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structure to the 10B ground state. The analog in 10Be is at 5.96 MeV and is populated as a strong
Gamow-Teller transition in charge-exchange reactions on 10B [see reaction 28 in 10Be].

Subtraction of the M1 strength associated with the 2+; 1 level leaves substantial ground-
state transition strength for the 2− level, indicating a T = 1 component. The s-wave resonance
at Ep = 1290 ± 30 keV also has a strong ground-state transition and was assigned as 2−; 1
(1964HO02). Thus, there appears to be a doublet of isospin-mixed 2− levels with the T = 1
component corresponding to the 6.26 MeV level of 10Be.

The narrow Ep = 1083 keV level is formed by p-wave protons and has Jπ = 0+ (see reaction
14 [9Be(p, p)] and reaction 16 [9Be(p, α)]). The isotropy of the γ rays supports this assignment.
The strong M1 transitions to the Jπ = 1+; T = 0 levels at 0.72, 2.15, and 5.18 MeV [Table
10.22] indicate T = 1. The analog is at 6.18 MeV in 10Be. The width of the 5.18 MeV level
of 10B observed in the decay is 100 ± 10 keV (1975AU02). The 7.56 MeV 0+; 1 and 5.18 MeV
1+; 0 levels are the lowest (sd)2, or 2h̄ω, levels in 10B. The strong M1 transition between them is
consistent with these assignments.

Since the previous review (1988AJ01) several measurements and analyses have been done
for low proton energies. Branching ratios and angular distributions for capture to 10B states at
Ex = 0, 0.718, 1.740 and 2.154 MeV were measured for proton energies Ep = 40–180 keV
(1992CE02). Astrophysical S-factors were deduced. Measurements of an angle integrated S-
factor for Ep = 75–1800 keV were reported by (1995ZA04). The spectrum is dominated by three
broad peaks and the analysis included interference effects with the direct-capture process. The
best fit was obtained for Jπ values of 1−, 2−, and 2− and the resulting resonance energies were
Ep(lab) = 380 ± 30, 989 ± 2 and 1405 ± 20 keV. The widths were Γlab = 330 ± 30, 90 ± 3
and 430 ± 30 keV, respectively. The low-energy S-factor is about one third of that obtained by
(1992CE02). A measurement by (1998WU05) with 100 keV polarized protons on a thick 9Be
target determined analyzing powers for capture to the 10B ground state and the first three excited
states. Astrophysical S-factors were deduced using a direct-capture-plus-resonance model. These
data were used in an evaluation of thermonuclear proton-capture rates by (2000NE09). Polarized
protons at Ep = 280–0 keV were used (1999GA21) to measure the analyzing power for the ground
state transition. Comparison of the results to calculations showed that the analyzing power could
be reproduced only by the interference of direct capture with the tail of a 2+ resonance that was
taken to be at 7.478 MeV (the 7.469 MeV state in Table 10.18). Although these results indicate
that the resonance strength in the (p, γ) channel near 7.48 MeV is predominantly 2+, the data do
not rule out a small contribution from an additional state.

Existing data on 9Be(p, γ)10B were reanalyzed within the framework of an R-matrix method
by (1999SA39). Parameters of resonances at Ep(cm) = 296, 890, 972 and 1196 keV were
determined and compared (see Table II of (1999SA39)) with parameters given in (1988AJ01,
1995ZA04, 1998WU05). Data for proton energies up to Ep = 1800 keV and γ-transitions to
the four lowest 10B states were fitted using R-matrix formulae by (2002BA09). A good fit was
obtained with two 1− levels, two 2− levels, one 0+ level and one 2+ level. Level parameters de-
rived from these fits using different combinations of input data are presented in Tables 5, 6, and 8
of (2002BA09). In related work since (1988AJ01), asymptotic normalization coefficients obtained
from peripheral transfer reactions such as 10B(7Be, 8B)9Be at low energies have been used to de-
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termine 9Be(p, γ)10B S-factors (1999SA39). Extracted asymptotic normalization coefficients used
for determining stellar reaction rates for 9Be(p, γ)10B are discussed in (2003KR14). See also the
astrophysics-related work (1996RE16, 1997NO04, 2000IC01).

For further information concerning 9Be(p, γ)10B experiments for Ep > 1330 keV, refer to
(1988AJ01).

13. 9Be(p, n)9B Qm = −1.8504 Eb = 6.5859

As noted in (1988AJ01), “Resonances in the neutron yield occur at Ep = 2562± 6, 4720± 10
and, possibly, at 3500 keV with Γcm = 84± 7, ≈500 and ≈700 keV. These three resonances cor-
respond to 10B*(8.890, 10.83, 9.7): see Table 10.13 in (1974AJ01). Cross section measurements
for the (p, n) and (p, n0) reactions have been obtained by (1983BY01; Ep = 8.15 to 15.68 MeV)
[see also for a review of earlier work]. They indicate possible structure in 10B near 13–14 MeV
(1983BY01).”

“The Ep = 2.56 MeV resonance is considerably broader than that observed at the same energy
in 9Be(p, α) and 9Be(p, γ) and the two resonances are believed to be distinct. The shape of the
resonance and the magnitude of the cross section can be accounted for with J π = 3− or 3+; the
former assignment is in better accord with 10Be*(7.37). For Jπ = 3−, θ2

n = 0.135, θ2
p = 0.115

(R = 4.47 fm): see (1974AJ01).”
“The analyzing power for n0 has been measured for Ep = 2.7 to 17 MeV (1980MA33,

1983BY02, 1986MU07) as has the polarization in the range Ep = 2.7 to 10 MeV (1983BY02). See
(1983BY02, 1986MU07) for discussions of the σ(θ), Ay(θ) and P (θ) measurements. Polarization
measurements have also been reported at E~p = 3.9 to 15.1 MeV and 800 MeV: [see (1984AJ01)]
and at 53.5, 53.9 and 71.0 MeV (1988HE08) [Ky′

y , Kz′

z ].”
A summary of monoenergetic neutron beam sources for En > 14 MeV is presented in (1990BR24).

See also the measurements at Ep = 300, 400 MeV reported in (1994SA43). Neutron spectra were
measured for Ep = 20–40 MeV (1996SH29) and for Ep = 3–5 MeV (2001HO13). See also the
measurements of σ(En) for Ep = 35 MeV (1987OR02) and the thick-target yield measurements of
(1987RA23). This reaction was used by (1987RA32) at Ep = 135 MeV to deduce Gamow-Teller
transitions B(GT) and the quenching factor. Measurements of σ(θ) at Ep = 35 MeV were used to
study the isovector part of optical potentials through analog transitions. Calculations of σ(θ, En)
for Ep = 1 GeV are described in (1994GA49). See also the analysis for Ep = 800 MeV to study
pion-production medium effects (1998IO03). See also 9B and references cited in (1988AJ01).

14. (a) 9Be(p, p)9Be Eb = 6.5859

(b) 9Be(p, p + n)8Be Qm = −1.6654

(c) 9Be(p, p + α)5He Qm = −2.467

The elastic scattering resonances up to Ex = 8 MeV shown in Table 10.25 come from (1956MO90,
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Table 10.25: Resonances in 9Be(p, p)9Be

Ep (keV) Ex (MeV) Γcm (keV) Jπ Γp/Γ

330 a 6.88 1− 0.30

945 ± 10 b 7.437 130 ± 10 1− 0.38 ± 0.06

980 ± 6 b 7.469 65 ± 10 2+ 1.0

992 ± 4 b 7.480 80 ± 8 2− 0.90 ± 0.05

1084 ± 2 b 7.564 3.3 0+ 1.0

(1200 ± 30) b (7.67) 250 ± 20 (1+) 0.30 ± 0.10

1340 ± 30 b 7.795 265 ± 30 2− 0.90 ± 0.05

1650 ± 200 b 8.07 ≈ 800 2+ 0.06–0.2

2550 ± 5 c 8.880 105 ± 5 3− 0.85

2563 ± 5 c 8.892 36 ± 4 2+ 0.35

4720 ± 100 d 10.83 400 ± 100 2+ 0.4

a From (1956MO90) where it is noted that Γcm cannot be determined accurately

from the 9Be(p, p) data alone and that Γp/Γ is accurate only to within a factor

of two. In (1969MO29), the following values for widths are taken from other

reactions: Γcm = 145 keV, Γp = 40 keV, Γd = 50 keV, and Γα = 55 keV.
b (1969MO29).
c (1983AL10). See also (1956MA55, 1977KI04).
d (1983AL10). See (1974YA1C).

