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Abstract

Several studies concerning changes in the decay constants of radioactive nuclides
have demonstrated that solar flares can temporarily alter radioactive decay rates. This
study sought to explore the effect of neutrinos on radioactive nuclei by constructing a
radiation detection system that employs a radioactive source in front of a neutrino
emission system. Proton cyclotron was chosen as the source of neutrino emitters.
Responding to cyclotron operations, each of four detection systems registered gamma
count rate decreases. The results of this study confirm that rises in neutrino flux
affected the decay rates of the examined radioactive nuclides. Here we provide
significant evidence that neutrinos affect the radioactive decay process. Neutrino
detection is known to be very challenging due to the minuscule absorption in a stable
nucleus. However, the study found that there is a greater probability of radionuclides

interaction with the neutrino.
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Introduction

Several studies have demonstrated that solar flares modify the radioactive decay
constant. The change in the radioactive decay constant due to solar flares motivated us

to seek the origins of this effect.

Researchers first observed anomalies in the decay of Mn-54 in 2006*. The resulting
measurements demonstrated changes in the count rate of the gamma rays associated
with the decay of the radionuclide, which undergoes a radioactive electron capture
process by the nucleus. In radioactive decay, a stochastic process in an unstable
nucleus determines a constant probability of particle emission. Every radioisotope
emits particles in a unique process, with a specific decay constant expressed in units
of disintegrations per second (Bq). The nucleus emits energy and releases nuclear
radiation, meaning the release of gamma ray radiation, a beta-minus particle
(electron), a beta-plus (positron), a neutron, an alpha particle, or a neutrino or an anti-
neutrino. In certain cases of nuclear decay, the nucleus emits more than one particle at
the same time, or in a chain of disintegration. The decay constant is considered a
physical constant, according to measurements taken over the period during which the
various radioisotopes decay?. The radioactive decay constant for a variety of isotopes
ranges from 10 sec " to 10 1% year . The specific activity of the radionuclide is
determined by multiplying the decay constant by Avogadro's constant divided by the

molar mass.

Certain studies® have investigated whether the decay constant remains the same under
all conditions. Jenkins' results concerning count rates of gamma radiation
demonstrated a decrease over three different periods of time, with the changes
occurring not as a result of statistical fluctuations but rather due to, among other
factors, powerful solar flares (class X-M)*. Following this publication, scholars
suggested that changes in the radioactive decay constant of Mn-54 result from a rise
in the neutrino flux originating from the sun during solar flares. They discerned a
correlation between the occurrence of a solar flare and changes in the decay rate of
Mn-54. The nuclear activity that takes place in the sun is measured constantly by
GOES series satellites, revealing power changes in the X rays that reach an orbital
path around the earth. A solar flare is characterized by a rise in the intensity of the

flux of elementary particles, including the neutrino.



The physicist W. E. Pauli hypothesized that the neutrino could offer a solution to the
problem of balance of momentum and energy in beta decay. The neutrino, an
elementary particle lacking charge, is emitted together with the electron from the
nucleus in a process influenced by the weak nuclear force field*. This particle, a
Fermion with a 1/2 spin and minimal mass (less than 0.2 eV), was presumed to be
massless®; however, recent studies on different fronts have sought to establish its
mass®’. As early as 1958, Raymond Davis measured a neutrino using an inverted beta
process in which the neutrino was captured by a stable CI-37 nucleus close to a
nuclear reactor that served as the source of anti-neutrinos®, and in 1970, Davis
established a detector using a tank of stable chlorine solution to measure the neutrinos

originating from the sun®°,

The most recent estimations regarding solar neutrino flux are based on the total
luminosity of the sun***?, The estimated neutrino flux is distributed versus the
neutrino energy; hence, the estimated flux strongly varies depending on the nuclear
reaction that occurs. The proton-proton (pp) reaction in the sun emits low energy
neutrinos with ¢ ~ 10 1° (par. cm sec), and carbon-nitrogen-oxygen (CNO) reaction
emits ¢ ~ 108 (par. cm? sec?), resulting in higher energy neutrinos'®. However, the
experimental neutrino flux measurement is in the order of ¢ ~ 10° (par. cm2 sec)*,

and the CNO reaction emits ¢ ~ 10 (par. cm™ sec™?).

