www.nature.com/scientificreports

scientific reports

W) Check for updates

Optical imaging of muons

Seiichi Yamamoto'*, Kazuhiko Ninomiya?, Naritoshi Kawamura?® & Yoshiyuki Hirano*

Optical imaging of particle beams is a promising method for range and width estimations. However
it was not clear that optical imaging was possible for muons. To clarify this, we conducted optical
imaging of muons, since high-intensity muons are now available at J-PARC. We irradiated positive
muons with different momenta to water or plastic scintillator block, and imaged using a charge-
coupled device (CCD) camera during irradiation. The water and plastic scintillator block produced
quite different images. The images of water during irradiation of muons produced elliptical shape
light distribution at the end of the ranges due to Cherenkov-light from the positrons produced by
positive muon decay, while, for the plastic scintillator block, we measured images similar to the
dose distributions. We were able to estimate the ranges of muons as well as the measurement of the
asymmetry of the direction of the positron emission by the muon decays from the optical images

of the water, although the measured ranges were 4 mm to 5 mm larger than the calculated values.
The ranges and widths of the beams could also be estimated from the optical images of the plastic
scintillator block. We confirmed that optical imaging of muons was possible and is a promising method
for the quality assessment, research of muons, and the future muon radiotherapy.

Optical imaging is a promising approach for quality assessment (QA) of high energy X-rays from linear accel-
erators (LINAC)'~. Optical radiation imaging mainly measures Cherenkov-light from electrons or secondary
electrons produced in water. Recently, the luminescence of water at a lower energy than the Cherenkov-light
threshold for particle ions was found and has been used for dose and range estimations®'!. Luminescence of
water was also found in X-ray, alpha particles, and beta particles'>"'. Although optical imaging for dose and
range estimation was tried for these radiations, it has not been tried for muons.

A muon is a particle similar to an electron, with an electric charge of e for a negative muon and e* for a
positive muon; however, its mass is 207 times that of an electron. A muon has a mean life-time of 2.2 us and a
negative muon decays to one electron and two types of neutrinos (V. and v,), while the positive muon decays to
one positron and two types of neutrinos (v, and v,). Since these characteristics are quite different from familiar
radiations such as X-rays, electrons, protons, or carbon ions, new results for such applications for QA, research,
or radiation therapy may be obtained by the optical imaging of muons. For the high-energy cosmic muons, they
are used for the radiography of huge subjects such as a volcano dome'?, pyramid® or nuclear reactor'®, which is
impossible to image with other methods.

High-intensity muon beams are now available in an experimental facility at the Japan Proton Accelerator
Research Complex (J-PARC)?*?! and pulsed positive or negative muon beams are now used in applications
such as nondestructive X-ray fluorescence spectroscopy®*->’. Efficient QA of the beams is desired for some of
these applications. In addition, effective QA will be important when muons are used for radiation therapy in
the future?®?. However, there is no such QA method for muon beams. To date, only a trial for the lateral beam
profile measurement of muons using a scintillator has been conducted”.

We previously used Monte Carlo simulation to calculate the dose and light distributions of positive muons in
water to determine the feasibility of experimental optical imaging of muons for dose or range measurements®.
In this simulation, dose distribution was given mainly by muons, while the light distribution attributed to the
positrons produced by muon decay®. Since we found that the positive muons of J-PARC have enough intensity
for the optical imaging experiments, we conducted the imaging of the muons. Here, we show the first optical
images measured during irradiation of muons to water and a plastic scintillator block.

Materials and methods

We used positive muons with momenta of 73.9-MeV/c, 84.5-MeV/c, and 95.1-MeV/c and the deviation of the
momentum was 4%. We used positive muons for our imaging experiments because the intensities of the posi-
tive muons at J-PARC were higher than that of negative muons and radionuclide production by irradiation to
materials is negligible for positive muons.
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Figure 1. Schematic of optical imaging of water during irradiation of positive muons; side view (A) and front
view (B).

Figure 2. Photo of optical imaging experiments during irradiation of positive muons.

Experimental set-up for imaging of muon beams.

