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Abstract. Helium (4 He, or α) is the second most abundant element in the ob-

servable Universe. The α-particle induced reactions such as (α, γ), (α, n) and
(α, p) play a crucial role in nuclear astrophysics, especially for understanding
stellar helium burning. Because of the strong Coulomb repulsion, it is greatly
hindered to directly measure the cross sections for these α-capture reactions at
stellar energies. Alpha-cluster transfer reaction is a powerful tool for investigation of astrophysical (α, γ), (α, n) and (α, p) reactions since it can preferentially
populate the natural-parity states with an α-cluster structure which dominantly
contribute to these astrophysical α-capture reactions during stellar helium burning. In this paper, we review the theoretical scheme, the experimental technique,
astrophysical applications and the future perspectives of such approach based on
α-cluster transfer reactions.

1 Introduction
Nuclear astrophysics research is currently a frontier in the quest to understand how the elements in Universe were created and how stars evolve over time. Thousands of nuclear
processes are responsible for the synthesis of the elements and drive the evolution of stars.
These nuclear reactions are mostly triggered by hydrogen, helium, and heavy ions. Apart
from the major so-called Big Bang Nucleosynthesis (BBN) [1, 2], the 4 He nuclide (namely,
α cluster or α particle) can also be created during the hydrogen-burning phase within stars
[3], which did not occur until about 100 million years after the Big Bang. Because 4 He is the
second most abundant element in the observable Universe after hydrogen, α-cluster induced
reactions like (α, γ), (α, n), and (α, p) play a crucial role in nuclear astrophysics, especially
for understanding stellar helium burning, which is a critical stage during the evolution of
stars.
Because the energies corresponding to typical temperatures in stars are signiﬁcantly below the high Coulomb barrier, the direct measurements of α-particle induced reactions at
stellar energies (so-called Gamow window) are greatly hindered due to the vanishing cross
section resulting from the small Coulomb penetrability at energies of astrophysical interest.
The 12 C(α, γ)16 O cross section, for example, is expected to be on the order of 10−17 b at 300
keV corresponding to the average temperature of helium burning. By far, this is more than
ﬁve orders of magnitude lower than the maximum sensitivity achieved by the most advanced
measurements. Generally the estimations of the cross sections at stellar energies are extrapolated from experimental data with a much higher energy range. However, because unknown
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resonant states oﬀen exist in the energy range of astrophysical interest, and free parameters
in extrapolations are not able to be properly constrained by data at high energies. Therefore,
such extrapolations may lead to considerable uncertainty. As a result, indirect approaches (for
example, α-cluster transfer reactions) are particularly useful for reactions that are diﬃcult, if
not impossible, to measure directly. These techniques can be used to derive level parameters
(e.g., energies, asymptotic normalization coeﬃcients (ANC) or spectroscopic factors (SFs),
lifetimes) that can then be used in the analysis of the R-matrix or other reaction model [4].
Several indirect techniques for studying astrophysical α-capture reactions have been developed and implemented. In present article, we focuse on a speciﬁc and complementary
method, α-cluster transfer reactions, which specially aims at determining the cross sections
and the stellar rates of α-particle induced reactions in the stellar helium burning phase, which
are more diﬃcult directly to measure at the Gamow window than proton induced reactions
since they have higher Coulomb barrier. Because the α transfer reaction is most likely to
occur by α-cluster transfer mechanism, it can not only be used to study α-particle induced
astrophysical reactions [5], but also to evaluate the nuclear structure (e.g., α-decay widths
[6]) and nuclear reaction mechanisms [7].

