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The present study employs DWIA (Distorted Wave Impulse Approximation) framework, allows to investigate the influence of knock-
on exchange effects together with tensor force contributions while examining the charge exchange reactions. Here, the differential
cross-section and unit cross-section for (t, *He) charge-exchange reactions on '2C, 13C, 2Mg and ¥Ni targets have been computed. The
obtained results demonstrate that consideration of knock-on exchange terms substantially decreases the estimated cross-section.
Furthermore, the tensor forces contribution introduces an additional layer of complexity to the analysis of charge exchange reactions.
Depending on the target nucleus, the tensor forces contribution produces either constructive or destructive interference effects, which
leads to either increment or decrement in cross-section magnitude based on the target nucleus. The predicted unit cross-sections agree
with corresponding experimental data but show specific deviations because of tensor interactions which are most pronounced in 3¥Ni.
Keywords: Gamow-Teller transitions;, Charge Exchange Reaction; Tensor forces, Distorted Wave Impulse Approximation; Angular
Distribution; Unit cross-section
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INTRODUCTION

Spin-isospin excitations within nuclei at intermediate energies have been extensively studied through hadronic
probe, involving (p, n) and (*He, t) charge-exchange (CE) reactions along with their inverse reactions, (n, p) and (t, *He),
during the past several decades [1]-[7]. Particularly, these reactions facilitate the exchange of nucleons (protons or
neutrons) between interacting nuclei such as (t, *He) reactions and same process followed by B*- decay shown below in
Figure 1, thereby inducing isospin transitions (AT = 1) with or without associated spin-flip processes (AS =1 or AS = 0).
This versatility has made them particularly effective for investigating Gamow-Teller (GT) transitions, Fermi (F)
transitions, and higher-order excitations such as spin-dipole and quadrupole transitions, which are often remains
inaccessible through conventional beta decay [8], [9].
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Figure 1. Illustration of (t, 3He) charge exchange reaction and - decay process

In recent decade, weak interaction research attracts the attention of scientists commonly around the globe, due to the
fact that these processes determine fundamental explanations for nuclear physics and astrophysical phenomena. The
mechanisms that control stellar evolution and initiate core-collapse supernovae remain governed by weak interaction
processes. Furthermore, weak interactions play a critical role in rare nuclear processes like neutrino-less double-beta
decay (0OvBp), which has deep implications for understanding the nature of neutrinos and the asymmetry between matter
and antimatter in the universe [10]-[13]. Additionally, weak interaction rates, particularly Gamow-Teller (GT) transition
strengths characterised by changes in isospin (AT = 1), spin (AS = 1), and angular momentum (AL = 0), are essential for
modelling neutrino-driven nucleosynthesis pathways that contribute to the formation of heavy elements in astrophysical
environments [14]-[17]. Charge exchange reactions like (t, *He) and (°*He, t) play a pivotal role in extracting these
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transition strengths due to their ability to probe high-excitation energy states beyond the Q-value limitations inherent to
B-decay, thereby allowing for comprehensive studies of weak interaction processes and their implications in stellar
environments [18], [19]. These reactions offer high-resolution measurements, providing critical data for validating
different theoretical models [20], [21].

As it is evident that at low momentum transfer, the differential cross-section measurements and GT transition
strengths exhibit a well-documented proportionality, which is commonly called the unit cross-section (657) [22], [23].
This relationship acts as an essential method for getting correct B(GT) values, which helps to validate theoretical models,
including the shell model and quasiparticle random phase approximation (QRPA) [24]-[26]. Moreover, the experimental
capabilities have been expanded through secondary triton beam developments to analyse GT strength distributions in
various medium-mass nuclei [27]. Zegers et al. showed that (t, *He) along with (*He, t) reactions provide effective GT

probes that give matching experimental data with low probe sensitivity. The unit cross-sections 6,7 show equivalent mass

dependency for nuclei having A > 12, while following the relationship 65 = Alo%. This relation persists despite

differences in beam energies between (t, *He) using 115 MeV/u and (*He, t) using 140 MeV/u [20].