1969MO29). Below Ep = 0.7 MeV only s-waves are present exhibiting a resonance at Ep =
330 keV with Jπ = 1−. Apart from the tentative 1+ assignment at Ep = 1200 keV, which was
introduced to satisfy a need for resonant p-wave formation (1969MO29), there is good agreement
between the results of (1956MO90) and (1969MO29). The analysis requires a large d-wave ad-
mixture with the s-wave protons forming the Ep = 1340 keV resonance (1969MO29).

Between Ep = 0.8 and 1.6 MeV polarization and cross section measurements are well fitted
by a phase-shift analysis using only 3S1, 5S2, 5P1, and 5P2 phases (1973RO24). However, the spin
assignments of 1+ for a state at Ex = 7.48 MeV and 1− for a state at Ex = 7.82 MeV to fit this data
are in disagreement with the assignments in Table 10.25 and with other data. In particular, these
assignments leave no state near 7.48 MeV to explain the strong M1 transition observed in electron
scattering and no state near 7.8 MeV to explain the strong radiative transition to the ground state
(2001BA47).

The 2+ state at 8.07 MeV has been observed via inelastic electron scattering and given the
same spin-parity assignment. It has also been observed via inelastic pion scattering.
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The next prominent elastic scattering resonance occurs at Ep = 2.56 MeV (Ex = 8.89 MeV)
and has a width of ≈ 100 keV. The analogs of the 7.37 MeV 3− and 7.54 MeV 2+ levels of 10Be
are known to be nearly degenerate at 8.89 MeV in 10B. The 3− level (Γ ≈ 85 keV) dominates in the
9Be(p, p) and 9Be(p, n) reactions while the 2+ level (Γ ≈ 40 keV) dominates the 9Be(p, α2γ)6Li
cross section (1977KI04). In fits to elastic scattering in this region (1983AL10), including polar-
ization data (1976MA58), a number of other relatively narrow states have been introduced between
8.4 and 9.1 MeV. The data of (1983AL10) extends to Ep = 5 MeV and three more levels have been
proposed. The highest at Ep = 4.72 MeV (Ex = 10.83 MeV) occurs at an energy where reso-
nances have been observed in a number of other reaction channels. The assignment of J π = 2+;
T = 1 is consistent with that obtained for a resonance observed in the 9Be(p, p0), 9Be(p, p2), and
9Be(p, α2) reactions (1974YA1C).

15. (a) 9Be(p, t)7Be Qm = −12.0833 Eb = 6.5859

(b) 9Be(p, 3He)7Li Qm = −11.2025

Polarization measurements (reaction (b)) are reported at E~p = 23.06 MeV: see (1984AJ01).
For a study at Ep = 190 and 300 MeV see (1987GR11). See also (1985SE15).

16. (a) 9Be(p, d)8Be Qm = 0.5592 Eb = 6.5859

(b) 9Be(p, α)6Li Qm = 2.1249

Proton-induced reactions on 9Be are of considerable interest in regard to primordial and stellar
nucleosynthesis. Subsequent to the previous compilation (1988AJ01), there have been two studies
of the reactions (a) and (b) at low proton energies (1997ZA06, 1998BR10). Excitation functions
and angular distributions for Ep = 16 to 390 keV have been measured by (1997ZA06). Both
polarized and unpolarized protons have been used by (1998BR10) to measure angular distribu-
tions and analyzing powers for Ep = 77 to 321 keV. Earlier measurements (1973SI27) provided
excitation functions for Ep = 30 to 700 keV and angular distributions for Ep = 110 to 600 keV.
The prominent feature in the excitation functions for both reactions, expressed as values of the
astrophysical S factors, is a peak at Ep ≈ 310 keV attributed to the 6.87 MeV 1− level of 10B. The
analyses of both (1997ZA06) and (1998BR10) indicate substantial direct reaction contributions to
the 9Be(p, d)8Be cross section at energies below the Ep ≈ 310 keV resonance.

The low-energy data and attempts to fit it are summarized by (2001BA47) where an R-matrix
fit of almost all the data is performed for Ep ≤ 700 keV. The discussion in (2001BA47) includes
arguments questioning some of the 10B Jπ assignments of (1988AJ01). In particular, it is argued
in Appendix A of (2001BA47) that the dominantly T = 1 isospin-mixed partner of the 6.87 MeV
1−; 0 + 1 level exists near Ex = 7.44 MeV (see reaction 12 and Table 10.20) where a resonance is
seen in reactions (a) and (b) (1956WE37).
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Table 10.26 shows resonances observed in early measurements of excitation functions for
deuterons and α-particles. Up to Ep = 2.3 MeV, the information is taken from a multi-level
R-matrix analysis of the p, d0, α0, α1, and γ channels by (1969CO1J) [see also (1964HO02,
1969MO29)] omitting only the nearly pure T = 1 states at 7.47 MeV (2+) and 7.56 MeV (0+).
(1969CO1J) give reduced widths and radiative widths for all these states. The separation of the
3−/2+; T = 1 doublet at Ep = 2.56 MeV comes from an R-matrix analysis of the (α2γ) and p0

yields by (1977KI04). The higher resonances appear on a background of direct reaction contribu-
tions and, given the assignment of both α2 and α0 or α1 decays in the same or different experiments
(1959MA20, 1974YA1C), it is not clear whether the resonances are due to isospin-mixed or unre-
solved states.

The existence of a 3.5 MeV resonance (Ex = 9.7 MeV) included in the previous compilation
(1988AJ01) and assigned T = 1 was based on a small bump in the 9Be(p, αγ)6Li cross section
between the 2.56 MeV and 4.5 MeV resonances (1959MA20). However, there is no known analog
state in 10Be and no resonance structure is observed in the 9Be(n, α)6He spectrum (1957ST95).

Other measurements at higher energies include those at Ep = 50 MeV (1989GU08), Ep = 25,
30 MeV (1992PE12), Ep = 2.475 MeV (1994LE08; applications), Ep = 40 MeV (1997FA17),
and Ep = 60 MeV (1987KA25). For earlier measurements see (1988AJ01). Polarization mea-
surements have been made in the range Ep = 0.30 to 15 MeV and at 185 MeV [see (1974AJ01,
1979AJ01)] and at E~p = 60 MeV (1987KA25; Ay; inclusive deuteron spectra).

Theoretical work and other analyses of these reactions are discussed in (1987GO27, 1991AB04,
1992KO26, 1992KW01, 1996YA09, 1997NO04, 1999TI07, 2000GA49, 2000GA59).

17. 9Be(d, n)10B Qm = 4.3613

Neutron groups are observed corresponding to the 10B states listed in Table 10.27. Angular
distributions have been measured for Ed = 0.5 to 16 MeV [see (1974AJ01, 1979AJ01)], at 8 MeV
(1986BA40; n0 → n5, n6+7+8; also at 4 MeV to the latter) and at 18 MeV (1987KAZL; n0, n1) and
at 0.5, 1.0, 1.5 and 2.0 MeV (1995VU01; n0, n6). At 25 MeV differential cross sections were mea-
sured and analyzed for levels below 6.57 MeV (1992MI03). Spectroscopic factors were deduced
and compared with previous data and with coupled-reaction-channel calculations. See Tables 2
and 3 of (1992MI03). Observed γ-transitions are listed in Table 10.16 of (1979AJ01). See Tables
10.19, 10.20 and 10.21 here for the parameters of radiative transitions and for τm. Measurements
of neutron angular distributions for Ed = 15, 18 MeV were analyzed (1988KA30) in the frame-
work of the peripheral model of direct reactions. Neutron yields and differential cross sections at
Ed = 40 MeV were measured by (1987SC11). See also the neutron measurements at Ed = 2.6–
7 MeV (1993ME10), Ed = 21 MeV (1994CO26), Ed = 20.2 MeV (1998BE31), Ed = 5–10 MeV
(1998OL04), Ed = 0.5–1.54 MeV (1999AB38), and Ed = 9.8 MeV (1999JO03). Application-
related yields and spectra were measured at Ed = 1.5, 1.95, 2.5 and 5 MeV by (2002COZZ). At
low energies (Ed = 24-111 keV), cross sections were measured and astrophysical S factors were
deduced by (2001HO23). An analysis of differential cross sections for Ed = 7–15 MeV was used
to deduce optical model parameters and asymptotic normalization coefficients (2000FE08). 10B
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Table 10.26: Resonances in 9Be(p, d)8Be and 9Be(p, α)6Li a

