ALaLE) o glall Alaa
2026 Gule 39 23 (10) slaal
3014-6266 12

Comprebensive Journal of Science
Volume (10), Issue (39), (March, 2026)
ISSN: 3014-6266

Thermal and Kinematic Constraints in High-Energy Nuclear Transitions
and Their Applications in Gamma Lasers

Saeed Salem sultan!
L Higher Institute of Science and Technology Al-Agialat - Libya
Saidsu2007 @gmail.com

2026 /03/07: il 1) ~2026/02/10 1) 3y ~2026/01/27 tasabyall gt 2026/01/03: 55! sl

Abstract

Nuclear recoil plays a fundamental role in determining the feasibility of resonant gamma-ray
processes and the potential realization of gamma-ray lasers. In this study, the recoil energy,
recoil velocity, and associated thermal constraints of gamma transitions were quantitatively
investigated for a set of selected isomeric nuclei with mass numbers ranging from Ba-133 to
0Os-189. Nuclear transition energies were obtained from internationally recognized nuclear data
libraries, including the National Nuclear Data Center (NNDC) and the Evaluated Nuclear
Structure Data File (ENSDF). Using theoretical relations derived from momentum
conservation, recoil parameters were calculated and analyzed numerically using MATLAB.
The results show that recoil energy increases quadratically with transition energy while
decreasing with increasing nuclear mass. Consequently, nuclei with high-energy transitions
exhibit significantly larger recoil energies and recoil velocities. The calculations also reveal an
energy mismatch between emitted and absorbed photons caused by nuclear recoil, which
disrupts the resonance condition required for efficient stimulated gamma emission. Order-of-
magnitude analysis further indicates that recoil energy is typically several orders of magnitude
larger than the natural linewidth of nuclear transitions, making resonant absorption in free
nuclei extremely unlikely. These findings highlight the fundamental kinematic and thermal
limitations imposed by nuclear recoil and emphasize the importance of recoil-suppression
mechanisms, such as lattice confinement, for achieving precise nuclear resonance and
advancing gamma-ray laser research.

Keywords: Recoil energy, recoil velocity, isomeric nuclei, nuclear transition energy,
resonance photon, Mdéssbauer effect, MATLAB.

1. Introduction

The interaction of gamma radiation with atomic nuclei represents one of the fundamental
processes in nuclear physics and plays a critical role in applications such as nuclear
spectroscopy, radiation detection, medical isotope production, and advanced nuclear photonics
[1,5]. In particular, gamma-ray transitions between nuclear energy levels provide important
insights into nuclear structure, electromagnetic transition probabilities, and the dynamics of
excited nuclear states [2,3].

Among the various phenomena associated with nuclear gamma transitions, nuclear recoil is a
key mechanism that strongly influences the energy balance of emission and absorption
processes. When a nucleus emits or absorbs a gamma photon, momentum conservation requires
that the nucleus experiences recoil motion, transferring part of the nuclear transition energy to
kinetic energy. This effect modifies the energy of emitted or absorbed photons and alters the
resonance conditions required for efficient nuclear excitation [3,4].

The significance of recoil effects becomes especially evident in high-energy gamma
transitions, where recoil energy may exceed the natural linewidth of the nuclear transition,
preventing exact energy matching for resonant absorption [2,3]. One well-known
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demonstration of recoil suppression is the Mdssbauer effect, where nuclei embedded in a solid
lattice emit or absorb gamma radiation without losing energy to recoil. In this scenario, the
recoil momentum is distributed to the entire lattice, allowing nearly perfect resonant emission
and absorption [6].

Recent advances in high-intensity laser systems and photonuclear techniques have renewed
interest in the excitation and control of nuclear isomeric states. Experimental and theoretical
studies have explored methods to produce and probe nuclear isomers using laser-driven photon
sources and high-energy particle beams, providing new opportunities to study nuclear
transition mechanisms and the feasibility of gamma-ray lasers [7-12].

Despite these advances, achieving stimulated gamma emission remains challenging due to
intrinsic physical constraints such as nuclear recoil, Doppler broadening, and thermal effects.
Understanding the dependence of recoil parameters on nuclear transition energy and nuclear
mass is essential for evaluating the feasibility of resonance-based nuclear processes [3,7,8].

