
8Revised Manuscript 12 June 2012

Energy Levels of Light Nuclei
A = 8

D.R. Tilley a,b, J.H. Kelleya,b, J.L. Godwina,c, D.J. Millenerd

J. Purcella,e, C.G. Sheua,c and H.R. Wellera,c

aTriangle Universities Nuclear Laboratory, Durham, NC 27708-0308
bDepartment of Physics, North Carolina State University, Raleigh, NC 27695-8202

cDepartment of Physics, Duke University, Durham, NC 27708-0305
dBrookhaven National Laboratory, Upton, NY 11973

eDepartment of Physics and Astronomy, Georgia State University, Atlanta, GA, 30303

Abstract: An evaluation ofA = 8–10 was published inNuclear Physics A745 (2004), p. 155.
This version ofA = 8 differs from the published version in that we have correctedsome errors
discovered after the article went to press. The introduction and introductory tables have been
omitted from this manuscript.Referencekey numbers are in the NNDC/TUNL format.

(References closed March 31, 2004)

This work is supported by the US Department of Energy, Office of High Energy and Nuclear Physics, under: Contract

No. DEFG02-97-ER41042 (North Carolina State University);Contract No. DEFG02-97-ER41033 (Duke University).



Nucl. Phys. A745 (2004) 155 A = 8

Table of Contents forA = 8

Below is a list of links for items found within the PDF document or on this website.

A. Nuclides:A = 8, 8n, 8He, 8Li , 8Be, 8B, 8C

B. Tables of Recommended Level Energies:

Table 8.1:Energy levels of8He

Table 8.2:Energy levels of8Li

Table 8.9:Energy levels of8Be

Table 8.15:Energy levels of8B

C. References

D. General Tables:8He, 8Li , 8Be, 8B, 8C

E. Figures:8He, 8Li , 8Be, 8B, Isobar diagram

F. Erratum to this Publication:PSor PDF

https://nucldata.tunl.duke.edu/nucldata/Errata/Errata_2004.pdf
https://nucldata.tunl.duke.edu/nucldata/Errata/Errata_2004.ps
https://nucldata.tunl.duke.edu/nucldata/General_Tables/8he.shtml
https://nucldata.tunl.duke.edu/nucldata/General_Tables/8li.shtml
https://nucldata.tunl.duke.edu/nucldata/General_Tables/8be.shtml
https://nucldata.tunl.duke.edu/nucldata/General_Tables/8b.shtml
https://nucldata.tunl.duke.edu/nucldata/General_Tables/8c.shtml


A = 8

GENERAL: References to articles on general properties ofA = 8 nuclei published since the
previous review (1988AJ01) are grouped into categories and listed, along with brief descriptions of
each item, in the General Tables forA = 8 located on our website at (www.tunl.duke.edu/nucldata/
General Tables/08.shtml).

8n
(Not illustrated)

The nucleus8n has not been observed. Reaction products from the interaction of 700 MeV and
400 GeV protons with uranium showed no evidence of an8n resonance: see (1979AJ01). See also
(1988AJ01).

8He
(Figs. 1 and 5)

GENERAL: References to articles on general properties of8He published since the previous re-
view (1988AJ01) are grouped into categories and listed, along with brief descriptions of each
item, in the General Tables for8He located on our website at (www.tunl.duke.edu/nucldata/ Gen-
eral Tables/8he.shtml).

Mass of 8He: The atomic mass excess of8He adopted by us and by (2003AU03) is 31598 ±
7 keV. 8He is then stable with respect to decay into6He + 2n by 2.140 MeV. See (1979AJ01,
1984AJ01, 1988AJ01).

The interaction nuclear radius of8He is2.48 ± 0.03 fm (1985TA13, 1985TA18) [see also for
derived nuclear matter, charge and neutron matter r.m.s. radii. See also reaction 12].

