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where kp and kn are the incident proton and outgoing
neutron relative momenta in the center-of-mass systems. The
R -matrix single-level Breit-Wigner (SLBW) formalism,
which is appropriate for the present situation, has been used
for �tting the cross section in the full energy range, including
all nine states in 8Be above 18.899 MeV (the neutron
separation energy) and up to 22 MeV. The excitation energy
of each state, as compiled in the ENSDF library[20], has
been kept constant in the �t, while the neutron and/or the
proton widths have been allowed to vary, starting from the
values reported in the library. The �nal result is shown in
Fig. 2 by the red curve.
From the �tted data, the cross section averaged over the

energy distribution corresponding to the temperature of
interest in standard BBN model calculations has been
derived in the temperature range0.001 ≤ T 9 ≤ 10, where
T 9 indicates the temperature in units of109 K. The
resulting reaction rate can be accurately described by an
analytical expression (see the Supplemental Material[21]
for all details),

NAhσvi¼ a0ð1þ a1T
1=2
9 þ a2T 9þ a3T

3=2
9 þ a4T 2

9þ a5T
5=2
9 Þ

þ a6
1

1þ 13.076T 9

3=2
þ a7T

−3=2
9 e−b0=T9 ; ð3Þ

in units of cm3=s=mole when a0 ¼ 6.805 × 109, a1 ¼
−1.971, a2 ¼ 2.042, a3 ¼ −1.069, a4 ¼ 0.271, a5 ¼
−0.027, a6¼1.961× 108, a7¼2.890× 107, andb0¼0.281.
A comparison of the present reaction rate with other rates

commonly adopted in BBN calculations is shown in Fig.3.
It can be seen that the present rate is signi�cantly higher in
a wide range up toT 9 ≈ 1.
We have performed standard BBN calculations using an

updated version of the ALTER BBN code [26], adopting a

neutron mean lifetime ofτn ¼ 880.2 s andN ν ¼ 3 neutrino
species. The remaining additional parameter of the adopted
standard cosmology is the baryon-to-photon number den-
sity ratio, η10 (η in units of10−10), determined either from
the CMB observation (η10 ¼ 6.09 0.06) or as a range
considered to be allowed by other light nuclei observables
(5.8 ≤ η10 ≤ 6.6, 95% C.L.) [27]. We have adopted an
updated set of reaction rates[28] for the twelve most
important reactions (as de�ned in Ref.[22]), and details on
each individual rate are provided in the Supplemental
Material [21]. The results for the Li/H production are
shown in TableI . The uncertainty associated with the Li/H
yield in the present calculation is of the order of 8%,
evaluated adopting the upper and lower limits of the rate, as
shown in Fig. 3. The new results reported in this work
essentially lead to, at most, a 12% decrease in the lithium
production relative to previous estimations, a change that
does not have a signi�cant impact on the cosmological
lithium problem.
The present data can also provide information on the

cross section of the7Li ðp; nÞ7Be reaction, one of the most
important reactions for neutron production at low-energy
accelerators, widely used for a variety of applications. In
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FIG. 2. Resonance �t of the n_TOF cross section data,
complemented by data from theðp; nÞ channel (adopted).
The contribution from the �rst �ve levels (indicated in the
upper-right corner at their respective excitation energy), are
included in the plot (color code online), but all nine states above
the neutron separation energy are included in the SLBW �t as
described in the text.

TABLE I. BBN 7Li=H abundance (in units of10−10 and for
di�erentη10 values [27]), obtained with the rate determined in
this work for the 7Beðn; pÞ7Li reaction (see text for all other
reaction rates). The Li=H abundance calculated with the pre-
viously adopted rate of reference[22] is also reported, for
comparison.

7Beðn; pÞ7Li rate η10 Li=H yield

Cyburt (2004) rate [22] 6.09 5.46
This work [Eq. (3)] 6.09 5.26 0.40

5.8–6.6 4.73–6.23
Observations[1] 1.6 0.3
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FIG. 3. Rates of the 7Beðn; pÞ7Li reaction relative to Cyburt
[22]. The present result is shown with the associated error band,
and the rates of Smithet al. [23], Serpico et al. [24], and
Descouvemont et al. [25] are shown for comparison. The
temperature range of BBN with a larger impact on the lithium
yield is indicated by the vertical band.