Ep (MeV) Ex (MeV) Γcm (keV) Jπ; T Decay channels Γp/Γ

0.330 6.880 135 1−; 0 + 1 d0, α0 0.27

0.375 b 6.924 110 1+; 0 d0, α0 ≈ 0.015

0.450 c 6.992 90 3+; 0 d0, α0 ≈ 0.017

0.650 7.171 430 2−; 0 d0, α0 ≈ 0.10

0.955 7.447 130 1−; 1 + 0 d0, α0 0.38

0.992 7.480 80 2−; 0 + 1 d0, α0 0.90

1.20 7.66 250 1+; 0 (d1), α0 0.30

1.30 7.76 245 2−; 0 d0, α0 0.90

1.65–1.80 8.07–8.21 ≈ 1000 2+; 0 d0, α0, α1

2.30 d 8.66 ≈ 300 (2−, 3−) small

2.561 e 8.89 100 ± 20 3−; 1 α2 0.06–0.3

2.566 e 8.89 40 ± 1 2+; 1 α2

4.5 f,g 10.6 200 g α0
g, α2

f

4.7 g 10.8 300 2+; 1 p2, α2, (α1)

5.5 g 11.5 500 α1, α2

a For references and for a listing of other reported resonances and additional information see Table

10.14 in (1979AJ01). The information up to Ep = 2.3 MeV is taken from a multi-level R-matrix

analysis of the p, d0, α0, α1, and γ channels by (1969CO1J). See also (1964HO02, 1969MO29).
b Level appears only in the analysis of (1969CO1J).
c Other analyses have given 1+, 2+, or 3+ (1979AJ01). See also (2001BA47).
d See also (1956WE37) for (p, d) and (1965MO1C) for (p, α).
e From an R-matrix analysis of the (α2γ) and p0 yields (1977KI04).
f (1969MO29).
g (1974YA1C).
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level information resulting from 9Be(d, n) experiments prior to (1988AJ01) was summarized in
(1988AJ01).

See also 11B in (1985AJ01) and references cited in (1988AJ01). Angular distributions of neu-
trons from 9Be(d, n) at E(9Be) = 3–7 MeV were measured by (2002MA20).

18. 9Be(3He, d)10B Qm = 1.0924

Deuteron groups have been observed to a number of states of 10B: see Table 10.27. Prior to the
previous review (1988AJ01) angular distributions had been reported at E(3He) = 10–33.3 MeV
[see (1974AJ01, 1979AJ01, 1984AJ01)]. More recently, differential cross sections were measured
and analyzed at E(3He) = 32.5 MeV (1993AR14), 22.3–34 MeV (1996AR07), and 42 MeV
(1998AR15). Nuclear vertex constants and spectroscopic factors were deduced for the popula-
tion of 10B levels at Ex = 0.0, 0.72, 1.74, 2.15 MeV. As noted in (1988AJ01), spectroscopic
factors obtained in the (d, n) and (3He, d) reactions are not in good agreement: see the discus-
sions in (1974KE06, 1980BL02, 1992MI03). See also the theoretical discussions in (1986AV01,
1989BO26, 1990KA17, 1997VO06).

19. 9Be(α, t)10B Qm = −13.2280

Angular distributions have been studied at Eα = 27, 28.3 and 43 MeV [see (1979AJ01)],
at 30.2 MeV (1984VA07; t0, t1, t3, t4) and at 65 MeV (1980HA33). In the latter experiment
DWBA analyses have been made of the angular distributions to 10B*(0, 0.72, 1.74, 2.15, 3.59,
5.2, 5.92, 6.13, 6.56, 7.00, 7.5, 7.82, 8.9) and spectroscopic factors were derived. The angular
distributions to 10B*(4.77, 6.03) could not be fitted by either DWBA or coupled channel analyses.
In general coupled-channels calculations give a better fit to the 65 MeV data than does DWBA
(1980HA33). Comparisons with other one-proton stripping reactions [(d, n) and (3He, d)] are
discussed in (1980HA33) as well as in (1997VO06).

20. (a) 9Be(7Li, 6He)10B Qm = −3.3904

(b) 9Be(10B, 10B)9Be

(c) 9Be(11B, 10B)10Be Qm = −4.642

(d) 9Be(12C, 11B)10B Qm = −9.371

At E(7Li) = 34 MeV angular distributions have been obtained for the 6He ions to the first four
states of 10B. Absolute values of the spectroscopic factors are S = 0.88, 1.38 (p1/2 or p3/2), 1.40,
and 0.46 (p1/2), 0.54 (p3/2) for 10B*(0, 0.74, 1.74, 2.15) (FRDWBA analysis): see (1979AJ01).
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Table 10.27: Levels of 10B from 9Be(d, n) and 9Be(3He, d) a

Ex (MeV ± keV) a 9Be(d, n) b 9Be(3He, d) c Jπ; T a

lp Srel lp (2J + 1)C2S

0 1 1.0 1 3.30 3+; 0

0.72 1 1.97 1 2.76 1+; 0

1.74 1 1.36 1 1.20 0+; 1

2.15 1 0.41 1 0.82 1+; 0

3.59 1 0.10 1 0.29 2+; 0

4.77 (≥ 2) 1 + (3) d 0.10 3+; 0

≤ 0.82

5.11 0 0.14 0 + 2 0.34, 0.14 2−; 0

5.16

5.18







1 0.43 1 0.86
2+; 1

1+; 0

5.92 1 0.49 1 2.05 2+; 0

6.03 (3) d ≤ 0.20 4+

6.13 (2) (2) e 3.04 3−

6.56 (3) (2) e 2.01 (4)−

6.89 ± 15 (1) 1−; 0 + 1

7.00 ± 15 (1) (1, 2)+; (0)

7.48 ± 15 f g

7.56 ± 25 f 0+; 1

(7.85 ± 50) f 1−

(8.07 ± 50) f (2−; 0)

(8.12 ± 50) f

a Values without uncertainties are from Table 10.18; others are from Table 10.15 in (1979AJ01).

See that table for additional information and for references. See also (1984AJ01), and see the

discussions under 9Be(d, n) and 9Be(3He, d) in this review.
b Srel from experiment at Ed = 12.0 − 16.0 MeV.
c E(3He) = 18 MeV; DWBA analysis; values shown are those obtained with one of the two

optical-model potentials used in the analysis. For earlier (3He, d) results see Table 10.17 in

(1979AJ01).
d Angular distribution poorly fitted by DWBA.
e See (1980BL02) for a discussion of these two states, including a comparison with the (d, n)

data: lp = 2 is slightly preferred to lp = 1 on the basis of the observed strengths. Neither lp = 2

nor 1 gives a good DWBA fit.
f State observed in (d, n) reaction; lp not determined.
g Group shown corresponds to unresolved states in 10B.61



See also (1988AL1G). At E(7Li) = 14.13 MeV a measurement of secondary beam production
yields was reported by (1991BE49).

Cross sections have been measured for reaction (b) at E(10B) = 100 MeV to obtain asymp-
totic normalization coefficients (ANC’s) (1997MU19, 1998MU09, 2001KR12). Astrophysical
S-factors for 9Be(p, γ)10B were deduced. In work described in (2000FE08) ANC’s were deduced
from a set of proton transfer reactions at different energies to study the uniqueness of the ANC
method.

For reaction (c), angular distributions were measured at Elab(11B) = 45 MeV (2003KY01)
optical parameters for the 10B + 10Be interaction.

For reaction (d) angular distributions were measured at E(12C) = 65 MeV for transitions to
10B levels at 0.0, 0.72, 1.74 and 2.15 MeV (2000RU05). Data were analyzed within the cou-
pled reaction channel (CRC) method. It was found that two-step processes are important for all
transitions.

21. 10Be(β−)10B Qm = 0.5560

See 10Be.

22. 10Be(p, n)10B Qm = −0.2264

The yield of the n1 group has been studied for Ep = 0.9 to 2.0 MeV: see 11B in (1990AJ01)
and (1986TE1A). An analysis of data for E = 0.95–1.9 MeV and application of dispersion theory
of reaction excitation functions at two-particle channel thresholds was reported in (1988DU06).

23. (a) 10B(γ, n)9B Qm = −8.4363

(b) 10B(γ, p)9Be Qm = −6.5859

(c) 10B(γ, p + n)8Be Qm = −8.2513

(d) 10B(γ, π+)10Be Qm = −140.1262

Absolute measurements have been made of the 10B(γ, n) cross section from threshold to
35 MeV with quasimonoenergetic photons; the integrated cross section is 0.54 in units of the clas-
sical dipole sum (60NZ/A MeV·mb). The (γ, 2n)+(γ, 2np) cross section is zero, within statistics,
for Eγ = 16 to 35 MeV: see (1979AJ01) and (1988DI02). The giant resonance is broad with the
major structure contained in two peaks at Ex = 20.1±0.1 and 23.1±0.1 MeV (σmax ≈ 5.5 mb for
each of the two maxima): see (1979AJ01). (1987AH02) [and H. H. Thies, private communication]
[using bs] report two broad [Γ ≈ 2 MeV] maxima at 20.2 and 23.0 MeV [±0.05 MeV] (σ = 5.0
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and 6.0 mb, respectively; ±10%) and a minor structure at Ex = 17.0 MeV. For reaction (b), dif-
ferential cross section measurements were reported at Eγ = 66–103 MeV (1988SU14) and at 57.6
and 72.9 MeV (1998DE13). See also the knock-out mechanism analysis described in (1997JO07).