1. 8He(β−)8Li Qm = 10.651

The half-life of 8He is 119.0 ± 1.5 msec. The decay takes place(84 ± 1)% to 8Li*(0.98)
[log ft = 4.20] and (16 ± 1)% via the neutron unstable states8Li*(3.21, 5.4). A small de-
cay branch (≈ 0.9%) populates8Li*(9.67). (32 ± 3)% of the emitted neutrons then populate
7Li*(0.48). The decay to8Li*(3.21, 5.4) suggestsπ = + for 8Li*(3.21) and0+ or 1+ for 8Li*(5.4)
(1981BJ03). Branching ratios for intermediate states are given in (1988BA67): see also reaction 11
in 8Li and Fig. 2. For discussion of8Heβ-decay (1988BA67, 1991BO31, 1993BO24, 1996BA66,
1996GR16, 1997SH19). See also (1990ZH01, 1993CH06, 1994HA39).
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Table 8.1: Energy Levels of8He a

Ex (MeV) b Jπ; T τ1/2 or Γ Decay Reactions

g.s. 0+; 2 119.0 ± 1.5 msec β− 1, 2, 5, 6, 7, 8, 9, 10, 12

2.7–3.6c,f 2+ 0.6 ± 0.2 MeV 2, 6, 7, 8, 9, 10, 12

4.36 ± 0.2 d,f (1−) 1.3 ± 0.5 MeV d,e 5, 7, 9, 10, 12

(6.03 ± 0.10) f 0.15 ± 0.15 MeV 9

7.16 ± 0.04 f (3−) 0.1 ± 0.1 MeV 6, 9

a Excited states are calculated atEx = 5.83, 7.92 and 8.18 MeV, withJπ = 2+, 1− and2− [(0 + 1)~ω

model space]. In the(0 + 2)~ω model space the excited states are at 5.69, 9.51 and 11.59 MeV, with

Jπ = 2+, 1+ and0+ (1985PO10).
b A level has been reported at 1.3 MeV in reactions 7 and 10. However, this result has not been supported

by other measurements.
c This2+ level is reported near 2.7 MeV in reactions 6, 7, 10, and 12, and near 3.6 MeV in reactions 2, 8

and 9.
d Uncertainty enlarged for weighted average. This may represent a group of states based on observations

of a broad resonance observed at 4.4 MeV (reactions 5 and 12),a narrow resonance at 4 MeV (reactions 7

and 10), and a narrow resonance at 4.54 MeV (reaction 9).
e Measured widths range from500 ± 300 keV to1.8 ± 0.2 MeV.
f From data reviewed in this evaluation.

2. 1H(8He,8He)1H Eb = 13.933

Invariant mass spectroscopy was used to determine the8He excitation spectra in a complete
kinematics measurement of the1H(8He,8He+ p) reaction at 72 MeV/A (1993KO34, 1995KO27).
The ground state and an excited state at3.55 ± 0.15 MeV were observed. The 3.55 MeV state has
Jπ = 2+, Γ = 0.50±0.35 MeV andΓ(α+4n)/Γ(6He+2n)≤ 5% (1995KO27); possible evidence
for a resonance at 5–6 MeV is seen.

The 1H(8He, 8He+ p) scattering distribution atE(8He) = 674 MeV/A was analyzed using a
Glauber scattering model and yields an8He matter radiusRr.m.s. = 2.45 ± 0.07 fm (1997AL09).
Elastic and inelastic scattering distributions from1H(8He, 8He+ p) at 72 MeV/A were evaluated
in an eikonal approximation and indicate a matter radiusRr.m.s. = 2.52 fm and a deformation
parameterβ2 = 0.3 for the first2+ excited state (1995CH19). A folding model analysis of the8He
first excitedJπ = 2+ state, usingEx = 3.57 MeV, indicatesL = 2 and a deformation parameter
β = 0.28 (2002GU02).