The accurate determination of Gamow-Teller strengths depends heavily on precise evaluation of knock-on exchange
effects and tensor force interactions because due to approximate inclusion of these effects resulting in presence of
systematic uncertainties to charge-exchange (CE) reaction results [22], [28]. However, experimental data matches more
effectively with predications when antisymmetric DWIA models with precise knock-on exchange amplitudes are
employed [21], [29]. Further, consideration of tensor interactions creates additional difficulties during GT strength
measurements because it produces interference between the AL = 0 and AL = 2 multipoles. The interactions create
systematic uncertainties reaching 20% for weak transitions [26]. Comparative studies, by Zegers et al., confirm that both
(t, *He) and (*He, t) reactions reliably extract Gamow-Teller (GT) strengths for weak-interaction. However, some
inconsistencies arise due to consideration of higher multipole transitions (AL = 2) [29], systematic uncertainties from
variations in optical model potentials and reaction dynamics leading to normalization discrepancies of 10-20% [14], and
the pronounced impact of knock-on exchange effects requiring precise theoretical treatment for both the reaction [28].

Previously, we have examined (*He, t) reaction on various targets using Distorted Wave Impulse Approximation
(DWIA) at intermediate energy, wherein the importance of incorporation of knock-on exchange effects have been
discussed [30]. However, in current work, we have examined (t, *He) charge exchange reaction at low and medium-mass
nuclei at 140 MeV/nucleon for Gamow-Teller transitions. Both knock-on exchange effects and tensor force contributions
have been incorporated to extract clearer and more precise information from these reactions.

RESULTS AND DISCUSSION
DWIA approach have been used in current work, which has been discussed in detail in refs. [30]-[32]. However,
some important expressions used in calculations are discussed below. The differential cross-section may be computed by
using below expression.
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In above, u, and p, are the reduced mass of reactants in incoming and outgoing channel while the wave number in
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incident and exit channel are accounted by k, and k;, respectively. (ocj;;’;,ll t

) is the expansion coefficient which is further
formulated in terms of Racah coefficient (W).

Currently, there is no exact method available for calculating charge-exchange reactions involving composite
particles. As a result, most calculations rely on pseudo-potential approximations whose accuracy can vary significantly
depending on the projectile energy and target mass. Therefore, to gain clearer insights into the influence of exchange term
and tensor force terms in distorted wave impulse approximation calculations, we present results for the differential cross-
section of (t, *He) reactions on 2C, 13C, 26Mg and *®Ni at a beam energy of 140 MeV/nucleon focusing on Gamow-Teller
(GT) transitions. The calculated differential cross-sections are illustrated in Figure 2 (a-d) for 2C, *C, Mg and *Ni
respectively. To extract the cross-section at 0°, the experimental differential cross-sections are fitted to the theoretical
predictions obtained using the DWIA framework with the DCP-2 code. These calculations focus on transitions to final
states with known GT strengths for the 17 ground state, as listed in Table 1. A key element in these calculations is the use
of an effective nucleon-nucleon interaction potential (V), which plays a crucial role in accurately modelling the reaction
dynamics and expressed as

V = [ dxydxydx;dx;pr(egx;)pp (s, X3) 15 (X1 X5, X1 X5). (2)

where, x; = (1;,0;,7;) stands for space, spin and iso-spin co-ordinate of i*" particle (i = 1,2) and x/ co-ordinate
denotes the x; after the exchange of nucleons ‘1’ and ‘2°. The interaction potential, expressed as v;,(x1x5, X1X,) =
x1x%5VPxix, + (=), P x1x3VEx x,, with P™ as exchange operator, is a combination of direct and exchange part of the
Love and Franey type effective interaction (V! (i = D) for direct and (i = E) for exchange) [33], [34].
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We also assume that the effective interactions contain both central and tensor terms. The tensor operator can be