For reaction (c) see (1988SU14). For a DWIA study of reaction (d) for Eγ = 164 MeV, see the
analysis reported in (1994SA44). See also 9Be, and the earlier references cited in (1988AJ01).

24. (a) 10B(e, e)10B

(b) 10B(e, eπ+)10Be Qm = −140.1262

(c) 10B(e, en)9B Qm = −8.4363

(d) 10B(e, ep)9Be Qm = −6.5859

Inelastic electron groups for which extensive form-factor measurements are available are dis-
played in Table 10.28. Transverse form factors in the momentum-transfer range q = 2.0–3.8 fm−1

were measured for 10B*(0, 1.74, 5.16) by (1988HI02). Measurements spanning the range q =
0.48–2.58 fm−1 were made by (1995CI02) to determine longitudinal and transverse form fac-
tors for 10B levels up to Ex = 6.7 MeV with the exception of the broad Ex = 5.18 MeV level.
The experimental form factors are compared with the results of extensive shell-model calculations
(1995CI02). Similar shell-model calculations of transverse scattering form factors for the 0, 1.74,
and 5.16 MeV levels are reported in (1994BO04).

In (1995CI02), analyses that determined the r.m.s. radius of the ground-state charge distribu-
tion to be 2.58 ± 0.05 ± 0.05 fm are described. This value is consistent with the tabulated value
of 2.45 ± 0.12 fm (1987DE43). In an appendix, B(E2) values derived from the longitudinal form
factors (1995CI02, 1966SP02, 1976FA13, 1979AN08) are given for the 0.72, 2.15, 3.59, 5.92,
and 6.03 MeV levels. The B(E2) value for the 4.77 MeV level is known to be very small and the
longitudinal form factor appears to be dominated by the C0 multipole. The results of an analysis
by the same method [by co-author D.J.M.; see (2004MIZX)] are listed in Table 10.28, together
with similar analyses for other states for which the form factors appear to be dominated by a sin-
gle multipole. The effects of including electron distortion, not taken into account in the transition
strengths reported in the previous tabulation (1988AJ01), are significant.

The previous tabulation also included information on states at 8.07 and 8.9 MeV from (1979AN08)
and at 10.79 and 11.56 MeV from (1976FA13). The C2 strength reported for the 8.07 MeV level,
analyzed as a 2+ level, was such that the level should have been very strongly populated by inelastic
pion scattering and this is not the case (1988ZE01). For the 8.9 MeV excitation, the contributions
from the 2+; 1 and 3−; 1 members of the doublet near this energy cannot be separated. In the
11 MeV region, there is evidence for considerable M1 strength (1976FA13).

For reaction (b) see 10Be. For reactions (c) and (d) see (1984AJ01) and (1997JO07). See also
the earlier references cited in (1988AJ01).

25. 10B(π, π′)10B
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Table 10.28: Transition strengths and radiative widths from 10B(e, e′) a

Ex Jπ; T Mult. B(λ) ↑ B(λ) ↓ Γγ0

(MeV) e2 fm2λ (W.u.) (eV)

0.72 1+; 0 C2 1.71 ± 0.14 3.12 ± 0.26 (6.1 ± 0.5) × 10−7

1.74 0+; 1 M3 7.00 ± 0.20 b 125 ± 4 (8.90 ± 0.26) × 10−10

2.15 1+; 0 C2 0.41 ± 0.05 0.75 ± 0.08 (3.6 ± 0.4) × 10−5

3.59 2+; 0 C2 0.62 ± 0.05 0.67 ± 0.05 (4.1 ± 0.3) × 10−4

5.16 c 2+; 1 M3 19.4 ± 1.3 69.2 ± 4.6 (1.00 ± 0.07) × 10−6

5.92 2+; 0 C2 0.15 ± 0.05 0.16 ± 0.06 (1.2 ± 0.4) × 10−3

6.03 4+; 0 C2 18.7 ± 0.7 11.4 ± 0.4 (9.3 ± 0.4) × 10−2

6.13 3−; 0 C3 d 33.0 ± 3.8 5.6 ± 0.7 (4.0 ± 0.5) × 10−6

6.56 4−; 0 C3 e 21.7 ± 3.1 2.8 ± 0.4 (3.3 ± 0.5) × 10−6

7.48 f 2+; 1 M1 0.018 ± 0.002 1.27 ± 0.14 11.0 ± 1.2

a From (2004MIZX, analysis using polynomial times Gaussian fits to data from (1966SP02, 1976FA13,

1979AN08, 1995CI02). Distortion effects are taken into account by using qeff = q(1 + 2.75/E0) where

E0 is the incident electron energy in MeV (1995CI02).
b From a full DWBA analysis (R.S. Hicks, private communication).
c Assumed to correspond to 2+ state at 5.164 MeV. F2

T at qeff = 1.32 fm−1 for the transition to the 2−

state at 5.110 MeV is an order of magnitude smaller than F2
T for the 5.164 MeV level (1995CI02). A

small M1 contribution at low q has been subtracted.
d Shell-model calculations predict a dominant C3 contribution and a smaller C1 contribution

(1995CI02).
e Shell-model calculations predict a dominant C3 contribution (1995CI02).
f Using the low-q data from (1966SP02, 1976FA13). In this evaluation, we have adopted a 2−

assignment for the 7.48 MeV state. However, see Tables 10.18 and 10.20 for a nearby 2+ level.
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The inelastic scattering of 162 MeV pions has been studied (1988ZE01) over the angular range
35◦ to 100◦ in the laboratory system and the data were analyzed with a model that incorporates
shell-model wave functions into a distorted-wave impulse approximation formalism. Reduced
transition probabilities were obtained for low-lying states. Higher states, or groups of unresolved
states, at 7.0, 7.8, 8.07, 8.9, 9.7, 10.7, 11.5, and 12.8 MeV were studied.

26. 10B(n, n)10B

Angular distributions have been studied for En = 1.5 to 14.1 MeV [see (1974AJ01, 1979AJ01)]
and at 3.02 to 12.01 MeV (1986SAZR, 1987SAZX; n1 → n5), 8 to 14 MeV (1983DA22; n0) and
9.96 to 16.94 MeV (1986MU1D; n0). Measurements were made by (1990SA24) for En from
3.02 MeV up to 12.01 MeV. See also the experimental study of (1988RE09) and the optical model
analysis of (1996CH33). See also 11B in (1985AJ01, 1990AJ01) and (1984TO02).

27. (a) 10B(p, p)10B

(b) 10B(p, 2p)9Be Qm = −6.5859

Angular distributions have been measured for a number of energies between Ep = 3.0 and
800 MeV [see (1974AJ01, 1979AJ01, 1984AJ01)] and at 10 to 17 MeV (1986MU1D; p0). Dif-
ferential cross sections have been measured (2001CH78) from Ep = 0.5–3.3 MeV in 5◦ steps
from 100◦ − 170◦. Cross sections and polarization observables for 200 MeV polarized protons
were measured by (1992BA76; p0, p1). See also the Ep = 200 MeV measurements and analyses
reported in (1991LE22). Microscopic model analyses are reported for Ep = 25, 30, 40 MeV by
(2000DE61) and for Ep = 200 MeV by (1997DO01). Table 10.29 displays the states observed in
this reaction. Inelastic scattering data were used to deduce the deformation parameters, βL. The
γ-ray results are shown in Tables 10.19 and 10.20. See also (1979AJ01). For τm see Table 10.21
(1983VE03).

Axions may cause e+e− pairs in competition with γ-ray emission in an isoscalar M1 transition:
a search for axions was undertaken in the case of the 3.59 → g.s. [2+ → 3+] transition. It
was negative (1986DE25). A beam dump experiment and other attempts to observe axions are
discussed in (1987HA1O). For reaction (b) at Ep = 1 GeV see (1985BE30, 1985DO16) and
(1974AJ01). See also (1988KRZY), (1985KI1B, 1988KOZL; applied) and 11C in (1985AJ01,
1990AJ01).

