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Abstract

The Trojan horse method was employed to indirectly measure the bare-nucleus
reaction cross-section and astrophysical S-factor of the 9Be(p,a) 6Li reaction in
the low-energy region , utilizing the three-body reaction 2H(9Be,a 6Li)n. Com-
paring the two-body reaction data extracted from the Trojan horse method
with that obtained through direct measurements, compatibility is observed in
the energy region above approximately 100 keV. Additionally, the THM data
successfully reproduces the expected low-energy resonance peak around 270 keV.
The THM extraction of the astrophysical factor yields S(0) = 21.0 + 0.8 MeV
b, which surpasses the extrapolation obtained from direct measurements. The
9Be(p,«) 6Li reaction channel exhibits a subthreshold resonance with a width
of 25 keV, positioned approximately -23 keV below the threshold. However, the
strong electron shielding effect near the zero energy position in direct measure-
ments often masks the influence of the subthreshold resonance on the low-energy
region. In contrast, the THM method allows us to neglect the electron shield-
ing effect. The THM experimental data were subjected to fitting using the
Breit-Wigner function and subsequently compared with directly measured data.
Following a comprehensive comparative analysis, it was discerned that the S(0)
value obtained through THM exceeded the extrapolated value derived from di-
rect measurements. This disparity was primarily attributed to the influence of
the subthreshold resonance.
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The Trojan horse method was employed to indirectly measure the bare-nucleus
reaction cross-section and astrophysical S-factor of the 9Be(p,(cid:11))6Li
reaction in the low-energy region, utilizing the three-body reaction
2H(9Be,(cid:11)6Li)n. Comparing the two-body reaction data extracted
from the Trojan horse method with that obtained through direct measurements
reveals compatibility in the energy region above approximately 100 keV.
Additionally, the THM data successfully reproduces the expected low-energy
resonance peak around 270 keV. The THM extraction of the astrophysical
factor yields S(0) = 21.0 (cid:6) 0.8 MeV b, which surpasses the extrapola-
tion obtained from direct measurements. The 9Be(p,(cid:11))6Li reaction
channel exhibits a subthreshold resonance with a width of 25 keV, positioned
approximately -23 keV below the threshold. However, the strong electron
shielding effect near the zero-energy position in direct measurements often
masks the influence of the subthreshold resonance on the low-energy region. In
contrast, the THM method allows us to neglect the electron shielding effect.
The THM experimental data were subjected to fitting using the Breit-Wigner
function and subsequently compared with directly measured data. Following
a comprehensive comparative analysis, it was discerned that the S(0) value
obtained through THM exceeded the extrapolated value derived from direct
measurements. This disparity was primarily attributed to the influence of the
subthreshold resonance.

PACS numbers: 24.50.+g, 24.10.-1, 25.70.Hi, 26.20.-f

Introduction

Research on the abundance of light elements Li, Be, and B is of paramount im-
portance in the field of nuclear astrophysics. The primordial abundance of light
nuclei is considered a crucial parameter for testing the accuracy of models of non-
uniform primordial nucleosynthesis in the context of the Big Bang theory [1-3].
Additionally, it serves as a precise probe for the internal mechanisms of stars
[4-6]. The dominant process for destroying 9Be in astrophysical environments
occurs through the proton-initiated (p,(cid:11)) reaction channel. Measurement
of the bare-nucleus reaction cross sections for 9Be(p,(cid:11))6Li is essential in
the astrophysical energy range of 10-100 keV [7, 8]. This energy range lies below
the Coulomb barriers, and nuclear reactions can only occur through barrier pen-
etration effects. As a result, the reaction cross-section decreases exponentially
with decreasing energy.

Experimental measurements of nuclear reactions in such a low energy range are
challenging [9-11]. To facilitate extrapolation, the concept of the astrophysical
S-factor is introduced, which exhibits minimal sensitivity to energy variation
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[12]:

S(F) = E[(cid : 27)(E)] exp(2(cid : 25)(cid : 17))

(cid : 22)
2F

(cid : 22)c?

17 = 72
(cid : 17) = Z34, 5

= Z,,2(cid : 11)

In Eq.(2) (cid:17) is the Sommerfeld parameter, Z;, Z, are the charge numbers
of the two particles, (cid:22) and E are the reduced mass and energy of the
center-of-mass system, (cid:11) = 1/137 is the fine structure constant, and ¢
represents the speed of light. The reaction cross section can be expressed as

Eq.(3):

(cid : 27)(E) = S(E)E ! exp(—2(cid : 25)(cid : 17))

The cross section can be divided into three components. Firstly, S(E) character-
izes the contribution of purely nuclear interactions to the cross section. In the
absence of resonances, it exhibits a gentle variation with energy. Secondly, E~!
is a non-nuclear factor associated with the de Broglie wavelength. Lastly, the
Gamow factor, exp(-2(cid:25)(cid:17)), characterizes the probability of Coulomb
barrier penetration and plays a crucial role in determining the sharp decrease
of the reaction cross section with decreasing energy.

