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Abstract. The asymptotic normalization coefficient (ANC) for a nuclear system specifies the normalization
of the tail of the nuclear overlap function. ANCs may be determined experimentally by measuring peripheral
nuclear reactions. They may be used to calculate the astrophysical S-factors for radiative capture reactions
at stellar energies and to determine the halo structure of loosely bound nuclei. A brief introduction to ANCs
is given and applications to the "Be(p,v)*B and ''C(p,~)'?N reactions and the halo structure of *B are

described.

PACS. 26.30.+k Nucleosynthesis in novae, supernovae and other explosive environments — 26.20.4+f Hy-
drostatic stellar nucleosynthesis — 25.60.Je Transfer reactions — 25.60.Gc Breakup and momentum distri-

butions

1 Introduction to ANCs

The asymptotic normalization coefficient (ANC) C for the
nuclear system A + p < B specifies the amplitude of the
tail of the overlap function of the bound state B in the
two-body channel (Ap). We show that ANCs can be de-
termined from measurements of peripheral proton trans-
fer reactions or one-nucleon breakup reactions of loosely
bound nuclei, and they may be used to calculate direct ra-
diative capture reaction rates of astrophysical interest at
stellar energies, to estimate the gamma widths of certain
resonances, and to investigate nuclear halo structures.

Traditionally, spectroscopic factors have been obtained
from DWBA analysis of proton transfer reactions. How-
ever, these spectroscopic factors have significant system-
atic uncertainties associated with the choice of proton
single-particle orbitals in the initial and final nuclei. For
peripheral transfer reactions, the ANC is better deter-
mined and is the more natural quantity to extract. Con-
sider the proton transfer reaction a + A — ¢ + B, where
a=c+pand A+ p= B. We can write the cross-section
in the form [1]

do UPWL _
_ (CB ) )2( a )2 BJBlaja (1)
dn = AplejB eplaja’ 12 2
iBJa Aplpjs“cplaja
where Ul]?;;VB l.j. is the reduced DWBA cross-section. The
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C’s are the ANCs at the two vertices, and the b’s are
the ANCs of the bound-state proton wave functions in
nuclei a and B. If the reaction under consideration is pe-
ripheral, the ratio in eq. (1) is independent of bap;,;, and
bepl, .- Thus for surface reactions, the cross section is best
parametrized in terms of the product of the squares of the
ANCs of the initial and final nuclei, (CB)?(C?)2.

The important advantage of this formulation is that,
given the ANC, the rates of other peripheral nuclear re-
actions, such as direct radiative capture at astrophysi-
cal energies or one-nucleon breakup of loosely bound nu-
clei, may be calculated and peripheral nuclear properties,
such as halo structures, may be determined. For exam-
ple, fig. 1 shows a comparison between the experimen-
tal S-factors for 0(p,v)!"F [2,3] to those determined
from ANCs measured in the %O(*He, d)!"F reaction [4].
The good agreement demonstrates that ANCs measured
in peripheral nucleon transfer reactions may be used to
predict direct radiative capture rates at astrophysical en-
ergies to better than 9%. Additional tests of the ANC
technique may be found in [5,6]. The following sections
describe three recent applications of the ANC technique.

2 UN(MC,12N)3C and C(p,~)'*N

First-generation stars were composed entirely of nuclei
produced in the Big Bang. Thus, such stars could only
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Fig. 1. A comparison of the experimental S-factors for
%0(p,7)'"F to those determined from the ANCs found in
YO(®*He, d)'"F. The solid curves are the calculated S-factors
and the dashed curves show lo error bands.

undergo nucleosynthesis via the pp chains or the triple-
alpha process until heavier nuclei were produced to ini-
tiate the CNO cycle. Fuller et al. [7] have shown that,
for super-massive first-generation stars, the standard pp
chains that operate within our Sun generate too little en-
ergy and the triple-alpha reaction turns on too late to
cause an explosion. Rather, such stars simply collapse to
black holes. Thus, they would play no role in later galac-
tic chemical evolution. More recently, Wiescher et al. [8]
have noted that hot pp chains that were neglected in
the earlier work may provide a path for super-massive
first-generation stars to produce CNO nuclei at a lower
temperature than required by the triple-alpha reaction.
These CNO nuclei might then serve as seeds for further
energy generation, stablizing the star against collapse long
enough to permit an explosion to occur.

The C(p,v)'2N reaction is an important branch
point in the hot pp chains. In massive objects, '1C is pro-
duced efficiently at T > 0.2 GK via the "Be(a, )1 C re-
action. Its fate then depends on the competition between
11C proton capture and beta-decay. If the density is suffi-
ciently high that proton capture dominates, ''C will pro-
vide a path to produce CNO nuclei. At lower densities,
the path will be blocked by the 'B(p,3a) reaction fol-
lowing ''C beta-decay. At the interesting temperatures,
both direct and resonant capture are expected to be sig-
nificant. There have been two previous investigations of
the 1 C(p,~)!2N reaction, both using Coulomb breakup
of 2N [9,10], which have obtained conflicting results.

