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ABSTRACT: Background: This study investigated multiple aspects of
radon and radium’s nuclear properties since they are heavy, radioactive ele-
ments that may emit alpha, beta, and gamma radiation, which is connected to
cancer and poses a Tisk to the environment. The purpose of this study is to
investigate the significance of quadruple gamma transitions with |M(FEs)|? 1
as a valuable probe of the internal structure, deformations, and energy levels of
atomic nuclei. Objective: By studying these gamma transitions, we hope to
get more insight into the behavior of protons and neutrons within the nucleus
as well as the fundamental forces governing their interactions. Methods: We
applied MATLAB software to compute the probability of quadruple gamma
transitions while accounting for the isotope energy characteristics and nuclei
half-lives. Results: Our study’s important results about the transition forces
for particular isotopes are as follows: Ra-226 was reported to have the low-
est transition force value, measuring 9.6623x10717, with a half-life of 1600
years. Furthermore, several transition force wvalues were observed for Rn-
214, the greatest values being 1.0248x10* and 1.5666x10715. On the other
hand, Rn-216 has the highest recorded transition force value (1.70305x10~%).
Conclusions: The widths of Weisskopf transitions, gamma-gamma transi-
tions, and gamma transitions were found by gathering and evaluating previously
studied globally publicly available information. In the end, we successfully de-
termined a relationship between the decay constant and the half-life of a decay
event, which let us determine the probability that such events will occur within
a certain time frame. Our study provides important insights into the tran-
sition probability within the examined nuclides and is in excellent agreement
with global results and experimental data.

KEYWORDS: Radium; Radon; Quadruple transitions; Gamma ray; Gamma
transitions

INTRODUCTION

T he enigmatic quaternary gamma transitions of radioactive radon and radium isotopes invite us
to take an exciting theoretical trip in nuclear physics. Based on the concept of half-life, this

research could lead to significant discoveries that change our knowledge of atomic processes and decay
[1]. We examine the depths of atomic science and use the power of time to reveal the secrets of radon
and radium isotopes by deciphering their complex gamma transitions. Naturally occurring radioactive
materials (NORMs) are present with human radiation exposure [2]. Recently, there has been a lot of
discussion about radon, a colorless, odorless, and tasteless radioactive noble gas that occurs naturally
[3]. The three primary isotopes of radon that are found in nature are ?>Rn, ?*°Rn, and ?!Rn. ??°Ra
immediate ancestor is *?Rn [4]. They both belong to the uranium (4n + 2) series. Since *°Rn
belongs to the thorium (4n) series, it is often referred to as thoron (Tn). The isotopes of radon are all
NORMs. However, 22Rn and ?2°Rn account for the majority of the radioactivity in the atmosphere

at sea level. This is the convention that is then used ???Rn [5], [6].
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The existence of radiation that could be dangerous to human health is one of the biggest issues
affecting the environment [7]. Gamma rays and other electromagnetic waves, such as alpha and beta
particles, are two types of energy that can be transported across space or a physical medium. These
types of energy are referred to as radiation [8]. Artificial (medical, fertility, mining, etc.) and natural
(terrestrial and cosmic radionuclides) sources of radiation are both sources of internal and exterior
radiation exposure for humans [9].

Inhaling airborne contaminants or consuming food and water polluted with radionuclides which
may be alpha, beta, or gamma in nature leads to internal exposure, whereas external exposure results
from the gamma decay of primordial radionuclides [10]. This problem statement emphasizes the
urgent requirement to thoroughly comprehend, monitor, and control the various sources of radiation
exposure and their associated health effects. It is imperative to tackle this problem to protect human
health, the environment, and our collective future [11].

The significance of radon gas, which is formed by the disintegration of radium, which is a result of
alpha dissolution, is to investigate the transmission of gamma rays [12]. Therefore, it is important to
be aware of any additional dissolutions. As a result, it was investigated how gamma was transmitted
from the second level to the ground level. Given that radon gas has been linked to lung cancer and
that its chemical precursors, such as uranium, thorium, and radium, can be found in soil, water, and
building materials, recent studies have highlighted the risk that radon gas poses to human health
and safety [13]. Therefore, it is essential to take the required precautions to protect against the risk
of gamma rays inherent in such research laboratory components, and attention must be paid to the
security of researchers and lab personnel. In this section, we will provide an overview papers which
searched for a topic. Aftab A et al., in 2020 studied the implication of radon monitoring for earth-
quake surveillance using statistical techniques. A case study of the Henchman earthquake. Most of
the statistical analysis is comprised of residual ?2Rn analysis employing a criterion of anomaly selec-
tion with a confidence interval of 95% and deterministic analysis of the Rn data. The Rn time series
has a consistent trend (0.5 < H < 1), according to the deterministic analysis, which supports the lack
of a chaotic regime. On the other hand, the response of distant monitoring stations to this specific
earthquake (Rgp/Rp > 0.3) further supports the association between Rn and seismic activity [14].
In addition, Jassim, F.A.et al., 2011 studied the electric quadruple transition (E;) in 54Ba and gSm

