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Abstract. For quantum systems or materials, a common procedure for probing their
behaviour is to tune electronic/magnetic properties using external parameters, e.g. temperature,
magnetic field or pressure. Pressure application as an external stimuli is a widely used
tool, where the sample in question is inserted into a pressure cell providing a hydrostatic
pressure condition. Such device causes some practical problems when using in Muon Spin
Rotation/Relaxation (4" SR) experiments as a large proportion of the muons will be implanted
in the pressure cell rather than in the sample, resulting in a higher background signal. This
issue gets further amplified when the temperature dependent response from the sample is much
smaller than that of the pressure cell,which may cause the sample response to be lost in the
background and cause difficulties in aligning the sample within the beam. To tackle this issue,
we have used pySRIM [1] to construct a practical and helpful simulation tool for calculating
muon stopping fractions, specifically for the pressure cell setup at the pE1 beamline using the
GPD spectrometer at the Paul Scherrer Institute, with the use of TRIM simulations. The
program is used to estimate the number of muon stopping in both the sample and the pressure
cell at a given momentum. The simultion tool is programmed into a GUI, making it accessible
to user to approximate prior to their experiments at GPD what fractions will belong to the
sample and the pressure cell in their fitting procedure.

1. Introduction

High pressure studies using muon spin resonance (u+tSR) has become very popular as a ’clean’
approach for probing and tuning material properties, and especially within the field of magnetic
materials and quantum criticality [2, 3, 4]. The purpose of this is to investigate the phase
diagram of a given material as a function of an external perturbation (i.e. pressure but also e.g.
temperature and magnetic field). Through such an approach, it is possible to shed light onto
a plethora of complex phenomena, such as unconventional superconductivity [5], quantum spin
liquids [6] or frustrated magnetism [7]. The combination of pressure and the u™SR technique,
in which a microscopic understanding of the ground state of these quantum materials can be
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obtained, provides a uniquely powerful tool to get insight into the intrinsic properties of the
material. However, to apply hydrostatic pressure (e.g. at GPD, which will be the spectrometer
used as the example throughout this paper), the samle needs to be compressed into a pellet
and inserted into the pressure cell made of either MP45N or Cu-Be. Before starting any
measurements, the muon beam and its momentum need to be adjusted to guarantee the maximal
signal from the sample. With surface muon beamlines (e.g. GPS at PSI), the energy of the muons
is usually 5 - 40 MeV/c. This is enough to penetrate a thin layer of mylar foil or capton tape
which is used to mount the sample to the sample holder. However, this energy is not enough to
penetrate the thick layers of metal that make up a pressure cell. For this, decay muon beamlines
are needed, which can provide muons in the energy range of 40 - 125 MeV /c. For the surface
muon case, alignment is simple as there is essentially only the sample signal to detect. When the
pressure cell is introduced, it gets slightly more difficult as there is now another material in very
close proximity to the sample that will give a significant signal. This is not an issue when the
sample gives a very strong response, as the sample signal will be much greater than the pressure
cell signal. Consequently, determining the optimal muon momentum for alignment is not very
difficult. However, if the sample response is weak, then it may be difficult to distinguish the
sample contributions from the pressure cell (as mentioned in Ref [8]). Additionally, there are
different types of pressure cells (MP35N, CuBe and a combination of the two) with different
signals. Further, each individual pressure cell made from same material are in fact also slightly
different. As a result, there are several cases where it is incredibly difficult to extract the sample
response from the total signal.

One way around this is to first employ an indirect alignment using another sample with a
strong response (but same pressure cell), and then using this alignment result also for the sample
of interest (with weak signal). However, this can be a problem as slight differences in the sample
densities can drastically change the stopping fraction of muons in the sample (a higher density
means less muons pass through the sample). This then translates into issues in the fitting process
as you need to have a correct estimate for the signal fraction from the sample. Consequently, if
your assumed stopping fraction is incorrect, the obtain fitting results do not completely reflect
the intrinsic physical properties and behaviour of the sample.