In recent years, various indirect methods have been developed to mitigate the
uncertainties introduced by extrapolation. One such method is the Trojan Horse
Method (THM) [11, 13]. The Trojan Horse Method is founded on the princi-
ples of quasi-free reactions and operates under specific kinematic conditions. It
selects a three-body reaction closely related to a two-body reaction under con-
sideration. This three-body reaction occurs above the Coulomb barrier, thus
avoiding the inhibiting effect of the Coulomb barrier on cross-sections. Addition-
ally, electron screening effects can be negligibly small in this context. The first
experimental measurement of the electron screening potential was conducted
by Engstler and colleagues in 1988 through the study of the 3He(d,p)4He reac-
tion. Subsequently, researchers have explored the electron screening potential
through a series of nuclear reaction experiments. The results consistently in-
dicate that electron screening effects in low-energy nuclear reactions lead to
anomalously increased reaction cross-sections and S-factors [14-16].

Utilizing the Trojan Horse Method to investigate charged particle reactions in
the astrophysical energy regime enables researchers to overcome the challenges
posed by electron screening effects and the Coulomb barrier in direct measure-
ments. In the 9Be(p,(cid:11))6Li reaction channel, there exists a sub-threshold
resonance with a width of approximately 25 keV at energies around -23 keV [17].
Combining the bare-nucleus reaction data obtained through the Trojan Horse
Method with direct measurement data, followed by further analysis, can greatly
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contribute to our understanding of the influence of sub-threshold resonances on
reaction cross-sections in the astrophysical energy range.

Trojan Horse Method

The Trojan horse method (THM) is an indirect measurement technique [18-20]
that utilizes a quasi-free reaction mechanism to extract the energy dependence
of the astrophysical factor S(E) of the astrophysically relevant two-body reaction
through the associated three-body reaction. As shown in Fig. 1 [Figure 1: see
original paper], this method is applicable to charged particle two-body reactions
of astrophysical interest:

A+z—C+Hec

Select a three-body reaction that is closely related to it:

A+a—C+c+bd

The nucleus a can be viewed as composed of two components, x and b, which
are loosely bound (a = x 4+ b). To ensure appropriate kinematic conditions, the
momentum transfer of nucleus b during the nuclear reaction is chosen to be very
small and negligible compared to x. Consequently, the nuclear reaction can be
considered to occur between nucleus A and x. The b nucleus acts as a bystander
in the A+x reaction, with its energy-momentum remaining unchanged, similar
to its state in the parent nucleus a. The component x is referred to as the
Participant of the quasi-free reaction, while b is called the Spectator of the
reaction. The parent nucleus a, which carries the nucleus x, is known as the
Trojan nucleus.

In this experiment, the Trojan nucleus is 2H, where 2H = p 4 n, with the proton
acting as the active participant in the nuclear reaction and the neutron acting
as a bystander in the two-body reaction 9Be(p,(cid:11))6Li.

After selecting the appropriate Trojan nuclei and three-body reactions, it is also
necessary to choose the appropriate incident particle energies. The incident
energy (EAa) of the three-body reaction in the quasi-free reaction needs to be
partially used to overcome the binding energy of x in the Trojan nucleus a. It
should be noted that the x nucleus exhibits a certain momentum distribution in
A (as shown in Fig. 2 [Figure 2: see original paper]). When x and A are moving
in the same direction, their relative motion can be mostly or even completely
canceled out. Therefore, even if the relative energy (EAa) of the incident channel
A-a is large, the relative energy (EAx) of the A-x system can be very small,
approaching zero. The choice of incident particle energy should consider several
factors. Firstly, the relative energy (EAa) of the A-a system needs to be above
the Coulomb barrier. This ensures that the Coulomb barrier does not cause a
sharp decrease in the cross-section, making it difficult to measure the reaction
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cross-section in the low-energy region. Secondly, it is important to make the
relative energy (EAx) of the A-x system close to zero. This is desired because
the cancellation of relative motion between A and x allows for a more efficient
quasi-free reaction. Therefore, when selecting the energy of the incident channel
particles, it is necessary to find a balance between these considerations. The
incident energy should be sufficient to overcome the Coulomb barrier and ensure
a measurable cross-section, while also allowing for the relative energy of the A-x
system to approach zero, taking into account the momentum distribution of x
in a.

