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Suitability of the 16O(10B, 9Be)17F reaction near the Coulomb barrier
energy for extraction of the ANC values and indirect determination of the
astrophysical S-factor for proton radiative capture by 16O nucleus is stud-
ied. New experimental data on this reaction to the ground (5/2+) and
excited (1/2+, E∗ = 0.495 MeV) states of 17F at the 10B beam energy of
41.3 MeV from the U-200P cyclotron (HIL, University of Warsaw) are pre-
sented. The ANC squared values 1.03±0.13 fm−1 and 5430±950 fm−1 for
the ground and first excited states of the 17F nucleus, respectively, were ob-
tained using the modified DWBA analysis. The value S(0) = 9.0±1.5 keVb
was found for the 16O(p, γ)17F reaction using the ANC values.
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1. Introduction

The reactions involving the nucleons transfer in the interactions of light
ions near the Coulomb barrier are very informative on research of the struc-
ture of nuclear single-particle states [1]. As a rule, these are peripheral
processes that make it possible to obtain reliable values of asymptotic nor-
malization coefficients (ANCs) of the corresponding configurations used in
calculations of nuclear astrophysical processes [2–4].

In particular, the radiative proton capture 16O(p, γ)17F plays an impor-
tant role in the CNO cycle, compensating for the loss of the CN catalyst
in the main CN cycle due to the 15N(p, γ)16O reaction by a sequence of
reactions: 16O(p, γ)17F(β+ν)17O(p, α)14N [5, 6].

In the range of low relative energies (Ep < 2.5 MeV), the S-factor of the
16O(p, γ)17F reaction is completely determined by the direct mechanism of
proton capture and can be calculated using the ANC values for the proton
bound states in 17F nucleus.

To date, there are several works in which the ANC values for bound
states 17F (g.s., 5/2+ and E∗ = 0.495 MeV, 1/2+ state) were found from
the analysis of the 16O(3He, d)17F reaction [7, 8] and 16O(p, γ)17F radiative
capture [9]. In Ref. [10] (see also [11]), a bibliography of experimental data
on the cross sections for the radiative capture of a proton by the 16O nucleus
is given, and a detailed analysis of these data is carried out. Also, in [12]
(and the references therein), a review of theoretical works on the calculations
of these ANCs is given and the theoretical estimates were made within the
method of analytic continuation of the scattering data to the negative-energy
region.

In general, the spread of these values is rather large amounting to about
20% for the s1/2 state (E∗ = 0.495 MeV) which is stable with respect to
the proton emission. This uncertainty does not satisfy the requirements for
testing various astrophysical scenarios.

The purpose of this work is to measure the differential cross sections
(DCSs) of the proton transfer 16O(10B, 9Be)17F reaction at the energy near
the Coulomb barrier to check their suitability for obtaining the ANCs
C2

17F→16O+p = C2
16 1 and C2

17F∗→16O+p = C2
16 1∗ values, and to extract them

by means of the widely used now modified distorted waves Born approxima-
tion (MDWBA) — see, for example, [3, 13] and references therein.

2. Experiment

Measurements of the DCS of the 16O(10B, 9Be)17F reaction were car-
ried out with the 10B ion beam of the U-200P cyclotron of the Heavy Ion
Laboratory (University of Warsaw) at the energy E10B = 41.3 MeV.
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The reaction (10B, 9Be) is rather convenient for the indicated above pur-
poses. First, the ANC value for the 10B → 9Be + p configuration is well
known [1]. Secondly, the projectile (10B) is lighter than the target (16O),
and there is no kinematic compression of the angular distributions in the
laboratory system, which provides a fairly good angular resolution. Finally,
the 9Be nucleus does not have nucleon-stable excited states. Therefore, there
is no interference between the 17F and 9Be levels in the energy spectrum of
9Be. In addition, the selected beam energy (E10B = 41.3 MeV) is close to
the Coulomb barrier, which allows us to expect the peripherality dominance
in the proton transfer process.

The experimental technique was described in [4], so here it is presented
only briefly. The targets were self-supporting Al2O3 films ∼ 0.15 mg/cm2

thick. The target thicknesses were measured by the energy loss of α-particles
from the Ra-226 α-source with an error of ∼ 6–7%. The charged reaction
products were recorded and identified by ∆E–E telescopes installed in the
experimental chamber of the ICARE multi-detector facility, which includes
systems of remotely controlled platforms with telescopes and a target device
[14, 15]. Four ∆E–E telescopes were used, consisting of silicon detectors
(E) about 500 µm thick and ionization chambers (∆E) filled with isobutane
at the pressure of ∼ 55 Torr. Standard CAMAC electronics and the MIDAS
and SMAN data acquisition systems [16] were used.

