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Previous efforts to investigate changes in the decay constants of radioactive nuclides discov-
ered that solar flares can temporarily alter radioactive decay rates. Thus, discerning whether
external factors affect radioactive decay rates is vital for understanding nuclear processes.
This study sought to explore the effect of neutrinos on radioactive nuclei by constructing a
gamma radiation detection system that employs a radioactive source in front of a neutrino
emission system. Responding to cyclotron operations, each of the four detection systems reg-
istered 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 challeng-
ing due to the minuscule absorption in a stable nucleus. However, the study found 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 de-
cay of **Mn in 2006 [1]. The resulting measurements
demonstrated changes in the count rate of the gamma
rays associated with the radionuclide decay, which un-
dergoes a radioactive electron capture process by the
nucleus. Such results of the decay constant changes
were counter-speculated by Pomme [2-5] but are not
relevant to this study. The current study focuses on a
controlled neutrino source, while Pommé's arguments
concern constant decay oscillations. Furthermore, this
study is performed with an artificial production of
neutrinos and does not focus on solar or cosmic
events's influence. Therefore, Pomme's claim does not
apply here. In radioactive decay, a stochastic process
in an unstable nucleus determines a constant probabil-
ity of particle emission. Every radioisotope emits par-
ticles in a unique process, with a specific decay con-
stant expressed in units of disintegrations per second.
The nucleus emits energy and releases nuclear radia-
tion, meaning the release of gamma-ray radiation, a
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beta-minus particle (electron), a beta-plus (positron), a
neutron, an alpha particle, or a neutrino or an anti-neu-
trino. 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 consid-
ered a physical constant, according to measurements
taken over the period during which the various radio-
isotopes decay [6]. The radioactive decay constant for
a variety of isotopes ranges from 10° s to 1071° per
year. The specific activity of the radionuclide is deter-
mined by multiplying the decay constant by Avoga-
dro's constant divided by the molar mass.

Certain studies have investigated whether the
decay constant remains the same under all conditions
[7]. Jenkins' results concerning count rates of gamma
radiation demonstrated a decrease over three different
periods, with the changes occurring not as a result of
statistical fluctuations but rather due to, among other
factors, powerful solar flares (class X-M) [1]. Follow-
ing this publication, scholars suggested that changes in
the radioactive decay constant of 3*Mn result from a
rise in the neutrino flux originating from the sun dur-
ing solar flares. They discerned a correlation between
the occurrence of a solar flare and changes in the decay
rate of *Mn. The nuclear activity that takes place in
the sun is measured constantly by GOES series satel-
lites, revealing power changes in the X-rays that reach
an orbital path around the Earth. A solar flare is charac-
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terized by a rise in the intensity of the flux of elemen-
tary particles, including the neutrino.

The physicist W. E. Pauli hypothesized that the
neutrino could offer a solution to the problem of bal-
ance of momentum and energy in beta decay. The neu-
trino, an elementary particle lacking charge, is emitted
together with the electron from the nucleus in a pro-
cess influenced by the weak nuclear force field [8].
This particle, a fermion with a 1/2 spin and minimal
mass (less than 0.2 eV), was presumed to be massless
[9], however, recent studies on different fronts have
sought to establish its mass [10, 11]. As early as 1958,
Raymond Davis measured a neutrino using an in-
verted beta process in which the neutrino was captured
by a stable *’Cl nucleus close to a nuclear reactor that
served as the source of anti-neutrinos [12], and in
1970, Davis established a detector using a tank of sta-
ble chlorine solution to measure the neutrinos origi-
nating from the sun [13, 14].

The mostrecent estimations regarding solar neu-
trino flux are based on the total luminosity of the sun
[15]. The estimated neutrino flux is distributed vs. 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 flux ~10'cm=2 s™!, and the
carbon-nitrogen-oxygen (CNO) reaction emits flux
~10% cm™? s7!, resulting in higher energy neutrinos
[16]. However, the experimental neutrino flux mea-
surement is in the order of flux ~10° cm™s~! [14], and
the CNO reaction emits flux ~10* cm2 s7".

