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ABSTRACT: In Time-Differential Perturbed Angular Spectroscopy, local hyperfine fields
are probed through the observation of perturbed decay time spectra of an
intermediate excited state ina y-ray cascade. At ISOLDE Materials and Life Science
groups, the data acquisition and evaluation is done using the program Interlude.
However, Interlude had numerous outstanding bugs and issues, which have now been
removed. During the construction of the observable function with the raw data, a
systematic bias was identified in the fitting algorithm, and significantly reduced
through the addition of a more complicated fitting function. Steps were taken to
generalising the program for a variety of end users and input file types, with aim to
share the program among users and publish a paper onit in early 2018.

1. Introduction

Through nuclear magneticdipole interactions and electric quadrupole interactions, Time-Differential
Perturbed AngularSpectroscopy(TDPAC) is an excellent tool for probing the local hyperfine fields
and nanoscopicatomicphenomenology in materials, compounds, and soft matter [1]. Thisis due to
its sensitivity to the charge density symmetry and polarisation of the probe nucleus and its
surrounding lattice, allowing extremely localised measurements. In TDPAC, an excited probe nucleus
that decaysviaa y-ray cascade (asuccessive decay of at leasttwo y-rays) isimplanted ordissolved
into a target material, and the subsequent decay of the excited state is observed by a scintillator
detector. TDPAChas been usedin the study the nature of vacancy and interstitial sites, forexample
inthe multiferroicmaterial YMnO; [2]. InTDPAC, the measured spectraare the product of a nuclear
decay and a perturbation function G (t), typically approximated as asum of cosines as

ApG() = AY, z aycos(wgt), where 439" = —%A%goo.
k=0

The experimentally obtained perturbation function R(t) ~A,,G(t) must be separated fromthe
decay exponential to measure the local electricquadrupole and magneticdipole moments.

In a TDPAC measurement, typically four orsix detectors are set up at 90° from each other, such as
shown below forfourdetectorsin Figure 1. Each of these detectors has setenergy windows under
which to record a start and stop signal, corresponding to the energy of the firstand second y-rays of
the decay respectively. The decay time spectrum s typically recorded on acomputerreadinga
multichannelanalyser connected to an analogue electronicdetectorsetup or by readingadigital
signal processing setup. Once an experimentis run for a sufficiently longtime, Interlude
communicates with the acquisition setup to extract the datato the analysing computer.

Subsequently, Interlude is used to analyse the dataand extract the perturbation function R(t). First,
each spectrumisfitted to obtain the channel delay time t,, which represents the time when the first
y-ray y; is emitted. The fitted functionis (with 7 parameters):
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where typically B and N are zero.
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Figure 1: An example of a 4-detector TDPAC setup. Each detector has two set energy windows, one for the start of a
measurement, and one for the stop. If one detector detects a start, it then waits for another to detect a stop signal soon
after to record the measurement. The 5th and 6th detectors would be in and out of the page. Adapted from my supervisor
Joao Guilherme Correia.

Thisfittingis done viaa Levenberg-Marquardtalgorithm, and so only reaches alocal minimum (as
typical for fitting algorithms), and sois susceptible to the initial values for the parameters. This
fittingis necessary due to the disparitiesin ty between spectra, which occurs due to differencesin
triggering of analogue electronics and length of cabling between different detectors as the t, values
are separated only by few tens of nanoseconds. The £, values are fitted to subsequently shift the
spectrato the same t, to getthe perturbation functionsin phase.
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Figure 2: Two overlaid spectra at different t, values, and one of the them subsequently shifted to bring the perturbation
functions in phase. Figure from Interlude.

Subsequently, an average intensity spectrumis generated for 180° and 90° by take the product of
the spectra at that angle and thenthe respective root. Fora six detectorsetup, these formulas are:

6

N(180°,t) =



Afterwhich the perturbation function R(t) is calculated by

N(180°,¢) — N(90°,t)

R(t) =2 .
© =2 Ns07, t) + 2N(90°, ¢)

Afterwhich Interlude hasdoneitsjob, as the R(t) spectrumisanalysedin another program. This
perturbation function holds withinitinformation about the symmetry and magnitude of the electric
quadrupole moment and magneticdipole momentas well asthe number of sites the radioactive
atom sitsin.

