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Introduction of a New B3Y-Fetal Potential in the Semimicroscopic Analysis
of the >N + *’Al Nuclear System

The experimental data analysis of the low-energy elastic scattering process in the "N+*’Al nuclear system
used a new microscopic approach. In the microscopic analysis, new B3Y-Fetal potentials, calculated using
the variational method with lower-order constraints (LOCV) in two-body matrices, were applied. Based on
the double folding model (DFM), the CDM3Y2-Paris, CDB3Y2-Fetal, and CDB3Y3-Fetal microfolding po-
tentials were constructed by adjusting density-dependent parameters C, a, B, and y. These density-dependent
parameters were introduced based on the effective nucleon-nucleon (NN) interaction and the form factor of
the nucleon density distribution of the colliding '*N and *’Al nuclei. The uniqueness of the analysis lies in the
fact that the introduced density-dependent parameters were calculated using the optimal value of the K —
compressibility factor, which characterizes the saturation properties of the nuclear medium. The optimal pa-
rameter sets for the optical and folding potentials were determined from the results of the optical model (OM)
and DFM analyses. The theoretical cross-sections of elastic scattering obtained from phenomenological and
microscopic analyses were found to describe the experimental data well. In the semi-microscopic analysis,
the effectiveness of the B3Y-Fetal folding potential was determined. Based on the analysis of the experi-
mental data of elastic scattering, it was concluded that the saturation properties of nuclear matter can be de-
termined more accurately. The low-energy elastic scattering reaction in the '"N-+*’Al nuclear system is im-
portant for studying the properties of materials and nuclear fuels. This study of the nuclear process contrib-
utes to the development of future nuclear materials and energy technologies.

Keywords: microscopic analysis, elastic scattering, double folding model, B3Y-Fetal potential, nucleon densi-
ty distribution.

Introduction

Studying the processes occurring during nuclear collisions helps to obtain valuable information about
nuclear forces and their behavior, understand nuclear reaction mechanisms, and the structure of complex nu-
clei. Research on "N+*’Al nuclear systems has been actively conducted in recent years from both fundamen-
tal and applied science perspectives. Such studies make it possible to determine the energy levels and states
of nuclei, which is important for the theoretical modeling of nuclear interactions.

Studying reactions between light elements such as "N and *’Al helps to understand nucleosynthesis
processes and model the evolution of stars, which is important for nuclear astrophysics. In nuclear energy,
processes involving light nuclei like nitrogen and aluminum under thermonuclear synthesis conditions are
considered as a potential future energy source. Understanding the effect of thermonuclear reaction products
and fast neutrons on the high-energy characteristics of materials containing the *’Al nucleus is one of the key
aspects. Analyzing the ’N+*'Al reaction aids in the development of radiation detectors and monitoring de-
vices for nuclear reactors. Thus, the "N+>’Al system has a wide range of practical applications in nuclear
energy, from fundamental research to technology and safety.

In addition to obtaining important information about nuclear structure and reaction mechanisms through
the analysis of the elastic scattering process, it is possible to enhance the saturation properties of the nuclear
medium. The saturation point of the binding energy density dependence, K — nuclear incompressibility, is
directly related to the nuclear binding energy [1]. The approach to constructing the equation of state of a nu-
cleus based on the overlap of nucleon densities of interacting nuclei is performed through a microscopic
method. Constructing an effective NN-interaction potential dependent on nucleon density enables the calcu-
lation of the saturation properties of nuclear matter [2]. The novelty of this work lies in investigating the effi-
ciency of using the effective NN-interaction B3Y-Fetal potential with density-dependent parameters C, a, 3,
v. The effective NN-interaction B3Y-Fetal potential of Fiase, incorporating these density-dependent parame-
ters, was recently obtained based on calculating nuclear matrix elements of two-body interactions using the
LOCYV method [3-6].
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From this, an analysis was carried out on the basis of density — dependent parameters calculated at the
value po=0.17 fm~> of the actual density determined at the saturation point. The density-dependent
a-parameters are determined in the effective NN-interaction formula in the DFM formula [7].

ti(”NN):Ci[l"'O‘ipi/(;)(Sp(f))}VéK (rNN)’ (1)

where V. (r ) is the potential of singlet and triplet states.