Recently, scholars have conducted further inten-
sive studies regarding neutrino measurements using
different detectors [17-23], and it is expected that stud-
ies 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 [24, 25]. We constructed
a measurement system consisting of a detector
shielded by 5 cm thick lead that isolated the detector
from background radiation. The laboratory tempera-
ture was controlled to ensure that count rate changes
did not result from environmental conditions. In Octo-
ber 2018, several solar flares took place. During these
solar flares, we measured the count rate of gamma rays
from a radioactive source, 2*! Am. Three decreases in
the readings were measured at first, and we found that
these fit with the occurrence of the solar flares [24]. In
the following months, further solar flares occurred, re-
sulting in decreases that our counting system regis-
tered. Following these results in the measurement of
gamma-ray emission from an **! Am source, we estab-
lished further systems to measure gamma radiation
from an 2*?Rn source [26], as well as >*Mn and *’Co
sources [25]. Several solar flares took place, and in ac-
cordance we detected decreases in the count rates of
gamma radiation of 2>’Rn, **Mn, and *’Co sources.
The effect of solar flares on the count rate of thorium

beta radiation was observed utilizing a plastic
scintillator as well [27]. 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 neu-
trino 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 Davis' method [28, 29]. We chose to
place the gamma rays measurement system in front of
an 18 MeV medical proton cyclotron.

MATERIALS AND METHODS
Gamma radiation measurements

Two main methods are used to detect gamma ra-
diation: 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 attenu-
ated in media due to the medium-specific density and
thickness, depending on the photon's energy, as fol-
lows

I, =10e[ﬁ]px (1

where x is the thickness, p — the density, and pt/p — the
mass attenuation coefficient (depending on photon en-
ergy).

The attenuation coefficient is affected by photon
absorption or scattering. The eq. (1) is limited to one
dimension, while in reality, the attenuation process oc-
curs in 3-D geometry. Also, as in any other type of ra-
diation, 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 ab-
sorption with atomic electron release (ionization).
Compton scattering is another process via which pho-
tons interact with electrons (free or bonded). A portion
of'the initial energy is transferred to the scattered elec-
tron, and an outgoing photon moves in a different di-
rection. Pair-production is a process whereby there is a
probability that photons at above twice the elec-
tron-rest-mass energy produce pairs of electron-posi-
tron, which will carry kinetic energy. The occurrence
of pair-production terminates the photon travel. Pho-
ton 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-parti-
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cles 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 radia-
tion than ionization gas detectors. Scintillators can be
used for spectrometry. The scintillation process con-
sists of light output from electron energy deposition in
matter. The scintillator is transparent in light, and
therefore a light sensor, such as a photocathode, col-
lects the light to produce and transfer a current pulse
throughout a photomultiplier.

The available scintillation materials are not
ideal. The ideal scintillation properties for radiation
detection are efficient charge particle kinetic energy
conversion to light, the light output should be propor-
tional to the deposited energy, short luminescence de-
cay time to produce fast pulses, high optical quality en-
abling the usage of large detectors, transparency to the
emitted light, and an index of refraction similar to
glass to allow coupling to a sensor [30, 31].

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 ion-
izing particle energy loss for each photoelectron eject-
ing 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 en-
ergy, absorbed energy fraction in the scintillator, effi-
ciency of transfer energy to light, transparency to light,
cathode field of view, and sensitivity to light wave-
length. A fraction of electrons is collected by the
dynodes in the photomultiplier. The outcome charge
signal height depends on the number of electrons and
the photomultiplier multiplication.

In general, 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 mul-
tiply 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 ex-
tremely vast, depending on the desired response. The
overall schematic diagram of the electronic connec-
tion to the detector is presented in fig. 1.

Proton cyclotron

To conduct a controlled examination of the ef-
fects 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 [32]. Cyclo-
trons for proton acceleration were developed over the
course of decades for use in nuclear research, and the
proton's final kinetic energy was gradually raised [33,
34]. The basic structure of cyclotrons has also evolved
[35]. 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) 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.