In this context, the present study investigates the relationship between nuclear transition
energy, recoil energy, recoil velocity, and associated thermal constraints in selected isomeric
nuclei. By analyzing recoil parameters across different nuclear masses and transition energies,
this work aims to quantitatively assess kinematic limitations affecting nuclear resonance and
the potential realization of gamma-ray laser systems [7-12].

2. Theoretical Framework

2.1 Nuclear Recoil Energy: Derivation and Analysis

When a gamma photon of energy E,, is emitted from a stationary nucleus of mass M, the

photon carries momentum given by:

Y
_r _ 1
C py_)()

According to the principle of conservation of momentum, the nucleus acquires an equal
momentum in magnitude and opposite in direction:

% =pr > (2)
The kinetic recoil energy of the nucleus is therefore:

P2

o = Er > (3)

Substituting the expression for momentum, we obtain:

E,.
ez b 7@
This relation shows that the recoil energy depends quadratically on the nuclear transition

energy and inversely on the nuclear mass. Consequently:
« High-energy transitions (in the MeV range) lead to relatively large recoil values.
« Heavy nuclei reduce the recoil effect, but do not eliminate it. [3,4,6,7]
It is important to note that the actual energy of the emitted photon becomes:
Eemit = Ey — E;
Whereas in the case of absorption:
Eabs == EY + EI‘
The difference between emission and absorption energies disrupts the precise resonance
condition, representing one of the major obstacles to achieving a gamma-ray laser in a free
medium. [2,3,6]
The nuclear transition energy values used in this study were obtained from validated and
scientifically reliable nuclear databases. The study relied on nuclear data libraries provided by:
NNDC , ENSDF[1].
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These sources are among the most widely used databases in experimental and theoretical
nuclear physics, as they provide nuclear transition energies and atomic mass values with high
precision, enabling reliable numerical calculations. [1,5]

2.2 Recoil Velocity and Doppler Effects

The recoil velocity of the nucleus can be directly determined from:

E.  Dr

Mc M:vr (5)

This recoil velocity contributes to a thermal velocity distribution of nuclei within the
medium, resulting in Doppler broadening of the spectral line, which is approximately given

by:

kol p AE, (6

—FE, x
Where T is the temperature of the nuclear medium kg is the Boltzmann constant
As temperature or transition energy increases, Doppler broadening also increases, thereby
reducing the probability of achieving the precise energy matching required for stimulated
absorption[3,4,6,7].

2.3 Effective Temperature as a Fundamental Thermal Constraint
The effective temperature Tz, can be defined as the temperature at which the thermal
energy becomes equal to the recoil energy:

r

i, =Terr  (7)
This relation represents a critical thermal limit, since achieving nuclear gain requires that:

If this condition is exceeded, thermal broadening becomes larger than the natural linewidth of
the transition, causing the resonance condition to be lost and making stimulated emission
practically impossible. It is therefore evident that increasing the photon energy Ey leads to a
corresponding increase in the recoil energy E,. As the recoil energy increases, the effective
temperature Tz, also rises, which in turn imposes increasingly stringent thermal conditions
for maintaining resonance and achieving stimulated emission.

Consequently, these results indicate that the thermal constraints associated with nuclear recoil
represent one of the principal physical factors that have prevented the practical realization of
gamma-ray lasers. [3,4,7,8]

2.4 General Physical Significance

The previous analysis indicates that the realization of a gamma-ray laser does not depend solely
on achieving population inversion; rather, it also requires minimizing recoil energy or
effectively compensating for it, as can occur in lattice environments where recoil may be
significantly suppressed [6]. In addition, precise control of the nuclear medium temperature is
necessary to maintain suitable physical conditions for resonant processes. Another important
requirement is the careful selection of nuclear transitions whose natural linewidths are
compatible with the recoil energy involved. Consequently, the study of recoil energy and
effective temperature should not be considered a secondary aspect of analysis; instead, it
represents a fundamental cornerstone for evaluating the physical feasibility of any proposed
gamma-ray laser design[2,3,6,7,8].
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3. Methodology