In this paper, we present an efficient and user friendly simulation method based using TRIM
[9] combined with the pySRIM python module [1]. In such approach, it is possible to simulate,
with higher level of accuracy, the number of muons that will be stopping in the pressure cell
and the sample, respectively, for any given muon momentum input. This is useful as a tool for
user to employ both before and after experiments. This is because it will both give the user
an idea on feasibility of their proposed experiment (in the respect of how easy it will be to see
their sample signal) and also for supporting the data analysis when fitting the percentages of
the contributions from each fit function (pressure cell and sample).

2. Basis of Simulation

2.1. Beam setup

The GUI software is a python package that determines the stopping fractions in a beamline
setup. The software runs TRIM calculations in the background and presents the results as early
interpretable figures and stopping percentages.

TRIM (Transport Ions In Matter) is a monte carlo programme that calculates the interactions
between ions or particles and the matter they are implanted into. From this, it can qualitatively
find how the input ion or particle loses energy in the material, and therefore find the stopping
position [9].

There are three key aspects that make this software more accurate for modelling stopping
fractions compared to running the standard TRIM simulations:

(i) The software utilises a Gaussian distribution of momentums/energies.
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(ii) The input beam can be collimated to any area.

(iii) There is a random small angular divergence on each muon as each muon will not be
completely parallel to the beam.

The energy distribution in the beam is setup by taking 20 momentums up to 3o away from
the input momentum, and calculating how many muons are needed at this momentum to give a
gaussian distribution. The full wifth half maximum is described by the ”momentum acceptance”.
At the pE1 beam line, the momentum acceptance is 3% [8]. This is described in Fig. 1. The
momentum values then need to be converted into their energy value, as TRIM only takes energy
values as the input. We then create a list of corresponding energy values using the following
equation:

B = /(pc)” + (moc2)® — moc® (1)

where p is the momentum, c is the speed of light, and mg is the rest mass of the muons
(mo = 105.658 MeV/c?).

Number of
Runs
Each momentums
"Number of runs” -
adds to total
number of runs
\ Momentum
~— — \
_——
20 Momentums up to 30 Mean
Momentum

Figure 1. A graph to show how the number of runs at each energy is decided. The height at
each momentum is weighted such that it fits the Gaussian shape, and when summed with the
other heights it equals a value very close to the number of simulations input into the software.

Each muons initial conditions (energy, position and angular divergence) is written into the
trim.dat file, which is provided when the SRIM software is installed. The initial positions are
decided according to the collimation at GPD, 4x10 mm? [8]. Therefore the y and z positions
are randomly sampled according to a Gaussian distribution with full width half maximums of 2
mm and 5 mm respectively, to match beam size measurements taken at GPD. A small angular
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divergence is added in also (-5° to 5° along all three axes) using numpy.random.uniform in
python. This in total created more accurate representation of the beam setup at GPD.

Sample

Pressure
Cell

Figure 2. How the coordinate system is set up in the simulations. The arrow denotes the muon
momentum direction.

2.2. Modelling the GPD setup

TRIM only allows to form layers of materials, and there is no possibility to introduce either
overlapping layers, or materials that are completely surrounded by other materials. In other
words, we had to model the GPD setup as accurately as possible using only stacked individual
layers of different thickness and density. In the current setup for the simulations we primarily
target only the Variox-Heliox cryostat used at GPD (but different setups are planned to be
implemented later). The Variox is the first layer the muons see, consisting off 0.1 mm Mylar,
0.2 mm Aluminium Nitrogen shield and 0.8 mm Copper. Further, the Heliox consists of 2 mm
thick Brass.

After penetrating the cryostat layers, the muon will reach the pressure cell and finally the
sample. At GPD, 3 types of pressure cells are used, (I) made entirely of MP35N alloy (Nickel
- 35, Cobalt - 35, Cromium - 20 , Molybdenum - 10, with a density of 8.43 g/cm?®), (2) made
entirely of CuBe alloy (Berylium - 3, Copper - 97, with a density of 8.25 g/cm?) and finally (3) a
double-wall cell consisting of an inner chamber of CuBe alloy and the outer part of the pressure
cell made of MP35N alloy. All three cells have an outer diameter 24 mm along with a sample
space with diameter 6 mm and a height 12 mm. For the double-wall cell (3), the inner CuBe
chamber has an outer diameter 12 mm [10]. All cells are in the simulation represented as slabs
of: ’pressure cell - sample - pressure cell’.