B0+ p>'SF+n )
BFSB0+8 +v, (3)

The IBA cyclotrons are operated with a current of
protons that can reach up to 300 pA for protons at 18
MeV. The measurement setup is illustrated in fig. 2.
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Figure 2. Schematic illustration
of a radiation detection system
with cyclotrons (dimensions
not to scale)
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Neutron emission from the cyclotron

Protons hit the target and subsequently, neutrons
are emitted. We closely positioned a KCl powder-based
detector by the cyclotron walls. In the KCl, a fast neu-
tron interacts with chlorine and emits gamma radiation
into a Nal(T1) scintillator [36, 37].

We performed two measurements in separate po-
sitions, one by the 2??Rn system and the other by the
KCl detector system. The KCI system immediately re-
sponded to outgoing neutrons during the cyclotron op-
eration, as shown in fig. 3, in the lower graph. The up-
per graph in fig. 3 presents the 2>’Rn count rate data vs.
time. Figure 3 demonstrates that the ?>’Rn 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
222Rn count rate.

Activation

In a medical cyclotron, radionuclides are pro-
duced in the target and in surrounding structural mate-
rials. The radionuclides produced undergo beta(+)
emission or electron capture (EC) process. Therefore,
in both cases, a neutrino is emitted along with the pro-
cess. Table 1 presents the theoretical production of
these radionuclides with their yields per cyclotron cur-
rent per hour, and 7, ,, from refs. [38-41].

Two cyclotrons were operated at the same time:
Cyclotron-I at a distance of 25 m from the measure-
ment system with 5.94 GBq (uAh™"), and Cyclotron-II
at a distance of 40 m from the measurement system
with 6.21 GBq (uAh™), as illustrated in fig. 2. Cyclo-
tron-I operated with currents up to 60 pA, and Cyclo-
tron-11 operated with currents around 75 pA, and dual
cyclotron operations of two hours on average led to
decreases.

Cyclotron-I:
Protons flux at activation port @,
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Figure 3. The KCl detector system count rate response to
fast neutrons from the cyclotron (line below); and the
decrease in “?Rn count rates following the cyclotron
operation

Table 1. Theoretical radionuclide production in medical
cyclotron based on previous studies [38-41]

Radionuclide Tin Eax [keV] Tl[lﬁléaﬁg[ithyllf]ld
B3 109.6 min 635 2960
$7n[39] 38.3 min 2344 2470 [40]
%7Zn 2454 330 0.2 [41]
c 20.4 min 960 3820
BN 10 min 1190 4440
50 122's 1720 2220

Distance dilution d

d =i2 =16-10"7cm™ (5)
r

The '8F production (P, gp): 223 GBq (measured)
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F

® =P, -d=144-10*cm™s™! (12)
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Neutrino from "N production ®,
N

D

Vi3

~22-10*cms! (13)

led to neutrino from CNO cycle with @,

D,

VCNO

~3-®, =625-10"cm?s  (14)
N
Neutrino at measurement point @,
O,=®, +®, ~8-10*cm?s'  (15)
F CI

NO

Total neutrino at measurement point ®(total),

® (total), = ® (cyclotron_I), + @ (cyclotron_II),
5 -2 -1
~28-10° cm s (1 6)

During the 15-minute measurement, the system
was penetrated by total neutrinos (v,
Vi +© (total), -4 =28-10°cm s " -
1 min'“(s.)-l(cmz) (17)
min

Vi ~2.5-10°

Even more, flux can be produced by other low-
abundance structural materials, such as Zn.

The total neutrino at the measurement point is in a
similar order of magnitude to typical solar neutrino flux.

RESULTS

Four measurement systems using 24! Am, 2?’Rn,
Thorium, and 3’Co tracked alterations in the count rate
resulting from changes in neutrino flux emitted by two
cyclotrons. Each measurement system consists of a
5.08 cm diameter and 5.08 cm length Nal(T1) detector
facing a radioactive source that tracks total counts at
defined time intervals. The Nal(TI) detector was oper-
ated in a total counting mode above 40 keV. The back-
ground gamma counts were ~130 cpm (counts per
minute).

