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Abstract
This study presents a groundbreaking investigation into the production
cross-sections and nuclear structure of **Mn, *Mn, and *°Mn
radionuclides generated through ° * Fe(d,xn) reactions across the 10-30
MeV energy range. Beyond conventional cross-section measurements,
we introduce a novel Bayesian inferential framework that extracts
previously inaccessible information about spin-parity distributions from
excitation function data. Experimental cross-sections from EXFOR-
CINDA-ENDF nuclear databases were comprehensively analyzed and
compared with theoretical predictions from TALYS-1.95, revealing
systematic deviations that inform nuclear structure models. Our
innovative statistical approach successfully decouples compound and
pre-equilibrium reaction contributions, providing the first quantitative
assessment of angular momentum transfer dynamics in these reactions.
The introduction of a dimensionless Spin Transfer Coefficient (STC)
metric demonstrates remarkable correlations between deuteron energy
and angular momentum coupling efficiency. Additionally, we present
the first comprehensive model for isomeric cross-section ratios that
accounts for both structural nuclear properties and reaction dynamics.
These findings significantly advance nuclear reaction theory and provide
essential data for medical isotope production optimization, particularly
for emerging theranostic applications involving  manganese
radioisotopes.
Keywords: cross-sections, angular momentum, (STC), (ICR),
Compound nucleus.
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1. Introduction
Excitation functions—cross-sections plotted against projectile energy
serve as critical signatures of nuclear reaction mechanisms. These
functions encode rich information about nuclear structure, reaction
pathways, and energy-dependent phenomena that are essential for both
theoretical understanding and practical applications. Cross-sections,
measured in barns (1 barn = 10~ 22 m2), quantify reaction probabilities
and reveal fundamental characteristics including threshold energies,
resonance structures, and transitions between different reaction
mechanisms (Koning et al., 2019).
While manganese isotopes have been extensively investigated for

various applications, including medical diagnostics, environmental
tracing, and activation analysis, existing studies have focused primarily
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on empirical cross-section measurements without deeper exploration of
the underlying nuclear physics (Qaim, 2017). The isotopes under
investigation >*Mn (ty, = 312.3 days), stable *>Mn, and *®Mn (t, = 2.58
hours) each play significant roles in their respective applications, but
their formation mechanisms remain incompletely understood (Firestone
& Ekstrom, 2019).

The **Fe(d,xn) reaction system constitutes an exceptionally pertinent
case study for numerous reasons. Primarily, deuteron-induced reactions
manifest distinctive attributes that arise from the deuteron's low binding
energy and composite nature, thereby leading to the simultaneous play
of direct and compound-reaction mechanisms (Avrigeanu et al., 2020).
In second place, it is possible to generate several manganese isotopes
which can be used to compare reaction mechanisms as the number of
possible neutron emission channels increases. Thirdly, isomers are
produced in these reactions and gain more information on the transfer of
angular momentum, which is especially poorly understood for the
medium mass nuclei (Dracoulis et al., 2016).

A fundamental component of the traditional excitation function analysis
procedure is the juxtaposition of nuclear model predictions with
empirical results, typically employing software such as TALYS,
EMPIRE, or ALICE (Herman et al., 2012). Despite its importance, this
way of doing things still views theory-experiment differences as signs of
model deficiencies without seeking further physics insight from the
trend of these deviations. Also the discussion of isomeric cross section
ratios has so far been almost exclusively qualitative and has not
provided means to extract quantitative physical insights.

Three noteworthy advancements in the discipline are presented in this
study:

1. 1. A methodical Bayesian inferential framework that allows for
the quantitative separation of reaction mechanism contributions by
directly extracting spin-parity distribution information from
excitation function data

2. The establishment and verification of a dimensionless Spin
Transfer Coefficient (STC) to describe the effectiveness of angular
momentum coupling in reactions caused by deuteron
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3. A comprehensive model of isomeric cross-section ratios
considering reaction Kinetics and nuclear structural properties
These developments tackle some long standing issues in nuclear reaction
physics and bring new perspectives for applications such as activation
analysis, reactor dosimetry, and medical isotopes production (Hogle et

al., 2016; Karam & Van den Winkel, 2016).

2. Previous Studies

The study of deuteron-induced-reactions on iron isotopes has evolved a
lot in the past few decades, and a number of essential studies have
contributed to the development of the present work.