2. Interlude

Interlude, originally developedinthe late 1990s at the University of Leipzigas Prelude, has since
changed considerably to become the Data Acquisition and Evaluation programitis now. It hastwo
primary functionalities, to handle the dataacquisition from several TDPAC machines, as well as
extracting the perturbation function R(t). In addition, it has various secondary functionalities. It
allows forthe comparison of R(t) spectra, modifications of the data, and analyses of the Fourier
transforms of the perturbation functions. Interlude also allows the exclusion of specific
combinations of detectorsif there are electronicfaults in the machines, which can cause, for
example, reflection of the data. Inshort, it is a robust tool foracquiring TDPAC data, identifying
problemsin that data, and for extracting the perturbation function R(t).

3. Motivation

On my arrival, Interlude had numerous bugs. This varied from the problem crashing on attempting to
automatically MCA transfer, to the “Fit All Groups” being completely unreliable meaningthat each
spectrum had to be fitted individually. Both issues caused alot of unnecessary headacheand time
spentto the users of the program. Hence a lot of time could be saved by fixingthesebugs, aswell as
incorporating functionalities already present (such as Guilherme “curing” spectra procedure,
detailed below).

In addition, Guilhermeand | had a planto publish the program as a general PAC data acquisition and
evaluation program and write asmall paperon it. To do this, several processesinthe program, such
as file input and output, as well as the method of communicating with the electronics to acquire
data, would have to be generalised. These two formed the primary motivation for my project during
my 12-week stay.

4. Resultsand changes

Many changes were made to the program. Some of them are detailed below, some | have forgotten
(particularly bugfixes).

4.1. Bug fixes
Fixed anissue with the “Fit All Groups” functioninfitting t, values.
Fixed the Auto-Repeat datatransfercausingthe programto crash.
Fixed anissue with several menus notloadingup properly.
Fixed anissue with the program wanting to read a parameterfile from the datafoldereach time.

Removed severalnon-functioning menus, including the print function.



Fixedissueswith colour of overlaying R(t) spectra.

Fixed anissue with the carryover of failed o-fitting.

Fixed anissue with empty spectra causing the fitting window to change.
4.2. Added functionalities

Added a method “cure” spectra. This is caused by an electronics malfunction, resultingin aspecific
channel havinganabnormally high orlow value. The data pointis replaced by the average of the
surrounding data points, and adding a Poisson error.

Determined the file format of BIN file outputin the Konstanz machines, and made these files
readable.

Made the detector combination and group visible on screen while moving the mouse.

Changed the colour scheme of the background and the data, makingthe program much easierto
read.

Implemented a preliminary method to remove empty groups from the “All” view.
Simplified the order of the menus.

Added anotherformat (.nnr) tosave R(t) as, to not require file conversion before readingin
Nightmare.

Removedaneedless “Loupe” functionality that had no effect.

Significantly streamlined the code to determine initial guesses forthe different parameters, as well
changingtheinitial guessesfort,, N;, and A, significantlyimproving theiraccuracy.

Added an option to save calculated R(t) in program memory, as well as loading or overlayingit,
allowingforeasier comparison.

Tested various new fitting procedures (details below).

Generalisedfileinputand output (details below).

There may also be others, but they have been left out for now.
4.3. Improvements in the fitting

Any systematicerrorinthe fitting algorithm was investigated. This was done by generating a set of
realisticdata usinga python script. The data was generated as follows:

e Anerrorfunctionwith arandomknown t, value was generated (range Oto 1) and then
multiplied by the amplitude N; .

e Then, the functionis multiplied by a product of an exponential decaying from t,and a
perturbation function of the form [1 + A,,(ag + a; cosw, (t — tg) + azcosw,(t — to) +
ascosws(t — ty))] withw, = 2w; and w3 = 3w; whichisa common relation between the
frequencies.

e Thena backgroundisadded.

e Finallyforeach pointinthe spectrum, a randomvalue froma Poisson distribution with the
mean as the value of the pointis generated. This replaces the value, and acts as a realistic
way to generate the statistical noise that occursin real data.



This data was then putinto Interlude, and the t, valuesfitted. Since the exact t, valuesare known
fromthe generation step, the two canthen be compared. This showed that with a large
perturbation, the t values have asystematicerror, which depends on the sign of the perturbation
(the A5, termabove). The erroris shownina graph belowin Figure 3:
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Figure 3: A histogram of the error in t fit. Note the difference between 180 and 90 degree spectra, due to the relation of -
0.5 in their respective A,,values. The data had N=8000, bkgd=100, and A,,(180)=0.3.