In the articles Dao Khoa, 2 types of F(p) — density-dependent form factor are proposed [8, 9]. The
article identified density-dependent parameters C, o, B, Y — at optimal values of the K-incompressibility
factor and analyzed in a wide energy range [9-12].

The folding model allows modification of the density-dependent form factor of nucleon distributions
taking into account the ideas of microscopic theory. Therefore, the properties of nuclear matter can be
described more clearly using effective NN-interaction. No such analysis has been done for system "N+*’Al.
In our upcoming work [13, 14], analyses were made using the new B3Y-Fetal potential that resulted in
global dependencies.

Calculation of the K-incompressibility factor
depending on the saturation property of the nucleus

To increase the saturation property of nuclear matter, the equilibrium condition of the density-
dependent specific bond energy is sufficient. We apply density-dependent parameters calculated for the
equilibrium condition to the effective NN-interaction M3Y potential. In particular, it is necessary to
construct the equations of state at the value po=0.17 fm of the saturation density of nuclear matter.
Specific binding energy of density-dependent infinite nuclear matter [4, 8]:

€ _3h2k; P n 2 Ex 3
g(p)—W—FF(p)E(JD [ o™ (r)d r), @)
where m is the mass of the nucleon; Jp is the integral obtained by volume from the direct part of the
A 3il(x
interaction j, (x) :% — Bessel spherical function (z=1), p is the density of the nucleons, kr is the

Fermi momentum.
From the equilibrium saturation condition of the binding energy of the nucleus:

272
de _Ik; +£(1—§B(8)p2/3j=0. 3)
dp Smp 2 3

Based on the density-dependent parameters from Equations (4) and (3), the ¢ — bond energy formula
is written as follows:

3k, pJ, 23
e=—=—+—2C(1-B(e . 4
10m 2 ( B( )p ) @
Density-dependent ¢, B — parameters and p, — actual (saturation) density [4]:
20k,
C=- s (5)
SmJDp[l —53(8)p3 J
(3-3p) 1
Ble)= =5 (6)
( ) (9 _Sp) p5/3
10me

a ) a .57‘52p)2/3
The nuclear incompressibility factor is calculated by the following equation [4]:
213
K, = 3Nk +5J,CB(g)p™"” . (8)
Sm P=Po

The saturation density point (py=0.17 fm ) defined according to the specific binding energy of the
nucleus using the B3Y-Fetal interactionand shown in Figure 1 [4].
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Figure 1. Saturation point of the core binding energy density dependence [4]

NN-interaction on effective forces M3Y-Paris and B3Y-Fetal potentials
The interaction potential for effective NN forces consists of the sum of the U” (R) — direct and

U (R) — exchange potentials.

U(R)=U"(R)+U™(R). ©)
Double integrated direct potential on the distribution of nucleons of beam and target nuclei [15, 16]:
U”(R)=[[p" (r)v,(s)p" (1, )drer, . (10)

where v, (E ) — direct component of effective interaction; p(i) (r,) — nucleon density of colliding nuclei;

s — effective NN-interaction distance, s=r, —7 + R.
Double integrated Exchange potential on the distribution of nucleons of beam and target nuclei [16, 17]:

U= (R) = [[p" (7 + 5 )ope (5)p (70 5 = 5 )exp| ik (R)$ /m | i, . (11)

-

where v, (§) — effective NN-interaction exchange component, p(i) (F,7") — density matrix of colliding
nuclei.

Matrix in singlet, triplet states of nucleon interaction (Hartree Fock) calculation for coefficients direct
and transition components [18]:

Vp(ze) =1/ 16(305; +305; £905, £ U5, ), (12)
where the triplet and singlet components of the central forces are even (UCTE,U;E) and odd (U”TO, Ugo) [19].