28. 10B(d, d)10B

Angular distributions have been reported at Ed = 4 to 28 MeV: see (1974AJ01, 1979AJ01).
Observed deuteron groups are displayed in Table 10.29. The very low intensity of the group to

65



Table 10.29: 10B levels from 10B(p, p), 10B(d, d) and 10B(3He, 3He) a

Ex (MeV ± keV) b Γcm (keV) L βL
b,c

0 d

0.7183 ± 0.4 d,e ,f 2 0.67 ± 0.05

1.7402 f,g (3)

2.1541 ± 0.5 d 2 0.49 ± 0.04

3.5870 ± 0.5 d 2 0.45 ± 0.04

4.7740 ± 0.5 h

5.1103 ± 0.6 3 0.45 ± 0.04

5.1639 ± 0.6

5.18 ± 10 h,i 110 ± 10

5.9195 ± 0.6 d < 5 0.28 ± 0.03

6.0250 ± 0.6 d < 5 2 0.95 ± 0.04

6.1272 ± 0.7 d < 5 3 0.58 ± 0.03

6.55 ± 10 d 25 ± 5 3 0.46 ± 0.04 j

7.00 ± 10 d 95 ± 10

7.48 ± 10 90 ± 15

a For references and a more complete presentation see Table 10.19 in (1979AJ01).
b From (p, p) and (p, p′).
c See results obtained from (3He, 3He′) in Table 10.19 of (1979AJ01).
d Also observed in (d, d) and (3He, 3He).
e Ex = 718.35 ± 0.04 (from Eγ).
f Ex = 718.5 ± 0.2 and 1740.0 ± 0.6 keV (from Eγ).
g Also observed in (3He, 3He).
h Also observed in (d, d).
i Not reported in (p, p) at Ep = 10 MeV.
j Assumes Jπ = 4−; βL = 0.59 ± 0.03 if Jπ = 2−.
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10B*(1.74) and the absence of the group to 10B*(5.16) is good evidence of their T = 1 charac-
ter: see (1974AJ01). See also the cross section measurements at Ed = 13.6 MeV reported in
(1991BE42).

29. 10B(t, t)10B

Angular distributions of elastically scattered tritons have been measured at Et = 1.5 to 3.3 MeV:
see (1974AJ01).

30. 10B(3He, 3He)10B

Angular distributions have been measured at E(3He) = 4 to 46.1 MeV [see (1974AJ01,
1979AJ01, 1984AJ01)] and at 2.10 and 2.98 MeV (1987BA34; elastic). L = 2 gives a good fit of
the distributions of 3He ions to 10B*(0.72, 2.15, 3.59, 6.03): derived βL are shown in Table 10.19 of
(1979AJ01). See also Table 10.29 here, 13N in (1986AJ01) and see the Strong-Absorption Model
analysis for E(3He) = 41 MeV reported in (1987RA36).

31. (a) 10B(α, α)10B

(b) 10B(α, 2α)6Li Qm = −4.4610

Angular distributions have been measured for Eα = 5 to 56 MeV [see (1974AJ01, 1979AJ01,
1984AJ01)] and at 91.8 MeV (1985JA12; α0). Measurements of cross sections relative to Ruther-
ford scattering at large angles for Eα = 1–3.3 MeV were reported by (1992MC03). Data for
Eα = 1.5–10 MeV were compiled and reviewed for depth-profiling applications in (1991LE33).
Reaction (b) has been studied at Eα = 24 and 700 MeV: see (1979AJ01, 1984AJ01). See also
(1983GO27, 1985SH1D; theor.).

32. (a) 10B(6Li, 6Li)10B

(b) 10B(7Li, 7Li)10B

Elastic-scattering angular distributions have been studied at E(6Li) = 5.8 and 30 MeV: see
(1979AJ01). A model for calculating departures from Rutherford backscattering for Lithium tar-
gets is described in (1991BO48). For reaction (b), elastic scattering angular distributions were
studied at E(7Li) = 24 MeV: see (1979AJ01). Differential cross section measurements at E(7Li) =
39 MeV were reported in (1988ET02).
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33. (a) 10B(7Be, 7Be)10B

(b) 10B(9Be, 9Be)10B

Elastic scattering differential cross section measurements at E(7Be) = 84 MeV have been
reported (1999AZ02, 2001AZ01, 2001GA19, 2001TR04). The results were used along with
10B(7Be, 8B) data to deduce asymptotic normalization coefficients for the virtual transitions 8B →
7Be + p and to calculate the astrophysical S factor and direct-capture rates for 7Be(p, γ)8B. See
also the analysis in (2002GA11).

For reaction (b), the elastic angular distributions have been measured at E(10B) = 20.1 and
30.0 MeV (1983SR01). For yield and cross section measurements see (1983SR01, 1986CU02).
See also the calculations of (1984IN03, 1986RO12).

34. (a) 10B(10B, 10B)10B

(b) 10B(11B, 11B)10B

Elastic angular distributions (reaction (a)) have been studied at E(10B) = 8, 13 and 21 MeV
(see the references cited in (1979AJ01)) and at E(10B) = 4–15 MeV (1975DI08). These data were
used by (2000RU05) to study the energy dependence of optical model parameters. For reaction (b)
see the references cited in (1988AJ01). See also (2000RU05).

35. (a) 10B(12C, 12C)10B

(b) 10B(13C, 13C)10B

Elastic angular distributions have been measured at E(10B) = 18 and 100 MeV for reac-
tion (a) [see (1979AJ01)] and at 18–46 MeV [see (1984AJ01)] and 42.5, 62.3 and 80.9 MeV
for reaction (b) (1985MA10). For yield, cross section and fusion experiments see (1983DA20,
1983MA53, 1985MA10, 1988MA07) and (1984AJ01). For other references on these reactions,
see (1988AJ01).

36. 10B(14N, 14N)10B

Angular distributions have been reported at E(10B) = 100 MeV and E(14N) = 73.9 and
93.6 MeV (1979AJ01, 1984AJ01), and at 38.1, 42.0 and 50 MeV (1988TA13). For fusion cross
section studies see (1983DE26, 2001DI12) and the references cited in (1979AJ01, 1984AJ01,
1988AJ01).
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37. (a) 10B(16O, 16O)10B

(b) 10B(17O, 17O)10B

(c) 10B(18O, 18O)10B

Elastic angular distributions (for reaction (a)) have been studied at E(10B) = 33.7 to 100 MeV
and at E(16O) = 15–32.5 MeV (1979AJ01, 1984AJ01), at Ecm = 14.77, 16.15 and 18.65 MeV
(1988KO10), and for reactions (a), (b) and (c) at E(16O) = 16–64 MeV (1994AN05). For elas-
tic cross sections for reaction (c) at E(18O) = 20, 24 and 30.5 MeV, see (1974AJ01). For a
study of the time scales for binary processes for the 16O + 10B system at Ecm = 17–25 MeV
see (2002SU17). See also (2001DE50). For yield and fusion cross section measurements see
(1993AN08, 1993AN15, 1994AN05) and earlier references cited in (1988AJ01).

38. (a) 10B(19F, 19F)10B

(b) 10B(20Ne, 20Ne)10B

The elastic scattering has been investigated for E(19F) = 20 and 24 MeV for reaction (a) and
E(10B) = 65.9 MeV for reaction (b): see (1974AJ01, 1984AJ01).

39. (a) 10B(24Mg, 24Mg)10B

(b) 10B(25Mg, 25Mg)10B

The elastic scattering for both reactions has been studied at E(10B) = 87.4 MeV: see (1984AJ01).
The elastic scattering for reaction (b) has been measured at E(10B) = 34 MeV by (1985WI18).

40. (a) 10B(27Al, 27Al)10B

(b) 10B(28Si, 28Si)10B

(c) 10B(30Si, 30Si)10B

The elastic scattering for all three reactions has been studied at E(10B) = 41.6 and ≈ 50 MeV
[and also at 33.7 MeV for reaction (b)]: see (1984AJ01). See also (1984TE1A).

41. (a) 10B(39K, 39K)10B

(b) 10B(40Ca, 40Ca)10B
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The elastic scattering has been studied at E(10B) = 44 MeV for reaction (a) (1985WI18) and
at 46.6 MeV for reaction (b): see (1984AJ01).

42. 10C(β+)10B Qm = 3.6480

The half-life of 10C is 19.290 ± 0.012 sec (1990BA02): the decay is to 10B*(0.72, 1.74)
with branching ratios of (98.53 ± 0.02)% (1979AJ01) and (1.4645 ± 0.0019)% [world aver-
age (1999FU04)], see (1991KR19, 1991NA01, 1995SA16, 1999FU04) for measurements since
(1988AJ01): an upper limit for decay to 10B*(2.15), ≤ 8 × 10−4%, is given in (1979AJ01). The
excitation energies of 10B*(0.72, 1.74) are 718.380 ± 0.011 keV and 1740.05 ± 0.04 keV, respec-
tively, which were determined from de-excitation γ-rays with Eγ = 718.353 ± 0.010 keV and
1021.646± 0.014 keV (1988BA55, 1989BA28). See (2003SU04) for discussion of B(GT) values.