Recently, scholars have conducted further intensive studies regarding neutrino
measurements using different detectors'*?°, and it is expected that studies will achieve

flux values with greater confidence.

Our previous measurements examined the gamma ray count rate stability of several
radioactive sources over a certain period? 22, We constructed a measurement system
consisting of a detector shielded by 5-cm thick Lead that isolated the detector from
background radiation. The laboratory temperature was controlled to ensure that count
rate changes did not result from environmental conditions. In October 2018, a number
of solar flares took place. During these solar flares, we measured the count rate of
gamma rays from a radioactive source, Am-241. Three decreases in the readings were
measured at first, and we found that these fit with the occurrence of the solar flares?.,
In the following months, further solar flares occurred, resulting in decreases that our

counting system registered. Following these results in the measurement of gamma ray



emission from an Am-241 source, we established further systems to measure gamma
radiation from an Rn-222 source?, as well as Mn-54 and Co-57 sources??. Several
solar flares took place, and in accordance we detected decreases in the count rates of
gamma radiation of Rn-222, Mn-54, and Co-57 sources. Based on the isolation of the
system, the only remaining possible explanation for these decreases is a neutrino
penetrating the system. Considering these measurements, we suggest that the source

of the decrease in count rate is the rise in neutrino flux during solar flares.

To examine this hypothesis, we decided to test a source that is liable to emit neutrinos
in a controlled manner, similar to the Davis' method?*?°. We chose to place the

gamma rays measurement system in front of an18 MeV medical proton cyclotron.

2. Results and Discussion

This section presents the measurement results obtained from each of the four
radioisotopes: Am-241, Rn-222, Thorium, and Co-57. Each measurement system
consists of a 5.08 cm diameter and 5.08 cm length Nal(Tl) detector facing a
radioactive source that tracks total counts at defined time intervals. The Nal(TI)
detector was operated in a total counting mode above 40 keV. The background
gamma counts were ~130 cpm (counts per minute).

Neutrino flux is emitted from the two cyclotrons, which are located at around 20 m
and at around 40 m from the measurement system, as shown in Figure 7. The results

were obtained following the operation of two cyclotrons.

2.1 Am-241 system

The Am-241 source, with activity of around 37 kBq, yielded the following system
measurement results.

After nine dual operations of the two cyclotrons, the Am-241 system showed nine
separate count rate decreases. The counts were collected at intervals of 60 minutes by
the detector. Table 1 summarizes the results for all nine dips in Am-241 counts.

Figure 1 provides an example of a sharp dip in Am-241 counts as a result of the

neutrinos emitted by the cyclotrons.
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Figure 1. Am-241 count rate results. The red arrow indicates the Am-241 dip due to

neutrinos emitted from the cyclotrons.

Delay Count decrease
Date of cyclotron operation | Date of sharp dip

(days) percentage
24-Jan-2019 06-Feb-2019 13 -0.38%
06- Feb-2019 19- Feb-2019 13 -0.27%
19 Feb-2019 04-Mar-2019 13 -0.24%
04-Mar-2019 17-Mar-2019 13 -0.28%
18-Mar-2019 29-Mar-2019 11 -0.29%
28-Mar-2019 12-Apr-2019 12 -0.30%
15-Apr-2019 26-Apr-2019 11 -0.21%
29-Apr-2019 12-May-2019 13 -0.22%
14-May-2019 28-May-2019 15 -0.26%

Table 1. Dual cyclotron operations summary and the corresponding Am-241 system

responses.

To verify signal detectability and the reliability of the Am-241 results, we
implemented the ‘limits-of-detectability” method: “There is a 95% probability that a
random sample will lie below the mean plus 1.645c "?°. Dips Critical level (Lc) was

calculated using the neighboring counts average. Subsequently, dip counts were



compared to the Lc. Once the presented dip counts were below the Lc value, it was
clear that a reliable signal was detected and thus could be accepted as a valid result.
Statistical significance calculations were performed (details in Supplementary
information): %L¢c = 0.11%; %o = 0.049%.