nuclei in 2011, the transition strengths | M (Ey)|> , | for gamma transition from first excited 2+ states
to the ground states that are produced by pure electric quadruple emission in even-even isotopes of
%Ba and %2Sm have been studied through half-lives time for 2+ excited states with the intensities of
0" transition measurements and calculated as a function of neutron number. The outcomes obtained
have demonstrated that nuclides like %°Bajss and 52Sm;44 that have magic neutron numbers have a

minimal value for |M(Fs)|> , | [15]. Moreover, researchers Rodellas et al., measured groundwater
and pore water flows to coastal and freshwater systems in 2021 using radium and radon isotopes,
which are frequently studied as tracers. Specifically taken into consideration were conceptual un-
certainties related to diffusive fluxes, radon escape into the environment, concentration of detectors,
and changes in detector stock over time. According to the study, conceptual uncertainties should be
considered when employing tracer mass balances because they are typically a significant source of
uncertainty when predicting groundwater or porewater flows. The present research offers a pragmatic
methodology for assessing the principal uncertainties linked to mass balances of radon and radium
[16]. Furthermore, Vardaki et al., are eager to get things done in 2021. Exosomal transcriptome
analysis of plasma from 25 patients receiving radium-223 treatment as well as from our preclinical
models (MDA-PCa 118b and TRAMP-C2/BMP4 PCa tumors). Every sample was tested twice, and
P<0.05 and fold changes of 72 to ~2 were used to assess the array data. Tumor-derived genes and the
tumor-associated bone microenvironment (bTME) are shown to be differentially enriched in plasma
exosomes following radium-223 treatment, according to preclinical models. Exosomes made from
plasma from patients receiving radium-223 showed comparable outcomes. These preclinical investiga-
tions showed that ICT can be utilized to boost the efficacy of 2’ Ra and that RNA profiling of plasma
exosomes can be used to track bTME’s response to therapy [17]. Also in 2022, studies by researchers
Riudavets et al., demonstrated that alpha-ionizing radiation, which is released by radon radiation,
has been connected to numerous cytotoxic and genotoxic effects. From a genetic perspective, the
connection between radon and lung cancer is still poorly understood. Recent research has discovered
the genetic changes that drive non-small cell lung cancer (NSCLC), particularly in the non-smoking
population. These changes include chromosomal rearrangements (ALK, ROS1, RET, NTRK) and
somatic mutations (EGFR, BRAF, HER2, MET). As of now, the risk factor is unknown. It has been
suggested that non-smokers may be at risk for non-small cell lung cancer due to radon exposure.
This study on indoor radon’s effects on lung cancer carcinogenesis is useful, succinct, and current. It
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highlights the gas’s possible connection to non-small cell lung cancer (NSCLC) and its role in causing
genetic abnormalities [18]. The previous studies have mostly focused on assessing the properties of
radium and radon gas, largely from a radiological standpoint, with a specific emphasis on statistical
and practical factors. The emphasis on this matter arises from the existence of alpha particles and the
corresponding computations of alpha-ray radioactivity. Sadly, the existing literature lacks sufficient
focus on the investigation of gamma-ray radioactivity, disregarding its practical, statistical, and the-
oretical dimensions. Therefore, it is vital to perform theoretical calculations to clarify the existence
of gamma rays in these isotopes.

MATERIALS AND METHODS

This section will cover both the theoretical approach that was used in the calculations and the process
that was utilized to extract the parameters for the gamma-ray quadruple transitions. A theoretical
approach within the context of nuclear and atomic physics was used to calculate quadrupole transitions
of gamma rays from an upper energy level to a lower energy level. An electromagnetic transition known
as a quadruple transition occurs when the angular momentum of the nuclear or atomic system changes
by two units (AJ = 2). Both atoms and atomic nuclei can undergo these changes, which are usually
detected in gamma-ray spectroscopy.

The following procedures are commonly included in the theoretical method to compute gamma-ray
quadruple transitions:

Data collection: The energy and half-lives of the isotopes were used to gather data for theoretical
computations, in addition to obtaining data for algorithms that data lost objects [19].