1.3 Selection of Isomeric Nuclei

This study employs a quantitative theoretical approach to investigate nuclear recoil effects
associated with gamma-ray transitions in selected isomeric nuclei. A set of ten representative
nuclear transitions was analyzed for isomeric nuclei with mass numbers ranging from Ba-133
to Os-189. These nuclei were selected to represent a relatively wide range of nuclear masses
and transition energies, allowing a systematic examination of the dependence of recoil
parameters on nuclear mass and transition energy. In addition, several of these nuclei are
frequently discussed in nuclear spectroscopy and metastable-state studies, particularly in
relation to nuclear resonance phenomena and theoretical investigations concerning the
feasibility of gamma-ray lasers|2,3,7,8].. The diversity of the selected nuclei therefore provides
a suitable framework for analyzing the scaling behavior of recoil-related quantities across
different nuclear systems|3,4].

2.3. Nuclear Data Sources and Extraction Procedure

The nuclear transition energies Eo and the corresponding nuclear level information were
obtained from internationally recognized nuclear data repositories, primarily the National
Nuclear Data Center (NNDC) and the Evaluated Nuclear Structure Data File (ENSDF)[1].
These databases provide experimentally verified nuclear structure data, including gamma-
transition energies, nuclear levels, and isotopic properties.

For each isotope included in the study, the relevant gamma-transition energies associated with
excited or metastable nuclear states were identified and extracted directly from the NNDC
online database. The analysis used the published central values of the transition energies to
investigate the general physical relationships governing recoil effects. Although experimental
uncertainties are reported in the databases, they were not explicitly incorporated into the
primary numerical calculations, but were considered in the uncertainty assessment stage[1,5].
3.3 Energy Range of the Studied Nuclear Transitions

The investigated nuclear transitions cover an energy range extending from several tens of keV
to a few MeV. This range was chosen because it includes both moderate-energy and relatively
high-energy gamma transitions, which allows the study to examine the variation of recoil
parameters over a broad energy spectrum. Such an energy interval is particularly relevant for
investigating kinematic limitations affecting nuclear resonance conditions and stimulated
gamma emission, since recoil effects increase rapidly with increasing transition energy|3,4,6].
4.3. Computational Model and Physical Constants

The nuclear mass of each isotope was approximated using the relation M=Axu ,where A
represents the mass number and u=1.660539x1072" kg is the atomic mass unit. Minor
corrections related to nuclear binding energy were neglected because their influence on recoil
calculations is negligible compared with the overall energy scale considered in this study. All
physical constants used in the calculations were taken from the recommended CODATA
values[5], including the speed of light in vacuum ¢=2.99792458x108 m/s and the Boltzmann
constant ks=1.380649x10%* J/K. Since nuclear transition energies are typically reported in
keV or MeV, all energy values were converted to joules using the relation
1eV=1.602176634x10"""J in order to ensure dimensional consistency throughout the
calculations.

5.3. Calculation of Recoil Parameters

The nuclear recoil energy E, was calculated using the standard recoil relation derived from
momentum conservation during photon emission or absorption. The recoil velocity vrv_rvr
was obtained directly from the corresponding momentum relation between photon energy and
nuclear mass. In addition, the effective temperature associated with recoil processes was
evaluated by equating recoil energy to thermal energy in order to estimate the thermal
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constraints affecting nuclear resonance conditions. These calculations allow the evaluation of
the dependence of recoil energy and recoil velocity on nuclear transition energy and nuclear
mass, which are the main parameters controlling recoil dynamics in gamma
transitions[3,4,6,7].

6.3. Numerical Implementation and Graphical Representation

All numerical calculations were implemented using MATLAB with double-precision
numerical accuracy in order to minimize rounding errors and ensure computational reliability.
The computational model was used to calculate recoil energy, recoil velocity, and related
photon absorption and emission energies for the selected nuclei[10].

Graphical representations of the calculated quantities were generated using MATLAB
visualization tools. In particular, recoil energy and recoil velocity were plotted as functions of
nuclear transition energy and mass number in order to illustrate the underlying physical trends
and to highlight the dependence of recoil parameters on nuclear properties[10].