The energy relationship between two-body and three-body reactions can be
obtained from the three-body reaction quasi-free condition and conservation of
energy [21]:

id - 22)
B —p,, (1- G2
Ax Aa ( (CZd . 22)3 €a cut

g, = (m, +my, —m,)c? is the Trojan nuclei’s binding energy.

EAx is the energy interval centered on Eqf Ax: EAx = Eqf Ax + Ecut), where
Ecut is the energy cutoff determined by the momentum width of the Fermi
motion. Thus corresponding to a beam energy point, two-body reaction data
can be obtained for a section of the energy interval near the quasi-free energy

point.

The experiment was performed at Beijing Tandem Accelerator National Labo-
ratory, of the China Institute of Atomic Energy. A beam of 9Be of 22.35 MeV
was provided by the HI-13 tandem accelerator. The beam intensity ranged be-
tween 10 and 20 nA [20]. When the beam current of 9Be exceeds the Coulomb
barrier, the three-body reaction can occur above the barrier, and the two-body
reaction takes place in the nuclear interaction region with the assistance of the
three-body reaction. The effects of the Coulomb barrier and electron shielding
can be neglected. Information regarding the desired two-body reaction is ex-
tracted through the three-body reaction 2H(9Be,(cid:11)6Li)n, with complete
kinematic measurements of (cid:11) and 6Li.

Data Analysis

In this experiment, the bare-nucleus reaction cross section and astrophysical S-
factor of the 9Be(p,(cid:11))6Li astronomical nuclear reaction in the low-energy
region are indirectly measured using the Trojan horse method. The desired in-
formation about the two-body reaction is extracted through the three-body re-
action 2H(9Be,(cid:11)6Li)n, with complete kinematic measurements of (cid:11)
and 6Li. The experimental data obtained using the Trojan horse method are
listed in Table 1 [20].
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TABLE I: Astrophysical S-factor of 9Be(p,(cid:11))6Li reaction chan-
nel obtained by Trojan horse method.

Ecm./MeV  S(E) /MeV b AS(E) /MeV b

The experimental data obtained through the Trojan horse method accurately
reproduce the expected low-energy resonance peak at 270 keV. These indirect
measurements align with the direct measurements in the energy region above
approximately 100 keV. However, the direct measurements show a significant
increase in the energy region below 100 keV, which can be attributed to the
effect of electron shielding potential [20]. Sierk and Tombrello conducted mea-
surements of the reaction cross section of this reaction channel. They analyzed
the data using the R-matrix method that incorporated three broad resonances.
The results approximately replicated the structure observed in the data [22].
Notably, the data exhibit a decreasing trend towards lower energies in the Ep
< 100 keV energy region, reaching a minimum in S(E) followed by a steep rise.
Further measurements of this reaction channel and the reaction cross-section
were conducted by Zahnow et al. within the energy range of Ep = 16 to 390 keV
[23]. When compared to the results of Sierk et al., the two sets of measurements
show greater consistency in the energy region of Ep > 100 keV, but significant
differences emerge below 100 keV. The increasing trend at the low-energy end
is influenced by both the subthreshold resonance and the electron shielding ef-
fect. The direct measurement result by F. Kaihong et al. yields a result of S(0)
= 16.2 + 1.8 MeV b for the astrophysical factor [24]. In contrast, the Trojan
horse method extracts a higher value of S(0) = 21.0 4+ 0.8 MeV b, surpassing
the direct measurement extrapolation. The reaction channel has a subthresh-
old resonance with a width of 25 keV at a subthreshold of about -23 keV. It is
speculated that the higher S(0) obtained through the THM is primarily due to
the presence of this subthreshold resonance. To investigate the impact of the
subthreshold resonance on the astronomical factor, the Breit-Wigner function
is utilized in Fig. 3 [Figure 3: see original paper] to fit the THM data.

S(E) = Sy(E) + 5,(E)

(Ty/2)*
(E—Ey)?+ (I'h/2)?

So(E) = Ay %

(I'y/2)
(E—E)?+([/2)°

Eq.(7) is the Breit-Wigner function. Two Gaussian peaks, S;(E) Eq.(8) and
S;(E) Eq.(9), fit the data extracted from the THM indirect measurements. The
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suprathreshold energy peak was fitted using S,(E), while the subthreshold res-
onance peak was fitted using S;(E) with an E; of -23 keV. The individual pa-
rameters of the fit are shown in Table II.