Direct and exchange components based on the G-matrix element of the M3Y-Paris potential [20].

v, (5)=11061.6PH) _ 9537 5EXP2.55) (13)

S 2.5s

exp(—4s) 5188 exp(—2.5s) 78474 exp(—0.7072s) ‘ (14)
4s 2.5s 0.7072s
The direct and transition components based on the G-matrix element of the B3Y-Fetal potential is given
in the radial form of the isoscalar part [6, 14]:

v, (5)=-1524.0

exp(—4s) exp(—2.5s)

v, (5)=10472.13 ~2203.11 =23 15

o(5) 4s 2.5s ()

Oy (5)=499.63 3R 1347 77 SXPELI5) g g7, XP(0.70725) (16)
4s 2.55 0.7072s
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The theory of semi-microscopic analysis

When analyzing experimental data of elastic scattering within the framework of an optical model (OM),
the Woods-Saxon form of potential was used.

U(r) =V |:1+exp[r_RV ﬂ—iWo |:1+ exp[ﬂﬂ +V. (r) , (17)
a, Ay

where V,, Wy, ay, aw, Ry, Ry are real, imaginery potentials, diffusion, radius, V. (r) is the Coulomb

potential.
In a semi-microscopic analysis, we replace the real part of the op with the V. (r) — folding potential:

U(r)=N, [V, (r)+ Ve (r)]-iW, |:1+exp[r;fW H+ v.(r), (18)

where N is a re-rationing factor of the folding potential.
The folding potential of an effective NN-interaction [17]:

Ve =9 () (1) 8y (s)d*rid’r; (19)
where 3, is the effective NN-interaction potential; pi(r1) and p,(r») is the distribution of the matter density

of the beam and target nuclei, respectively.
V.(r) — the Coulomb potential is defined as follows:

2 2
ﬂ[ —R—} For R<R.

Ve(R)= 2R Re (20)

Z,Z,e’
L1228 For R>R,
R
For the "N-core, the harmonic-oscillator model was selected as the distribution of the density of mat-

ter [21]:

p(r)=p0(l+a(r/a)2)exp(—(r/a)z), (21)
where @ = 1.756 fm, a = 1.29 fm [22].
For the *’Al core, the two-parameter Fermi modelwas selected as the distribution of the density of

matter [21]:
r—c
p(r)zpo/(l+exp[ . D, (22)
where ¢ =3.07 fm, z=0.519 fm [22].

Dependence function of direct and exchange potentials [8].
UD(EX)(p’r):g(E)f(p)U'D(EX)(r)’ (23)

where g(E ) — energy dependent type; p — density of the overlapping medium of nucleons of nuclei;

r is the distance between the interacting nucleons.
In the process of elastic scattering, there is a re-distribution of energy between the colliding nuclei.
Energy dependent type [13].

g(E)=1-0.003(E/4). (24)

A type proposed by Dao Khoa of introducing density-dependent C, a, f — parameters to the effective
NN-interaction [6]:

1) f(p)=C(1+ae™), the DDM3Y-type, (25)
2) f(p)=C(1-0p"),  the BDM3Y-type. (26)

Based on this f(p) — density-dependent form factor, you can enter density-dependent parameters for
the correct values of K-incompressibility [8, 13]. ¥ — parameter dependent formula [6, 13]:

f(p)=C(1+aexp(-Bp)—7vp). 27)
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Table 1
Density-dependent modified microfolding potentials [6, 22]
Density dependence C o B (fm’) y (fm’) K (MeV)
CDM3Y2-Paris
CDB3Y2-Fetal 0.3346 3.0357 3.0685 1.0 204
CDB3Y3-Fetal 0.2985 3.4528 2.6388 1.5 217

Discussion of results

At energies Ep,= 33 MeV, E =48 MeV, E =62 MeV, E =70 MeV [23], for the nuclear system
N+*"Al, phenomenolic and semi-microscopic analyses of experimental data of elastic scattering were

performed.