Tarkanyi et al. (2007) were among the first to perform a systematical
study on deuteron irradiation of natural iron and make cross-section
measurements for production of a number of anthropogenic
radioisotopes, such as >*Mn and 56Mn. Their experiment was carried
out between 3 to 50 MeV and entered a new set of initial excitation
functions for further measurements. But their work was largely
empirical, made in complete ignorance of nuclear structure.

In their benchmark tests, Ochiai et al. (2018) focused on integral cross-
sections rather than differential excitation functions for deuteron-
induced activation of iron in fusion reactor applications. Although they
did not investigate the theoretical ramifications for nuclear structure,
their study demonstrated the practical significance of precise nuclear
data for these reactions.

Using the EMPIRE algorithm, Kawano et al. (2020) carried out
thorough nuclear model calculations for deuteron-induced reactions on
iron isotopes. Although they did not try to explicitly extract this
information from experimental data, their analysis did incorporate pre-
equilibrium contributions and restricted spin distribution effects.

Mn was mentioned as a possible contaminant in the manufacture of
other radionuclides in a recent study by Singh et al. (2022) on the
synthesis of medicinal isotopes via deuteron irradiation. Although the
theoretical aspects of reaction mechanisms were not covered in this
work, it did highlight the practical significance of precisely forecasting
Cross-sections.
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The lack of a systematic method for extracting spin-parity distribution
information from excitation function data is the most notable gap in the
literature currently under publication. Additionally, while isomeric
cross-section ratios have been measured in several studies, a
comprehensive  theoretical framework for interpreting these
measurements in terms of angular momentum transfer has been lacking.
The present work specifically addresses these gaps through novel
methodological approaches and theoretical developments.

3. Theoretical Framework

3.1 Reaction Mechanisms

Deuteron-induced reactions on medium-mass nuclei like **Fe involve
multiple competing mechanisms that contribute to the overall cross-
section. At the energies considered in this study (10-30 MeV), these
mechanisms include:

1. Compound nucleus formation: The deuteron is fully absorbed by
the target nucleus, forming a composite system that subsequently
decays through statistical processes. The cross-section for this
mechanism can be expressed as:

ocn(Eq) = mA* 3,21+ DT (Eq)Pen(Ep, D) ... (1)
Where A is the reduced de Broglie wavelength, T; is the transmission
coefficient for orbital angular momentum [, and P,y is the probability
that the composite system decays to the specific final state (Koning &
Delaroche, 2003).

2. Deuteron breakup: Due to its low binding energy (2.22 MeV), the
deuteron can break up into a proton and neutron prior to or during
the interaction with the target. This process can occur through:

a. Elastic breakup: Neither nucleon interacts with the target
b. Non-elastic breakup: One or both nucleons interact with the target
The breakup cross-section can be modeled as:

ogu(Eq) = ongpu(Eq) + 0gpy(Egq) ovvenen. (2)
Where EBU denotes elastic breakup and NEBU denotes non-elastic
breakup (Ye & Watanabe, 2012).
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3. Direct reactions: These include stripping reactions where only one
nucleon (typically the neutron) is transferred to the target while the
other continues with reduced energy. For the (d,p) channel:

J],n(Ed) = 2],77: O-diT(Ed) ............. (3)
Where the sum is over all possible spin-parity states in the residual
nucleus (Terakawa et al., 2016).

4. Pre-equilibrium emission: At intermediate energies, particle
emission can occur before the compound nucleus reaches statistical
equilibrium. This process is characterized by:

opg(Eq) = Oaps(Eq) Zn Pu(Eq) wovvevnnns (4)
Where o, is the absorption cross-section and B, is the probability of
emitting n particles during the pre-equilibrium stage (Blann, 1975).
3.2 Novel Spin-Parity Distribution Analysis
The theoretical focus of this research is the development of a Bayesian
method for the derivation of spin-parity distributions from excitation
function data. We introduce the concept of a spin-parity response
function, R(J,m,E), as the contribution to the cross-section at energy E
due to a specific spin-parity state (J,m) (Blatt & Weisskopf 1952)
(Koning & Delaroche 2003).
The measured cross-section at energy E can be expressed as:
0(E) =X PU,mE)R(J,mE) ..c......... (5)
The population of states with spin-parity J,& at energy E is denoted by
P(J,m,E).
This connection can be inverted to extract P(J,m,E) from experimental
cross-sections via Bayesian inference (Schatz & Weidinger 1996; Sivia
& Skilling 2006).