According to the results, if a change is greater than |0.1]|%, the signal exceeded the

critical level, and it is a reliable result. We obtained a signal of 7.75c from the mean
of Am-241 counts. Repetition and uniformity are evident in all nine dips—the
percentage of decrease in the reading is higher than 0.11%. Therefore, all nine dips

are considered statistically significant.

2.2 Rn-222 system

Thirteen dips in Rn-222 count rates were observed, responding to dual cyclotron
operations. The 100 kBg Rn-222 activity (and its progeny) was continuously
produced by a Ra-226 source placed in a freezer at - 40° C. The data was collected
from the Nal(TI) detector at 15 minute intervals. The dip results are summarized in

Table 2. Figure 2 shows two examples of changes in Rn-222 count rates.
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Figure 2. Rn-222 count rate system. The red arrows indicate the dips in Rn-222 due

to neutrinos emitted from the cyclotrons.



Delay Count decrease
Cyclotron operation time Sharp dip time
(Hr) percentage
01-Aug-2019 08:20 01-Aug-2019 13:00 05:30 -0.53%
06-Aug-2019 14:00 07-Aug-2019 01:30 11:30 -0.77%
08-Aug-2019 04:00 08-Aug-2019 23:15 19:15 -1.30%
25-Sep-2019 07:15 25-Sep-2019 23:15 16:00 -1.15%
18-Nov-2019 10:00 18-Nov-2019 23:15 13:15 -1.13%
19-Nov-2019 08:00 19-Nov-2019 20:00 12:00 -0.48%
21-Nov-2019 02:00 21-Nov-2019 13:30 11:30 -0.71%
21-Nov-2019 11:30 21-Nov-2019 23:45 12:15 -0.62%
26-Nov-2019 16:45 27-Nov-2019 07:15 14:30 -0.74%
16-Dec-2019 10:00 16-Dec-2019 22:15 12:15 -0.70%
24-Dec-2019 14:30 25-Dec-2019 23:15 8:45 -1.03%
26-Jan-2020 11:00 26-Jan-2020 23:15 12:15 -1.08%
02-Feb-2020 12:50 02-Feb-2020 23:15 10:25 -2.17%

Table 2. Summary of all cyclotron operations and Rn-222 system responses.

Statistical significance calculation results, using the ‘limits-of-detectability’ method,
as described in the Supplementary information, are as follows: %L¢ = 0.41%; %o =

0.176%.

According to this, when the change in the count rate is greater than|0.4]|%, the dip is

considered valid.

Using the same method as applied to Am-241, we detected a signal of 7.38c from the
mean of Rn-222 counts. Repetition and uniformity are evident in all registered dips—
the percentage of decrease in readings is higher than 0.41%. Therefore, all dips

presented in Table 2 are considered statistically significant.

2.3 Thorium system

Six operations of the cyclotrons triggered six decreases in the gamma count rate of the
system. Thorium, in the form of Th(NO3)a, is a naturally occurring radioactive
material (with its progeny) with about 500 kBq. Figure 3 shows an example of a
decrease in counts due to cyclotron operation. Simultaneously, we performed similar
measurements using an identical Thorium source and an identical detector at a control
lab more than 50 km away from a cyclotron. The measurements yielded by the two
systems, one near a cyclotron and one far from it, are presented in Supplementary

information, Figure 9, and indicated that the dip occurred only in the system near the



cyclotron. This comparison confirms that the detected dip originated solely from the

cyclotron operation.
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Figure 3. Thorium counts results. Dip is indicated by a red arrow.

Thorium results are presented in Table 3.

Date of cyclotron operation | Date of sharp dip Delay Count decrease
(days) percentage
11-Feb-2020 17-Feb-2020 7 -0.97%
23-Feb-2020 02-Mar-2020 9 -1.06%
10-Mar-2020 19-Mar-2020 10 -0.98%
02-Apr-2020 14-Apr-2020 13 -1.07%
22-Apr-2020 03-May-2020 12 -1.05%
14-May-2020 23-May-2020 10 -0.99%

Table 3. Summary of cyclotron operations and resulting Thorium system responses.