The Transition Operator is computed: This operator represents the electromagnetic coupling
responsible for the quadruple transition. The conversion factor is dependent on the type of response.
The ratio of experimental gamma width to gamma width in Weisskopf units is the definition of the
y-ray transition strength |M(or M, L)|? , . The strength of transition for y-ray |M(E or M,L)|? ,
written in eq. 1 [20], [21]:

I'(Eor M,L),,, 0

M (Eor ML), =
‘ ( or 3 )’wﬂi F (E or M7 L)wu

If the gamma decay’s overall width is [22]:

L, => Ty (2)

T is the mean lifetime of the original level, I'y; is the partial gamma width [23]:

I'=—
> 3)
Where:
I\T'~h (4)
Since:
[T = 0.658212 x 10~ '?eV.s (5)
Where I, is the total width.
The mean of a lifetime is [23], [24]:
t1/2
T=—-"" 6
In2 (6)
h ~15
h= o = 0.658212 x 10 eV.s (7)
T

The Plank constant is h H25}. For ~-transitions with mixed multi-polarities L. and L+1, the total

gamma width becomes [26]:
I'y=TL)+I(L+1) (8)
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Multi-pole Mixing Ratios (§): Several theoretical and experimental studies have focused on the anal-
ysis of multi-pole mixing ratios (§) of y-rays emitted from excited nuclear states. In experiments,
measurements of the angular distribution are the primary source of §-values [27].

2 tl/Q(,Y) L

=— (9)

ti2(y) L+1
The most precise results for comparing with theoretical estimates based on various nuclear models are
obtained from measurements of the Ey/M; mixing ratios of «-transitions in even-even nuclei, which
have long served as crucial tests for nuclear models [28]. Then the ratio of multi-polarities mixing can
be obtained from eq. (7, 8) [29]:

NL+1)
§2 ==/ 10
I'(L) (10)
For a transition of a pure quadruple or pure electric dipole, Fs, § =0, so:

I'(El) or I'(Ey) = T, (11)

Recent developments in the methods of producing intense beams of unstable nuclei have allowed
for the discovery of various unusual features in neutron-rich nuclei, such as megacity loss, through
measurements of transition strength. Where equation (1) yields the following transition intensity for
a pure Ej transition [23], [30].

r (Ez)exp

9 _ _ \T4/exp
’M<E2)|w.u ‘Li I (EQ)w.u

(12)

RESULTS AND DISCUSSION

The outcomes will be presented in this section. The six Tables in this work are listed in three steps
as follows:

Results of Radium

The ®Rn isotopes’ nuclear parameters are shown in Table 1, which includes the atomic number
(Z), mass number (A) and neutron number (N) that were determined by N=A-Z. Gamma energy in
the excited state was extracted in electron volts, along with the mean of lifetime and half-life in unit
seconds.

Table 1. Half-life and mean lifetime for first excited states of 8Ra

Present work

Z A N
E, (KeV) ti/3 (s) T (s)
212 124  629.3 13 18.7550
214 126 1382.4 2.46 3.5490
216 128 688.2 182x107° 2.6257x107"
218 130 389.1 25.6x10 3.6933x107°
220 132 178.47 18x1073 2.5969x10%
88 222 134 111.12 38.0 54.8224
224 136  84.373 316224 4.5621x10°
226 138 67.67 1.26144x10'°  7.2795%10'°
228 140 63.823 0.63x10° 9.0890x 10710
230 142 574 558 8.0502x10°
232 144 97.7 250 360.6738

In Table 1, the mean of half-life was calculated based on the half-life in seconds, as it is considered
one of the nuclear properties of nuclei, meaning that the proportion between them is direct. Therefore,
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the value of the half-lives is considered the designation for the isotopes that distinguish them from
other isotopes, as the mass number starts from 212 to 232, based on the existing data for this element.
The features listed in Table 1 were used to derive the data for Table 2. The transition probability

M (E»)|? , |, Weisskopf gamma, and the total gamma widths for 3 Ra isotopes are shown in Table 2.
w.u.

Table 2. Transitional capabilities |M (Es) 2 .l Partial gamma widths of ~o- rays from the 2* —17 in 88Ra nuclides,
total gamma widths

Present work
Z A

E, (KeV) Tio Tuu |M(E2)[%.0.d

212 629.30 3.5096x 10717 5.9768x10°  5.8720x107'?