7.3. Uncertainty Analysis

To assess the robustness of the computational results, a theoretical uncertainty analysis based
on standard error propagation methods was performed. This analysis evaluated the sensitivity
of recoil energy and recoil velocity to possible variations in nuclear transition energy and
nuclear mass.

The results indicate that uncertainty in nuclear transition energy constitutes the dominant
source of computational variation due to the quadratic dependence of recoil energy on photon
energy. In contrast, uncertainties associated with nuclear mass contribute only marginally to
the overall uncertainty. Given the high precision of the nuclear data provided by NNDC and
ENSDF, the resulting numerical uncertainties were found to be sufficiently small and do not
significantly affect the physical interpretation of the results[1,5].

4. Results
1.4 Calculated Recoil Energy of Isomeric Nuclei
The recoil energy associated with gamma-ray emission or absorption was calculated for a set
of selected isomeric nuclei spanning a mass-number range from Ba-133 to Os-189. The
calculations were performed using the standard recoil relation derived from momentum
conservation, which indicates that recoil energy depends quadratically on the nuclear transition
energy and inversely on the nuclear mass.
2.4 Recoil Energy
The Kinetic recoil energy of the isomeric nuclei was calculated using the relations:
E=Ey+Eq X Viec/C £ Epec (8)

Erec = 0.53 Eo? /A )
The computed results are summarized in Table 1, which lists the investigated nuclei along with
their mass numbers, nuclear transition energies, calculated recoil energies, recoil velocities,
and the corresponding emitted and absorbed photon energies.
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Table (1) Calculated Recoil Energy parameters for selected isomeric nuclei

Transition Iy Recoil Emitted Absorbed
Nucleus A Energy n (kg) Energy Er Energy Eemit | Energy

Eo (keV) (eV) (keV) Eabs (keV)
ssBa’® 133 | 291.1740 222.54x10727 | 337.8543 629.0290 46.6796
ssBa'® 133 | 302.3660 222.54x10727 | 364.3260 666.6927 61.9592
55Cs'3 134 | 173.7950 224.21x10727 | 119.4664 293.2616 54.3289
55Cs'3 134 | 176.4031 224.21x10727 | 123.0789 299.4822 53.3245
55Cs'3 134 | 176.6424 224.21x10727 | 123.4130 300.0557 53.2296
55Cs'3 134 | 60.0304 224.21x10727 |  14.2532 74.2837 45.7772
s3sEu’s? 152 | 77.2588 254.33x10727 | 20.8127 98.0715 56.4462
72HF0 180 | 1084.0200 | 301.18x10727 | 3460.0147 | 4544.0417 | 2375.9878
7605189 189 | 36.1900 316.23x10°27 3.6727 39.8628 32.5173
7605189 189 | 69.5400 316.23x10727 13.5607 83.1008 55.9793

The results clearly indicate that recoil energy increases significantly with increasing transition
energy, while heavier nuclei tend to reduce recoil effects due to their larger mass. Among the
investigated nuclei, the highest recoil energy was obtained for the high-energy transition of Hf-
180, reflecting the strong dependence of recoil energy on the square of the transition energy.

_—

E ec
(keV) absorbed

0
E, (keV) 1 mass number

Table (1) shows the kinetic recoil energy of different isomeric nuclei.
The graphical representation in Figure (1) illustrates the variation of absorbed energy with the
calibrated values of transition energy and mass number, where it was observed that E absorbed
tends to decrease with increasing Eo , while it increases with increasing mass number. This
reflects the effect of nuclear mass in reducing a portion of the kinetic energy associated with
recoil.
3.4. Recoil Velocity
When a gamma photon is absorbed or emitted, a momentum of magnitude Ey/c is transferred
to the nucleus, leading to the generation of an initial recoil velocity. The recoil velocity was
estimated using the approximate relation:

E
10 x Xo(m/s32) = Vs (10)
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This equation allows determining the recoil velocity for any nucleus based on transition energy
EO and mass number A.

Table (2) Calculated Recoil Velocit

parameters for selected isomeric nuclei.