The analysis used density-dependent CDM3Y2-Paris, CDB3Y2-Fetal and CDB3Y3-Fetal folding
potentials. All OM and DFM calculations were carried out on the basis of using the Fresco Code [24]. The
following figure shows the result of the OM and DFM analyzes and shown in Figures 2—-5.

*N+*’Al, OM and OM+DF analysis
E_=33 MeV (E__=21.1 MeV)

*N+*’Al, OM and OM+DF analysis
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Figure 2. Results of the analysis of OM and DFM Figure 3.
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Figure 4. Results of the analysis of ohms and DFM
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Microfolding potentials CDM3Y2-Paris, CDB3Y2-Fetal, CDB3Y3-Fetal were used in the OM+DF
analysis. The N, — re-rationing factor was determined at intervals of 0.8—1.2.

The values of the optimal parameters for theoretical analysis are shown in Table 2. There is an energy
dependence of the characteristics of the parameters.

Table 2
Parameters of OM and DFM analysis for '’N+*’Al system
g Type of real potential Imaginary potential parameter (WS) -
(MeV) Model Vo Ry av Ng W, Fw aw (m‘;)) YIN
(MeV) | (fm) (fm) (MeV) (fm) (fm)

OM 280.0 0.97 0.5 — 4.6 1.2 1.15 1093 12

33 | OM+DF CDM3Y2-Paris 0.8 4.6 1.2 1.15 1085 —
OM+DF CDB3Y2-Fetal 0.9 4.6 1.2 1.17 1055 —
OM-+DF CDB3Y3-Fetal 1.0 4.6 1.2 1.17 1055 -

OM 2408 | 1.13 | 05 - 24.9 137 0.2 1552 0.1

43 | OM:DF CDM3Y2-Paris 0.8 24.9 1.37 0.2 1602 -
OM-+DF CDB3Y2-Fetal 0.9 24.9 1.37 0.2 1570 -
OM-+DF CDB3Y3-Fetal 0.8 24.9 1.37 0.2 1554 -

OM 2799 | 1.04 | 047 - 4.6 1.24 1.17 1834 0.1

6 | OM:DF CDM3Y2-Paris 1.0 4.6 1.24 1.17 1848 -
OM+DF CDB3Y2-Fetal 0.9 4.6 1.24 1.17 1782 -
OM+DF CDB3Y3-Fetal 12 4.6 1.24 1.17 1820 -

OM 2408 | 1.13 | 05 - 24.9 137 0.2 1904 0.5

20 | _OM+DF CDM3Y2-Paris 0.85 24.9 1.37 0.2 1894 -
OM-+DF CDB3Y2-Fetal 0.9 24.9 1.37 0.2 1885 -
OM-+DF CDB3Y3-Fetal 1.0 24.9 1.37 0.2 1910 -

Conclusion

+ A semi-microscopic analysis was carried out for the N+’Al system using the new B3Y-Fetal
potential calculated on the basis of LOCV.

* Density-dependent parameters C, a, B, y were introduced into the new B3Y-Fetal potential, and the
CDM3Y2-Paris, CDB3Y2-Fetal, and CDB3Y3-Fetal folding potentials were created. Theoretical elastic
scattering cross sections have been determined for the "N+°’Al system.

« The efficiency of the microscopic CDB3Y -Fetal potential was determined for the ""N+*’Al system.
The accuracy of the analysis of OM was determined in the range of y/N=0.1-1.8. The reordering
coefficient of semi-microscopic analysis was determined at the interval N,= 0.8—1.2.