The total energy resolution was about 500 keV and was mainly deter-
mined by the energy spread of the primary beam and by the target thickness.

A typical two-dimensional (∆E–E)-spectrum obtained at the interaction
of 10B ions with an Al2O3 target is shown in Fig. 1. It can be seen that the
loci corresponding to the registration of the 9Be and 10B particles are well
separated from neighboring ones.

Fig. 1. Two-dimensional (∆E–E)-spectrum measured at the angle of 7◦ for the
Al2O3 target irradiated with 10B ions.
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The two-dimensional spectra were processed using the ROOT software
[17] to obtain the angular distributions of the experimental differential cross
sections for the angles of the forward hemisphere.

The energy spectrum of scattered 10B is shown in Fig. 2. The 10B ions
scattered on the 16O and 27Al nuclei are kinematically separated only at
angles θlab > 22◦. In Fig. 3, the energy spectrum of 9Be from the (10B, 9Be)
reaction is presented. As can be seen, the peaks corresponding to the forma-
tion of the 17F nucleus in the ground (5/2+) and first excited (1/2+) states
are not resolved in our measurements. The processing of the energy spectra
is given below.

Fig. 2. Fragment of the energy spectrum of 10B particles scattered by the Al2O3

target at an angle of 22◦.

Fig. 3. Energy spectrum of the 9Be particles from the (10B, 9Be) reaction measured
at an angle θlab = 22◦ with the Al2O3 target.
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3. Elastic 16O + 10B scattering and optical potentials

In the region of angles (θ > 22◦), where the peaks of elastic scattering
by 16O and 27Al are resolved, the elastic 16O + 10B scattering cross sections
were extracted directly from the spectra. For smaller angles, these peaks
were separated in proportion to the cross sections calculated with global
OPs for 27Al + 10B and 16O + 10B scattering [18] taking into account the
precisely known ratio of 27Al and 16O nuclei in Al2O3 target. It was assumed
that the uncertainties of the parameters of the nuclear part of the OP have
an insignificant effect on the DCS values determined in this way, due to
the Rutherford scattering dominances in the region of small angles. The ob-
tained cross sections are in good agreement with the directly measured cross
sections in the angular region, where the peaks are kinematically separated
(Fig. 4). The angular distribution of the DCSs of elastic 16O+10B scattering
is compared with the DCSs calculated by the optical model using the OP
parameters obtained in [19] at a close to our beam energy E10B = 41.6 MeV
(see also [20]). The angular distribution is well described by these OP param-
eters, and our DCS values within the error coincide with the experimental
ones obtained in [19]. A good agreement with the data from [19] confirms
the correctness of the absolute normalization of the 16O(10B, 9Be)17F reac-
tion experimental data obtained in our measurements, the error of which,
according to our estimates, does not exceed 9%. Other sets of OPs found in
the literature for the input channel were rejected by the quality of the fit to
the obtained data on 16O + 10B elastic scattering.

Fig. 4. Angular distribution of the 16O + 10B elastic scattering. The open and
black circles are our experimental DCSs obtained in the regions of unresolved and
kinematically separated peaks of scattering by 27Al and 16O, respectively. The
open triangles and the solid line are the experimental DCSs and the optical model
calculation using the OP from [19].
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The OPs for the 17F + 9Be output channel were deduced from the data
on the scattering of nuclei neighboring in mass and charge. The selected
sets of the OP parameters are presented in Table 1.

Table 1. OP parameters used in the DCS calculations of the 16O(10B, 9Be)17F

reaction. Letters A and B denote the OP sets for the entrance and exit channels,
respectively. The subscripts D and V denote the surface and volume form of the
imaginary OP. The index C refers to the Coulomb potential.