P(J, 7, E|0exp) % P(Oexp|l, 0 E)Pprior(J, T, E) vvennns (6)
Where P(Gexp | J,m,E) 1s the likelihood function in terms of the response
function and Pyior (J,m,E) is the prior spin-parity state distribution.

In order to find the most likely spin-parity distribution and its
uncertainty, we have constructed a Markov Chain Monte Carlo
(MCMC) algorithm to sample this posterior distribution.

3.3 Spin Transfer Coefficient
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To quantify the effectiveness of angular momentum transfer in deuteron-
induced processes, we developed a novel unitless metric called the Spin
Transfer Coefficient (STC) (Bass 1980) (Frobrich & Lipperheide 1996).

STC(E) =2we .. (7)

max

Javg represents the average angular momentum communicated to the
remaining nucleus and Jyax, Which is calculated as follows, represents
the maximum angular momentum transfer that is practical.

Jmax =55 i (8)

Where v is relative velocity, p is reduced mass, and R is reaction radius.
By providing a normalized measure of angular momentum coupling, the
STC allows comparison of target-projectile systems and energy regimes.
Very high angular momentum transfer efficiency is reflected in an STC
value close to 1, while reduced values indicate response dynamic
limitations.

3.4 Isomeric Ratio Model

The isomeric cross-section ratio (ICR) for nuclei with isomeric states
definition by following equation (Dracoulis et al., 2016) (Audi et al.,
2017).

ICR=—""— ... (9)

Og+om
Where the ground state filling cross sections are denoted by cg and the
symmetric state by om.
Our novel model connects the ICR directly to the spin-parity
distribution:

ICR(E) = [ P(J,m, E)E,(J,m)d]dm ... (10)

The probability for a state with spin-parity (J, m) to decay to the isomeric
state instead of the ground state is expressed as the feeding function F,,
J, m).
Accurately discern the physics underlying the transfer of angular
momentum, hitherto difficult to ascertain from measurements of cross-
sections alone, May now thanks to this technique
4. Experimental Methods
4.1 Data Collection and Processing
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The IAEA's EXFOR-CINDA-ENDF nuclear reaction databases were
used to gather experimental cross-section data (Zerkin, 2023). The
measured yields for >*Mn, *>Mn, and *°Mn produced by **Fe(d,xn)
processes are represented by these records, which cover an energy range
of 10 to 30 MeV.

To ensure consistency between different experimental data sets, all the
cross-sections were normalized using a uniform activation analysis
technique. The cross-section at each energy point was calculated as
(Knoll 2010):

ApxAxettd

o(E) = Ngxdx(1—e~Ata)

Where:

. o(E): Cross-section at energy E

. A¢ Measured activity (Bq)

« N Target atom density

. ®: Beam flux

. A: Decay constant (isotope-dependent)

. t.: 4 hours irradiation

. t4: 2 hours cooling
Saturation correction was done using the factor (1-e™-*) and decay
correction was done using e*-? for the cooling time of two hours. The
accurate correction factors for all isotopes are shown in Table 1.

Table 1: Key Nuclear Properties and Correction Factors

Decay|| Groun || Isomeri Isomer]
Nuclid Ty | A(h™ 1) Saturatio Facto |d State | c State ¢
e n Factor ) 7" 7 Energy
(keV)
2y 315'3 9.24x107 1 50033 | 0.008| 3* > | 546
Swn | P21 1 1 |52 | - :
560N 2}?8 0268 | 0658 |0585 3* 1+ | 1108
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4.2 Uncertainty Analysis

To include each possible cause of inaccuracy, a comprehensive
uncertainty analysis was conducted. Terms of individual uncertainties
were summed in a quadrature to compute the total uncertainty of the
values of cross-sections (Knoll 2010):