. a N aNra 4 ~ A 2 oy PO
written as S;, = 3(6,.7)(6,.7) — (6,.6,) = Zq\/41r\/; Y4124, Where T, is a second rank tensor operator. The

Pr(xq,x1) and pp(x,, x3) respectively accounts the non-local densities for target and projectile. The value of B(GT)
[14], [22] and the optical model potentials parameters (OMP) that are extracted from *He elastic scattering data are taken
from refs. [35]-[38] while for outgoing channel (*H) same parameters are used except potential depth which is modulated
by multiplying with 0.85 [37]. The one body transition densities (OBTD’s) give weight factors for each 1p-1h excitations
and have been calculated using OXBASH code using sd-model space coupled with USD hamiltonian [39], while for
heavier mass like *¥Ni, the pf-model space along with GXPF1 interactions has been used [40]. In addition, the radial wave
functions used for the calculation of form factor are constructed with Woods-Saxon potential. The radial densities for the
projectile (*He) and ejectile (*H), are obtained from Variational Monte Carlo calculations [41].

Table 1. Initial and final states of various systems excited by reaction (t, *He). B(GT) values tabulated below are calculated by
employing method given in refs. [14], [22].

Initial (J7, E) Final (J7, E) B(GT)
2¢(0%,g.5.) 12B(1%,g.5.) 0.99
1~ 37
BCG ,g-5) BB ,g.5.) 0.711
%Mg(0*,g.s.) 2Ng(1%,0.08) 0.41
$BNi(0*, g.s.) 8Co(1*,1.87) 0.72

Figure 2 presents the differential cross-section of (t, *He) charge exchange reaction for '2C, 13C, 130, Mg, Ni
nuclei, focusing on their first Gamow-Teller (GT) states listed in Table 1.
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Figure 2. (Color online) The calculated differential cross-section for (t, *He) charge exchange reaction on '2C, 3C, 2Mg and ®Ni target
using DWIA at 140 MeV/nucleon. The solid (black) and dashed (red) line represents the direct and total (D+E) contribution without
tensor forces effect respectively. The dotted (green) and dash-dotted (blue) line represents the direct and total (D+E) contribution with
tensor forces effect respectively. The solid (black) circle represents the experimentally measured data
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For each target nucleus four sets of calculations were performed to evaluate the contributions of different interaction
terms, (i) direct terms contributions without exchange terms calculations represented by Direct (D) (ii) direct terms with
inclusion of knock-on exchange terms labelled as Total (D+E) (iii) while results obtained for tensor forces along with
direct terms contribution represent are shown by Direct (D) with tensor (iv) the total contribution with tensor forces
depicted by Total (D+E) with tensor. Quantitatively, the inclusion of exchange effects causes a significant reduction in
the differential cross-section, in magnitudes up to 20% - 60% for all the targets considered in this work. Generally,
calculations incorporating exchange terms effects, deviate from the experimental data, except for 2Mg. A similar trend
has been observed in earlier work performed with (*He, t) reaction.

Furthermore, it is noticed that the inclusion of tensor force terms creates noticeable changes to the cross-sections,
primarily in the forward scattering region. For >C and '*C, the inclusion of tensor terms leads to a slight increase (up to
10%) in the differential cross-section at forward angles, constructively enhancing the cross-section and improving
agreement with experimental data [22], [42]. In contrast, for 2Mg and **Ni, the tensor forces interact destructively with
the total (D+E) contributions. Although, for the case Mg, tensor interference leads to a 20% reduction in the cross-
section, narrowing the gap between theoretical predictions and experimental measurements [20]. For *®Ni, the tensor
contribution results in an even more pronounced reduction, up to 60%, which moves the theoretical predictions further
away from the experimental data [14].