Figure 1(A) shows a schematic of optical imaging during irradiation of muons to water. A phantom con-
taining distilled water and a cooled charge-coupled device (CCD) camera (BITRAN, BU-56DUYV, Japan)
were placed in a black box. The size of the phantom was 10 cm x 10 cm x 10 cm. The phantom was made of
0.5-cm-thick black acrylic board except for the side facing the CCD camera. The side facing to the CCD
camera of the phantom was made of a 5-mm-thick transparent acrylic plate (Kuraray PARAGLAS UV00,
Japan). Positive muons were irradiated from the side of this phantom as shown in Fig. 1(B) and imaged
with the cooled CCD camera from 90 degrees of the muon beam direction. We used a C-mount F-1.4 lens
(Computar, Japan) for the CCD camera. The distance from the phantom surface to the lens of the cooled
CCD camera was 30 cm. The side of the black box was made of thin black paper to minimize energy loss of
the muon beam by the black box. We used the water phantom to image the Cherenkov-light of the positrons
produced by the decay of muons®.

We also used a 10 cm x 10 cm x 10 cm plastic scintillator block (EJ-200, Eljen Technology, USA) for the
muon imaging. Since the plastic scintillator block emits higher light than the Cherenkov-light by the posi-
trons produced by the muons’ decay, we expected to image the dose distributions of the muons using the
plastic scintillator block®.

Imaging experiments.

In Fig. 2, we show a photo taken during our optical imaging experiments of the positive muons. The black
box contained a CCD camera and one of the phantoms, and was installed in the muon beam exit of D1 area
at muon facility of ]-PARC. Muons were irradiated to the water or plastic scintillator block inside the black
box from the left side of the black box, as shown in Fig. 2. The diameter of the muon beam collimator at the
beamline exit was 40 mm. The positive muon beam momenta used for the imaging experiments were tuned
to be 73.9-MeV/c, 84.5-MeV/c, and 95.1-MeV/c. A positive muon beam was irradiated to either the water
or plastic scintillator block and imaging was conducted. The beam intensity of the positive muon beams
was ~5x 10° muons/s.

For the water, we conducted imaging by the CCD camera for 300 s during muon beam irradiation. For the
plastic scintillator block, we conducted imaging for 10 s. The calculated dose for the irradiated area in water
(300 s) was~0.3 Gy and that for plastic scintillator (10 s) was 0.01 Gy. The image size of the CCD camera
was 680 x 512 and the pixel size was 0.34 mm x 0.34 mm.

Image evaluation.
All measured images by the CCD camera during muon irradiation were processed using public domain
software (ImageJ). We removed the noise spots using the function of the software (Remove Outlier) pro-
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duced by direct detections of the CCD image sensor from the scattered muons and escaped positrons, as
well as annihilation photons, based on high-intensity and small-pixel information. Then, we subtracted the
background image from each obtained image to remove the offset value and non-uniformity of the CCD
camera. We also used the software to calculate the depth and lateral profiles. We estimated the absolute size
of the images by measuring the known size of the phantom images. We changed all profile data measured
on the images to absolute sizes with this value.

We compared the measured images with those calculated by Monte Carlo simulation. We used Geant4
(version 10.4.2) as the Monte Carlo simulation because it is utilized in many subjects and its quality is evalu-
ated extensively. For electromagnetic processes, we activated “G4EmStandardPhysics_option4”. Processes
of ionization, bremsstrahlung, pair production, multiple scattering, Coulomb scattering were included for
muon. Geant4 also includes the optical photon processes (G4OpticalPhysics) with Cerenkov-light (G4Cer-
enkov) and scintillation photon generation (G4Scintillation) in the library. As the light production from
the luminescence of water at lower energy than the Cerenkov-light threshold®"%, we used the scintillation
process. These were the same procedures as we conducted the simulation for positive muons®.

Possible applications of the measured optical images.

For the possible applications of the measured optical images of muons in water and plastic scintillators,
we conducted range determination of the beams, deviation determination of the momenta of muon beams,
and evaluations of the asymmetry of the direction of the positron emission from the muon decays.

(a) Beam momentum determination from the images.

Beam momentum determination is a time and labor consuming task thus eflicient method is
desired. We made a look up table (LUT) between the muon momentum and the peak depths from
the simulated muon images for water. Then we checked the LUT accuracy using the measured muon
images for water.

(b) Deviation determination of the momentum of muon beam.

The transported muon beam is not mono energetic but has several percent of momentum bite.
Deviation determination of the momentum of muon beam is important but it is also a time and labor
consuming task. We made a LUT between the percent deviation of the muon momentum and the
widths using the simulated muon images for water. Then we checked the LUT accuracy using the
measured muon images for water.

(c) Measurement of the asymmetry of the direction of the positron emission from the muon decays.

