with selective or matched pulses. (6) A general product

rule for arbitrary sequences has been derived in order to

accelerate simulations with systems containing many nuclei.

(7) The method used to construct the spectrum from the

trace expressions is more efficient than time domain

calculations and more accurate than frequency-domain

histogram techniques.

The theory does not cover every possible pulse EPR

experiment. In the form and scope presented above, it is

not directly applicable to time-domain pulse ENDOR,

experiments with field jumps during the pulse sequence, or

experiments involving multiple microwave frequencies such as

double electron-electron resonance (DEER). The theory does

not accommodate the detection of free induction decays or the

use of boxcar detection.71 Also, shaped pulses and chirp pulses

were not implemented. However, the theory for these types

of pulses is essentially known and amounts only to the

computation of additional propagators, so that they should

easily be accommodated within the framework.

With the approach presented in this work, automatic

least-squares fitting can be applied to a wide range of pulse

EPR experiments. Such fitting methods have not been widely

applied yet in pulse EPR, and it is currently not clear which

algorithms and which error function will yield the best results.

For cw EPR, hybrid methods are considered most efficient.

They combine a global search algorithm (e.g. genetic) that

determines regions of potential minima in parameter space

with a local algorithm (e.g. simplex or Levenberg–Marquardt)

that determines the minima in these regions. These methods

are also applicable to pulse EPR, and preliminary explorations

suggest that they perform similarly. Another important factor

affecting the robustness and effectiveness of automatic fitting

procedures is the choice of y in the computation of the

sum-of-squares objective function from experimental and

simulated data, Sk (yexp,k � ysim,k)
2. In cw EPR, y can be the

spectrum, its integral, its double integral, or its Fourier

transform. The double integral has the advantage that it is a

monotonic function of the abscissa and that the number of

local minimal in parameter space is therefore minimized. In

pulse EPR, the same method can be applied to frequency-

domain data (ENDOR or Fourier transform of ESEEM

time-domain), whereas in time-domain a direct fit to the

experimental data seems to be most robust. Also, ESEEM

fitting in the time domain has the advantage that the fitting

error can be assessed more directly.
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Fig. 5 Simulation of Mims ENDOR spectra for a S = 1/2 electron

spin coupled to both a 1H and a 19F nucleus. Parameters: A(1H) =

(2,2,10) MHz, A(19F) = (2,2,5) MHz, 1150 mT, powder simulations

with ideal pulses. Computation times: 0.1 s per spectrum.
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