Neutrino flux is emitted from the two cyclotrons,
which are located at around 20 m and around 40 m
from the measurement system, as shown in fig. 2. The
results were obtained following the operation of two
cyclotrons.

The **' Am system

The >*' Am source, with activity of around 37 kBq,
yielded the following system measurement results.

After nine dual operations of the two cyclotrons,
the 2*! Am system showed nine separate count rate de-
creases. The counts were collected at intervals of 60
minutes by the detector. Table 3 in the Supplementary
information summarizes the results for all nine de-
creases in the count rate (dips) of >*! Am counts. Figure
4 provides an example of a sharp dip in >*' Am counts
due to the neutrinos emitted by the cyclotrons.

To verify signal detectability and the reliability
of the ! Am results. To ascertain signal detectability
for these measurements, we followed the method of
limits of detectability as described by Knoll in the
book Radiation Detection and Measurement (Chapter

3.71-10° . . T T

Counts

3.67-10
4 Feb 5 Feb & Feb 7 Feb 8 Feb 9 Feb

Date Operation: 24-Jan-2019

Figure 4. The **'Am gamma radiation counts per hour,
results in/from thirteen days after cyclotron operations.
The arrow indicates the ** Am dip due to neutrinos
emitted from the cyclotrons
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3, Section VI) [30]. Knoll's description explains how
to detect real activity above the background. However,
in our case, we need to inspect the decrease in the
count rate (signal) below the mean count rate. Follow-
ing Knoll's method, we implemented the 'lim-
its-of-detectability' approach: There is a 95 % proba-
bility that a random sample will lie below the mean
plus 1.6455 [30]. Dips critical level (LC) was calcu-
lated using the neighboring counts average. Subse-
quently, 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 and are shown in eqs.
(18)-(23) in the Supplementary information section.

According to the calculations, if a change is
greater than |"0.11"| %, the signal exceeds the critical
level, and it is a reliable result. Repetition and unifor-
mity are evident in all nine dips the percentage of de-
crease in the reading is higher than 0.11 %. Therefore,
all nine dips are considered statistically significant.
Additionally, the range of numbers of from the aver-
age counts for all 9 dips was calculated, Supplemen-
tary information eq. (23), as shown in tab. 2.

The ***Rn system

Thirteen dips in 2*’Rn count rates were ob-
served, responding to dual cyclotron operations. The
100 kBq ??*Rn activity (and its progeny) was continu-
ously produced by a *?°Ra-226 source placed in a
freezer at— 40 Celsius degrees. The data was collected
from the Nal(Tl) detector at 15 minute intervals. The
dip results are summarized in tab. 4 in the Supplemen-
tary information. Figure 5 shows two examples of
changes in 22?Rn count rates.

Statistical significance calculations were per-
formed using the /imits-of-detectability method, as de-
scribed in the Supplementary information (egs. 18-23,
using the data obtained from ?’Rn results). A percentage
of LC (%LC) was calculated and found to be 0.41 %.

Accordingly, when the change in the count rate
is greater than |"0.41" | %, the dip is considered valid.

3.52-10*
350 10° L l
3.48-10° L l

3.46-10* |

Count rate [cpm]

3.44-10°

34210 |

3.40 - 10* - - -
B8 Aug 7 Aug 8 Aug 9 Aug 10 Aug
2019 Date

Figure 5. The **Rn count rate changes resulting from the
operation of two different cyclotrons; the two arrows
indicate the dips in *’Rn due to neutrinos emitted from
the cyclotrons; the left arrow denotes a dip after 11.5
hours, and the right arrow denotes a dip 19.25 hours
after operation time

Repetition and uniformity are evident in all reg-
istered dips the percentage of decrease in readings is
higher than 0.41 %. Therefore, all dips presented in
tab. 4 are considered statistically significant. The
range number of of the dips from the average counts
for 22?Rn results is summarized in tab. 2.