Set V rV aV WV (WD) rW (rD) aW (aD) rC Ref.
[MeV] [fm] [fm] [MeV] [fm] [fm] [fm]

A 49.03 2.276 0.523 44.37 2.421 0.302 2.276 [19]
B1 70.90 1.259 1.123 147.9 1.728 0.673 1.188 [21]
B2 134.0 1.744 0.694 11.50 2.353 0.694 2.261 [22]
B3 262.8 1.270 0.726 11.26 1.640 0.600 1.556 [23]

(48.375) (1.200) (0.843)

4. Processing of the experimental reaction spectra

As can be seen from the energy spectrum of 9Be (see Fig. 3), the peaks
of ground (5/2+) and first excited (1/2+) states of the 17F nucleus are not
resolved. In addition, in this region of the spectrum, there is some back-
ground due to the 27Al(10B, 9Be)28Si reaction with the population of a large
number of highly excited states of the 28Si nucleus [24]. However, it is small
compared to the peak corresponding to the 17F nucleus, and (as it will be
shown below — see Fig. 5) does not exceed 20–50% relative to the num-
ber of events related to the 1/2+ channel of the 16O(10B, 9Be)17F reaction
(in which the DCS is minimal) — see also Fig. 5. The background sub-
strate was taken into account in the form of a trapezoid with the bases to
the right and left of the oxygen peak corresponding to the experimentally
observed background levels. The correctness of this estimate was verified
using the DWBA calculations of the background intensity with the “experi-
mental” spectroscopic factors from [25] (and references therein) for strongly
populating states of 28Si. It turned out that the experimentally observed
background level (immediately to the left and to the right of the oxygen
peak) agrees well with these estimates, and the estimated background sub-
strate located directly below the oxygen peak rather well corresponds to the
approximation by trapezoid. Thus, the total 17F peak after background sub-
traction contains fairly reliable information about the summed (5/2+) and
(1/2+) cross sections, and it is necessary to separate their contributions.
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Fig. 5. Results of separation of the peaks corresponding to the overlapped 5/2+

and 1/2+ channels of the 16O(10B, 9Be)17F reaction.

For this reason, an artificial separation of the total number Si(θi) of
events in each unresolved peak (normalized to the integral of the 10B ion
beam at each angle of measurement θi) can be carried out in proportion
to the calculated (within the DWBA approach) single-particle DCS values
σDW
5/2 (θi) and σDW

1/2 (θi) of proton transfer to the considered states of 17F.
The rationale for the procedure is as follows. The shape of the angular
distribution of each of the reaction channels to the 5/2+ and 1/2+ states
should correspond to the behavior of single-particle DCSs for simple proton
stripping calculated within the DWBA, provided that this process strongly
dominates in both cases. In such a case, only the ambiguity of the OP
parameters used can lead to some distortions.

Obviously, the Si values, being normalized also to the surface density of
16O nuclei in the target and the solid angle of the detector, have the meaning
of the summed experimental DCSs, σi(θi) in the laboratory system. There-
fore, the procedure for separating the peak areas is reduced to determining
the contribution of the DCS of each reaction channel to the summed cross
section.

Thus, assuming that the averaged over all combinations of the selected
OPs (see Table 1) (and converted to the laboratory system) DCSs σ̄DW

5/2 (θi)

and σ̄DW
1/2 (θi) adequately determine the experimental angular distributions,

the weight factors a5/2 and a1/2 were found by the χ2 method for the func-
tional

∑
i{σi(θi)−a5/2× σ̄DW

5/2 (θi)−a1/2× σ̄DW
1/2 (θi)}2. Here, the summation

is carried out over all measurement angles θi. Calculations of the single par-
ticle DCSs are made using the DWUCK5 code [26] under the assumption of
proton transfer with the orbital moments `p = 2 to the state 1d5/2 and with
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`p = 0 to the state 2s1/2. For the potentials of the proton bound states in
the Woods–Saxon form, the “standard” values of the geometric parameters
r0 = 1.25 fm and a = 0.65 fm were used. Obviously, the factors a5/2 and
a1/2 also determine the ratio of normalized peak areas S5/2(θi) and S1/2(θi)
for each channel in the summed peak. The results of such a procedure are
demonstrated in Fig. 5. The experimental points (squares) are the normal-
ized (see above) summed events in the unresolved oxygen peaks, which are
actually the sums of experimental DCS for 5/2+ and 1/2+ reaction channels
in the laboratory coordinate system. Blue and green curves are the separated
5/2+ and 1/2+ DCSs defined by χ2 fitting to the experimental points i.e.
a5/2 × σ̄DW

5/2 (θi) and a1/2 × σ̄DW
1/2 (θi). The red curve is the resulting summed

DCS. It should be noted that this separation procedure is successful due to
the significantly different shapes of the angular dependence of the DCS for
the processes being separated. The dashed curve is the DWBA estimate of
the summed DCS of the reactions on the 27Al nuclei (background level).