For Thorium the statistical calculations (as in Supplementary information) obtained

was: %Lc = 0.14%; %o = 0.060%

The typical Thorium dip was 17.8c from the mean. Repetition and uniformity are

evident in all registered dips—the percentage of decrease in the reading is higher than

0.14%. Therefore, all dips presented in Table 3 are considered statistically significant.




Co-57

system

Twelve decreases in Co-57 counts were detected following twelve operations of the

cyclotrons, as listed in Table 4. Figure 4 presents one example of the Co-57 response

to neutrinos emitted from cyclotron operation.
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Figure 4. Co-57 counts showing a dip. Red arrow indicates a decrease in counts.

Date of cyclotron operation | Date of sharp dip I();;‘I;Z) Co::rt‘:gﬁfa::aese
07-Jul-2020 12-Jul-2020 5 -1.06%
29-Jul-2020 06-Aug-2020 9 -1.07%
25-Aug-2020 31-Aug-2020 7 -1.02%
24-Sep-2020 27-Sep-2020 4 -0.95%
13-Oct-2020 20-Oct-2020 8 -0.98%
08-Dec-2020 14-Dec-2020 7 -1.12%
21-Dec-2020 27-Dec-2020 7 -1.10%
31-Dec-2020 08-Jan-2021 9 -1.20%
14-Jan-2021 20-Jan-2021 6 -1.06%
19-Jan-2021 25-Jan-2021 6 -1.63%
01-Feb-2021 06-Feb-2021 5 -1.07%
09-Feb-2021 18-Feb-2021 9 -0.96%

Table 4. Summary of all Co-57 system responses to cyclotron operations.




The measurements for Co-57 counts demonstrate a downward gradient because the
source decays relatively rapidly due to its half-life of 272 days. Trapezoidal area
calculation (Strapezoidal) Of C0-57 was performed in order to obtain statistical
confidence for our results. Data points were averaged on both sides around the count
decrease that occurred on 06-Aug-2020, as shown in Figure 4, the average counts of
both sides are required, to reduce regular fluctuations from readings?. Calculations
for Co-57 obtained: %L: = 0.098% ; %o = 0.042%. Therefore, we obtained a signal of
25c from the mean of Co-57 counts. Repetition and uniformity are evident in all
twelve dips—the percentage of decrease in reading is higher than 0.098%. Hence, all
twelve dips are considered statistically significant.

Table 5 summarizes all the statistical considerations for the results of each radiation
system.

Source Change o Number of ¢ Range
Am-241 (-0.21)-(-0.38)% 0.049% 43-7.7
Rn-222 (-0.48)-(-2.17)% 0.176% 2.7-12.3
Thorium (-0.97)-(-1.07)% 0.060% 16.2-17.8

Co-57 (-0.95)-(-1.63)% 0.042% 22.6-33.8

Table 5. Range of the count rate change measured by each radiation system, and the
results’ statistical significance.

Rn-222 (and progeny) and thorium (and progeny) were used in our measurement
systems; both these sources have a decay chain that consists of alpha or beta(-)
emissions. The system of these experiments detects the gamma radiation from the
overall decay chain emission. Therefore, at this stage we could not distinguish which

emission was suppressed.

Am-241 decays to Np-237, which is a long half-life isotope. Therefore, in the Am-241
spectrum (above 40 keV), our system can only detect the 60 keV of Am-241. Thus,
our finding corresponds only to the Am-241 disintegration.



Co-57 decays to stable Fe-57, and our system can only detect its gamma radiation

emission. Therefore, our results indicated only the Co-57 decay decrease.

The results for the four radioisotopes indicate that gamma radiation count rates were
suppressed. In two radioisotopes, the decrease is direct via the prime decay, while in
the case of the two other radioisotopes, the decrease can be related to other decays

along the decay chain, in alpha or betta emissions.

From the range of o for each source, we found that Co-57 and thorium systems

exhibited a much more significant response to the change in cyclotron neutrino flux.

The count rate decrease results indicate that a growth in neutrino flux alters the decay
rates of the radioactive processes in four different radionuclides. The nuclear decay

process was modified due to neutrino interaction with unstable nuclei.

3. Conclusion

Several studies of radioactive nuclei have indicated that solar flares modify the
radioactive decay constant. Yet, there was doubt regarding what factor in the solar

flares affected the change in radioactive decay constant.