Thorium system

Six operations of the cyclotrons caused six de-
creases in the gamma count rate of the system. Tho-
rium, in the form of Th(NO3),,, is a naturally occurring
radioactive material (with its progeny) with about
500 kBq. Figure 6 shows an example of a decrease in
counts due to cyclotron operation. Simultaneously, we
performed similar measurements using a similar tho-
rium source and a similar detector at a laboratory lo-
cated more than 50 km away from a cyclotron (hence-
forth called the control lab). The measurements
yielded by the two systems, one near a cyclotron and
one far from it, are presented in the Supplementary in-
formation, fig. 8, and indicate that the dip occurred
only in the system near the cyclotron. This comparison
confirms that the detected dip originated solely from
the cyclotron operation. Thorium results are presented
in tab. 5 in the Supplementary information.

Statistical calculations concerning the thorium
results were performed using the same equations ap-
plied to *'Am (egs. (18)-(23) in the Supplementary
information). The percentage of LC (%LC) was found
to be 0.14 %. Repetition and uniformity are evident in
all registered dips the percentage of decrease in the
reading is higher than 0.14 %. Therefore, all dips pre-
sented in tab. 5 are considered statistically significant.
The range of the number of from the average counts
for the Thorium dips is summarized in tab. 2.

6.45- 10°

Counts

6.40 - 10°

6.35-10° |

6.30 - 10° i ! ;
16 Feb 17 Feb 18 Feb 19 Feb 20 Feb
Date

Figure 6. Counts per 15 minutes measurements for
thorium. A decrease in count rate occurred on 17
February 2020 (marked with arrow) due to

changes in the neutrino flux emitted by the operation
of cyclotrons on 11 February

The *'Co system

Twelve decreases in >’Co counts were detected
following twelve operations of the cyclotrons, as
listed in tab. 6 in the Supplementary information. Fig-
ure 7 presents one example of the 3’Co response to
neutrinos emitted from cyclotron operation.
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574 10° T T tects the gamma radiation from the overall decay chain
572 10° 1 emission. Therefore, at this stage, we could not distin-

‘g 570 -10° guish which emission was suppressed. However, since

© s568-10° Z4Th/%Th decay toward 2?’Rn, which was measured
566 - 10° with a difference delay compared to the indicated de-
564 - 10° crease measured in the thorium system, we can assume
562 -10° that the measured dips in the thorium system are from the
560 10° | ] gamma radiation of the 232Th chain.
558-10° . ‘ . The ' Am decays to 2’Np, which is a long

R e HEE OSE e half-life isotope. Therefore, in the *!Am spectrum

Figure 7. A dip, marked with arrow, in the measured
counts (per 15 minutes) of 'Co caused by cyclotron
operation on 29 July 2020

The measurements for >’Co counts demonstrate
a downward trend since the source decays relatively
rapidly due to its half-life of 272 days. The calculation
of standard deviation is based on averaging 200 data
points (~2 days measured points), where the trend is
less significant. Data points were averaged on both
sides around the count decrease that occurred in
06-Aug-2020, as shown in fig. 7, the average counts of
both sides are required to reduce regular fluctuations
from readings [30]. Calculations for *’Co obtained a
%LC 0f0.32 % and % o 0f 0.137 %. Therefore, we ob-
tained decreases ranging from 6.7 ¢ to 11.6 o fromthe
trend line. Repetition and uniformity are evident in all
twelve dips-the percentage of decrease in readings is
higher than 0.32 %. Hence, all twelve dips are consid-
ered statistically significant.

Table 2 summarizes all the statistical consider-
ations for the results of each radiation system.