R (G = I ER A G CE S COLE T H— 12)

o

Where dpisc 1S Various contrlbutlons to the uncertainty from counting
statistics, self-absorption, and detector efficiency.
dat, Ont, Oo, and o; represent errors in measured activity, target nuclei
number, flux of particles, and decay constant respectively.
As can be seen from Tables 2-4, the overall uncertainty was less than
7% for all the data points.
4.3 Theoretical Calculations
The TALYS-1.95 code for nuclear reactions was used to compute
theoretical cross-sections (Koning et al., 2019). The code utilizes a
variety of nuclear reaction models, including optical models, compound
nucleus formation, pre-equilibrium emission, and direct reactions.
By used the following for our analysis:
1. The Koning-Delaroche global optical model potential for nucleon
interactions
2. 2. Deuteron interactions and the Avrigeanu deuteron optical
potential
3. 3. The Hauser-Feshbach statistical model for calculating
compound nuclei
4. The exciton model for pre-equilibrium emissions
5. The DWBA model for direct reactions
All calculations were performed with both default parameters and with
an optimized parameter set derived from our Bayesian analysis
framework. This approach allowed us to identify systematic deviations
between experimental data and theoretical predictions, which were then
used to refine our understanding of the reaction mechanisms.
5. Results and Discussion
5.1 Cross-Section Analysis
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The experimentally determined cross-sections for the production of
*Mn, **Mn, and *°*Mn isotopes via 54Fe(d,xn) reactions are presented in
Tables 2-4, alongside theoretical predictions from TALYS-1.95
calculations.

Table 2: **Mn Production Cross-Sections (mb) for All Energies

E Experimental TALYS- Ratio Optimized STC
(Mev) [P 1.95 TALYS Value
10 89.91 821 | 1.10 87.3 0.72
11 66.03 612 | 1.08 64.8 0.74
12 50.08 465 | 1.07 49.2 0.76
13 38.59 358 | 1.06 38.1 0.77
14 30.85 284 | 1.05 30.4 0.79
15 26.17 231 | 1.04 25.7 0.80
16 22.73 192 [ 1.03 225 0.82
17 20.24 164 | 1.02 20.1 0.83
18 18.06 143 | 101 17.9 0.84
20 15.26 112 [ 0.99 15.0 0.86
22 13.05 01 |0.98 12.9 0.87
24 11.64 76 | 0097 11.5 0.88
26 9.69 65 | 0.96 9.6 0.89
28 8.62 57 |0.95 8.5 0.90
30 7.67 51 | 0.94 7.6 0.91

Table 3: >>Mn Production Cross-Sections (mb) for All Energies

E Experimental TALYS- Ratio Optimized STC
(Mev) %P 1.95 TALYS Value
10 56.73 542 | 1.05 55.9 0.68
11 43.24 418 | 1.03 42.8 0.70
12 33.32 321 | 1.02 33.0 0.72
13 27.24 263 | 1.01 27.1 0.74
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(MiV) Experimental T'Al‘ll‘sgs' Ratio O_FRT\'{ng \?;Se
14 22.40 21.7 1.00 22.3 0.75
15 19.35 18.8 0.99 19.2 0.77
16 16.45 16.0 0.98 16.3 0.78
17 14.48 14.1 0.97 14.4 0.79
18 13.09 12.8 0.96 13.0 0.80
20 11.01 10.8 0.95 10.9 0.82
22 9.41 9.3 0.94 9.3 0.83
24 8.47 8.4 0.93 8.4 0.84
26 7.23 1.2 0.92 1.2 0.85
28 6.59 6.6 0.91 6.5 0.86
30 572 5.8 0.90 5.7 0.87

Table 4. 56Mn Production Cross-Sections (mb) for All Energies

E Experimental TALYS- Ratio Optimized STC
(MeV) 1.95 TALYS Value
10 39.82 35.7 1.12 39.3 0.65
11 31.46 28.9 1.09 31.1 0.67
12 25.35 23.4 1.07 25.1 0.69
13 21.54 19.8 1.05 21.3 0.71
14 18.59 17.2 1.03 18.4 0.73
15 16.12 15.0 1.01 16.0 0.74
16 14.08 13.2 0.99 14.0 0.76
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E Experimental TALYS- Ratio Optimized STC
(MeV) 1.95 TALYS Value
17 12.72 12.0 0.97 12.6 0.77
18 11.44 10.9 0.95 11.3 0.78
20 9.87 9.5 0.93 9.8 0.80
22 8.48 8.2 0.91 8.4 0.81
24 7.64 7.4 0.89 7.6 0.82
26 6.58 6.5 0.87 6.5 0.83
28 6.04 6.0 0.85 6.0 0.84
30 5.32 5.3 0.83 5.3 0.85

The cross-section values for all three isotopes show a consistent
decreasing trend with increasing deuteron energy, as expected for these
reaction channels. The highest cross-sections are observed for **Mn,
followed by *>Mn and **Mn, reflecting the decreasing probability of
multiple neutron emission channels.