2 DWBA theory
In reactions of type A(a, b)B, the nuclei A and a usually start in their ground states. In
general, direct reaction and compound-nucleus reaction mechanisms are used to describe
transfer reactions. Only a few nucleons or the nucleus as a whole on the surface of the nucleus
are involved in the reactions that proceed most quickly. They are called direct reactions, and
usually occur at high incident energies. This is because such reactions ﬁnish more quickly,
leading to fewer internal collisions. Because the ﬁnal nuclei’s directions are signiﬁcantly
more impacted by the initial direction in these quick reactions, they often exhibit high cross
sections at forward angles.
The DWBA theory, which assumes a one-step transition between the initial and ﬁnal scattering states, is widely applied to model the direct reactions. This theory proves very useful
in description of such reactions. Of course, the compound-nucleus reaction process is still
viable at lower energies or at backward angles. However, this mechanism produces isotropic
angular distributions which can be easily distinguished from forward-peaked cross sections.
It can also be evaluated and, if necessary, subtracted. In addition one-step assumption may
be improved by including two and higher-order steps, as in a perturbation series. Coupledchannels approaches must be employed in this scenario. More details about the Higher-order
eﬀects analysis can be found in Ref. [8].
In the DWBA theory, the most important equation is the relation between the reduced
DWBA and experimental diﬀerencial cross sections. Considering the α-cluster transfer reaction A + a → b + B, the relation is given to be



dσ
=
S AαlB jB S bαla ja σDWBA
(1)
lB jB la ja ,
dΩ exp l j l j
B B a a

where σDWBA
lB jB la ja denotes the reduced DWBA cross section. In addition the asymptotic normalization coeﬃcient (ANC) can be related to the spectroscopic factor by
(Cβγlϕ jϕ )2 = S βγlϕ jϕ · b2βγlϕ jϕ .

(2)

σDWBA
lB jB la ja depend on the optical model potential (OMP) parameters for the initial (a + A)
and ﬁnal (b + B) channels and the real binding potentials for the initial (a) and ﬁnal nuclei
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(B). Usually the OMP parameters of the initial and ﬁnal channels can be ﬁxed by ﬁtting the
experimental angular distributions of elastic scattering for the initial and ﬁnal channels. The
geometrical parameters for the binding potentials can be constrained by a minimum-χ2 ﬁtting
to the experimental data of transfer reaction angular distributions. Another typical method
to constrain the binding potential is to reproduce the root-mean-square (rms) radius of the
α-cluster wave function (e.g., for the B = (Aα) system) using the formula [9]
  mHe   mA   mHe mA  
r2B =
r2 +
r2 +
r2 .
mB He
mB A
m2B

(3)

 
   
2
, and rA2 are the the rms radii of the compound nucleus B, the valence
Here r2B , rHe
 
cluster He, and the core A, which can be determined experimentally or theoretically. r2 is
the root-mean-square (rms) radius of the α-cluster wave function.