The variations in differential cross-sections across different nuclei can be explained by the role of the tensor
component in the effective nucleon-nucleon interaction. This tensor force introduces interference between the AL =0 and
AL = 2 amplitudes, both contributing to AJ = 1 Gamow-Teller transitions. The nature of this interference is constructive
as well as destructive, varies depending on the target nucleus and specific reaction conditions. These factors significantly
influence the reaction mechanism and the degree of agreement between theoretical predictions and experimental data,
depending on the target nucleus involved. To further analyze the reaction dynamics and quantify these effects, unit cross-
sections have been calculated.

The unit cross-section 1 for charge-exchange (CE) reactions is determined using the relationship between the
Gamow-Teller (GT) transition strength and the differential cross-section at zero momentum transfer, expressed as

£2(q - 0) = GerB(GT) 3)

Calculating the unit cross-section typically requires known (B(GT) values, which are often obtained from 3-decay
measurements. In cases where such experimental data are unavailable, theoretical models must be employed to estimate
the unit cross-section. Another approach involves using empirical formulas such as those presented in Ref. [20]. However,
it is important to recognize that empirical methods have limited precision and theoretical calculations are generally
necessary for more accurate determinations. However, we have calcuated the unit cross-section for (t, 3He) charge
exchange reactions and shows its variations over different target nuclei '2C, '3C, Mg and **Ni.
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Figure 3. (Color online) (a) The calculated unit cross-section for (*He, t) Charge exchange reactions on targets '>C, 2Mg, ¥Ni and
1208n for GT transitions. (b) shows the ratio of the calculated and experimental unit cross-sections relative to the fitted cross-section
for Gamow-Teller transitions. In both figs., the solid square (black) and circle (red) shows direct and total (D+E) calculations without
incorporating tensor forces. While upward triangle (green) and downward triangle (blue) is showing the results after consideration
tensor forces in the calculation with direct and total (D+E) term respectively. The solid (black) line represents the unit cross-section
obtained through fitted empirical function

Figure 3 presents four distinct calculations for each target along with the results obtained through empirical relation,
6er,fie = 109 JA%55 which is a power fit to experimental data [14]. In Figures 3 (a) and 3(b), respectively the solid square
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(black) and circle (red) shows direct and total (D+E) calculations without incorporating tensor forces. While upward
triangle (green) and downward triangle (blue) is showing the results after consideration tensor forces in the calculation
with direct and total (D+E) term respectively. The solid (black) line in the figure corresponds to the unit cross-section
obtained through empirical formula. To evaluate the reliability of the conclusions drawn from the empirical relation
6er,fie = 109 JA%55 Figure 3 (b) shows the ratio of the calculated and experimental unit cross-sections relative to the
fitted cross-section for Gamow-Teller transitions. This comparison helps to validate the theoretical calculations, especially
in cases where experimental data is lacking.

In Figure 3 (a) it is evident that for '2C, '*C and **Ni nuclei, both the direct and total (D+E) calculations without
tensor forces underestimate the unit cross-section predicted by the empirical fit. Conversely, for Mg, the calculated
values overestimate the empirical data. Furthermore, when tensor forces are incorporated into the direct and total (D+E)
calculations, there is a noticeable reduction in the differential cross-section, by up to a factor of 2 for Mg and up to 4 for
*8Ni. In contrast, for '2C and '*C, the inclusion of tensor forces results in only a slight increase in the cross-section
magnitude compared to the results without tensor forces. Overall, the addition of tensor forces tends to align the calculated
results more closely with the empirical fit for '*C, '*C and Mg, improving the agreement between theory and experiment.
However, for *®Ni, the results further deviate from the empirical fit upon including tensor contributions. These variations
arise from the behavior of the tensor component in the effective nucleon-nucleon interaction, which eventually influences
the charge-exchange reaction results. Specifically, this tensor force induces interference between the AL = 0, AS =1
amplitudes (mediated by the 6t component) and the AL =2, AS = | amplitudes (mediated by the tensor-t component).
Since both of these transitions contribute to the AJ = 1 Gamow-Teller transitions, the nature of the interference can be
either constructive or destructive, depending on the specific nuclear system and reaction conditions.