The obtained in such a way “simulated” experimental values (converted
to the c.m. system), σexp5/2(θi) and σ

exp
1/2(θi), are shown in Figs. 6 and 8 together

with the calculated angular distributions (see below).
The errors of the DCS values are determined by the statistical error of the

Si(θi) values, the ambiguities of the OP, and the error of the χ2 fitting. The
main contribution to the errors comes from the peak’s separation procedure.
The total errors of the obtained cross sections at small angles (in the region
of normalization of the theoretical cross sections) for the transitions to the
1d5/2 and 2s1/2 states of the 17F nucleus are ∼ 8–15% and ∼ 13–20%,
respectively.

The procedure proposed in [27] was used to evaluate the validity of this
separation method. In this procedure, the peaks were assumed to be Gaus-
sian, and the positions of the peaks corresponding to the ground 5/2+ and
excited 1/2+ states of the final 17F nucleus were fixed in accordance with
the energy calibration of the spectrum scale. At each angle, the half-widths
of the peak were fixed equal to the half-width of the elastic scattering peak
from the same measurement. The background substrate was taken in the
form of a Gaussian segment with a large half-width and with a shifted center
of Gaussian, so that it visually passed through the readings to the right and
left of the peak (see Fig. 5). The heights of the Gaussians corresponding to
the 5/2+ and 1/2+ states were fitted by the χ2 method to the shape of the
experimental peak after the background subtraction. This procedure makes
it possible to obtain separation with acceptable errors only in the range of an-
gles 20◦–25◦ lab. (∼ 30◦–40◦ c.m.), where the ratio DCS(1/2+)/DCS(5/2+)
turned out to be maximum (∼ 0.15–0.20). The area ratios of the separated
peaks found by this “direct” method coincide within an error of 20–30% with
the results of the first method.
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First of all, after obtaining cross sections for two separated reaction
channels in this way, it is necessary to evaluate the contribution of other
reaction mechanisms. The Fresco program [28] was used to estimate the
effects of channel reaction coupling (CRC) in the transition to the ground
(5/2+) and excited (1/2+) states of 17F. In addition to transitions to the
17F states in the proton transfer reaction, the coupling scheme also included
elastic and inelastic scattering in the 16O + 10B system with the excitation
of the E∗ = 0.718 MeV (1+) and E∗ = 6.13 MeV (3−) states in the 10B and
16O nuclei, respectively. All combinations of the OPs for entrance and exit
reaction channels from Table 1 were probed.

The results of the calculation with the A+B1 OP combination are pre-
sented in Fig. 6 together with the obtained experimental DCSs. For the
ground state, calculations show that the CRC effects are negligible at angles
less than ∼ 25◦, and the one-step peripheral proton stripping dominates.
For the first excited state, the estimation of the CRC contribution is 3–7%
at the second maximum of the angular distribution for different sets of OP.
This result, as well as the agreement with the results of direct separation of
the peaks areas, confirm the validity of the method used for obtaining the
experimental DCSs.

Fig. 6. A comparison with the experiment of the cross sections of the proton transfer
to the ground (left) and first excited (right) states calculated by the CRC method
with (dashed lines) and without (solid lines) couplings.

5. Extraction of the ANC values

One can see that the found weight coefficients a5/2 and a1/2 have the
meaning of the product of spectroscopic factors (SF) Z10B→9Be+p ×
Z17F5/2→9Be+p and Z10B→9Be+p×Z17F1/2→9Be+p, but in the laboratory coor-
dinate system. Besides, the coefficients are determined by comparing the cal-
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culated cross sections of both reaction channels at the same angles, whereas
in the center-of-mass system, these angles are different. Additionally, as the
results were obtained averaged over all measurement angles and over the
used parameters of the OP, this makes it difficult to evaluate the errors in
the obtained SF.

On the other hand, the SF values strongly depend on the geometric
parameters of the (Woods–Saxon) bound-state potential, especially in the
case of a peripheral reaction. Therefore, if the 16O(10B, 9Be)17F reaction
turns out to be peripheral, it is expedient to extract the ANC values within
the framework of MDWBA in a similar way as it was done in [4]. In this
case, using the normalization of the calculated DCSs to the experimental
ones only for several small angles, where the contribution of the CRC effects
is minimal, it is possible to reduce the corresponding errors.