The 0+ → 0+ super-allowed β-decay branch for 10C decay to 10B*(1.74) is important for de-
termining the Vud matrix element and for testing the unitarity of the Cabibbo-Kobayashi-Maskawa
matrix. The Vud matrix element is determined by ft-values; for 10C, this depends on the 10C*(0,
[0+]) → 10B*(1.74, [0+]) branching ratio, 1.4645 ± 0.0019 [Jπ in brackets], the 10C half-life
(1990BA02), and the decay energy to the 10B*(1.74) state, 1907.86 ± 0.12 keV (1998BA83). The
experimental ft value is 3037 ± 8, which yields log ft = 3.4825 ± 0.0014. Various corrections
to the ft-values, to account for nuclear structure and isospin effects, are discussed in (1991RA09,
1992BA22, 1993CH06, 1994BA65, 1996SA09, 1998TOZQ, 2000BA52, 2000HAZU). After cor-
rection, the ft value is ≈ 3068.9 ± 8.5 (99FU04), which by itself satisfies the unitarity test of
the CKM matrix. However, higher precision measurements are desirable since the satisfaction of
CKM unitarity, based on all 0+ → 0+ decays, continues to be debated in the literature (2002HA47,
2002TO19, 2002WI09, 2003WI01).

43. 11B(γ, n)10B Qm = −11.454

The intensities of the transitions to 10B*(3.59, 5.16) [T = 0 and 1, respectively] depend on the
region of the giant dipole resonance in 11B from which the decay takes place: it is suggested that
the lower-energy region consists mainly of T = 1

2
states and the higher-energy region of T = 3

2

states: see 11B in (1980AJ01). See also 11B in (1985AJ01, 1990AJ01) and (1984AL22).

44. (a) 11B(p, d)10B Qm = −9.230

(b) 11B(p, p + n)10B Qm = −11.454

Angular distributions of deuteron groups have been measured at several energies in the range
Ep = 17.7 to 154.8 MeV [see (1979AJ01)] and at 18.6 MeV (1985BE13; d0, d1). The population
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of the first five states of 10B and of 10B*(5.2, 6.0, 6.56, 7.5, 11.4±0.2, 14.1±0.2) is reported. Data
at Ep = 33 MeV was used (1991AB04) in a test of Cohen-Kurath wave functions and intermediate
coupling. For reaction (b) see (1985BE30, 1985BO05; 1 GeV). Cross sections σ(E) for both
reactions (a) and (b) are calculated in a “quasiquantum multistep direct reaction” theory described
in (1994SH21). See also references cited in (1988AJ01).

45. 11B(d, t)10B Qm = −5.197

Angular distributions have been measured at Ed = 11.8 MeV (t0 → t3; l = 1) [see (1974AJ01)]
and at 18 MeV (1987GUZZ, 1988GUZW). A combined DWBA and dispersion-theory analysis
of cross section data is described in (1995GU22). Vertex constants and spectroscopic factors were
deduced.

46. (a) 11B(3He, α)10B Qm = 9.124

(b) 11B(3He, 2α)6Li Qm = 4.663

Reported levels are displayed in Table 10.30. Angular distributions have been measured at
a number of energies between E(3He) = 1.0 and 33 MeV [see (1974AJ01)] and at 23.4 MeV
(1987VA1I; α0, α1). For the decay of observed states see Tables 10.19 and 10.20.

The α-α angular correlations (reaction (b)) have been measured for the transitions via 10B*(5.92,
6.03, 6.13, 6.56, 7.00). The results are consistent with J π = 2+ and 4+ for 10B*(5.92, 6.03) and
require Jπ = 3− for 10B*(6.13). There is substantial interference between levels of opposite parity
for the α-particles due to 10B*(6.56, 7.00): the data are fitted by Jπ = 3+ for 10B*(7.00) and (3,
4)− for 10B*(6.56) [the 6Li(α, α) results then require Jπ = 4−]. See, however, reaction 16, and see
(1974AJ01) for the references. See also (1988GOZB; theor.).

47. 11B(7Li, 8Li)10B Qm = −9.422

Angular distributions have been measured at E(7Li) = 34 MeV involving 10B*(0, 0.72, 1.74,
2.15) and 8Lig.s. (as well as 8Li*(0.98) in the case of the 10Bg.s. transition) (1987CO16).

48. (a) 12C(γ, d)10B Qm = −25.1864

(b) 12C(γ, p + n)10B Qm = −27.4110

For reaction (a) see (1986SH1M) and 12C in (1990AJ01). Reaction (b) was studied at Eγ =
189–427 MeV (1987KA13), 83–133 MeV (1988DA16), 80–159 MeV (1993HA12), 300 MeV
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Table 10.30: 10B levels from 11B(3He, α)10B a

Ex (MeV ± keV) Γcm (keV) l Srel

0 1 1.0

0.718 ± 7 1 0.22

1.744 ± 7 1 0.73

2.157 ± 6 1 0.44

3.587 ± 6 1 0.09

4.777 ± 5 1 0.09

5.114 ± 5

5.166 ± 5 1 1.81

5.923 ± 5

6.028 ± 5

6.131 ± 5

6.570 ± 7 30 ± 10

7.002 ± 10 95 ± 10

7.475 ± 10

7.567 ± 10

7.87 ± 40 240 ± 50

10.85 ± 100 300 ± 100

11.52 ± 35 500 ± 100

12.56 ± 30 100 ± 30

13.49 ± 50 300 ± 50

14.4 ± 100 800 ± 200

(18.2 ± 200) (1500 ± 300)

a See Table 10.21 in (1979AJ01) for references.

(1995CR04), 80–157 MeV (1995MC02), 150–400 MeV (1996HA16), 114–600 MeV (1996LA15),
250–600 MeV (1998HA01), 120–400 MeV (1998MA02), 120–150 MeV (1998YA05), 150 MeV
(1999KH06) and 150–700 MeV (2000WA20). Measurements with polarized photons at energies
Eγ = 160–350 MeV were reported by (1999FR12, 2001PO19). Analyses of data and theoreti-
cal calculations are described in (1989VO01, 1994RY02, 1998RY01, 1999IR01, 2002GR05). For
earlier work see the references cited in (1988AJ01).

49. 12C(n, t)10B Qm = −18.9292
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Cross section measurements at En = 40–56 keV for determining efficiency of neutron detectors
were reported in (1994MO41). Calculated cross sections are tabulated in (1989BR05). See also
(1985FR07, 1987FR16; En = 319 to 545 MeV) and (1986DO12).

50. 12C(π±, π±d)10B Qm = −25.1864

At Eπ+ = 180 MeV and Eπ− = 220 MeV, 10B*(0.72, 2.15) are populated: see (1984AJ01).
At Eπ+ = 150 MeV momentum distributions of pions to unresolved states of 10B are reported by
(1987HU13).

51. (a) 12C(p, 3He)10B Qm = −19.6929

(b) 12C(p, p + d)10B Qm = −25.1864

Angular distributions of 3He ions have been measured for Ep = 39.8, 51.9 and 185 MeV: see
(1979AJ01). 10B*(0, 0.72, 1.74, 2.15, 3.59, 4.77, 5.16, 5.92, 6.56, 7.50, 8.90) are populated. A
calculation of 3He and α-particle multiplicities is described in (1987GA08). For reaction (b) see
(1985DE17); Ep = 58 MeV; 10B*(0.72, 1.74)) and (1984AJ01). Calculations of cross sections for
Ep = 58 MeV and 0.7 GeV are described in (1990LO18) and (1987ZH10), respectively. See also
the references cited in (1988AJ01).

52. 12C(d, α)10B Qm = −1.3400

Alpha groups have been observed to most of the known states of 10B below Ex = 7.1 MeV: see
Table 10.23 in (1974AJ01). Angular distributions have been measured for Ed = 5.0 to 40 MeV: see
(1979AJ01). Single-particle S-values are 1.5, 0.5, 0.1, 0.1 and 0.3, respectively, for 10B*(0, 0.72,
2.15, 3.59, 4.77). A study of the ms = 0 yield at Ed = 14.5 MeV (θ = 0◦) leads to assignments
of 3+, 2− and (3+, 4−) for 10B*(4.77, 5.11, 6.56). The population of the isospin-forbidden group
to 10B*(1.74) [α2] has been studied with Ed up to 30 MeV: see 14N in (1986AJ01). See also
(1984LOZZ).