PHYSICAL REVIEW LETTERS 121, 042701 (2018)

042701-5

n_TOF: 7Be(n,p) 

SARAF

moshegai
Highlight

moshegai
Highlight



n + 7Be

8Be

7Be(n,γα) 7Be(n,α)

22
+

23+

21+

0+
3.03 MeV

16.63 MeV

18.90 MeV

16.92 MeV
Eα = 9.5 MeV

Eα = ~8.4 MeV

Eα = 1.5 MeV

7Be(n,p)

Ep = 1.5 MeV

2-18.91 MeV
20.1 MeV 24+

} 

0.
04

6 
W

u
0.

05
3 

W
u

B(E1) = 0.036 W.u.

              7Be + n [3/2- x 1/2+]  
s-wave [1-, 2-]     p-wave [2+]

19.40 MeV 1-

0+1

0(+1)
0

0

Upper Limits

gai
Highlight

gai
Highlight

gai
Highlight

gai
Highlight

Gai
Line

Gai
Line

Gai
Line

Gai
Line



 SARAF(17)
 Kyoto(17)
 n_TOF(16)
 Hou et al.(15)
 ISPRA-I(63)
 1/v 

 Wagner(69) 

 Wagner New (17) 

 Wagner New + 2   Resonance + 

100.0

10.0

1.0

0.1

 
!(

m
b

)

1.0E+61.0E+21.0E+0

En (eV)

1.0E+41.0E-2

7Be + n

S-Wave:

(n,"!!!!)#$ P-Wave:

(n,$)

P

2+ 

%&'

S-Wave:

(n,"!)#$
(



Kyoto: Phys. Rev. Lett. 118(2017)052701
  (p-wave dominance at BBN Window)

Gai
Rectangle

Gai
Rectangle

Gai
Line



level ordering for the lowest five states, while the sixth and
seventh states are interchanged in comparison to the experi-
ment. The same feature is found in the VMC calculation.
Also our higher excited states have energies typically too
large, similar to the VMC and GFMC. On the other hand, the
excitation spectrum of7He, obtained in our calculation, has
energies about two times higher than those of the VMC,
although the level ordering is the same. In addition, in both
approaches a larger decrease in the calculated binding ener-
gies is observed for isobars with higher ground-state isospin
than is observed experimentally.

B. A58 nuclei

In Figs. 5, 6, 7, and 8 we present the experimental and
calculated excitation spectra of8He, 8Li, 8Be, and 8B, re-
spectively. Their ground-state properties are summarized in
Table I. The calculations were performed in a model space of
up to 4\V excitations relative to the unperturbed ground-
state configuration. A harmonic-oscillator frequency of\V
517 MeV was used. As explained earlier in this section, the
two-body effective interaction was evaluated usingNmax
58. We note that the same effective interaction was used for
all the A58 isobars.

Like in the case of theA57 nuclei, we obtain a good
description of the ground state properties as well as of the
low-lying excitation spectra. In particular, for8Be we have
excellent agreement with the experiment for all positive-
parity states below the excitation energy of 20 MeV. We
note that theT50,1, J521,11,31 doublets show signifi-
cant isospin mixing compared to other calculated states. In
our calculations, the lower state always has theT51 com-
ponent dominant. We note that electromagnetic properties of
the 16.6 and 16.9 MeV 21 doublet in 8Be were recently
analyzed@33#. The doublet has almost equal admixtures of
T50 and T51 components. In Table II we compare the
experimentally extracted isoscalar and isovector electromag-
netic transition rates from the doublet with those obtained in
our shell-model calculation. Our results can also be com-
pared with other shell-model calculations as presented in
Table III of Ref.@33#. In those calculations, phenomenologi-
cal effective interactions of Refs.@13–15# were employed.
Our calculation provides excellent agreement with experi-
ment for the M1 properties and, unlike the other shell-model
calculations used for the analysis, gives the positive sign of
the isoscalar-isovector matrix element ratio in agreement
with experiment. Also, unlike the other shell-model calcula-

FIG. 5. The experimental and calculated excitation spectra of
8He. The results corresponding to the model-space size of 4\V
relative to the unperturbed ground-state configuration are presented.
A harmonic-oscillator energy of\V517 MeV was used.

FIG. 6. The experimental and calculated excitation spectra of
8Li. The results corresponding to the model-space size of 4\V
relative to the unperturbed ground-state configuration are presented.
A harmonic-oscillator energy of\V517 MeV was used.