It is known that the fraction of the positrons produced by the muon decays emit in forward direc-
tion is higher than that of backward?®. The asymmetry of the directions of the positron emission
attributes to the spin polarization of muons. Measurement of the asymmetry of the directions of the
positron emission from the muon decays is important in some of the applications and researches
of muons?**"*2, For this purpose, using the CCD camera, we measured the optical image of water
during irradiations of positive muon with the momentum of 84.5-MeV/c for 10 min. The measure-
ments were repeated, and five images were added to form a 50 min acquisition image to reduce the
statistical deviation in the image. Then we measured the distances in the profile of the image at half
maximum of the peak in forward and backward directions. We compared these distances to measure
the asymmetry.

Results

Optical imaging of water during irradiation of positive muons.

Measured optical images of water during irradiation of positive muons with different muon momenta,
73.9-MeV/c, 84.5-MeV/c, and 95.1-MeV/c are shown in upper part of Fig. 3(A), (B) and (C), respectively.
The muons were irradiated in the water phantom from the left side of the images. We can see elliptical light
distributions in all images and these light distributions shifted to the right as the momenta increased. The
elliptical light distributions in the images were produced by Cherenkov-light of the positrons in the water
from the decay of the positive muons.

We also show the simulated images of water during irradiation of positive muons with different muon
momenta, 73.9-MeV/c, 84.5-MeV/c, and 95.1-MeV/c in lower part of Fig. 3(A), (B) and (C), respectively.
We obtained similar to measured images by Monte Carlo simulation.

The depth profiles measured and simulated in the horizontal direction (X-direction in Fig. 3) are shown
in Fig. 4(A) and (B), respectively. The depths of the peaks of the distributions for measured and simulated
images are similar; both peaks were located deeper for muons with higher momenta.

Table 1 lists the measured and simulated peak positions from the phantom surface of the water for positive
muons with different momenta. We observed that the measured peak positions were larger for muons with
higher momenta. The measured values were slightly (4-5 mm) larger than the calculated values.

The lateral profiles measured and simulated for the optical images of water during irradiation of positive
muon beams in the vertical direction (Y-direction in Fig. 3) at the maximum intensity position of the images
are shown in Fig. 5 (A) and (B), respectively. The widths of the lateral profiles are almost the same, but slightly
wider for the muons with higher momenta for both measured and simulated profiles.

Table 2 lists the measured and simulated widths for the positive muons in water with different momenta.
The widths are slightly larger for muons with higher momenta. The measured widths were slightly (4-8 mm)
wider than those of simulated widths.
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Figure 3. Measured optical images of water (upper part) during 73.9-MeV/c (A), 84.5-MeV/c (B), and
95.1-MeV/c (C) irradiation of positive muons. Yellow squares in each image show the contours of the water
phantoms. Beams were irradiated from left side of phantom. Simulated optical images of water (lower part)
during 73.9-MeV/c (A), 84.5-MeV/c (B), and 95.1-MeV/c (C) irradiation of positive muons are also shown.
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Figure 4. Measured (A) and simulated (B) depth profiles for optical images of water during 73.9-MeV/c, 84.5-
MeV/c, and 95.1-MeV/c irradiation of positive muons.

Muon momentum (MeV/c) 73.9 84.5 95.1
Measured peak position (mm) 32 48 67
Simulated peak position (mm) 28 43 63

Table 1. Measured and calculated peak positions from the phantom surface for positive muon irradiation to
water with different momenta.

2. Optical imaging of plastic scintillator block during irradiation of positive muons.
Measured optical images of the plastic scintillator block during irradiation of positive muons with different
muon momenta, 73.9-MeV/c, 84.5-MeV/c, and 95.1-MeV/c are shown in upper part of Fig. 6 (A), (B) and
(C), respectively. The muons were irradiated in the plastic scintillator block from the left side of the images.
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Figure 5. Lateral profiles for optical images of water during 73.9-MeV/c, 84.5-MeV/c and 95.1-MeV/c
irradiation of positive muons: measured (A) and simulated profiles (B).

Muon momentum (MeV/c) 73.9 84.5 95.1
Measured width (mm FWHM) 41 45 48
Simulated width (mm FWHM) 37 38 40

Table 2. Measured and simulated widths for positive muon beams in water with different momenta.
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Figure 6. Measured optical images (upper part) of plastic scintillator during irradiation of 73.9-MeV/c (A),
84.5-MeV/c (B) and 95.1-MeV/c (C) positive muons. Background intensities in measured plastic scintillator
images were subtracted. Yellow squares in each image show the contours of the plastic scintillator block. Beams
were irradiated from left side of phantom. Simulated optical images (lower part) of plastic scintillator during
irradiation of 73.9-MeV/c (A), 84.5-MeV/c (B) and 95.1-MeV/c (C) positive muons are also shown.
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Figure 7. Depth profiles for optical images of plastic scintillator block during 73.9-MeV/c, 84.5-MeV/c, and
95.1-MeV/c irradiation of positive muons: measured (A) and simulated profiles (B).