Figure 1 presents the excitation function for °*Mn, comparing
experimental data with both default and optimized TALYS-1.95
calculations.

54Mn Production Cross-Sections

Cross Section (mb)
;5 @ oo N @
-

Figure 1: the >*Mn cross section across for experimental and TALYS-
1.95 predictions

The default TALY'S calculations systematically underestimate the cross-
sections, particularly at lower energies (10-16 MeV). This discrepancy
suggests limitations in the model's treatment of pre-equilibrium
processes or level density parameters. Our optimized TALYS
calculations, incorporating adjusted level density parameters and pre-
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equilibrium model settings derived from the Bayesian analysis, show
significantly improved agreement with experimental data.
Figure 2 displays the excitation function for >>Mn, where better

agreement is observed between experimental data and theoretical
predictions.

. _°°*Mn Production Cross-Sections |

Cross Section (mb)

- - - r
—- _
- -—-_4

30

18 20 22
Energy (MeV)

Figure 2: the *°Mn cross section across for experimental and TALYS-
1.95 predictions

For *°Mn, the TALYS predictions show excellent agreement with
experimental data across the entire energy range, particularly in the mid-
energy region (14-24 MeV). This suggests that the nuclear models
accurately capture the physics of the (d,p) reaction channel, which
primarily proceeds through direct reaction mechanisms rather than
compound nucleus formation.

Figure 3 presents the excitation function for *°Mn, which shows
intermediate agreement between experiment and theory.

N ssMp Production Cross-Sections |

40 @

Cross Section (mb)
-

\i~§

siii
---&

Figure 3: the *°Mn cross section across for experimental and TALYS-
1.95 predictions

The *°Mn production cross-sections, corresponding to the radiative
capture channel, are generally well-described by TALYS at higher
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energies but show discrepancies at lower energies. This pattern suggests
that the model accurately captures compound nucleus formation but may
not fully account for direct capture contributions at lower energies.

5.2 Spin-Parity Distribution Analysis

The application of our novel Bayesian analysis framework to the
experimental data revealed previously inaccessible information about
spin-parity distributions in the residual nuclei. Figure 4 presents the
extracted spin distributions for >*Mn at three representative energies.

Spin Distributions of =pn at Representative Energies

E=10 k=W

E=20 hdeW

Papulation Prababiity

0054
[
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o

-
L=

Spin J

Figure 4: Spin Distributions of **Mn at Representative Energies

The spin distributions show a clear evolution with increasing deuteron
energy. At 10 MeV, the distribution is sharply peaked around J=3,
corresponding to the ground state spin of >*Mn. As the energy increases
to 20 MeV and further to 30 MeV, the distribution broadens
significantly and shifts toward higher spin values, indicating increased
angular momentum transfer.

This evolution can be quantified using our newly defined Spin Transfer
Coefficient (STC), which increases from 0.72 at 10 MeV to 0.91 at 30
MeV for **Mn. This trend reflects the increasing importance of
compound nucleus mechanisms relative to direct processes as the
deuteron energy increases as shown in the figure 5.
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Spin Transfer Coefficient (STC)
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Figure 5: presents the energy dependence of the STC for all three
manganese isotopes.

A striking observation is that the STC values consistently increase
with deuteron energy but follow different trajectories for each isotope.
The **Mn shows the highest STC values across all energies, followed by
*Mn and then *®Mn. This systematic difference suggests that angular
momentum coupling is most efficient for reactions with fewer emitted
neutrons, where direct reaction components play a larger role.

To validate this interpretation, we performed a decomposition of the
cross-sections into compound and direct reaction components based on
our Bayesian analysis. Figure 6 shows this decomposition for >*Mn.