We have measured the “N(11C,12N)!3C reaction to
determine the ANC for 'C + p < 2N and, in turn,
the direct capture rate for 'C(p,v)'2N at astrophysical
energies. The experiment used a !C radioactive beam,
with an intensity of ~ 4.2 x 10° particles/s at an en-
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Fig. 2. The ''C(p,~)'>N S-factor vs. energy. The solid curves
show our preliminary results for the total S-factor and the
direct capture contribution alone. The dash-dotted curves show
the various contributions determined in [9].

ergy of 10 MeV /u, incident on a 1.5 mg/cm? melamine
target. The radioactive beam was produced with a ''B
beam from the Texas A&M K500 Superconducting Cy-
clotron in the reaction 'H(!'B, 1C)n, and filtered by the
recoil spectrometer MARS. Reaction products were mea-
sured by a pair of 5 x 5 cm? AE-E Si detector telescopes.
Both !'C elastic scattering off the melamine target and
HN(11C,12N)13C proton transfer reactions were observed
simultaneously. The elastic scattering data have been used
to verify the optical potentials for the radioactive nuclei
that are used in the DWBA calculations of the proton
transfer reaction.

Figure 2 shows our preliminary result for the direct
capture contribution to the 1C(p,v)'2N astrophysical S-
factor, as determined from our measured 'C + p « 12N
ANCs. To determine the total S-factor, we also need to
consider interference between the direct capture ampli-
tude and resonance capture through the broad 2~ state
at Er = 0.59 MeV. The proton width of this state is
known (I, = 0.118 MeV), but its gamma width is uncer-
tain [9,10]. In the R-matrix formalism, the proton width
determines the structure of the resonant state in the ex-
ternal region, while our experimental ANC determines the
asymptotic form of the 2N ground state. Together, these
are sufficient to calculate the external (channel) contribu-
tion to the gamma width of the resonance. For very loosely
bound final states, this external contribution should domi-
nate, thus allowing us to obtain an estimate of the gamma
width. For a channel radius of 5 fm, the estimate is very
close to a previous microscopic cluster model calculation
by Descouvemont [11]. Figure 2 also shows our total S-
factor. We conclude that the 1C(p, v)!2N reaction rate is
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approximately twice as large as previously believed in the
important temperature region.

3 8B halo radius from its ANC

Another nuclear property that clearly depends on the pe-
ripheral behavior of the nuclear wave function is halo
structure. For example, measurements of the ®B and "Be
total interaction cross-sections and the ®B single-proton
removal cross-section indicate that [12,13]

o1(®B) ~ o7("Be) + 0_1,(*B), (2)

characteristic of a good single-nucleon halo. This leads to
a very simple relationship between the root mean-square
(rms) radius of the wave function of the last nucleon in
8B and the overlap functions discussed above. After inte-
grating over angles, the ®B halo radius becomes [14,15]

o / Ig2(7")7"4dr +/ I2(r)yrtdr = rg +r2 (3)
0 0

where I,(r) and Io(r) are the overlap functions arising
from the parts of the 8B ground-state wave function where
the proton orbits the ground and first-excited states of the
"Be core, respectively. The first term dominates. For it we
can write, separating the contributions of the interior and
the asymptotic regions,

RN o
ré = / Ig(r)r4dr +C2, W2(26kr)ridr. (4)
0 RN

In this, CZ, = C§3/2 + CI2’1/2 is the total ANC for "Be +
p < 8B and W is the Whittaker function. The contribu-
tions of the p3/, and p; /o orbitals to the exterior integral
can be combined because they have the same behavior at
large radii. Equation (4) demonstrates explicitly the de-
pendence of the 8B halo radius on its ANC.

Previously, as part of an experiment to determine the
S-factor for "Be(p,7)®B from ANCs, we found CZ, =
0.449 4 0.045 fm~! from measurements of two ("Be,*B)
proton transfer reactions [16]. This allows us both to es-
timate the interior contribution to eq. (4) and to cal-
culate the exterior contribution. We have considered a
broad range of candidate single-particle overlap functions,
obtained assuming Woods-Saxon, Gaussian, Morse, and
square well potential shapes [15]. In each case, the tail of
the overlap function was required to reproduce the exper-
imentally determined ANC. With this constraint, we find
essentially the same rms radius, independent of the choice
of overlap function. This comes about because 85% of the
contribution to ré comes from the region Ry > 4 fm,
where the single-particle overlap functions already match
the asymptotic Whittaker form. Furthermore, the match-
ing constraint also fixes the small interior contribution
to better than 2%. After including an estimate of the
contribution to eq. (3) due to the "Be first-excited state,
r? ~ 2.1 fm?, we find ry, = 4.2040.22 fm [15]. Most of this
uncertainty is due to the experimental uncertainty in C2 .
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Fig. 3. 8B overlap functions obtained with Woods-Saxon po-
tentials are compared to a renormalized Whittaker function
and to microscopic calculations assuming various effective in-
teractions [14]. r. is the radius of the "Be core.