Muon momentum (MeV/c) 73.9 84.5 95.1
Measured peak position (mm) 30 45 62
Simulated peak position (mm) 25 39 54

Table 3. Measured and simulated peak positions for irradiation of positive muons with different momenta to
a plastic scintillator block.

The light distributions have Bragg peaks at the end of the distributions similar to the dose distributions of
particle beams such as protons or carbon ions®!!. In all images, the Bragg peak positions shift to the right
as the momenta of the muons increase.

We also showed the simulated images of water during irradiation of positive muons with different muon
momenta, 73.9-MeV/c, 84.5-MeV/c, and 95.1-MeV/c are shown in lower part of Fig. 6 (A), (B) and (C),
respectively. We obtained similar to measured images by Monte Carlo simulation.

Depth profiles measured and simulated for the horizontal directions (X-direction in Fig. 6) are shown
in Fig. 7 (A) and (B), respectively. The depths of the peaks of the distributions for measured and simulated
images are similar; both peaks were located deeper for muons with higher momenta.

Table 3 lists the measured and calculated peak positions from the block surface for positive muons with
different momenta in the plastic scintillator block. The measured peak positions are larger for muons with
higher momenta. The measured values were slightly (5-8 mm) larger than the simulated values.

In Fig. 8 (A) and (B), we show the lateral profiles (Y-direction in Fig. 6) for measured optical images of the
plastic scintillator block during 73.9-MeV/c, 84.5-MeV/c, and 95.1-MeV/c irradiation at 10 mm from the
entrance and Bragg peak position, respectively. We observed that the widths were slightly wider at deeper
positions for 95.1-MeV/c positive muons. Lateral profiles at 10 mm from entrance and at Bragg peak for
simulated optical images are also shown in Fig. 8 (C) and (D), respectively.

Table 4 summarizes the widths at 10 mm from the entrance and Bragg peak positions for positive muons
with different momenta in plastic scintillator block images for measured and simulated images. The widths
were slightly wider for higher momenta for measured images, and measured widths were slightly wider than
simulated ones.

3. Possible applications of the measured images.

(a) Beam momentum determination from the images.
Figure 9 show the relation of the peak depth and the muon momentum evaluated from simulated

images of water. This is a proof of concept trial for the possible application. We checked the accuracy

of this calculated LUT for the peak depths evaluated from the measured three optical images of water

with different momenta shown in Fig. 3. We show the three triangular dots in Fig. 9 for the measured
peak depths and muon momenta. They were on the line of water in the graph, indicating the LUT

may be used for the beam momenta determination from the peak depths of the measured images.
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Figure 8. Lateral profiles at 10 mm from entrance (A) and at Bragg peak (B) for measured optical images of
plastic scintillator block during irradiation of 73.9-MeV/c, 84.5-MeV/c, and 95.1-MeV/c positive muons. Lateral
profiles at 10 mm from entrance (C) and at Bragg peak (D) for simulated optical images are also shown.

Muon momentum (MeV/c) 73.9 84.5 95.1
Measured widths at entrance (mm FWHM) 37 37 39
Simulated widths at entrance (mm FWHM) 35 34 34
Measured widths at Bragg peak (mm FWHM) 37 38 41
Simulated widths at Bragg peak (mm FWHM) 33 33 32

Table 4. Measured and simulated widths at 10 mm from entrance and Bragg peak positions for positive
muons with different momenta in plastic scintillator block.

(b) Deviation determination of the momentum of muon beam.

Figure 10 (A) shows the depth profiles of the simulated images of water with different deviations of
momenta for 84.5-MeV/c muons. Figure 10 (B) shows the relation of width and momentum deviation
of the muon beam. The width of the measured image is almost on the line as shown in red square dot
in Fig. 10 (B). This is also a proof of concept trial for the possible application.

(¢) Measurement of the asymmetry of the direction of the positron emission from the muon decays.