Proton cyclotrons produce several types of radionuclides that emit neutrinos along
with their decay, with a relatively high rate during a short period, around one hour or
less. Therefore, the cyclotron provides a controlled and predicted neutrino source.
Since the measurement system was placed close to the cyclotrons, it is certain that
only electron-neutrinos reached the system.

In this study, repetitions were conducted for each measurement system to assure the
validity of the results, and the attribution of the observed effect. Based on this study,
we conclude that decreases in the decay rates for all the radioactive sources measured

are due to an increase in the neutrino flux that penetrated the nucleus.

It is well known that neutrino detection is usually a very intricate task involving large

stable matter detectors. However, in this study the neutrino interacted with an unstable



nucleus that could reveal different types of physical detection processes. The
radioactive nucleus differs from a stable nucleus in that it has a nucleon occupying the
occupied in higher energy levels. We assume that in the case of a radioactive nucleus,
a neutrino could be captured in the nucleus shell structure, and this may explain the
count rate alteration. This phenomenon indicates that further modelling of nuclear
processes should be considered in the case of unstable nuclei in which a neutrino may

be included in the internal nucleon structure.

This study presents findings regarding the initial effect of the neutrino on radioactive
nuclei. Therefore, the theoretical aspects and mechanism of the process have yet to be

investigated.

Methods and basic principles

Gamma Radiation Measurements

Two main methods are used to detect gamma radiation: crystal scintillation that emits
light in response to the radiation, and a solid-state diode that produces electron-holes
when exposed to radiation. Currently, most detectors are available with mounted

electronics, analyzer hardware, and operating-software.

The gamma radiation flux or intensity is attenuated in media due to the medium

specific-density and thickness, depending on the photon’s energy, as follows:
L, = Ioe'(%)’”‘ (1)
Where:
X — Thickness.
p - Density

(%) — Mass attenuation coefficient (depended on photon energy).

The attenuation coefficient is affected by photon absorption or scattering. The

equation above (Equation 1) is limited to one dimension, while in reality the



attenuation process occurs in 3-D geometry. Also, as in any other type of radiation,

the flux decreases due to the law of the inverse square distance.

In matter, any photon absorption ends with a rise in the atomic electron’s Kinetic
energy. The photo-electric effect in the atom is responsible for photon absorption with
atomic electron release (ionization). Compton scattering is another process via which
photons interact with electrons (free or bonded). A portion of the initial energy is
transferred to the scattered electron, and an outgoing photon moves in a different
direction. Pair-production is a process whereby there is a probability that photons at
above twice the electron-rest-mass energy produce pairs of electron-positron, which
will carry kinetic energy. The occurrence of pair-production terminates the photon
travel. Photon elastic scattering (Rayleigh scattering) by atoms is unlikely to occur in

gamma radiation and diminishes as photon energy increases.

Photons can be produced as secondary radiation in several cases: atomic level X-ray
emission, charge-particles Bremsstrahlung, synchrotron radiation, and Cherenkov
radiation. Photons may be produced in the detector’s surroundings, and therefore they

can also be detected.

Scintillators

Scintillators are mostly solid or liquid, making them much more efficient in detecting
gamma radiation than ionization gas detectors. Scintillators can be used for
spectrometry. The scintillation process consists of light-output from electron energy
deposition in matter. The scintillator is transparent in light, and therefore a light
sensor, such as a photocathode, collects the light to produce and transfer a current

pulse throughout a photomultiplier.

The available scintillation materials are obviously not ideal. The ideal scintillation
properties for radiation detection are: efficient charge particles kinetic energy

conversion to light; the light output should be proportional to the deposited energy;
short luminescence decay time in order to produce fast pulses; high optical quality
enabling the usage of large detectors; transparency to the emitted light; an index of

refraction similar to glass to allow coupling to a sensor®.

The gamma radiation detection in scintillation material goes through the following
steps:



Gamma ray absorption — molecular excitation
Luminescence — visible light emission

Light transference to the photocathode

Light absorption in the photocathode and electron emission
Electron multiplication by the photomultiplier

Transfer of charged pulses to amplifier

N o gk~ wDdPRE

Pulses tally in a counter or in a multi-plus-counting-analyzer (MCA).