214 1382.4 1.8546x107'¢  3.0959%x10%  5.9907x107'3
216  688.20 2.5068%x107°  9.5847x10°¢  2.6155810™
218 389.10 1.7822x1071t  5.6059%x10°7  3.1791x107°

220 178.47 2.5347x107%°  1.1520x10°  2.2002x107!2
88 222 111.12 1.2006x10°Y7  1.0910x107°  1.1005x10°8

224  84.373 1.4428x10721  2.7866x1071°  5.1775%x107!2

226 67.670 9.0212x107%7  9.3582x10°""  9.6623x107"7
228  63.823 7.2420x10°7  7.0664x10'  1.0248x10*
230  57.400 8.1764x1072°  4.2066x10711  1.9437x107°
232 97.700 1.8250x107*%  6.0793x107°  3.0019x107°

In Table 2, I';; was calculated from equation (5), and I'y, was also calculated. As a result,
|M(E»)|? ., | was calculated, as we found that there is a discrepancy in the calculated values. We
notice that the highest value is in isotope 228, which is equal to (1.0248x10%) because it has a
half-life (0.63x107Y), whereas the lowest value is For |M(E»)|? , |, it depends on the half-life of the
isotope. The lowest value is (9.6623x107!7) for the isotope 226 because the half-life of this isotope
is (1.26144x10'0). If there was a stronger gamma transition force in the nucleus, the half-life would
be shorter. A magic neutron number allows for the minimal value of T' (E3) to I' (E3)y.. to be
determined, allowing for the calculation of |M(Es)|? , |. Which is limited to even-even nuclides for
the isotope of 2!°Ra. Therefore, the value of the gamma width reaches (2.6155x1074).

Results of Radon

In this section, the radon results will be presented in two Tables, the first Table which is the
nuclear properties of Z, A, and N, as well as the half-life and energy of the 3Rn isotopes, are listed
in Table 3.

In Table 3, the theoretical properties of radon isotopes have been listed, which represent the
atomic number, the specified mass numbers (204-228), and the half-life. The mean half-life of these
isotopes was calculated in seconds, as this range of mass numbers was chosen based on the presence
of gamma decays in these isotopes. Table 4 for ®Rn nuclides demonstrates the calculations’ results.
|M(E»)|?% ., | is the transition force. For ®Rn, it is displayed as a function of the N.

The results are summarized in Table 4 and indicate that while the experimental values of the partial
gamma width I';,; are smaller than those estimated in the Weisskopf unit Iy, ., the nucleon number
appears to be deviating from the magic neutron number. Therefore, the values of the quadruple
transition forces for gamma are different, for the 2'Rn isotope, the number of neutrons is one of
the magic numbers 128, so the width of gamma is greater compared to other isotopes, where its
value is (1.6897x107?), reproduce the minimum diffraction at the number of neutrons magical = 128

contained in the nuclei 2'*Rn.
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Table 3. Half-life and mean lifetimes for first excited states of 8 Rn

Present work

Z A N
E, (KeV) tis (s)  T(s)

204 118 5429 74.4 107.3365
206 120 575.3 340.2 490.8048
208 122 635.80 1461 2107.7774
210 124 643.80 8640 12464.8851
212 126 1273.8 1434 2068.8246

86 214 128 694.70 0.27x10°  3.89527x10°7
216 130 461.90 4510 6.4921x107°
220 134 240.98 55.6 80.2138
222 136 186.21 330350.4  4.76594x107°
224 138 63.550 6420 9262.1021
228 142  60.600 65 93.7751

Table 4. Transitional capabilities |M (E2)|3 .| Partial gamma widths of yo-rays from the 2% —17 in gsRn nuclides,
total gamma widths

Present work
Z A

E, (KeV) T | [M(E2)]%.0d

204 542.9 6.13230x107'®  2.71334x10°° 2.2600x107'?
206 575.3 1.34110x107'®  3.67305x10°  3.6511x107'3
208 635.8 3.12281x107"°  6.13412x10°°  5.0908x10°
210 643.8 5.28059x1072°  6.61372x10°  7.9842x107'5
212 1273.8 3.18161x107'  2.03088x10*  1.5666x107'°
86 214 694.7 1. 68979%x10°  9.92210x10°°  1.7030x10™
216  461.9 1.01387x 107" 1.30540x10°°  7.7667x10°
220  240.986 8. 2058x107*®  5.17116x10°®  1.5868x107*°
222 186.211 1.38108x 10721 1.44177x10®  9.5791x 1074
224 63.55 7.10659x10%°  6.7552x107""  1.0520x107°
228  60.6 7.01912x10*®  5.4534x10*  1.2870x 1077

Evaluation of Results

In this section, the results will be evaluated with experimental results. The |M(Ey)[2 | values
are converted to B(FEs)e?b?1 values for comparison, and the current B(FEs)e?b? 1 values of the ~
transitions in the 3Ra and ggRn nuclides are compared to both the experimental and model values.
The alternative theory is distinct. Table 5 for ®Ra and Table 6 for 8°Rn respectively exhibit this
comparison.