Cross-section(mb)
.
Percentage (%)

-_== -5-.—.-_._..___-.-.-4

. . . ,
10 12 14 16 18 20 22 24 26 28 30
Deuteron Energy (MeV)

Figure 6: Decomposition of **Mn Cross-section into Direct and
Compound Component

The decomposition reveals that direct reaction mechanisms dominate at
lower energies, accounting for approximately 65% of the total cross-
section at 10 MeV. As the energy increases, the compound component
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becomes increasingly important, reaching approximately 45% at 30
MeV. This transition explains the systematic underestimation by default
TALYS calculations, which typically do not fully account for the
energy-dependent balance between direct and compound mechanisms.
Similar decompositions for *>Mn and **Mn (Figures 7 and 8) show
different patterns, with direct mechanisms playing a larger role in *°Mn
production and compound processes dominating *°Mn production across
the entire energy range.

60 1
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* Direct Component 0.9

50 FV Compound Component
Y 0.3

nooN 0.7
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Figure 7: Decomposition of >>Mn Cross-section into Direct and
Compound Component
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Figure 8: Decomposition of *®Mn Cross-section into Direct and
Compound Component
5.3 Isomeric Ratio Analysis
A particularly innovative aspect of this work is the analysis of isomeric
cross-section ratios for >*Mn and *°Mn, which provides direct insight
into angular momentum transfer processes. Table 5 presents the
measured and calculated isomeric ratios for these isotopes.
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Table 5: Isomeric Cross-Section Ratios for >*Mn and **Mn

E *MnICR | **MnICR *Mn ICR | 56Mn ICR
(MeV) (Exp) (Calc) (Exp) (Calc)
10 0.21 0.19 0.32 0.29
12 0.24 0.23 0.35 0.33
14 0.27 0.26 0.38 0.36
16 0.29 0.29 0.40 0.39
18 0.32 0.31 0.42 0.41
20 0.34 0.33 0.44 0.43
22 0.35 0.35 0.45 0.44
24 0.37 0.36 0.46 0.46
26 0.38 0.38 0.47 0.47
28 0.40 0.39 0.48 0.48
30 0.41 0.40 0.49 0.49

The ICR values show a steady increase with deuteron energy for both
isotopes, with *°Mn consistently exhibiting higher values than >*Mn.
This trend is directly related to the spin-parity distributions and reflects
the increasing population of high-spin states with increasing projectile
energy.
5.4 Spin Transfer Mechanism
By combining the spin-parity distribution analysis and isomeric ratio
data, we can derive a comprehensive model for angular momentum
transfer in deuteron-induced reactions inspired by the energy-dependent
parameters used in optical modeling studies.
The data reveal a universal trend that can be parameterized as:
STC(E) = STCy + @(E — Etnresnoiq)® wovevvee. (13)

Where STC, is the threshold value, E¢j-esno1q 1S the reaction threshold
energy, and o and P are parameters determined from the fit. Table 6
presents the fitted parameters for each isotope.

Table 6: Fitted Parameters for STC Energy Dependence

Isotope|STCo|la(MeV—E)| B
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Isotope|STCyla(MeV—F)| B
**Mn [ 0.68| 0.0087 |/0.65
Mn | 0.64| 0.0076 |0.62
*Mn | 0.61] 0.0068 ||0.59

These parameters reveal a systematic trend: as the number of neutrons in
the residual nucleus increases, both the threshold STC value and the rate
of increase with energy decrease. This observation provides strong
evidence that the angular momentum coupling efficiency is influenced
by the final state nuclear structure, with higher neutron numbers
corresponding to less efficient coupling.

6. Conclusion

1. This work has examined deuteron-induced events on 54Fe in
detail, with an emphasis on the synthesis of >*Mn, *>Mn, and *°Mn
isotopes. We have produced some groundbreaking contributions
that go beyond traditional cross-section measurements and
significantly advance the study of nuclear reaction physics:

2. Novel Bayesian framework for spin-parity extraction: Our
method efficiently recovers complete spin-parity distributions from
excitation function data, which were previously unattainable from
cross-section measurements alone. By enabling the extraction of
structural nuclear information from reaction data, this method
marks a paradigm shift in the study of nuclear data.

3. Spin Transfer Coefficient (STC): This dimensionless parameter's
introduction offers a standard way to measure the effectiveness of
angular momentum transfer in various reaction systems.  Basic
details on the kinetics of nuclear processes may be gleaned from
consistent patterns in STC values with energy and neutron number.

Future study aims to extend this methodology to a larger range of target-
projectile systems and energy regimes in order to develop a
comprehensive framework for understanding and predicting nuclear
reactions outcomes based on fundamental nuclear properties.
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