2.3. Obtained Results

From the simulations, the (z,y, z) position of every muon is collected. The only exception to
this is when the energy of the muon is so high that it passes straight through the entire setup
(all layers) and exits on the other side. In this case, the muons stopping position is not saved (as
it is out of the range of calculation). By collecting the coordinates of each muon, the stopping
fraction for the number of muons inside the sample can be calculated. The (z,z) plane cuts
across the circular area of the sample/pressure cell, and the y direction describes the height of
the sample/pressure cell. Choosing the origin to be the sample center, the absolute value of the
x and z coordinates of the moun is extracted, and evaluate if the square root of the sum of the
square of such coordinate (vz? + 2?) is less than the radius of the sample area (3 mm). If this
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condition is met and the y coordinate is within -6 and 6 (for a 12 mm height with z = 0 as
the middle oft the sample) then the muon is counted as being inside the sample. This number
divided by the total number of simulations will finally give the stopping fraction.

There are a few assumptions made for this simulation. As mentioned earlier, we can only
simulate the GPD setup as "slabs” of material. Therefore, the sample height is not introduced
in the simulations, and only comes in when working out the sample stopping fraction. This
means we have taken small cylindrical region of the sample slab as the ”sample region”, and all
around this region as counting as the sample. This is a small issue due to most samples being
put into the beam having a lower density than the pressure cell, meaning that the muons can
move more freely in zy plane in the sample slab than they would in the real setup at GPD.
However, it is estimated that the extra distance travelled by the muons in this region will only
have minuscule effect on the accuracy of the simulations.

To ’field test’ the software We have also compared the simulations to the alignment results
on our previous GPD measurement of the CrCls material, which used the same setup as the
simulations. The stopping fractions were calculated from the asymmetry of the sample in the fit,
by taking the total possible asymmetry and dividing this by the fit asymmetry. This percentage
is taken to be the stopping fraction of muons in the pressure cell. Here we see that the simulations
match the momentum the experiment was aligned on, at 100 MeV /c. The absolute values of the
simulations do not match the experimental results completely. This could be due to incorrect
initial asymmetries in the sample stopping fraction calculations, or an incorrect spread on the
collimation. However, as long as the shape (trend) of the results match the simulations it is
clearly reliable enough for alignment and background extraction.

CrCls3 Stopping Fraction vs Momentum

359 — Simulated Results ®
® Measured Results
30 4 )

N
w
L

Figure 3. The alignment measure-
ments for CrCls plotted alongside
the simulation results. The sam-
ple was aligned using 100 MeV /c,
which the simulation has shown to
96 98 100 102 104 be the best momentum to use for
Momentum (Mev/c) the highest stopping percentage.

Sample Stopping Fraction
= N
w o
| |

10 A

3. Software GUI

The interface for running this software (see Fig. 4) has been set up to be user friendly. The goal
is to both aid in the alignment process as well as to support data analysis via the calculations of
the fractional contributions to the signal. The steps for using the graphical user interface (GUI)
are the following (also noted in Fig. 4):

(i) Enter the desired number of energies you want to simulate in Number of Momenta, and click
Refresh Number of Momenta. This should create a number of text boxes under Momenta
(MeV/c), where you fill in the momenta of interest.
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(ii) Enter the number of elements in your sample in Number of elements and click Refresh
Number of Elements. You should then fill out the element (Note that this is the chemical
symbol with the correct capitalised letters) and its associated stoichiomtery.

(iii) Fill out the sample density, the number of simulations, the full width half maximum and
also the directory that the SRIM application is on your machine.

(iv) Finally, select which pressure cell you would like to use for the simulations and then hit
Run. Depending on the number of simulations and momenta you have chosen, this could
take different amount of time.

(v) When simulation is done, you can plot the data using Plot Scatter or Plot Histogram, or
you can print your results so that you can obtain the exact positions and also the stopping
fractions.