FIG. 7. The experimental and calculated excitation spectra of
8Be. The results corresponding to the model-space size of 4\V
relative to the unperturbed ground-state configuration are presented.
A harmonic-oscillator energy of\V517 MeV was used.

FIG. 8. The experimental and calculated excitation spectra of
8B. The results corresponding to the model-space size of 4\V rela-
tive to the unperturbed ground-state configuration are presented. A
harmonic-oscillator energy of\V517 MeV was used.

3124 57P. NAVRÁTIL AND B. R. BARRETT

P. Navratil and B.R. Barrett, Phys. Rev. C 57, (1998)
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9Be/9B 8Be: p-h



8 V. Della Rocca, F. Iachello / Nuclear Physics A 973 (2018) 1–32

Fig. 5. Energy levels in a potential with V0 = 20 MeV, Vso = 22 MeVfm2 and α = 0.1115 fm− 2, appropriate to 9Be.

Table 5
Intrinsic energies in 9Be at 
β = 1.82 fm.

State � K P (MeV)

3/2− − 1.78
1/2− + 0.32
1/2+ + 1.35

notation, in Fig. 5. This level may not even be a resonance but rather a virtual state, as pointed 
out in [24,29]. Also, more levels could be included, and the core could be broken by promoting 
neutrons from the core to the valence space. We take here an inert core and a valence space 
consisting of only the three levels in Table 5. Effects of taking βK different for each K can be 
easily studied in the CSM approach since our wave functions, Eq. (11), depend on β , and have 
been evaluated for any value of β in the range 0–6 fm. In the majority of cases, the study can be 
done by simple scaling considerations, since our results are given by explicit analytic formulas.

3.1. Energy spectra

Energy spectra are obtained as in the collective model [39]. On each single particle level of 
K there is built a rotational band, with J = K, K + 1, K + 2, . . . . The energy levels of each 

band are described by [56].

Kπ=

Kπ=
Hole

Hole

Particle

β(9Be)=1.82

(The Cluster Shell Model)

9Be

8Be
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Rotational Band in 8Be/8Li similar to 9Be

TABLE I: 8Li: B(M1) InBand, Isobaric Analog of 8Be

Ei → Ef (MeV) Jπ;T → Jπ;T B(M1) [W.u.]

2.26→ 0.0 3+; 1→ 2+; 1 M1: 0.29± 0.12

TABLE II: 9Be: B(M1) CSM InBand

Ei → Ef (MeV) Jπ;T → Jπ;T B(M1) [W.u.]

2.4294→ 0.0 5
2

−
; 12 →

3
2

−
; 12 M1: 0.3± 0.03

TABLE III: 8Be: B(E2) Cluster Band

Ei → Ef (MeV) Jπ;T → Jπ;T B(E2) [W.u.]

11.35→ 3.03 4+; 0→ 2+; 0 E2: 25.8± 8.4

TABLE IV: 9Be: B(E2) CSM InBand

Ei → Ef (MeV) Jπ;T → Jπ;T B(E2) [W.u.]

2.4294→ 0.0 5
2

−
; 12 →

3
2

−
; 12 E2: 24.4± 1.8

6.38→ 0.0 7
2

−
; 12 →

3
2

−
; 12 E2: 8.5± 3.7

TABLE V: 9Be: B(E1)

Ei → Ef (MeV) Jπ;T → Jπ;T B(E1) [W.u.]

1.684→ 0.0 1
2

+
; 12 →

3
2

−
; 12 E1: 0.11 ± 0.04

3.049→ 0.0 5
2

+
; 12 →

3
2

−
; 12 E1: 0.036 ± 0.03
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Conclusions: 

1. Measured 7Be(n,a) 7Be(n,ga) in BBN Window.

2. First Measurement of 7Be(n,g)8Be*(3.03 MeV)
(Reasonable B(E1: 2-®2+1) = 0.036  W.u.)

3. Measured 7Be(n,p) MACS @ 49.5 keV = 10.1 b.
(Perfect Agreement With n_TOF Measurement)

4. No hitherto unknown Resonance in BBN Window
(that would lead to large cross section).

5. S - wave dominance at BBN Window
(Corrected previous s and p waves extrapolations).

Lack of Standard Nuclear Solution 
To the Primordial 7Li Problem 

6. New p-h CSM Structure in 8Be revealed.
(A Major Challenge to ab-initio)

(AKA Laboratory for Astrophysics)