SUMMARY AND CONCLUSION

In this work, (t, *He) charge-exchange reactions at 140 MeV/nucleon on '2C, *C, Mg and **Ni targets have been
examined. Differential cross-sections and unit cross-sections have been computed by incorporating both knock-on
exchange effects and tensor force components through DWIA approach with computer code DCP-2. Calculations shows
that knock-on exchange effects reduced the predicted cross-sections by 20% - 60%. Further, it has been also noticed that
the incorporation of exchange terms produces better predictions of experimental results for Mg nuclei. It is worth to
mention here that the inclusion of tensor force terms produces intricate patterns of destructive and constructive
interference between the AL = 0 and AL = 2 components. The destructive interference has been noticed in case of **Mg
and *®Ni which eventually causes to reduction cross-sections up to 60%. A good agreement between calculated unit cross-
sections and experimental data has been found for all the targets considered here except **Ni.
In conclusion, the study establishes fundamental understanding of (t, *He) process behavior while demonstrating the
requirement of considering advanced nuclear interactions for achieving accurate theoretical predictions.
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[41
[42

JOCJIKEHHSI PEAKIIA OBMIHY 3APSY (t,*He): BPAXYBAHHSI YJIEHIB OGMIHY BUBUBAHHSM
TA TEH30PHOI CUJTH
Amnkira, lapain Cinrx
Disuunuil paxyromem, Yuisepcumem nayku ma mexuonozii imeri [Jinbanoxy Yxomy Pama, Mypman, Coninam 131039, Xapvana, Inoia

VY upoMy JOCHiKeHHI BUKOPHCTOBYEThCs cTpykTypa DWIA (Distorted Wave Impulse Approximation), sika 103BOJISIE TOCIiIKYBaTH
BIUTHB ¢(eKTiB 0OMiHy BHOMBaHHSIM Pa3oM i3 BHECKAMHU TEH30PHOI CHJIM TIiJl Yac JOCIIKEHHS peakuiil oOMiny 3apsaoMm. Tyt Oyno
o0uucieno audepeHiianbauii nepepis i onuuuaHui nepepis s (t, *He) peakuiit o6miny 3apsaom Ha mimensx 2C, 13C, 26Mg i 33Ni.
OtpuMaHi pe3ynbTaTé IeMOHCTPYIOTh, 10 BpaxXyBaHHs yMOB OOMiHy CYTTEBO 3MEHIIYE PO3paxyHKoBUil mepepi3. Kpim Toro, BHECOK
TEH30PHUX CHJI BHOCHUTH JOJATKOBHII PiBEHb CKJIAJHOCTI B aHaJi3 peakuiid oOMiHy 3apsioM. 3alexHO BiJl LIILOBOTO SApa, BHECOK
TEH30pPHUX CHJI CTBOPIOE a00 KOHCTPYKTHBHI, a00 JecTpyKTHBHI edekTu inTepdepeHii, o npu3BoanTs ado 10 30inbieHHs, abo 10
3MEHIIICHHSI BEJIMYMHU IOIEPEYHOro Inepepily Ha OCHOBI LiIbOBOro siapa. [IporHo3oBaHi OAMHWYHI Hepepi3u y3TOMKYIOThCS 3
Bi/IMTOBIZITHUMHU €KCIIEPUMEHTAJIbHIUMH JaHUMH, aJle IEMOHCTPYIOTh celudidni BiIXUICHHS Yepe3 TeH30pHI B3aeMOIil, sKi HaitO1IbIn
Bupaxeni B **Ni.

KurouoBi cioBa: nepexoou Iamosa-Tennepa; peakyiss 0OMiHy 3apsady; MeH30pPHI CUn; AnpOKCUMAYis CHOMBOPEHO20 XGUNbOBO2O
iMRYTIbCY; KYMOGUIl po3Nnooii,; nonepeurull nepepiz