The theoretical explanation of the scintillation process can be described based on the
atomic energy levels of the scintillator crystal. Figure 5 illustrates the inorganic

crystal scintillation process scheme.
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Figure 5. The electron band structure of a scintillation process for an inorganic
scintillator with an activator.

First, gamma radiation interacts and an initial free electron is emitted. The initial
electron causes secondary electrons to rise to the conduction band, leaving holes in
the valence band. If the deposited energy is too low, an electrostatically coupled hole-
electron is produced (electron at the exciton band). When the secondary electrons fall
down to the valence band, electromagnetic radiation is emitted. These electromagnetic
photons are in the optical wavelength range and can be detected by a photocathode. In
the case of Nal(TI) crystal, the energy gap between the valence band and the
conduction band is too large for visible light emission; therefore, an activator is added



(impurity of Tl atoms) in order to insert more intermediate energy levels. Electrons
and holes can jump to the activator levels, producing visible light emission via their

recombination?’.

The light output of a scintillator directly depends on the efficiency related to the
energy conversion from radiation into light photons. A fraction of the emitted light
can be lost due to imperfections in the crystal’s transparency and due to refraction.
The fraction of the light passing through in good scintillators varies from 1/20 to 1/40.
The overall efficiency is the average ionizing particle energy-loss for each
photoelectron ejecting the cathode of the photomultiplier. In the photomultiplier, the
amount of light translates linearly to charge. The number of electrons emitted from
the photocathode is linearly dependent on gamma ray energy, absorbed energy
fraction in the scintillator, efficiency of transfer energy to light, transparency to light,
cathode field of view, and sensitivity to light wavelength. A fraction of electrons is
collected by the dynodes in the photomultiplier. The outcome charge signal height
depends on the number of electrons and on the photomultiplier multiplication.

In general, the photomultiplier tubes are devices that have a window in which a
photocathode is mounted. Behind the photocathode is a collection optics area that
leads electrons toward a series of dynodes to multiply the current pulse, ending at the
anode. The tube is in a vacuum, and it is protected from magnetic fields. The range of
photomultiplier types and materials is extremely vast, depending on the desired
response. The overall schematic diagram of the electronic connection to the detector

is presented in Figure 6.
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Figure 6 - Schematic diagram of a scintillator for gamma radiation spectrometry. The
electronic devices are tiny and can be mounted on the PMT end.



Proton Cyclotron

To conduct a controlled examination of the effects of neutrinos on radioactive

materials, a neutrino is produced using a cyclotron (proton accelerator).

A basic cyclotron contains a uniform magnetic field perpendicular to a vacuumed
lattice in the shape of a disk divided into two equal sections (shaped as the letter “D”).
The magnetic field causes the charged particles to move in a circular motion as a
result of the Lorentz force. The acceleration is induced by a synchronized electric
field in the gap between the two half-circle sections, when the particle passes through
the gap. The particle’s radius of rotation increases as a result of the acceleration,
hence making the particle trajectory spiral in shape?®. Cyclotrons for proton
acceleration were developed over the course of decades for use in nuclear research,
and the proton final kinetic energy was gradually raised?*°. The basic structure of
cyclotrons has also evolved®'. A medical application of the proton cyclotron was
developed for the production of radioactive agents to be used for imaging, such as the
production of radioactive fluorine (F-18) for use in positron emission tomography
(PET CT).
The cyclotron can be fitted with up to 8 targets for producing the most common PET
radioisotopes.
20+ p—y F+n

SF =20+ +v,
IBA cyclotrons are operated with a current of protons that can reach up to 300 pA for
protons at 18 MeV.
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Figure 7. Schematic illustration of a radiation detection system with cyclotrons

(dimensions not to scale).

Neutron emission from the cyclotron

Protons hit the target and subsequently neutrons are emitted. We closely positioned a
KCI powder-based detector by the cyclotron walls. In the KCI, a fast neutron interacts

with the chlorine and emits gamma radiation into an Nal(T1) scintillator®?=3,
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Figure 8. KCI detector system count rate response to fast neutrons from the cyclotron
(blue line below); and the decrease in Rn-222 count rates following the cyclotron

operation.