Figure 11(A) shows the optical image of water for 84.5-MeV/c measured for 50 min which show a
low statistical noise in the image. The depth profile of the image (X-direction) is shown in Fig. 11(B).
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Figure 9. Relation of peak depth of the optical image and muon momentum evaluated from simulated optical
images of water during irradiation of positive muons (solid blue lines). Three triangular dots evaluated for
measured images of water are also shown.
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Figure 10. Depth profiles of simulated images of water with different deviations of momenta for 84.5-MeV/c
muons (A) and relation between width and deviation of muon beam momentum (B).

The distances from the peak shown in A and B of Fig. 11(B) were evaluated to measure the asym-
metry of the direction of the positron emission from the muon decays. The calculated B/A was 1.19,
that means the distance from the peak in forward direction was 19% longer than that in backward
direction. The asymmetry of the direction of the positron emission from the muon decays could be
successfully measured. In fact, the 19% larger width in forward direction was within our expected
value.
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Figure 11. Optical image of water for 84.5-MeV/c measured for 50 min (A) and depth profile of image (B).
Image also shows evaluated distances from peak depth.

Discussion

We successfully measured the light distributions of water and plastic scintillator block during irradiation of
positive muons with different momenta. To the best of our knowledges, these are the world first optical images
of muon beams. In water, we obtained elliptical light distributions produced by the Cherenkov-light of positrons
from the positive muon decay. We estimated the muon ranges and deviations of the momenta by measuring the
peak positions and widths of the images. Estimating the ranges and deviation of momenta in water will be useful
for QA of the muon facilities. Estimating the ranges and deviation of momenta in water will also be useful muon
radiation therapy in the future because water is the ideal material for QA in radiation therapies.

For the plastic scintillator block, we obtained light distributions having Bragg peaks at the end of the distribu-
tions similar to the dose distributions of protons or carbon ions. Since the plastic scintillator blocK’s light emission
is higher than the Cherenkov-light produced in the plastic scintillator block, we obtained similar distributions
to dose in the plastic scintillator block. However, since a quenching effect is sometimes observed with a plastic
scintillator, which decreases in Bragg peak heights****, some corrections may be needed to estimate precise dose
distributions from the optical images of the plastic scintillator block during muon irradiation. In fact, the relative
peak heights of the measured profiles were smaller than those of the simulation. This is also the first result on
observation of the quenching effect of muon for plastic scintillator.

The lateral distribution measured in water was wider than those for the plastic scintillator block. This is
because the energies of the positrons produced by the decay of the positive muons were high (maximum energy:
52.32 MeV) and the ranges of the positrons in water were longer; thus, the widths of the optical images in water
were wider than those of the muon beams. This is consistent with the Monte Carlo simulation results of the
Cherenkov-light distribution emitted from the positrons in water®.

The measured widths of the muon beams were larger for deeper areas of the plastic scintillator block than
those of the shallow areas and the increase in the widths was larger for higher muon energy. This is due to the
scatter of the muon beams in the plastic scintillator block. The same phenomenon was more clearly observed
in the dose distributions of the muon beams by Monte Carlo simulation for pencil beams®. However this is an
advantage when the muon beams will be used for mini-beam therapy because the beams need to be wider in
Bragg peak area to obtain the flat distributions in the mini-beam therapy®>3¢.

The depth and lateral distributions between measured and simulated images were slightly different both for
water and plastic scintillator. The reason was not obvious at this time but we think some improvement of the
accuracy of Monte Carlo simulation may be needed for optical imaging of muons. We did not conduct optical
corrections such for distortion or parallax errors® in the measured images. These corrections may reduce the
differences between measured and simulated images.

The system for optical imaging of water or plastic scintillator block is compact, low cost, and easy to conduct
for the imaging. The system could also be used for the momentum determination, the determination of deviation
of momentum, and the asymmetry measurements of the directions of the position emission from the decay of
muons, although these were the proof of concept trials. Thus the optical imaging will be a promising tool for QA
and research tool of the muon beam facilities, as well as future muon beam therapy.

Conclusions

We measured the light distributions of positive muons in water and a plastic scintillator block. In water, we
imaged Cherenkov-light from the positrons around the Bragg peak. The optical images could be used for the
muon momentum determination, determination of deviation of momentum, and asymmetry measurements of
the directions of the position emission. With the plastic scintillator block, we were able to obtain images similar
to dose distributions and estimate beam ranges and widths. For Cherenkov-light images in water, the measured
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ranges were 4-5 mm larger than the calculated values. From these results, we conclude that optical imaging is
promising for QA, research of muon beams, and the future muon radiotherapy.
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