The present values of B(E)e?b?T are compared to those provided in reference (Raman) based on
experimental, global best fit, asymptotic values (RMF), and finite-range model (FRDM). The current
results and the others seem to behave well in all N regions and are relatively close to one another
in the reference (Raman). Finally, the existing values support evaluating the values of the measured
quadrupole shifts Fs predicted by various theoretical models because they agree with the values of
the global best fit and those of the experimental data. Figure 1 and Figure 2 show a comparison of
the existing values of B(E»)e?b?1 with those reported.
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Table 5. The predicted decreased transition probabilities B(E2)e?b?1 values for 3Ra nuclides are compared to those of
experimental, theoretical, and global best-fit predictions

Theoretical value Present work

B(E)e’b? RMF B(E)e’b? FRDM B(E)e’b? Global fit B(E)e’b? E(KeV) A
0.007 0.134 0.89 0.8999 629.30 212
0.001 0.008 0.4 0.4071 1382.4 214
0.003 0.008 0.8 0.8127 688.20 216
0.053 0.05 1.41 1.4287 389.10 218
0.383 1.627 3.1 3.0957 178.47 220
0.580 2.784 4.9 4.9421 111.12 222 88
0.643 4.762 6.4 6.4700 84.373 224
1.400 5.316 7.9 8.0193 67.670 226
3.934 5.922 8.3 8.4529 63.823 228
5.342 7.114 9.2 9.3442 57.400 230
6.468 8.406 5.4582 97.70 232

Table 6. The predicted decreased transition probabilities B (Eg)eQbQT values for ggRn nuclides are compared to those
of experimental, theoretical, and global best-fit predictions

Theoretical value Present work
B(E)e’b? RMF B (E)e’b? FRDM B(E)e’b® Global fit B(E)e’b? E(KeV) A
0.536 0.75 1.01 1.0221 542.9 204
0.174 0.197 0.95 0.9583 575.3 206
0.045 0.07 0.85 0.8615 635.8 208
0.005 0.071 0.83 0.8454 643.8 210
0.42 0.4246 1273.8 212
0.001 0.007 0.76 0.7737 694.7 214 86
0.005 0.007 1.14 1.1564 461.9 216
0.515 1.851 2.16 2.1896 240.986 220
1.198 3.019 2.78 2.8166 186.211 222
2.579 4.48 8.2039 63.55 224
8.5024 60.6 228

The quantity of neutrons in the nucleus is one of several variables that affects the likelihood of
gamma decay or gamma transfer from an excited nuclear state to the ground state. It’s important
to remember that this relationship is not straightforward or linear as shown in Figure 1, and that
the nuclear structure and unique characteristics of the target nucleus are better at explaining how
gamma decay behaves. The number of protons and neutrons in the nucleus affects a variety of nuclear
properties, including energy levels, nuclear states, and electromagnetic transitions. This is the reason
behind the rise in the value of the transition probability B(E,)e?b?1 in nuclear physics as shown in
Figure 2. Based on quantum mechanics, the nuclear shell model describes the structure and energy
levels of the nucleus.
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Figure 1. Comparison between the B(FE2)e?b*1 values of the present work for ssRa nuclides with global, experimental
and other theoretical results
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Figure 2. Comparison between the B (E2)62b2T values of the present work for ggRn nuclides with global, experimental
and other theoretical results

CONCLUSION

Radium and radon are heavy, radioactive elements that can produce alpha, beta, and gamma radi-
ation, which is linked to cancer and poses a hazard to the environment, a variety of their nuclear
properties were examined in this study. Since the behavior of some atomic nuclei is related to the
transition of gamma radiation (), which includes a quadruple electrical transition |M (Es)|? | de-
pendent on the half-life of the isotopes, the gamma weisskopf and gamma widths were estimated
to compute |M(Es)|? ,l. The analysis of radioactive isotopes and some alpha decays was the focus
of earlier research; gamma decays and associated level transitions were not computed. We deduce
from the tables in this study that the probability of the electrical quadruple transition |M(E»)|? 1
is larger for nuclei with a magic number for one of the nucleons (protons or neutrons) than it is for
other isotopes. Furthermore, since the values of |M(E3)|? | rely on the nucleus’ half-life and that
relationship is inverse, we deduce that nuclei with long half-lives have lower values of |[M(Es)|? |
than the other isotopes. We recommend that in addition to examining other transitions and the
transitions of gamma from levels Ey, F5,and E, to the lower levels, researchers include the findings
of this study in their future research.
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