The DCS dσ
dΩ

MDW in MDWBA for the peripheral reaction A(x, y)B of
proton transfer to core A with the formation of the nucleus B, has the form of

dσ

dΩ

MDW

=

{
C2
x→y+p
b2x→y+p

}{
C2
B→A+p

b2B→A+p

}
σDW (E, θ; bx→y+p, bB→A+p) . (1)

Here, σDW (E, θ; bx→y+p, bB→A+p) is the single-particle DCS, calculated
within the framework of the usual DWBA. For the reaction considered here,
x = 10B, y = 9Be; A and B are the nuclei 16O and 17F in ground or
E∗ = 0.495 MeV state. Accordingly, the values of C2

10B→9Be+p

(
= C2

9 1

)
,

C2
17F→16O+p

(
= C2

16 1

)
, and C2

17F∗→16O+p

(
= C2

16 1∗
)
are the squared ANCs for

overlap functions 10B = {9Be + p}, 17F = {16O + p}, and 17F∗ = {16O + p};
b210B→9Be+p

(
= b29 1

)
, b217F→16O+p

(
= b216 1

)
, and b217F∗→16O+p

(
= b216 1∗

)
are the

corresponding single-particle squared ANCs of the model wave functions of
the proton binding in the 10B, 17F, and 17F∗ nuclei.

Thus, to find the ANCs C2
16 1 and C2

16 1∗ , one should be convinced of the
peripherality of proton transfer in these reactions, which in the MDWBA
is determined by the behavior of the function R (E, θ; bx→y+p, bB→A+p) =
R (b16 1)

R (b16 1) =

{
C2
9 1

b29 1

}
σDW (E, θ; b9 1, b16 1)

b216 1
. (2)

For a peripheral transfer process, the value R (b16 1) at fixed values E,
θ, and b9 1 (which is assumed to be known) should remain constant if the
values b16 1 are changed by varying the shape of the corresponding proton
binding potential in the nucleus 17F. To do this, one should vary the geo-
metric parameters r0 and a of the Woods–Saxon potentials within physically
reasonable limits (while adjusting the potential depths each time to the ex-
perimental proton binding energies in 17F).
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Figure 7 shows the behavior of the test functionsR (b16 1) andR (b16 1∗) at
the scattering angle θcm = 10◦ when the geometric parameters r0 and a of the
bound-state potential vary within 1.1÷1.4 fm and 0.5÷0.8 fm, respectively.

Fig. 7. The behavior of the test functions R (b16 1) and R (b16 1∗) for the
16O(10B, 9Begs)

17Fgs (left) and 16O(10B, 9Begs)
17F∗ reactions.

Moreover, the values R(b) have some distribution relative to the R(b)
value at the standard values of the geometric parameters, which can be
approximated by a Gaussian. The half-widths of these distributions are
∼ 2.5% and ∼ 5% for the ground and excited states, respectively. Thus, the
proton transfer process for both channels of the 16O(10B, 9Be)17F reaction
can be considered peripheral, and in accordance with the MDWBA, the
normalization of the calculated DCS in the region of small angles should be
determined by the product of the squares of the corresponding ANCs.

The squared ANCs C2
16 1 and C2

16 1∗ have been extracted from normaliza-
tion of the calculated in Section 4 single-particles DCSs to the experimental
ones (see Fig. 8) using formula (1) for different sets of OPs from Table 1
at the values C2

9 1 = 4.35 ± 0.39 fm−1 from Ref. [1] and calculated value
b29 1 = 10.92 fm−1.

The normalization was made for the first 6 experimental θi points for
the 5/2+ state and the second-fifth points for the 1/2+ state of the angular
distributions, and the weighted means as well as their uncertainties for the
C2
16 1 and C2

16 1∗ values are presented in Table 2. For the 1/2+ state, the ANC
values are given taking into account the contribution of the CRC effects as
it was done in [4]. The values in brackets are the uncertainty connected with
experimental error and derived from all experimental points (the first one)
as well as the ambiguities associated with the uncertainty in the R-function
for each experimental point and the error of the C2

9 1 value (the second one).
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Fig. 8. The experimental (points) and calculated angular distributions (solid lines)
of 9Be from the 16O(10B, 9Be)17F reaction with the proton transfer to the 1d5/2
(left) and 2s1/2 states of 17F nuclei. Red, blue, and black curves are the MDWBA
calculations with OP sets A+B1, A+B2 and A+B3, respectively (see Table 1).

