Microchemical Journal 125 (2016) 203-207

journal homepage: www.elsevier.com/locate/microc

Contents lists available at ScienceDirect

Microchemical Journal

Probing beneath the surface without a scratch — Bulk non-destructive
elemental analysis using negative muonsx

A.D. Hillier **, D.McK. Paul ®, K. Ishida €

2 ISIS facility, Rutherford Appleton Laboratory, Harwell Oxford, Didcot 0X11 0QX, United Kingdom

b Department of Physics, University of Warwick, Coventry CV4 7AL, United Kingdom
€ RIKEN Nishina Center, RIKEN, Wako, Saitama, Japan

@ CrossMark

ARTICLE INFO ABSTRACT
Article history: The development of elemental analysis at the ISIS pulsed neutron and muon facility, STFC Rutherford Appleton
Received 4 August 2015 Laboratory, UK, is described. Presented are recent results from the calibration of the new setup and this shows

Received in revised form 17 November 2015
Accepted 17 November 2015

Available online 22 November 2015
Vvailable online ovember of H and He)

Keywords:
Elemental analysis
Negative muons
Non-destructive
Depth profiling

the technique can be a powerful tool in determining the composition of materials in bulk, not just at the surface.
Moreover, this technique is non-destructive and should be sensitive to all elements (perhaps with the exception
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1. Introduction

Elemental analysis is a process in which a sample is analyzed for its
composition. Often this is accomplished by destructive and damaging
methods. Clearly, such techniques are not desirable for valuable items;
cultural scientific or monetary, and a non-destructive, non-damaging el-
emental analysis would be extremely useful. Such a tool can be found in
the use of negative muons, where the absorption process releases char-
acteristic X-rays from the elements present.

Negative muons are comparable to heavy electrons; replacing an
electron in the outer shell of an atom, then traveling to near the nucleus
through the modified energy states of the atom. Each transition on this
path produces an X-ray characteristic of the atom in which the muon
was absorbed, hence allowing this spectrum to reflect the atomic spe-
cies (see Fig. 1). The sensitivity of this technique is such that even
light atoms can be detected. Furthermore the technique has the poten-
tial to be used as a depth analysis tool, since by varying the momentum
of the incident muon beam it is possible to change the depth of implan-
tation of the negative muon. A significant advantage of muonic X-rays
over those of electronic X-rays is their higher energy (2 keV-10 MeV)
(see Fig. 2). These high energy muonic X-rays are emitted from the
bulk of the samples without the added complication of photon self-
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absorption and can be simply detected by a semiconductor detector.
From Fig. 2 we can see that the X-ray emission energy scales with Z
(see ref [1] for a more detailed review). In addition, this technique will
not activate the sample, unlike prompt gamma-ray analysis by neutron
irradiation. Over the years there has been sporadic use of negative
muons as an elemental analysis tool, and a wide-ranging number of ma-
terials have been investigated, including Japanese coins [1], spinal col-
umns [2], pig fat and dog's blood [3], tissue analysis [4], ancient
Chinese mirrors and Tang San Cai horse [5] and even meteorite compo-
sition [6]. Recently, an instrument has been constructed at the J-PARC
facility [7]. ISIS pulsed neutron and muon facility is a primary high-
flux source of pulsed muon beams. In this paper we will discuss the lat-
est developments at ISIS and the possible uses for the future.
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Fig. 1. A schematic diagram which shows the p-capture and X-ray emission process.
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2. Experimental details
2.1. Production of a negative muon beamline at ISIS

The negative muon experiments were conducted at the ISIS pulsed
neutron and muon source at the STFC Rutherford Appleton Laboratory,
UK. ISIS is a proton accelerator in which protons are accelerated up to
800 MeV before colliding with a target, of which there are two: namely
TS1 and TS2. The muon production target is on the first target station
and is located 30 m in front of the neutron target. The muon target is
10 mm thick (along the beam axis) and is made of carbon. The interac-
tion of protons and the carbon nuclei produces pions and these pions
decay into muons. The special nature of the RIKEN beamlines allows
both positive and negative muons to be transported to the experimental
area, in this case port 4 the home of CHRONUS, (see Fig. 3). For informa-
tion on the RIKEN beamlines see ref. [9] and for the CHRONUS spectrom-
eter see ref. [10]. In addition, the beamline can be tuned for a range of
momenta, in this case from 20 MeV/c to 90 MeV/c. This allows for a
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Fig. 4. A simulation of the implantation depth of the muons as a function of incident momenta.
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Fig. 5. Photographs of the experiment setup. The picture on the left is the view from above and the picture on the right is from the side. The aerial picture shows the layout and angles of the
detectors to the sample. The side view shows a sample being held in place.
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Fig. 6. This figure shows the momentum dependence of the X-ray emission. The lowest momentum shows just the Fe X-ray peaks and the highest shows just the Ag X-ray peaks, with Zn
and Cu at intermediate muon momentum. This data is from one detector only.
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Fig. 7. The integrated intensity of the element X-ray emission peaks as a function of muon
momentum.