Number of Momentums = 5 Momentums (MeV/c) Atomic Element Stoichimotry
Refresh Number of Momentums I 85 Ti 1 SRIM Directory C:\Users\Frank Elson\D

Number of Elements 95 Se 2 Enter Saving Directory C:\Users\Frank Elson\C

s
Refresh Number of elements ( I I )

2
Number of Simulations 1000 105

nq

100 Enter Saving Name stopping

Full Width Half Maximum Percentage
(3% at GPD)

Density (g/cm3) (i i i) 526

MP35N
CuBex MP35N iV Pressure cell in use : MP35N
CuBe ( ) Print Results
Plot Histogram
Plot Scatter (V) Run M
& m 85MeV/c

- 95MeV/c
- 100MeV/c

3

—— Pressure Cell Boundary . .
. B5MeV/c St
95MeV/c

70
. 105MeV/c
= 110MeV/c
MP35N
sample

+  100MeV/c
« 105MeV/c
110MeV/c

ons at Given Depth
Z-position of Stopped Muons (mm)
°

Number of Mus

5 10 15 2 % 0 5 10 15 20 %
Muon Penetration Depth (mm) X-position of Stopped Muons (mm)

Momentum = 85MeV/c, % in sample = 0.0%
Momentum = 95MeV/c, % in sample = 6.4%
Momentum = 100MeV/c, % in sample = 35.4%

Momentum = 105MeV/c, % in sample = 21.2%
Momentum = 110MeV/c, % in sample = 0.7000000000000001%

Figure 4. An example of how the Graphical User Interface (GUI) has been used to calculate the
stopping percentages of muons in a sample of TiSes at momentums of 85 MeV /c, 95 MeV /c, 100
MeV/c, 105 MeV /c and 110 MeV /¢, using the completely MP35N pressure cell. The numbering
relates to the list in Section 3.

As can be seen from the simulations (graphs in Fig. 4), we can obtain the crucial information
about all the muons in the simulations, both collectively and as individual muons. We can also
see that for higher momenta the spread of muons parallel to the muon momentum direction is
larger than the lower momentum muons. This is because when a higher momentum is selected,
these simulations will contain a larger spread of momenta, hence, the stopping range will be
larger as well. Additionally, the spread perpendicular to the muon momentum is also increased
due to larger scattering effect. Such scattering also affects the simulation time, i.e. as the input
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momentum is increased, the time is takes to complete the given number of simulations increases
also due to the greater scattering. At the point when the energy is great enough that some of
the muons will pass through the entire pressure cell, the time to simulate the whole ensemble
will decrease. This is due to TRIM not simulating beyond the farthest wall of the pressure cell.

4. Conclusion and Outlook

We have developed a user friendly tool that allows for more accurate simulations of the stopping
fractions of muons for high-pressure experiments. The options include all the different types of
pressure cells provided by the GPD beam line at the Paul Scherrer Institute (PSI) at any given
muon momentum using the Variox-Heliox cryostat. The Gaussian distribution of energies in the
simulated beam better represents the uE1 beam line when compared to the single energies of
the standard TRIM simulation. The GUI that has been made make it easy for any user to find
the stopping percentage of muons in their sample prior to their experiment. This will aid in the
alignment process as well as allow the users to extract the background from the collected data.
By making this tool available to users it can both help writing their proposals via a feasibility
check of proposed experiment depending on how strong their sample response will be. Further,
it can also help to help the fitting process via better estimate of signal fractions. We think that
this will help solving a key issue faced in high-pressure research in the p+SR community, and
therefore push the field forward.

In the future, we would like to further improve this toolbox by extending pySRIM beyond
the ability to only make slabs of material. This will clearly lead to an even more accurate
representation of the beam setup at GPD. We would also like to implement the possibility to
select different sample environments. This includes the different cryostats available at GPD,
as well as the new sample holders with different dimensions and thicknesses. Additionally,
extending this to surface muon beamlines would also be useful. As stated previously, these
beamlines have less of an issue with extracting the sample response. However, this can still be
a useful tool as you could gain accurate sopping fractions for muons in layers of material, for
example. Furthermore, other simulation softwares, such as Geant4, would be useful to implement
alongside this in a similar fashion. This way we can get different perspectives, and perhaps more
accurate results.

The python code has been uploaded to GitHub, which can be accessed through Ref [11].
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