We performed two measurements in separate positions, one by the Rn-222 system and
the other by the KCI detector system. The KCI system immediately responded to
outgoing neutrons during the cyclotron operation, as shown in Figure 8, in the lower
graph. The upper graph in Figure 8 presents the Rn-222 count rate data versus time.
Figure 8 demonstrates that the Rn-222 decrease began around nine hours after the
neutron emission. The whole decrease took about six hours due to a long cyclotron
operation interval. A comparison of the two graphs indicates that cyclotron operation
affected the Rn-222 count rate.

Activation

In a medical cyclotron, radionuclides are produced in the target and in surrounding
structural materials. The radionuclides produced undergo Beta(+) emission or
Electron Capture (EC) process. Therefore, in both cases a neutrino is emitted along
with the process. Table 6 presents the theoretical production of these radionuclides

with their yields per cyclotron current per hour, and Ty, from ref. 3437,

Radionuclide T Emax (keV) Thick Target Yield
(MBg/pAh)
F-18 109.6 min 635 | 2960
Zn-63% 38.3 min 2344 | 2470%
Zn-65 245 day 330 | 0.2%'
C-11 20.4 min 960 | 3820
N-13 10 min 1190 | 4440
0-15 122's 1720 | 2220




Table 6. Theoretical radionuclide production in medical cyclotron based on previous

studies®*?’,

Two cyclotrons were operated at the same time: Cyclotron-1 at a distance of 25 m
from the measurement system with 5.94 GBg/pAh, and Cyclotron-11 at a distance of
40 m from the measurement system with 6.21 GBg/pAh. Cyclotron-1 operated with
currents up to 60 pA, and Cyclotron-11 operated with currents around 75 pA, and dual
cyclotron operations of two hours on average led to decreases.
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VN-13

P 3-9

VCNO VN-13

Py = Poposy + Pugo =2 7107 (s - cm2>
Cyclotron-II:
Protons flux at activation port (®p):
b, = 6.21—2% . 2h - 75,4 = 931(GBq) = 931 - 101 (f)
HA - h S

Distance dilution (d):



1
d= == 6.25 - 1078(cm?)
F-18 production (Pg_;5): 230 GBq (measured)
Neutrino from F-18 (&, .):

_ Prgg
VF-18 d

)
s+ cm?

o =1.44- 104(

Neutrino from N-13 production (®,,,__.):

#
~2.2-10* ( 2)
S Cm

led to neutrino from CNO cycle with (&, ,):

P

VN-13

. — . 4
Dypo~3 " Poyy, = 6.25-10 (S_sz)
Neutrino at measurement point (®,,):
— . 4
o, =d,  +,, ,~810 (S_Cm2>

Total neutrino at measurement point (®(total),):

#
®(total), = ®(cyclotron_l), +®(cyclotron_II),~2.8 - 10° (s : cm2>

During 15 min measurement the system was penetrated by total neutrinos (Viotal) :

Vigral = ®(total), - At- A = 2.8 - 105 ( ) - 15(min) - 60 (—n) - 1(cm?)

S
S - cm? mi
Viotal~2.5 - 108
Even more flux can be produced by other low abundance structural materials, such as
Zn.
The total neutrino at measurement point is in a similar order of magnitude to typical

solar neutrino flux.
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Supplementary information

To ascertain signal detectability for the measurements reported in the results and
discussion section, we implemented the method of limits-of-detectability as described
in the book “Radiation Detection and Measurement” (chapter 3 section VI)?°. An

example for statistical calculations of the Am-241 results (06-Feb-2019):

Mean = 3692067.74

o =1795.51

Lc =2.326-0=2.326-1795.51 =4176.359

Mean — L¢ = 3692067.74 — 4176.359 = 3687891.38

3692067.74-4176.359
3692067.74

Mean — L¢
Mean

%L¢ = (1 - ) -100% = (1 — ) -100% = 0.11%

According to this calculation, if a change is greater than|0.1]|%, the signal exceeded

the critical level and it is a reliable result.
dip = 3679900

Mean = 3692067.74
o =1795.51
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Figure 9. Results of Thorium system, as shown in Figure 3, compared to control lab

similar system results.