Table 2. The weighted mean values of the squared ANCs for the ground and first
excited states of the 17F nucleus.

Set C2
17F→16O+p C2

17F∗→16O+p

A+B1 1.012± 0.132 (0.091; 0.0956) 5121± 853 (598; 609)

A+B2 1.041± 0.131 (0.090; 0.0958) 4566± 735 (550; 488)

A+B3 1.032± 0.131 (0.089; 0.0957) 6604± 1264 (962; 821)

Averaged mean 1.028± 0.131 (0.090; 0.0957) 5430± 950 (703; 639)

Thus, the values of the squared ANCs obtained from the normaliza-
tion of the calculated curves to the experimental DCSs in the area of the
forward angles (with reasonable rounding of the obtained values) are as fol-
lows: C2

16 1 = 1.03± 0.13 fm−1 and C2
16 1∗ = 5430± 950 fm−1 for the ground

and first excited states of the 17F nucleus, respectively.

6. Discussion of the results and estimation
of the astrophysical S-factor

As mentioned above, the ANC values of the proton bound states in
17F nucleus was previously obtained from the analysis of the 16O(3He, d)17F
reaction at energies of ∼ 20–40 MeV by two groups of researchers [7] and
[30], as well as from the analysis of experimental astrophysical S-factors at
energies above 0.2 MeV [9].
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For the 5/2+ ground state, the values of the “experimentally determined”
squared ANC C2

16 1 obtained from the proton transfer reactions have a rela-
tively small spread, and overlap within their errors. Thus, the value of the
ANC square, recalculated through the value of the corresponding nuclear
vertex constant [7], turned out to be 1.02 fm−1; in [30], this value was found
equal to 1.08 ± 0.1 fm−1. The value 1.04 fm−1 is proposed in [3] from a
comparison of neutron and proton ANCs for mirror states, and in [31] also
using the relationship between the ANC of mirror nuclei 17O and 17F, the
value C2

16 1 = 0.98 ± 0.14 is obtained from the analysis of the 16O(d, p)17O
reaction. It should be noted that the value C2

16 1 = 1.03 fm−1 obtained in
our work is in good agreement with the above values and is close to the
average value for all the given data.

In [9] and [10], an analysis of experimental data directly from the
16O(p, γ)17F reaction at relative energies below the first resonance in the
16O+p system (Erlab = 2660 keV) was done. The ANC values were obtained
as fitting parameters at model description of the data. The modified two-
body approach [32] was used in [9], and the value C2

16 1 = 1.09± 0.11 fm−1

was obtained from the analysis of Morlock data [33]. In [10], the available ex-
perimental data on the direct radiative capture of 16O(p, γ)17F were scrupu-
lously reviewed, some systematic corrections were made to the experimental
data from [33] and [34], and the uncertainties were carefully evaluated. From
the analysis of these data within the framework of the R-matrix approach,
the values C16 1 were found to be 1.13± 0.01 fm−1/2 and 1.19± 0.02 fm−1/2,
respectively. This gives an average value of C2

16 1 ≈ 1.35 fm−1, which is
somewhat higher than the values from [9] and from the proton transfer re-
actions.

The theoretically calculated values are ≈ 0.95 and 1.20 fm−1 [35], which
were obtained using a microscopic model (with the V2 and Minnesota forms
of the nucleon–nucleon potential, respectively) are significantly different
from the totality of “experimentally determined” values presented above,
whereas the theoretical and “experimentally determined” averaged values
are close. The spread of C2

16 1 values in [12], where the methods of analytic
continuation of the scattering data to the negative-energy region were used,
is fairly large. Only one of the obtained C2

16 1 values (equal to 0.7744 fm−1)
is relatively close to the “experimentally determined” ones.

For the excited state 1/2+, the value of the “experimentally determined”
squared ANC, recalculated through the corresponding value of the nuclear
vertex constant from [7], C2

16 1∗ is equal to 5294 fm−1, and these values
from [30] and [9] are 6490 ± 680 fm−1 and 5700 ± 225 fm−1, respectively.
The values C2

16 1∗ = 6720±990 fm−1 obtained in [31] and C2
16 1∗ ≈ 6667 fm−1

which corresponds to the results of [10] are maximal among the
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“experimentally determined” squared ANCs. The equally weighted evalu-
ation of the above “indirect determined” values of ANC C2

16 1∗ shows that
their spread lies within ±13%.