* Density-dependent study of the B3Y-Fetal potential, created on the basis of LOCV made it possible to
clarify the saturation property of nuclear matter, to fully take into account nuclear forces.
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BN +27A1 SIAPOJIBIK KYHEHi 'KapThlIail MUKPOCKONUSIVIBIK TAJI1ay
ke3iHge :;kaHa B3Y-Fetal noreHumnasbIiH eHrizy

N+7Al sponblk KyleHiH TOMeH SHEprusiarbl CEpHiMIi IAIBIPAY NPOLECIHIH HSKCIEPUMEHTTIK
JIepeKTepiH Tajjnay/a >KaHa MHUKPOCKONMSUIBIK TACUT KOJNAAHBUIABL MUKPOCKONMSIIBIK Tajjayaa eKi JeHe
MaTpUIACHIHa TOMEHT1 peTTi mekreynepi 6ap Bapuanusiblk Tacinge (LOCV) ecentenren sxana B3Y-Fetal
MOTEHIHANIApkI Maiaananbubl. Exinik ¢ponauar Moxens (DFM) Herizinae TeiFbI3AbIKKA Toyenai C, a, B, y —
napaMerpiepni perrey apkbuiel CDM3Y2-Paris, CDB3Y2-Fetal xome CDB3Y3-Fetal mukpodonnuar
MOTEHIUAAAPE] KYPBUIABL. THIFBI3ABIKKA TOYENIl MmapaMeTpiiep THIMII HYyKIOH-HYKIoHABIK (NN) e3zapa
opekerTecyi Herisinge cokreFsickan °N sxome Al sSAponapIblH HYKIOHIAP THIFbI3ABIFBIHEIH TAPaTyBIHBIH
tdhopm-dakropsr OoitpiHITa eHTi3inai. TanmayaplH epeKIenTi eHTi31UITeH ThHIFBI3IBIKKA TOYEN Il mapaMeTpIiep
SIIPOJIBIK OPTAaHBIH KAHBIKTBUIBIK KACHETIH CUNATTAUTBIH K — CBHIFBUIMAYIIBUIBIK (DAKTOPBIHBIH OHTAWIIBI
MoHiHJe ecenTeiared. OnTukanslk moaenb (OM) sxone DFM rtannmaynap HOTHXKECIHIC ONTHKAIBIK JKOHE
(ONIUHT NOTEHIMAIAPABIH OHTAIIBI MapaMeTpiiep J>KUBIHTBIFBI TaObuiabl. (EHOMEHOJIOTHSUIBIK JKIHE
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MHUKPOCKOIMSJIBIK Talay HOTWKEJEepiHIe CepHiMIi HIAIIbIpayAblH TCOPUSUIBIK KAMaJapbl SKCIEPUMEHTTIK
JepeKTepai JKaKChl cHmaTTail annbl. JKapTelaili MHKpPOCKOMMSUIBIK Tanmayaa B3Y-Fetal donauar
MOTCHIUAIABIH THIMIUITT aHBIKTanapl. CepmiMali MIAIBIpayAblH SKCHEPHUMEHTTIK ICPEKTEpiH Taimay
HETI31HE SIPOJIBIK MATCPHSIHBIH KAHBIKTBUIBIK KACHETIH IONIIPEK aHbIKTayFa OOJambl METeH KOPBITHIHIBI
xacanasl. PN + 27Al SIPOJIBIK JKYWEHIH TOMEH 3HEPrHsIarbl CEpPIiMII IAIbIpay peakiMschl MaTepHanigap
MEH SIPOJIBIK OTBIHAAPIBIH KACHETTEPIH 3€PTTEY YIIiH MaHbI3Ibl. BYJT SIIPOJIBIK MPOIECIH 3ePTTEY JKYMBICHI
Ooarak sApOJbIK MaTepHaIIap MEH SHEPTeTHKAIBIK TCXHOJOTHUSHBIH JJAMYybIHA YJIeC KOCAbI.