53. 12C(α, 6Li)10B Qm = −23.7126

Angular distributions have been reported at Eα = 42 and 46 MeV: see (1979AJ01). At Eα =
65 MeV, an investigation of the 6Li breakup shows that 10B*(0, 0.72, 2.16, 3.57, 4.77, 5.2, 5.9,
6.0) are involved: see (1984AJ01). See also the cross section measurements at Eα = 33.8 MeV
(1987GA20) and at Eα = 90 MeV (1991GL03).
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54. 12C(7Li, 9Be)10B Qm = −8.4905

At E(7Li) = 78 MeV angular distributions have been measured to 10B*(0, 2.15) (1986GLZV).

55. (a) 12C(12C, 14N)10B Qm = −14.9141

(b) 12C(14N, 16O)10B Qm = −4.4503

Angular distributions (reaction (a)) involving 10B*(0, 0.7) have been studied at E(12C) = 49.0
to 75.5 and 93.8 MeV. Angular distributions (reaction (b)) involving 10B*(0, 0.72, 2.15, 3.59)
have been measured at E(14N) = 53 MeV and 78.8 MeV (not to 10B*(3.59)): see (1979AJ01,
1984AJ01) for references. See also (1986AR04, 1986CR1A, 1986MOZV).

56. 13C(p, α)10B Qm = −4.0616

Differential cross sections were measured (1988AB11) at Ep = 18–45 MeV. Measurements
at Ep = 30.95 MeV were reported by (1988BA30). Known p-shell levels at 0, 0.72, 1.74, 2.15,
3.59, 4.77, 5.16, 5.92, 6.03 and 7.47 MeV were excited (1988AB11, 1988BA30). Analyses in
both these studies used DWBA direct pickup calculations using a triton cluster form factor and
the shell model calculations of (1975KU01). Spectroscopic factors were deduced. For earlier
work at Ep = 5.8–18 MeV and 43.7 and 50.5 MeV see (1979AJ01). See also references cited in
(1988AJ01).

57. 14N(p, p + α)10B Qm = −11.6122

See (1986VD1C; Ep = 50 MeV). See also (1986GO28; theor.).

58. 14N(d, 6Li)10B Qm = −10.1384

At Ed = 80 MeV angular distributions are reported to 10B*(0, 0.72, 2.15, 3.59, 4.8, 6.04, 7.05,
8.68): see (1979OE01).

59. 16O(9Be, 15N)10B Qm = −5.5415

See (1985WI18).
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60. (a) natAg(14N, α + 6Li)X

(b) natAg(14N, p + 9Be)X

The breakup of 10B was studied (1989NA03, 1992NA01) in an experiment with an E/A =
35 MeV 14N beam incident on natAg. In the breakup of 10B into α+ 6Li the 4.77 MeV 3+ and 6.56
MeV 4− states were observed together with unresolved groups of states near 5.1, 6.0, and 7.0 MeV.
In the 9Be + p channel peaks centered near 6.9, 7.5, and 8.9 MeV were observed. Similar results
have been obtained for an 36Ar beam incident on 197Au (1992ZH08).
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10C
(Figs. 16 and 17)

GENERAL: References to articles on general properties of 10C published since the previous re-
view (1988AJ01) are grouped into categories and listed, along with brief descriptions of each
item, in the General Tables for 10C located on our website at: (www.tunl.duke.edu/nucldata/ Gen-
eral Tables/10c.shtml).

Mass of 10C: The threshold energy for the 10B(p, n)10C reaction is 4877.03 ± 0.13 keV: then
Q0 = −4430.30 ± 0.12 keV (1998BA83). Using the (2003AU03) masses for 10B, p and n,
the atomic mass excess is then 15698.8 ± 0.4 keV. However, we adopt the (2003AU03) value:
15698.6 ± 0.4 keV. See also unpublished work on 12C(p, t)10C that is quoted in (1984AJ01).

B(E2)↑ for 10C*(3.35) = 62 ± 10 e2 · fm4;

B(E2)↓ for 10C*(3.35) = 12.4 ± 2.0 e2 · fm4 (1968FI09).

1. 10C(β+)10B Qm = 3.6480

The half-life of 10C is 19.290 ± 0.012 sec (1990BA02), which is the average of 19280 ±
20 msec (1974AZ01) (Corrected on 04/11/2007), 19270± 80 msec (1963BA52), 19300± 41 msec
(1990BA02) and 19294 ± 16 msec (1990BA02). The nucleus 10C decays to 10B*(0.7, 1.7): the
branching ratios are (98.53 ± 0.02)% (1979AJ01) and (1.4645 ± 0.0019)% (1999FU04), respec-
tively. See also the discussion of reaction 42 in 10B.

By measuring the relative polarization of positrons emitted from 10C β-decay (pure G-T) and
14O (pure Fermi), ratio = 0.9996± 0.0036 (1988GI02, 1990CA41, 1991CA12), constraints on the
scalar and tensor admixtures to the dominant vector and axial vector currents were determined as,
| CS

CV
− CT

CA
| = 0.001 ± 0.009.

2. 1H(10C, 10C + p)

Elastic and inelastic scattering cross sections for 10C*(0, 3.35) were measured at E(10C) =
45.3 MeV/A (2003JO09). The data is best fit with |Mn|/|Mp| = 0.71 which gives |Mn| = 5.51 ±
1.07 fm2 when compared with the known value |Mp| = 7.87 ± 0.64 fm2, which is derived from
B(E2) = 62 ± 10 e2 · fm4.

3. 6Li(α, π−)10C Qm = −138.7572
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Table 10.31: Energy levels of 10C

Ex (MeV ± keV) Jπ; T τ or Γcm (keV) Decay Reactions

g.s. 0+; 1 τ1/2 = 19.290 ± 0.012 sec β+ 1, 2, 3, 6, 8, 9, 11, 12

3.3536 ± 0.7 2+ τm = 155 ± 25 fsec γ 2, 4, 6, 8, 9, 11, 12

5.22 ± 40 a Γ = 225 ± 45 keV 6, 8, 9, 11

5.38 ± 70 a 300 ± 60 6, 8, 9, 11

6.580 ± 20 (2+) 190 ± 35 6, 8, 9, 11

≈ 9 8

≈ 10 8

≈ 16.5 (2+) b 8
c

a One of these two states is presumably a 2+ state.
b Presumed analog of 10B*(18.80) (1993WA06).
c See reaction 8 for possible evidence of other states.

Table 10.32: Electromagnetic transition strengths in 10C a

Ei → Ef (MeV) Jπ
i → Jπ

f Branch (%) Γγ (eV) a Mult. Γγ/ΓW

3.354 → 0 2+ → 0+ 100 (4.25 ± 0.69) × 10−3 E2 9.5 ± 1.5

a Γγ from lifetime.

The π− production rates for various projectile and target combinations, including 6Li + 4He,
were measured at 4.5 GeV/c per nucleon in (1993CH35). In general the observed π− produc-
tion cross section falls off exponentially with increasing π− energy. In some cases the angular
distributions show a slight dependence on target and projectile mass.

4. 7Li(3He, π−)10C Qm = −125.4299

At E(3He) = 235 MeV 10C*(3.35) is populated (1984BI08). π− production in this reaction
has also been studied by (1984BR22) at E(3He) = 910 MeV.

5. 7Li(7Li, 4n)10C Qm = −18.1683
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Figure 16: Energy levels of 10C. For notation see Fig. 13.
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Tetraneutron (n4) production has been studied in this and in other reactions involving 10C at
E(7Li) = 82 MeV (1987ALZG): it was not observed. However, evidence that is consistent with
the existence of n4 is observed in the breakup of 14Be (2002MA21).

6. 9Be(p, π−)10C Qm = −136.6323

Angular distributions of π− groups have been measured at Ep = 185 MeV (to 10C*(0, 3.35,
5.28, 6.63)), at 200 MeV (g.s.), at 800 MeV (to 10C*(0, 3.35, 5.3, 6.6)) [see (1984AJ01)] and at
E~p = 650 MeV (1986HO23; 10C*(0, 3.35); also Ay). Ay measurements have also been reported at
E~p = 200 to 250 MeV: see (1984AJ01). At Ep = 800 MeV, the angular distributions of produced
pions were measured for Be and C targets (1988BA58); they observed σ(0◦)/σ(20◦) ≈ 6.

7. (a) 10B(π+, π0)10C Qm = 0.9456

(b) 10B(π+, η)10C Qm = −411.3778

In (1987SI18), calculations of polarization observables for 10B(π+, π0) at 70 MeV and 10B(π+,
η) at 460 MeV suggest that new measurements could provide insight into the single-charge-
exchange reaction mechanism.