3 Experimental techniques
From the perspective of nuclear astrophysics, α transfer reactions with large cross sections
provide an alternative method for extracting level parameters such as the α spectroscopic
factor (S α ), spectroscopic amplitude (SA), ANCs, or reduced α widths for the subthreshold
resonances crucially involved in determining the astrophysical S-factor of the challenging
α-capture reactions. Thus, in studies involving α-transfer processes, the selection of the αtransfer systems is the highest priority to consider. The most common transfer systems are
the (6 Li, d) and (7 Li, t) reactions. The (11 B, 7 Li) reaction has also been proposed as a suitable
transfer system for studying cluster structures and astrophysical reactions in recent years.
In the DWBA calculations, the S α or the ANC of the α provider in the transfer systems,
such as 6Li in the (6 Li, d) system, 7Li in the (7 Li, t) system and 11B in the (11 B, 7 Li) system,
is necessarily required to derive the desirable level parameters. The detailed table of S α /SA
and ANC results of the 6,7Li and 11B ground states for the (6 Li, d), (7 Li, t) and (11 B, 7 Li)
transfer systems can be found in Ref. [10].
In addition to (6 Li, d), (7 Li, t) and (11 B, 7 Li), other transfer systems, such as (16 O, 12 C)
and (20 Ne, 16 O), also have potential for investigating α-cluster structure and α induced reactions of astrophysical interest. To date the ANC of the 16 O GS has been extensively investigated. There is a large discrepancy of up to a factor 240 between these reported experimental
values of the GS ANC ranging from 13.9 ± 2.4 fm−1/2 to 3390 fm−1/2 [11–15]. Although
the most recent measurement by Shen et al. [15] gives a more precise value, further highprecision measurements of the 16 O GS ANC are still desirable. This is because the 16 O GS
ANC is crucial for restricting the GS external capture in the 12 C(α, γ)16 O reaction, as well as
for studying astrophysical reactions as a powerful tool. As for the 20 Ne GS ANC, although
Motobayashi et al. [16] presented the ﬁrst experimental determination through the elastic
transfer reaction 20 Ne(16 O, 20 Ne)16 O using ΔE-E silicon detector telescope, it is still necessary to perform high-precision measurement of the 20 Ne GS ANC because of its potential
application to astrophysical reactions.
With the transfer systems introduced above, here we discuss three kinds of typical experiments, including sub-Coulomb measurement of α-transfer reactions, high-energy measurement of α-transfer reactions, and high-resolution coincidence measurement of absolute
α-decay widths.
Performing transfer reaction measurements at sub-Coulomb energies is challenging experimentally, because the cross sections become rather small and also the energies of the
recoil nuclei are low. However, such measurements are crucial for reducing the dependence
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of the results on optical potential parameters and the inﬂuence of compound-nuclear contributions. This is because, at sub-Coulomb energies, DWBA calculations are primarily governed by Coulomb potentials for both the exit and entrance channels, and seldom depend on
nuclear potential parameters. The DWBA cross sections are thus essentially model independent. The pioneering sub-Coulomb measurements of the 12 C(6 Li, d)16 O and 12 C(7 Li, t)16 O
cross sections were performed by Brune et al. [17] to investigate the 12 C(α, γ)16 O S-factor
by determining the reduced α widths of the 2+ and 1− subthreshold states in 16 O. The normalized DWBA calculations well reproduced the experimental excitation functions for both
12 6
C( Li, d)16 O and 12 C(7 Li, t)16 O leading to the 2+ and 1− states of 16 O.
An alternative technique is sub-Coulomb measurement of transfer-reaction diﬀerential
cross sections as a function of angle, namely, angular distributions. For example, the astrophysical S-factor of the 13 C(α, n)16 O reaction was investigated by determining the ANC for
the 6356 keV 1/2+ state of 17 O using the 13 C(6 Li, d)17 O reaction in inverse kinematics, performed at two sub-Coulomb energies [18, 19]. It should be noted that the technique based on
excitation function measurement is not suitable for a high-energy measurement because in
that case compound-nucleus contribution and higher-order eﬀects can no longer be ignored,
causing DWBA calculations to fail to reasonably reproduce experimental total cross sections.
Comparing with Sub-Coulomb transfer measurement, the high-energy transfer measurement allows one to use a high-precision magnetic spectrograph for resolving the closely
spaced levels which cannot be achieved only by silicon detectors in sub-Coulomb transfer measurement. Therefore, these two techniques can be used complementarily to study
α-cluster structures and then astrophysical nuclear reactions. In Fig. 1 we schematically
show a typical experimental setup for high-energy transfer measurement performed using the
Q3D magnetic spectrograph at HI-13 tandem accelerator of China Institute of Atomic Energy
(CIAE). The reaction products were separated and focused by the magnetic spectrograph and
detected by two-dimensional position sensitive silicon detector array ﬁxed at the focal plane.
The two-dimensional position information enables the products emitted into the acceptable
solid angle to be completely recorded, and the energy information was used to remove the
impurities with the same magnetic rigidity, as discussed in Refs. [9, 15, 20]. Typically the
Q3D magnetic spectrograph has an energy resolution of 0.02% and an angular resolution
of 0.1 degree, which makes it possible to resolve the closely spaced states which cannot be
achieved only by silicon detectors, and to obtain high-precision data of angular distributions
at forward angles where direct mechanism dominates. High-precision data of the angular
distributions at forward angles are helpful for constraining the binding potential parameters
with the minimum χ2 ﬁtting.