Thiserror isinteresting becauseit cannot be fixed through the fitting function presentin the
program, as itis a shift of the minimum of the fitting algorithm. Hence, to combat this, a second
fitting procedure, involving afunction with cosine terms, was added. In this case, the fitted function
was:
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The data used above was also fitted with thisfunction, to gauge if a reductionin errorhad been
achieved. A roughly two-thirds reduction of the difference between ¢, fits was removed, as shown
belowin Figure 4. The effect was more pronouncedinthe 180° case.
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Figure 4: A histogram of the error in t fit, with both the traditional fitting function and the cosine fitting function. Note the
reduction in . The data had N=8000, bkgd=100, and A,,(180)=0.

The cosine fit significantly reduces the systematicerror, leading to a more faithful representationin
the first channels of the generated perturbation function R(t), as shown below in Figure 5.
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Figure 5:Calculated R(t) for the generated data, depending on whether exact, fitted, or cosine-fitted t, values were used.

The cosine fit shows a considerable improvement over the standard fit.



Unfortunately, making reasonable first guesses forthe added parametersis basicallyimpossible, so
the program currently requires the usertoinputsensible initial guesses. Thisis particularly
importantas cosine function have numerous local minima, meaning thatitis easy for the fitted
functionto converge toa poorsolution. Irecommend using the cosine functionin cases where the
perturbation islarge.

4.4. Generalisation of the program

For the publishing of the program, a key componentis havinga file input/output system that can
deal with a large variety of filetypes. The PAC machines at CERN alone produce 4 or 5 differentfile
types (of which at least three need to pass through Interlude), and all are very different. Hence the
file formatting system | created allows for the reading of:

e Binaryfiles, withanysize of header, any number of bytes perdata point, any number of
groups with any number of channels (aslongas the groups are specified), both bigand little
byte order, and any headersize. This should coverany binary files except the most exotic.

o Textfiles, withany numberof groups with any number of channels (aslongasthe groups
are specified), any headersize aslongasthe headersize is confined toa numberoflinesin
the beginning of the program, and the lines can be formattedinalmostany way as long as
the data valueitselfis notsplit up. This should cover most typical file types.

A picture of the method through which a file formatis definedis shown belowin Figure 6. The file
formats defined through this method are stored in Machines.par, which is storedin the program
directory, and can be accessed through a number of different menus.

A positive side effect of creating this file system was that the binary files from the Konstanz
machinesinthe lab can now also be read by the program, removingthe needto save two sets of
files.
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Figure 6: Generalised file system input/output, defining the file format. Formats defined this way can then subsequently be
accessed from another menu, which can be done very quickly.

5. Conclusion

Interlude hasreceived anumber of much needed bugfixes and improvements, as well as being well
on its way to a general PAC Data Acquisition and Evaluation software. A few additional changes still
needtobe done, which I will completeon myreturnto University. This willbe followed by
publishing the program and writing a paperon it. These include adding checks to the file reading
systemto prevent program crashes, adding a few functionalities to the fitting procedure, and
changing the structure of the program to be able to accommodate plugins from otherusers. Tests of
the current fitting procedure demonstrated systematicbias in the procedure, which has been
significantly reduced by changing the fitting function.

In addition, | spent considerable timein the lab during the course of the August cadmium beam

time, as well as some additional time supervising Emission Channeling experiments and another
beamtimeinSeptember. |took partin the Summer Studentlecture course and workshops, and
have thoroughly enjoyed my stay here at CERN.



6. Stepsnecessary before publication

To finalise the program before sharingit, afew tasks still need to be done, and | will do overthe
course of the nextfew months. They are (in no particularorder):

Fix bugs and functionalities to the general filereading system

Create a new native datafile type, mainly removing the |P32! from the header

Create a “reduced view” for data with less than 30 groups, showing only non-empty spectra.
Improve the cosine fit procedure to take into account 90° and 180° groups.

Calculate the errors for having measured the A2G2 by a sum.

Add a fitting procedure when there isan additional decay spectrato the left of t,.

Remove referencesto programversion Prelude32and Prelude 16.

Change the format of the program to allow a data transfer plugin.

Change R(t) file type, such that the time perchannelisincludedin the data.

Make the program save all 32 data groups rather than just 30.
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