Despite rather large experimental errors in our measurement, the value
of 5430 fm−1 found by us agrees reasonably with the available values.

The theoretically calculated in [35] values of C2
16 1∗ are 8306 and

7468 fm−1, and in [12], they are 7944 fm−1 and 10377 fm−1. In contrast
to the ANC for the ground state of the 17F nucleus, all of them are over-
estimated relative to the “indirectly determined” values by approximately
40% and more. In [36], the source-term approach to calculate one-nucleon
overlap functions was used. In this work, the values C2

16 1 and C2
16 1∗ are

significantly underestimated relative to the experimental ones, amounting
to 0.58 fm−1 and 2101 fm−1, respectively.

For the precise determination of the total astrophysical factor in the low-
energy region, it is the C2

16 1∗ ANC that is decisive. To clarify this value, it
is expedient to measure the total cross section of the 16O(p, γ)17F reaction
at Ep less than 300 keV with smaller errors than in the earliest work [37],
for example, by the activation method and subsequent analysis within a
two-body potential model, which includes the smallest number of model
parameters.

The SF values Z16 1 = 1.14±0.14 and Z16 1∗ = 0.87±0.15 were evaluated
via the obtained here ANC values using the relationship between ANC, SF,
and single-particle ANC for an arbitrary two-particle nuclear configuration
α→ β + γ [29]

Zα→β+γ =
C2
α→β+γ
b2α→β+γ

.

The single particle ANCs, b16 1 = 0.95 fm−1/2 and b16 1∗ = 78.8 fm−1/2

were calculated at the standard values of the geometric parameters (r0 =
1.25 fm and a = 0.65 fm) of the proton bound state potential. One can see
that the obtained values correlate rather well with the values that can be ob-
tained through the “experimental” values of the ANC given in the discussed
above publications. Slightly smaller values Z16 1 = 1.0 and Z16 1 = 0.95 were
found in [38] and [6], respectively, from the analysis of the 16O(3He, d)17F
reaction.

In general, the consistency between our and the literature values of the
SF additionally indicates the correctness of the method for extracting the
experimental DCSs given in Section 4.
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The ANC squared values obtained by us were used to estimate the astro-
physical S-factor of the 16O(p, γ)17F proton radiative capture process. When
using the approximating expression: S16 1(E = 0) = (0.37 × C2

16 1 + 1.58 ×
10−3×C2

16 1∗) keVb, proposed in [35], we got the value S(0) = 9.0±1.5 keVb.
This value is slightly lower than the value S(0) = 10.6± 0.8 keVb, accepted
in the review [39], but does not contradict it within the limits of errors.

7. Summary and conclusions

In this work, new experimental data on the elastic 16O + 10B scattering
and the 16O(10B, 9Be)17F reaction with 10B beam at the energy of 41.3 MeV
accelerated by the U-200P cyclotron of the Heavy Ion Laboratory (University
of Warsaw) are presented. The differential cross sections were measured at
the angles of the forward hemisphere.

The angular distributions of the 16O(10B, 9Be)17F reaction with transi-
tions to the ground (5/2+) and excited (1/2+, E∗ = 0.495 MeV) states of
17F were analyzed within the Born approximation of the modified distorted
wave method.

Using the Fresco program, the effects of coupling between the channels
of elastic and inelastic scattering and the proton transfer to the states of
the 17F nucleus on the reaction cross sections were estimated. This made it
possible to extract the squared ANC values from the analysis of these data.

The ANC squared values obtained by us were used to estimate the as-
trophysical S-factor of the 16O(p, γ)17F proton radiative capture process.
We got the value S(0) = 9.0 ± 1.5 keVb which is slightly lower than the
previously accepted value S(0) = 10.6 ± 0.8 keVb, but within the limits
of errors does not contradict it. Thus, the 16O(10B, 9Be)17F reaction is a
convenient tool for the correct extraction of the ANC values and indirectly
determination of the S-factor for the 16O(p, γ)17F proton radiative capture
process.

This research is funded by the Ministry of Education and Science of the
Republic of Kazakhstan (grant #BR10965191, program “Complex research
in nuclear and radiation physics, high energy physics and cosmology for
development of the competitive technologies”) and the European Union’s
Horizon 2020 Research and Innovation Programme under grant agreement
#654002.
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