Kinm ce30ep: MHKPOCKONMSUIBIK Tajay, CEpIiMAlI IHambipay, ekunik ¢oiamuar moneni, B3Y-Fetal
HOTEHLMAIIBI, HYKJIOHAAP THIFBI3/IBIFBIHBIH Tapalybl

. Connarxan, b. Mayeii, A.A. baparosa, K.M. MaxaHoB

Beenenue HoBoro morenuunana B3Y-Fetal
MPH MOJYKOMHUKPOCKONMUYECKOM aHAJIM3e AAEPHOM CUCTEMBbI BN + 274l

B sxcnepuMeHTanbHOM aHaIU3€ MPoLEecca YIPYTroro paccesiHusl Ha sIepHOH cucTeMe BN+ 77Al NIpU HU3KUX
SHEPIrUsAX OBUT IPHMEHEH HOBBIMH MHKPOCKONMYECKHH MeToJ. B MHKpOCKOIMYEecKOM aHanM3e HCHONB30Ba-
Jmch HOBBIe noTeHnuansl B3Y-Fetal, paccunrannsle B BapHallHOHHOM METOJE C OTPAaHWYCHHMSMH HH3IIErO
nopsaka B asyxtenesoit matpune (LOCV). Ha ocnoBe Monenu nBoitHoro ¢onauara (M/IP) 6sui moctpoe-
HBI MuKpodorauHr noreHmansl CDM3Y2-Paris, CDB3Y2-Fetal 1 CDB3Y3-Fetal. Ot nmoteHmans! 65uti
HOJIy4eHBI IyTeM HACTPOMKM IUIOTHOCTHBIX mapamerpoB C, o, B, y. 3aBHCHMbIC OT IUIOTHOCTH IapaMeTphl
BBOJIWJIUCH C Y4eTOM 3 PEKTHBHOIO B3aNMOJCHCTBHS HYKIOH-HYKIOHHOCTH (NN) yepe3 popm-dakrop pac-
TIpE/ICTICHHS IOTHOCTH HYKJIOHOB B CTONKHYBIIHXCA siapax N u 2’Al. OcoGEHHOCTI0 HCCIEI0BAHHS SBIIS-
eTcsl pacueT BBEJEHHBIX IUIOTHOCTHBIX NapaMeTPOB MPU ONTHMAIbHOM 3HAUE€HHH CKUMaeMocTH — K, omu-
CBIBAIOIIIEM HACBHIIICHNE SACPHOTO BellecTBa. Pe3ynpraTel aHanmm3a ontideckoit monemu (OM) u M moka-
3aM ONTHMAJIbHEIE 3HAYEHHS IapaMeTPOB ONTHYECKHX M (OJIHHT NOTEHIHAJIOB. TeopeTnueckue CeUeHuUst
YIIPYTOTO PaccestHus, MOTydeHHBIE B ()EHOMEHOIOTHYECKOM M MHUKPOCKOIIMYECKOM aHaJIH3aX, XOPOIIOo CO-
TJIACYIOTS C HKCIICPHMEHTAIBHBIMI JAHHBIMH. B ITOIyMHKPOCKOIIMYECKOM aHalu3e OblIa ompeneneHa 3¢-
(exTuBHOCTH (onauHr noteHnuana B3Y-Fetal. Ha ocHoBe aHanmm3a sKcIeprIMEHTAIBHBIX JaHHBIX YIIPYToTo
paccesHHsS MOXKHO CJIENaTh BBIBOJ O BO3MOXKHOCTU 00j€e TOYHOTO OMpEJeNeHHs HACBHILAIOUIMX CBOHCTB
SIIEPHON MaTepuu. YIIPYroe paccesHue Ha siIepHON CUCTEME BN+7AL MPU HU3KUX DHEPTUsiX BaXKHO IS UC-
CJIe/IOBAHUS CBOWCTB MAaTEpHAOB U SAEPHOTO TOILTHBA. DTO HUCCIIE0BAHUE AJIEPHOTO TpoIiecca CocoOCTBY-
eT AanbHeHIIeMy Pa3BUTHIO SAEPHBIX MAaTEPUAIOB U SHEPTETUUECKUX TEXHONOTHH.

Kniouesvie cnosa: MEKPOCKOIIMIECKHI aHAIN3, YIIPYTO€ pacCestHUe, MOJIeIb ABOMHOTO (DOJIIMHTA, MOTESHIHAI
B3Y-Fetal, pactipenienenue mIoTHOCTH HyKJIOHOB
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