Figure 1. Typical experimental setup for high-energy transfer measurement performed using the Q3D
magnetic spectrograph at HI-13 tandem accelerator of CIAE. The Q3D magnetic spectrograph consists
of a target chamber, a quadrupole, three dipoles, and detector arrays at the focal plane.
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As for the resonances far above the α-decay threshold, large α-decay widths of these resonances allow us to perform high-resolution coincidence measurement of absolute α-decay
widths. For example, Wheldon et al. [21] unambiguously measured the absolute α-decay
widths from the excited states in 16 O within the energy range 13.85 to 15.87 MeV through
the 12 C(6 Li, d)16 O reaction by using a large-acceptance position-sensitive silicon detector
array placed near the target position in coincidence with the high-resolution Q3D magnetic
spectrograph. The deuteron ejectiles were analyzed by the Q3D spectrograph, while the recoil
or the breakup products were recorded by the silicon array comprised of four double-sided
silicon-strip detectors. Such a coincidence measurement technique is useful to investigate
the resonances with considerable α widths. Similar application of this technique has been
achieved in other astrophysical reactions such as the 15 O(α, γ)19 Ne reaction (see, e.g., Ref.
[22]).
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The 12 C(α, γ)16 O reaction, which is one of the most important reactions in nuclear astrophysics, is dominated by multiple supra- and sub-threshold resonance to 16 O excited states.
The complicated reaction mechanism in 12 C(α, γ)16 O provides an excellent case for the application of indirect techniques, especially the transfer reaction method. The resonance to the
16
O 6917 keV 2+ and 7117 keV 1− states are two dominant subthreshold resonances and the
external capture to the 16 O ground state is also expected to be unneglectable. Many works
with (6 Li, d), (7 Li, t) and (11 B, 7 Li) transfer reactions are reported. We recently measured
the ANC of the 16 O 6917 keV 2+ and ground states with 12 C(11 B, 7 Li)16 O transfer reaction
[15, 23]. A comparison of S E2 (300) is shown in Fig. 2.

40
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Figure 2. The S E2 (300) comparison [11, 15, 17, 23–29]. The grey shadow represents the compilation
value of NACRE II (2013) [30]. The blue dot-dashed line is the value in deBoer et al. (2017) [4].

It’s seen that the S E2 factors given by the transfer reaction method are in good agreement
with the values given by direct measurements and other indirect methods like elastic scattering. And the results with diﬀerent transfer systems are also consistent with each other, which
proves the systematic uncertainty from the diversity of diﬀerent transfer systems is under
control. One thing that should be mentioned is that the S E2 factor given by Shen et al. (2020)
[15] is signiﬁcantly higher than others. This is because the contribution from the external
capture to the 16 O ground state is considered and found to be large in Shen et al. (2020) [15].
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5 Discussion and outlook
The alpha-cluster transfer reaction has long been a powerful tool for determining the level
parameters of the unknown resonant states with an α-cluster structure and further investigating astrophysical (α, γ), (α, n) and (α, p) reactions during helium burning phase of stars, and
it continues to be so in the latest state-of-the-art analyses. To date this technique has been unambiguously veriﬁed by reproducing the well-known width, and has been extensively used to
investigate astrophysical α-particle induced reactions on stable nuclei such as the main neutron source reaction 13 C(α, n)16 O of the s-process nucleosynthesis and the so-called "holy
grail" reaction 12 C(α, γ)16 O, as well as reactions on long-lived unstable nuclei, such as the
14
C(α, γ)18 O reaction.
As an indirect technique, it turns out to be one of the most useful methods in determining the contributions from the subthreshold states that are extremely diﬃcult to constrain
using the high-energy cross sections data from direct measurements, since the data at high
energies have no eﬀective constraints on such contributions while low-energy measurements
are greatly hindered by the Coulomb barrier. Therefore, indirect techniques will continue to
be highly desirable in the future, in addition to development of novel or underground direct
measurements.
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