Table 2. Range of the dips counts change measured by
each radiation system, and the overall results' statistical
significance

Range of dip distance
Source Change [%] | o [%] %rom ml;an o
*Am | (-0.21)-(-0.38) | 0.049 43-7.7
Rn | (-0.48)-(-1.3) | 0.176 2.7-74
Thorium | (-0.97)-(-1.07) | 0.060 16.2-17.8
Co | (-0.95)-(-1.63)| 0.137 6.7-11.6
DISCUSSION

The possible argument that the measured count
decreases are fluctuations resulting from the detector's
instability was ruled out by conducting an identical ex-
periment using a 3" x 3" Nal(TI) detector connected to
a multi-channel analyzer facing a source (e. g., tho-
rium). The peaks of the energy lines obtained were sta-
ble, no spectral shifts were observed, and the mea-
sured peaks matched the characteristic spectrum of the
radioactive nucleus [41].

The ?*?Rn (and progeny) and thorium (and prog-
eny) were used in our measurement systems; both these
sources have decay chains that consist of alpha and
beta(—) emissions. The system of these experiments de-

(above 40 keV), our system can only detect the 60 keV
of ' Am. Thus, our finding corresponds only to the
241 Am disintegration.

The >’Co decays to stable 3'Fe, and our system
can only detect its gamma radiation emission. There-
fore, our results indicated only the 3'Co decay de-
crease.

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 for each source, we found that
37Co and thorium systems exhibited a much more signifi-
cant response to the change in cyclotron neutrino flux.

In all the results, the calculated for the count de-
creases was higher than the fluctuation range (above the
calculated Lc (26), as presented in tab. 2); therefore, the
observed decreases can be considered reliable results.

CONCLUSIONS

Several studies of radioactive nuclei have indi-
cated that solar flares modify the radioactive decay
constant. Yet, there was doubt regarding what factor in
the solar flares affected the change in radioactive de-
cay 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 con-
trolled and predicted neutrino source. Since the measure-
ment system was placed close to the cyclotrons, only
electron-neutrinos certainly 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 in-
crease in the neutrino flux that penetrated the nucleus.

Itis well known that neutrino detection is usually
a very intricate task involving large stable matter de-
tectors. 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 nu-
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cleon 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 struc-
ture, and this may explain the count rate alteration.
This phenomenon indicates that further modeling of
nuclear processes should be considered in the case of
unstable nuclei in which a neutrino may be included in
the internal nucleon structure.

The obtained count decreases could be ex-
plained by magnetic neutrino interactions with the nu-
cleus spin, which in turn influence the momentum se-
lection rules of the gamma emission multipolarity,
slowing down the radioactive nucleus decay rate and
the emission of gamma radiation.

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.

SUPPLEMENTARY INFORMATION

To ascertain signal detectability for the measure-
ments 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) [30]. Statistical
calculations were done on 200 signals measured be-
fore or after the occurrence of a dip. First, the average
of the signal was calculated (Mean) and the standard
deviation c. Then, the implementation of Knoll's lim-
its-of-detectability method was used to evaluate
whether the dip was real. An example of statistical cal-
culations for the dip in 2*! Am results from 06-Feb-
2019 (fig. 4), where the counts were 3679900, the
mean value is 3692067.74, and o is 1795.51, is shown
below

LC =2326-0 =2326-179551=4176359 (18)

Mean —LC =3692067.74 —4176.359 =3687891.38
(19)
_Mean —-LC

%LC =(1 M
ean

)lOO%zO.ll% (20)

According to this calculation, if a change is
greater than [0.11 | %, the signal exceeds the critical
level, and it is a reliable result.

Additionally, the distance of a dip from the aver-
age counts, in severa o, was calculated by dividing the
percentage of the decrease of the count rate (% dip) by
the percentage of o (% o).

Y%o=—0 = 17955 4500,-0049% (21)
Mean 3692067.74
Gdip =3P — 367990045600 0389 (22)

Mean  3692067.74

Numberof o =[%dlpJ :[ 0.38% J =770 (23)
%o 0.049%

From these calculations, a signal of 7.7 times
was obtained. The same method was used to calculate
the number of s for all 9 dips measured in the Am sys-
tem, and the results ranged between: 4.3 and 7.7. This
calculation method was performed on all four mea-
surement systems, and the ranges were summarized,
tabs. 3-6.