Transition Recoil Emitted Absorbed
Nucleus Energy Velocity Vr Energy Eemit | Energy Eabs

Eo (keV)[1] (m/s) (keV) (keV)
s6Bal3® | 133 | 291.1740 222.54x10727 | 7.0057x10*2 629.0290 46.6796
s6Ba’33 | 133 | 302.3660 222.54x10727 | 7.2750x10*2 666.6927 61.9592
55Cs134 | 134 | 173.7950 224.21x10727 | 4.1503x10*2 293.2616 54.3289
55Cs134 | 134 | 176.4031 224.21x10727 | 4.2126x10*2 299.4822 53.3245
55Cs13* | 134 | 176.6424 224.21x10727 | 4.2183x10+2 300.0557 53.2296
55Cs13% | 134 | 60.0304 224.21x10727 | 1.4336x10+2 74.2837 45.7772
63EUS? | 152  77.2588 254.33x10727 | 1.6265x10*2 98.0715 56.4462
72Hf180 | 180 | 1084.0200 301.18x10727 | 1.9271x10*3 4544.0417 2375.9878
760582 | 189 | 36.1900 316.23x10727 | 6.1274x10*2 39.8628 32.5173
760s18% | 189 | 69.5400 316.23x10727 | 1.1774x10*2 83.1008 55.9793

The results presented in Table (2) show that the recoil velocity increases with increasing
nuclear transition energy, while it decreases with increasing mass number, which is consistent
with the theoretical analysis. The highest recoil velocity was recorded for the nucleus Hf-180,
reaching 1.9271x10° m/s at Eo=1084.0200 keV, while the values for the remaining nuclei
ranged between 1.1774x10? m/s and 7.2750x10% m/s depending on variations in Eo and A.

Erec
(keV) emitted

E, (keV) U

mass number

Fig. (1) The variation of the emitted energy
Figure (1) shows that the emitted energy E emitted increases with increasing both transition
energy and mass number, indicating that nuclei with high-energy transitions retain a larger
portion of the net photon energy despite the recoil effect.
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The results show that the highest recoil energy was obtained for the isomeric nucleus Hf-180
at a transition energy of Eoc=3460.0147 keV, where the recoil energy E,... reached its maximum
value and the recoil velocity V... reached 7.275x10? m/s.
From the same table, it was observed that the highest absorbed energy E,;,; was recorded for
Ba-133 with a value of 666.6927keV, while the highest emitted energy E emitted was recorded
for Hf-180 with a value of 2375.9878 keV.
For the isomeric nucleus Ba-133, the highest emitted energy was 61.9592 keV at a transition
energy of 302.3660 keV, whereas for Hf-180, the highest absorbed energy was 4544.0147 keV
and the highest emitted energy was 2375.9878 keV at a transition energy of Eo
=1084.0200 keV.
These results confirm that the values of absorption and emission energies vary clearly
depending on the nuclear transition energy Eo and the mass number A, where heavier nuclei
tend to reduce recoil energy, while higher transition energies increase both recoil energy and
nuclear velocity, which directly affects the absorbed and emitted photon energies. These
observations reflect the practical importance of mass number and transition energy in
controlling the kinematic properties of isomeric nuclei, which is essential when designing
precise nuclear experiments such as nuclear spectral line measurements or stimulated emission
studies.
4.4. Comparative Context and Literature Positioning
To assess the scientific significance of the current results, they were placed within the general
framework of theoretical and experimental studies in nuclear recoil physics and gamma-laser
research. Previous literature indicates that recoil energy represents one of the fundamental
physical constraints that limits resonant absorption and stimulated emission processes,
particularly in the high-energy gamma-ray range [2,3,6,7].
Theoretical models have confirmed the quadratic dependence of recoil energy on nuclear
transition energy and its inverse relationship with nuclear mass. Experimental studies related
to recoil-free resonance have also shown that recoil energy in free nuclei may exceed the
natural line width even for relatively low-energy transitions [3,6,7].
In this context, a systematic numerical evaluation of recoil energy and recoil velocity was
performed for a group of metastable nuclei over a wide energy range. Comparison with
previous studies listed in Table (3) shows that the general physical trends are consistent with
published literature, which enhances the reliability of the computational model used and
confirms the intrinsic constraints on achieving resonance in high-energy nuclear transitions[6].
Table (3). Brief Comparative Summary of the Present Results with Selected Previous
Theoretical and Experimental Studies