Figure 3 shows typical overlap functions, which match
the experimental ANC, that we obtained with Woods-
Saxon potentials compared to microscopic self-consistent
many-body calculations by Timofeyuk using various effec-
tive interactions [14]. All of the overlap functions have the
same asymptotic shape as given by the Whittaker func-
tion, but only the M3Y interaction leads to an asymp-
totic magnitude close to ours. The others have far more
strength in the asymptotic region and, therefore, do not
match the measured ANC.

We can also compare calculations using our ®B over-
lap functions [15] to experimental results for “traditional”
halo observables, such as the longitudinal momentum dis-
tribution of core-like fragments in projectile breakup re-
actions and the one-proton removal cross-section. Using
the Hansen model [17] to describe the breakup process,
we find all of the overlap functions shown in fig. 3 predict
similar widths for the “Be longitudinal momentum distri-
bution in ®B breakup on “Be at 41 MeV /u, close to that
observed experimentally [18]. But only the overlap func-
tions that match the experimental ANC reproduce the
observed ®B one-proton removal cross-section on 2C at
40 MeV /u [19]. In contrast, the overlap functions in fig. 3
obtained with the Minnesota, Hasegawa, and Volkov ef-
fective interactions overpredict o_1;, by factors of 2-3.

4 8B ANC from breakup and "Be(p,~)%B

In the previous section, we showed that ANCs may be
used to predict ®B one-nucleon breakup cross-sections.
This comes about because the breakup process is highly
peripheral for loosely bound nuclei. But this is exactly the
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Fig. 4. Comparison of the calculated longitudinal momentum
distribution for "Be fragments in ®B breakup with experimen-
tal data [18]. The contributions from stripping, diffractive and
Coulomb dissociation are also shown separately. The curve la-
beled “intr” shows the intrinsic distribution.

requirement for a reaction to be a good candidate for ANC
measurements if we also have a reliable model to describe
the breakup process itself. In fact, recent improvements in
nuclear breakup reaction models now make a quantitative
description possible for beam energies of tens to hundreds
of MeV/u. Very recently, we have utilized these develop-
ments to make a new determination of the "Be + p « 3B
ANC [20]. This represents a new indirect way to deter-
mine the "Be(p,v)®B cross-section, which plays a key role
in the solar-neutrino question [21].

Calculations have been done for ®B one-proton
breakup cross-sections on '2C, 27Al, 28Si, 1168n, and
208Pb at energies from 28 to 285 MeV/u [12,13]. To de-
scribe the breakup process, we adopted both the Hansen
model [17] and an extended Glauber model, in the eikonal
approximation with non-eikonal correction terms up to
the second order. The Glauber model is similar to that
developed by Bertsch et al. [22,23], and has been tested
before on 23 different reactions in the p-sd-shell [24].
The loosely bound proton and the core, moving on an
eikonal trajectory, interact independently with the target
nucleus. For the proton-target interaction, we adopted
that of Jeukenne, Lejeune and Mahaux (JLM) [25], in
the updated version of Bauge et al. [26]. This interaction
contains separate real and imaginary parts. For the
target-core nucleus-nucleus interaction we used the
double-folding procedure; the same JLM interaction was
folded with Hartree-Fock nuclear-matter distributions
for the core and target. The real and imaginary parts
were then renormalized to match elastic scattering data.
We find that the calculated 8B one-proton breakup
cross-sections are independent of the renormalization

factor for the real part, and rather insentive to the
renormalization factor for the imaginary part. Coulomb
dissociation was treated in a perturbative method which,
for low-Z targets, is equivalent with that of [27].

Figure 4 shows that the Glauber model provides
an excellent description of the observed longitudinal
momentum distribution for core-like fragments. We find
consistent results for the 8B ANC from the Glauber
model calculations for 28Si and 20%Pb targets, and also
from the Hansen model calculations for all the targets.
This consistency further validates the procedure. We
conclude that C2, = 043715041 fm~! for ®B. This is
in excellent agreement with our previous determination
from ("Be, ®B) proton transfer reactions [16], but is
sensitive to different systematic uncertainties. From this,
we conclude S;7(0) = 16.971% eVb for "Be(p,v)®B,
in very good agreement with other recent direct and
indirect determinations of the cross-section for this very
important astrophysical reaction.
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