Fig. 3 illustrates the comparison between the THM data fit using the Breit-
Wigner function and the direct measurement of the fitted data. In Fig. 3 the
THM-extracted astronomical factor S(E) data points [20] are represented by
solid square symbols. The astronomical factor S(E) data points from direct
measurements [22], [23], and [24] are denoted by hollow triangles, hollow circles,
and hollow pentagons, respectively. The red dashed line represents the fitted
curve of the directly measured data, taking into account the electron shielding
potential. The solid black line corresponds to the THM data fitted using the
Breit-Wigner function. This fitted curve exhibits two energy peaks, one above
and one below the threshold.

The black dashed line represents the fitted suprathreshold energy peak S, (E) ob-
tained from the Breit-Wigner function, while the black dotted line corresponds
to the fitted subthreshold resonance peak S;(E).

TABLE II: Parameters for fitting THM data using the Breit-Wigner
function.

So(0)/MeV  S(0)/MeV
Ey/keV Ty/keV E, /keV Iy /keV b b

92(cid:6)8  279(cid:6)33 260(cid:6)42 10(cid:6)4  48(cid:6)73

Table II presents the parameters of the THM data fit using the Breit-Wigner
function. It is observed that when the effect of subthreshold resonance is not
considered, S;(0) = 16.3 MeV b, which is the same as the direct measurement
extrapolation result S(0) = 16.2 + 1.8 MeV b. However, when the subthreshold
resonance effect is considered, S(0) = 21.5 MeV b, indicating a higher value
compared to the direct measurement extrapolation.

Examining Fig. 3, we observe that the red dashed line, solid black line, and
black dashed line data are consistent in the region above approximately 100
keV. Additionally, there is a pronounced upward trend for the red dashed line
in the energy region below 100 keV, attributed to the electron shielding potential
effect. Analyzing the data in Fig. 3 in conjunction with Table II, the higher
S(0) obtained by THM than extrapolated from direct measurements is mainly
due to subthreshold resonance.

The astrophysical factor S_b(E) of the bare-nucleus is measured using the Tro-
jan horse method. By comparing S_b(E) with the directly measured astrophys-
ical factor S_d(E), which includes the electron shielding effect, the electron
shielding potential U__e can be extracted. This can be done using Eq.(10):
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S,(E) = 8,(E) exp ((cid : 25)(cid : 17)Ue>

E

The astronomical factor S_d(E) used in the calculation was selected from the
direct measurements conducted by Sierk [22], Zahnow [23], and F. Kaihong [24].
By applying Eq.(10), we determined the electron shielding potential as U_e =
474 + 81 eV. This value agrees with the electron shielding potential of U_e
= 545 + 98 €V obtained from direct measurements by F. Kaihong et al. [24].
However, it is lower than the average value of the electron shielding potential
[12], U_e = 788 + 70 €V, derived from THM [20] and Zahnow [23]. The ratio
of the electron shielding potential U_e = 474 4 81 eV to the theoretical U_e

240 €V obtained through the atomic model is 1.97 4+ 0.33. It is worth noting
that the ratio of the experimental electron shielding potential value for other
reaction channels to the theoretical value obtained through the atomic model
is also around 2 [12]. This consistency lends further support to the accuracy of
the electron shielding potential results obtained in our study.

Results and Discussion

Combining the THM-obtained bare-nucleus reaction data with direct measure-
ment data is of paramount importance for a more profound investigation into the
influence of sub-threshold resonances on astrophysical reaction cross-sections.
Typically, electron screening effects in direct measurement data can obscure the
impact of sub-threshold resonances on low-energy region cross-sections. How-
ever, employing the THM method allows us to effectively circumvent these
electron screening effects.

In this study, we utilized the Breit-Wigner function as an analytical tool to han-
dle the THM data. Specifically, we fitted the data with S,(E) for the resonance
peak above the threshold and employed S;(E) to fit the resonance peak be-
low the threshold. Through a comprehensive fitting analysis, we observed that,
when not considering the influence of sub-threshold resonances, the obtained
Sp(0) = 16.3 MeV b, which aligns with the results extrapolated from direct
measurements. However, when accounting for the impact of sub-threshold res-
onances, we found that S(0) = 21.5 MeV b, which exceeded the extrapolated
results from direct measurements. The fitting outcomes unambiguously demon-
strated that the higher value of S(0) obtained with the THM method is primarily
attributed to the presence of sub-threshold resonances. Furthermore, through a
comparative analysis between THM and direct measurement data, we success-
fully extracted the electron screening potential, U_e = 474 4+ 81 eV. This value,
when compared to the theoretically estimated U_e 240 eV based on atomic
models, yields a ratio of 1.97 4+ 0.33.

In summary, in the study of reaction cross-sections within the astrophysical
energy regime, considering the influence of sub-threshold resonances is crucial,
as it can significantly impact the measured cross-section values. Additionally,
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our extraction of the electron screening potential provides valuable insights for
a deeper understanding of bare-nucleus reactions.
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