Main Finding in th - ith the P
Previous Study Research Field ain : inding in the Consistency with the Present
Literature Study
Baldwi I fi h
aldwin & Gamma-ray Recoil in the MeV range Our res.u ts con Irr.n the
Solem amplification of recoil effects

laser revents free resonance
(1997)[1] P with increasing transition energy

Krane Nuclear theory Er o< E2 and Er o 1/M The same mathematical behavior

(1988)[6] is observed in our results
. Nuclear Resonance requires The elevated Er values in our
Mossbauer . . irps
(Fe-57) resonance recoil suppression study support the difficulty of
experiment within a solid lattice achieving free resonance
Kinematic constraints
Carroll et al. Metastable . e Hf-180 exhibits the highest recoil
. limit the excitation of . .
(2001)[2] nuclear isomers Hf-180m values in our calculations

As shown in Table (3), the trends obtained in the present calculations are fully consistent with
established recoil theory and experimental observations. However, the extension of these
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comparisons to higher transition energies emphasizes the rapid escalation of recoil constraints
in the MeV range, thereby reinforcing the fundamental limitations identified in previous
gamma-ray laser feasibility studies [1,2,3,6,7].
5.Discussion
The results of this study confirm the fundamental role of nuclear recoil in determining the
feasibility of resonance processes in gamma-ray transitions. Calculations show that recoil
energy increases significantly with increasing nuclear transition energy, following the well-
known quadratic dependence predicted by recoil theory, while heavier nuclei reduce recoil
effects due to their larger mass, thereby lowering both recoil energy and recoil velocity. The
results also reveal an intrinsic mismatch between the energies of emitted and absorbed photons
caused by nuclear recoil, which constitutes a major barrier to achieving resonant nuclear
excitation in free nuclei, as even small recoil energies can exceed the natural linewidth,
preventing the precise resonance conditions required for stimulated emission. These
observations are consistent with previous theoretical and experimental studies in nuclear recoil
physics and gamma-ray laser research, which highlighted that recoil effects impose a
fundamental limitation, especially in high-energy transitions, and that their impact becomes
more pronounced as transition energies approach the MeV range. Furthermore, the results
indicate that heavy nuclei provide more favorable conditions for resonant emission due to
reduced recoil energy, in agreement with the well-known Mdssbauer effect, where recoil is
suppressed when nuclei are embedded in a solid lattice, allowing precise resonant emission and
absorption. Based on these findings, future studies should focus on selecting nuclear transitions
with suitable energies in heavier nuclei, investigating recoil suppression mechanisms such as
lattice confinement, and further exploring metastable nuclear states to understand the potential
for achieving stimulated gamma emission, thereby advancing applications in nuclear photonics
and overcoming the kinematic and thermal limitations associated with nuclear recoil..
6.Conclusion
This study confirms that nuclear recoil plays a fundamental role in determining the feasibility
of resonance processes in gamma-ray transitions. The results show that recoil energy increases
with nuclear transition energy, while recoil effects are reduced in heavier nuclei due to their
larger mass, lowering both recoil energy and recoil velocity. The study also revealed an energy
mismatch between emitted and absorbed photons, which constitutes a key limitation to
achieving precise resonance and stimulated emission in free nuclei. The findings are consistent
with previous studies in nuclear recoil physics and gamma-ray laser research and highlight the
importance of nuclear stabilization or recoil suppression mechanisms, such as lattice
embedding, to improve resonance conditions.
These results indicate that selecting suitable nuclear transitions in heavier nuclei and
investigating metastable nuclear states are essential steps toward achieving stimulated gamma
emission. They also emphasize the need for continued research on recoil suppression
mechanisms and related kinematic and thermal effects, contributing to the advancement of
advanced nuclear photonics applications and paving the way toward a practical gamma-ray
laser in the future.
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