8. 10B(p, n)10C Qm = −4.4304

Q0 = −4430.30 ± 0.12 keV (1998BA83).

Level parameters for 10C*(3.35) are Ex = 3352.7 ± 1.5 keV, τm = 155 ± 25 fsec, Γγ =
4.25±0.69 meV. [See (1969PA09) and other references cited in (1974AJ01).] Angular distributions
have been measured for the n0 and n1 groups and for the neutrons to 10C*(5.2 ± 0.3) at Ep = 30
and 50 MeV [see (1974AJ01, 1979AJ01)] and for the n0 and n1 groups at Ep = 14.0, 14.3 and
14.6 MeV (1985SC08) and 15.8 and 18.6 MeV (1985GU1C).

At E~p = 186 MeV, angular distributions of neutrons were measured for θ = 0◦–50◦ (1993WA06).
Levels were observed at 0 [0+], 3.35 [2+], 5.3 [2+], 6.6, ≈ 9, ≈ 10, and 16.5 MeV [(2+)] [Jπ in
brackets]. For Ex = 3.35 MeV, B(GT) = 0.03 and for 5.3 MeV, B(GT) = 0.68 ± 0.02. A
multipole decomposition analysis suggests additional states at 17.2 and 20.2 with J π = 2− or 1−,
respectively. Higher-lying resonances that were excited with Ep = 186 MeV protons, the Giant-
Dipole Resonance (∆L = 1, ∆S = 0) and the Giant Spin Dipole Resonance (∆L = 1, ∆S = 1),
are discussed in (1994RA23, 1994WA22, 1995YA12). In their analysis a broad peak from quasi-
free scattering, was estimated phenomenologically and subtracted from the excitation spectrum; a
multipole decomposition analysis of the remaining structure indicated a prominent ∆L = 1 res-
onance around Ex = 17–20 MeV with a possible mixture of 2−, 1− and 2+ states (analogous to
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10B*(18.43, 18.8, 19.3, 20.1) and a small peak at Ex = 24 MeV (possible analog of the 10B GDR).
Data from Ep = 1 GeV were analyzed to develop a formalism for charge-exchange processes
involving pion and ∆-isobar excitations (1994GA49).

The threshold value for 10B(p, n) was measured by (1989BA28); a subsequent analysis of
that data, by (1998BA83), rigorously evaluated the proton beam energy spread (740 eV), non-
uniform energy losses for all protons, and energy losses induced by ionizing target atoms prior to
capture. The threshold value was determined to be Ethresh. = 4877.30 ± 0.13 keV, which yields
Q0 = 4430.30 ± 0.12 keV for 10B(p, n).

At Ep = 7 and 9 MeV, thick target neutron and γ-ray yields and relative ratios are measured for
a compilation of proton-induced radiations that provide elemental analysis (1987RA23). Neutron
production rates were measured for Ecm = 5.9 MeV (1988CHZN). The 10B(p, n) cross section
was measured at Ep = 4.8–30 MeV to evaluate the feasibility of producing isotopically enriched
10CO2 for use in PET imaging (2000AL06).

9. 10B(3He, t)10C Qm = −3.6666

Angular distributions have been measured at E(3He) = 14 MeV and 217 MeV: see (1979AJ01).
The latter [to 10C*(0, 3.35, 5.6)] have been compared with microscopic calculations using a
central + tensor interaction [Jπ = 0+, 2+, 2+, respectively]. Structures have been reported at
Ex = 5.22 ± 0.04 [Γ = 225 ± 45 keV], 5.38 ± 0.07 [300 ± 60 keV] and 6.580 ± 0.020 MeV
[190 ± 35 keV].

10. 12C(µ+, X)10C

The production of radioactive isotopes from 100 and 190 GeV muons incident on a 12C target
was measured by (2000HA33) to estimate the µ-induced backgrounds in large volume scintillator
detector experiments.

11. 12C(p, t)10C Qm = −23.3595

Angular distributions have been reported at Ep = 30.0 to 54.1 MeV and at 80 MeV [see
(1974AJ01, 1979AJ01, 1984AJ01)]. L = 0, 2 and 2 to 10C*(0, 3.35, 5.28) thus leading to 0+, 2+

and 2+, respectively, for these states [but note that the “5.28 MeV” state is certainly unresolved]:
see reaction 9 and Table 10.31. 10C*(6.6) is also populated. Two measurements of the excitation
energy of 10C*(3.4) are 3353.5 ± 1.0 keV and 3354.3 ± 1.1 keV: see (1984AJ01) [based on Qm].
See also (1987KW01; theor.).
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12. 13C(3He, 6He)10C Qm = −15.2376

At E(3He) = 70.3 MeV the angular distributions of the 6He ions corresponding to the popula-
tion of 10C*(0, 3.35) have been measured. The group to 10C*(3.35) is much more intense than the
ground-state group: see (1979AJ01).

13. 16O(p, X)10C

Spallation reaction rates for incident protons on 16O and 12C targets with Ep ≈ 50–250 MeV
were calculated by (1999CH50) using the GNASH code. These reaction rates are important for
estimating the secondary radiation induced in medical proton therapy treatment.

14. 9Be, natC, 27Al(10C, X)

Total interaction cross sections of E(10C) = 730 MeV/A projectiles were measured on 9Be,
natC and 27Al targets (1996OZ01). The deduced cross sections, σ = 752 ± 13, 795 ± 12 and
1171 ± 20 mb, respectively, indicate Rrms(10C) = 2.27 ± 0.03 fm.

10N
(Not illustrated)

GENERAL: References to articles on general properties of 10N published since the previous re-
view (1988AJ01) are grouped into categories and listed, along with brief descriptions of each
item, in the General Tables for 10N located on our website at: (www.tunl.duke.edu/nucldata/ Gen-
eral Tables/10n.shtml).

The first evidence for a state in 10N has been observed in the 10B(14N, 14B)10N reaction at
E(14N) = 30 MeV/A (2002LE16). The resonance is 2.64 ± 0.4 MeV above the 9C + p threshold
and the width is Γ = 2.3 ± 1.6 MeV. Large L = 2 two-nucleon transfer amplitudes calculated
for 10B + 2p → 12Ng.s. and 12Ng.s. → 10N(1+) suggest that the observed state is the analog of
the 0.24 MeV 1+ state of 10Li. Furthermore, the energy of the observed state is consistent with a
p-shell Coulomb energy shift. The virtual s-wave state near threshold in 9Li + n (see 10Li) implies
a broad s-wave state about 1.8 MeV above the 9C + p threshold in 10N (see the discussion of 9N).

10O, 10F, 10Ne
(Not illustrated)

Not observed: see (1979AJ01). See also (1988AJ01).
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Table 10.33: Isospin triplet components (T = 1) in A = 10 nuclei a

10Be 10B 10C

Ex (MeV) Jπ; T = 1 Ex (MeV) Jπ; T ∆Ex (MeV) b Ex (MeV) Jπ; T = 1 ∆Ex (MeV) c

0 0+ 1.74015 0+; 1 0 0 0+

3.36803 2+ 5.1639 2+; 1 0.05572 3.3536 2+ −0.01443

5.9599 d 1− 6.873 1−; 0 + 1 −0.82705

5.9599 d 1− 7.430 1−; 1 + 0 −0.27005

5.95839 2+ 7.469 2+; 1 −0.22954

{

5.22

5.38

(2+) e

(2+) e

−0.73839

−0.57839

6.2633 d 2− 7.480 2−; 0 + 1 −0.52345

6.1793 0+ 7.5599 0+; 1 −0.35955

6.2633 d 2− 7.75 2−; 0 + 1 −0.25345

7.371 3− 8.889 3−; 1 −0.22215

7.542 2+ 8.894 2+; 1 −0.38815 6.58 (2+) −0.962

a As taken from Tables 10.5, 10.18 and 10.31.
b Defined as Ex(10B)–Ex(10Be) − 1.74015.
c Defined as Ex(10C)–Ex(10Be).
d Two entries for the same 10Be level.
e See footnote a in Table 10.31 and (1997DA28).
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Figure 17: Isobar diagram, A = 10. The diagrams for individual isobars have been shifted vertically to elim-

inate the neutron-proton mass difference and the Coulomb energy, taken as EC = 0.60Z(Z −1)/A1/3. Ener-

gies in square brackets represent the (approximate) nuclear energy, EN = M(Z, A)−ZM (H)−NM (n)−EC,

minus the corresponding quantity for 10B: here M represents the atomic mass excess in MeV. Levels which

are presumed to be isospin multiplets are connected by dashed lines.
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