controlled implantation depth (see Fig. 4). As can be seen, the implanta-
tion depth can be varied from 0.4/p mm to nearly 100/p mm, obviously
this is density dependent, p in g/cm>. For example, in water the implan-
tation depth range is from 0.4 to 100 mm and for Cu is from 0.05 to
11.2 mm. Of course, as the implantation depth is increased then the mo-
menta spread increases due to the scattering of the muons and the fixed
fractional momentum bite. This controllability of the muon momentum
allows for elemental analysis as a function of depth to be measured. In-
deed, this allows for elemental analysis below the surface (which could
be corroded and/or have been tampered with).
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Table 1

The certified composition for the two bronze standards. The ratio of the peak intensities
from the muonic X-rays. This shows a remarkably good agreement. The abbreviations
n.d. indicates not detected and n.c. not calculated. This is due to the potential contamina-
tion of the data due to the lead beam snout.

Standard A Standard C

Element  Certified Ratio of peak Certified Ratio of peak
composition  intensity to Cu (%) composition intensity to Cu
(%) (%) (%)

As 0.194 + 0.1 05+03 4.60 4+ 0.27 44405

Pb 7.9 +£0.7 n.c. 0.1754+0.014 n.c

Sn 716 £021 75+05 0202 +0.029 06+03

Zn 6.02+022 61405 0.055 4+ 0.005 n.d.

2.2. Current instrument setup

The current instrument setup is shown in Fig. 5. Currently, we have
installed three Ge based ORTEC X-ray detectors, along with the two
electron counters. These are all placed on a flat surface. Two of the Ge
detectors have an energy range from 0.1 to 10 MeV and the other has
a lower energy 3 keV to 10 MeV. This lower energy detector is better
suited for lighter elements, e.g. biomaterials. After some test runs it be-
came clear that additional shielding was required to reduce the back-
ground Pb signal as the negative muon background from collisions
with the final collimator was giving such a high signal. The sample itself
can be held in a simple Al packet, as the muons have a high enough mo-
mentum to pass straight through.

3. Results and discussion
The first experiment conducted was depth profiling of a known sam-

ple. A sample of metal foils was constructed; it consisted of Fe (500 pm),
Zn (500 pm), Cu (500 um) and finally Ag (1000 um). The muon
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Fig. 8. The X-ray emission from the Bronze standards, clearly showing the constituent elements, Cu, Sn, Zn, As and Pb. This data is from a single detector only.
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momenta were varied from 30 MeV/c to 50 MeV/c. The momenta can be
varied with an accuracy of +00.5 MeV/c. Fig. 6 shows the X-ray emis-
sion for the different momenta. At the lowest momenta (30 MeV/c)
only Fe X-ray emission was observed. As the muon momentum is in-
creased, the Fe peak disappears and the Zn peak appears. Increasing
the muon momentum still further the Zn peaks disappear and the Cu
peaks appear and further still the Cu peaks disappear and only the Ag
peaks remain. These results clearly show the technique as a powerful
tool for depth and bulk elemental analysis, as at the highest momentum
the muons passed through the first three layers without giving a signal
from them and only the Ag is observed. Each spectrum was collected for
less than 1 h. It is worth noting that the energies of these X-rays are of
the order 1 MeV and although Fe, Zn and Cu have similar Z values
they are clearly distinguishable.

Now looking at the data in more detail, the integrated intensity of
each peak can be plotted as a function of muon momentum (see
Fig. 7). This graph clearly shows the increase and decrease of the inten-
sity in each peak. The line for each element is a fit to a Gaussian profile,
more as a guide to the eye.

In addition to measuring the layered sample, gold and bronze stan-
dards have also been measured. The data from two bronze standards
are shown in Fig. 8, with different compositions of these standards.
Fig. 8 clearly demonstrates that these components can be measured. Ob-
viously, the clearest signal is Cu but the trace elements are also observed
and highlighted. By measuring the ratio of the peak intensity the com-
position can be determined, the results are summarised in Table 1.
The Pb signal has not been calculated as there is the potential for con-
tamination due to the beam snout. As for the other constituent elements
a remarkably good agreement has been obtained.

4. Conclusions

In this paper, we have shown that using negative muons as a tool for
elemental analysis is possible at the ISIS pulsed neutron and muon

facility. Indeed, element analysis on a layered sample has shown con-
trolled depth dependence studies are possible and that measurements
deep within the sample are feasible. Moreover, this technique is sensi-
tive to all elements and, of course, completely non-destructive. The
bronze standards have shown the sensitivity of the technique, while
only using one detector. This technique clearly has the potential to be
used successfully in a wide range of applications, including engineering
samples, archeological artifacts, bio-systems and battery materials. A se-
ries of experiments has commenced on Roman coins, with ones on bio-
materials in the pipeline. It is hoped that by incorporating rotation and
tilt measurements for a sample should be able to produce a three di-
mensional map of the elemental composition of a sample.
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