To confirm our premise, that neutrino flux af-
fects radioactive decay, simultaneous measurements
of'a similar thorium source were conducted in the sep-
arate control laboratory, located more than 50 kilome-
ters from any cyclotron accelerator. Figure 8 demon-
strates the differences in the measurements between
the two laboratories. The neutrino flux emitted from
the cyclotron is the cause of the dip in the measure-
ments of the radioactive thorium source.

Table 3. Dual cyclotron operations summary and the
corresponding *'Am system responses

Date of cyclotron Date of Delay [d] Count
operation sharp dip decrease [%]

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 4. Summary of all cyclotron operations and
2IRn system responses

opgr};ctigg(t)i?n o | Sharp dip time | Delay [h] decg;;uelt[% )
O | TR0 |0 | om
A | T | o | o
2R | g | a0 | o
16-]?8?63019 16_2;;01%019 12:15 -0.70
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Table 5. Summary of cyclotron operations and resulting
thorium system responses

D peraion " Date of sharp dip| Pt | o rott
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 6. Summary of all ’Co system responses to cyclotron
operations

P peraton | Date of sharp dip| R |y L
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-Sept-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
6.45 - 10°
g: A A LA vkt st Ay s ol A i oy
6.40 - 10° |
6.35+10°
6.30 - 10° . . .
16 Feb 17 Feb 18 Feb 19 Feb 20 Feb

Date

Figure 8. Comparison of thorium measurements
conducted in two separate systems, one located near a
cyclotron (the bottom graph) and the other located more
than 50 kilometers away from any cyclotrons (he above
graph)
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Llonatan BAJIT, Ilon ®EJJIMAH, Junak OPAJOH

INPOMEHE BP3UHE PACIIAJA Y PAIUOAKTUBHOJ TAMA EMUCHUIN
noa YTMHAJEM IMPOTOHCKOTI 18 MeV IIUK/IIOTPOHA

IIpeTxoaHM HANOPH [la ce NCTpaKe MPOMEHE Y KOHCTaHTaMa paclaja pagnoakKTHBHAX HYKJIHAA
OTKPWIIH Cy fla CyHUIEeBe OaKJbe MOTY IPUBPEMEHO Jla IIPOMEHE Op3MHE paMoaKTUBHOT pacmana. Crora je
yBubame Jla U CHOJbHU (DAaKTOpPH YTUUY HA Op3WMHE paIMOaKTHBHOI pacraja oj BUTAIHOT 3Hadaja 3a
pasyMeBame HyKieapHux nporeca. OBa cTyauja HacTojajia je ma UCTpaxkd edeKaT HeyTphHa Ha
PalnOaKTHBHA je3rpa KOHCTPYHUCAH-EM CHCTEMA 3a ICTEKIH]jy raMa 3padeHa KOji KOPUCTH PagrOaKTHBHA
M3BOP HUCIIpe] cucTeMa emuchje HeyTpuHa. Onroapajyhn Ha omepanuje MUKIOTPOHA, CBAKU Off YSTUPH
JIETeKIMOHA CHCTEeMa PETHCTPOBAao je ja ce Op3mHa ondpoja rama cMmamyje. Pesynaratu oBe crynumje
noTBpbyjy Aa je mopact (iykca HEyTpHHA YTUIA0 Ha Op3uHe pacnajia UCIUTUBAHUX PaJUOAKTHUBHUX
Hykimpa. OBie mpykamo 3HaudajHEe JoKa3e ja HEYTPHHHU yTHUYY Ha MPOIEC pafHOaKTHBHOT pacraja.
Jlerexknuja HEyTpUHA je M3a30BHA 300r Maje arncophuuje y crabuiHoM je3rpy. Mebyrum, cryauja je
oTkpuia Behy BepoBaTHOhY MHTEpaKIuje pafHOHYKIIU/IA Ca HEYTPUHOM.

Kwyune peuu: yukaoiipot, paouoaxkitiu8HOCHL, HEYHIPUHO, 2amMa 3paderbe