Evaluation of the four-momentum transfer distribution yieldsRrms = 2.45±0.07 fm atE(8He) =
800 MeVA (2002EG02) andRrms = 2.53 ± 0.08 fm at E(8He) ≈ 700 MeVA (2002AL26). See
also (2003LA22; E(8He) = 15.6 MeV/A), (2002WO08; E(8He) = 26 MeV/A), (1995KO10;
E(8He) = 33 MeV/A), (1997KO06; E(8He) = 66 MeV/A), (1997KO12; E(8He) = 73.5 MeV/A),
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(1995NE04; E(8He) = 674 MeV/A), (2002EG02; E(8He) ≈ 700 MeV/A), and (1995BE26,
1995CR03, 1995GO32, 1998AN25, 2000GU19, 2000KA04, 2000WE03, 2001AV02, 2001SA79,
2003BA65; theor.).

3. 4He(8He,8He)4He Eb = 8.946

The Generator-Coordinate Method was used to calculate8He(α, α) scattering in an investi-
gation of excited states in12Be (2000BB06). A search for 4-neutron cluster contributions to the
reaction was performed atE(8He)= 26 MeV/A, no evidence was observed (2003WO13).

4. 8He(p, t)6He Qm = 6.342

The 2-neutron transfer reaction1H(8He, t) was measured atE(8He) = 61.3 MeV/A. The results
indicate a significant contribution of6He*(1.8) in the8He ground state (2003KO11); spectroscopic
factors yieldS(6Heg.s.)/S(6He*(1.8))= 1.

5. (a)9Be(π−, p)8He Qm = 112.031

(b) 11B(π−, p+ d)8He Qm = 96.215

UsingEπ− = 125 MeV, the 8He ground state was observed in the9Be(π−, p) missing mass
spectra; the measured6He+ 2n phase space appears to favor a di-neutron final state (1991SE06).
The ground state and the 4.4 MeV state were observed in (1998GO30) following the capture of
stoppedπ−-mesons in9Be(π−, p),Ex = 4.4±0.2 MeV, Γ = 1.8±0.2 MeV and in11B(π−, p+ d)
Ex = 4.4 ± 0.4 MeV, Γ = 1.2 ± 0.2 MeV.

6. 9Be(7Li, 8B)8He Qm = −28.264

At E(7Li) = 83 MeV, θ = 10◦, the population of8Heg.s., an excited state at2.8 ± 0.4 MeV
(presumablyJπ = 2+) and a structure nearEx ≈ 7 MeV are reported by (1985AL29).

7. 9Be(9Be, 10C)8He Qm = −24.602

At E(9Be)≈ 11 MeV/A, the ground state and three excited states are populated atEx = 1.3±
0.3 MeV, Ex = 2.7± 0.3 MeV, Γ = 0.5± 0.3 MeV andEx = 4.0± 0.3 MeV, Γ = 0.5± 0.3 MeV
(1988BE34).
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Figure 1: Energy levels of8He. For notation see Fig. 2.
a See commentc in Table8.1.
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8. 9Be(13C, 14O)8He Qm = −25.133

At E(13C) = 380 MeV, the ground state of8He was observed (1988BO20). A measurement
at E(13C) = 337 MeV observed the ground state and the first2+ excited state at 3.59 MeV,Γ ≈
800 keV (1995VO05).

9. 10Be(12C, 14O)8He Qm = −26.999

At E(12C) = 357 MeV, population of the ground state and 3.6 MeV state are reported. Excited
states are also observed atEx = 4.54 ± 0.15 MeV [Γ = 0.70 ± 0.25 MeV], 6.03 ± 0.10 MeV
[Γ = 0.15 ± 0.15 MeV] and7.16 ± 0.04 MeV [Γ = 0.10 ± 0.10 MeV] (1995ST29, 1999BO26).
The narrow width of the 7.16 MeV state leads to a preliminaryJπ = (3−) assignment (1999BO26).

10. 11B(7Li, 10C)8He Qm = −23.721

At E(11B) = 87 MeV the ground state of8He is populated and excited states are reported at
Ex = 1.3, 2.6 and 4.0 MeV (± 0.3 MeV). The width of the latter is0.5 ± 0.3 MeV (1987BE2B).
In (1988BE34) the ground state and a state at2.7±0.3 MeV with Γ = 1.0±0.5 MeV are reported.
See also (1988BEYJ).

11. natC(µ, 8He)X

A measurement to determine muon induced background rates inlarge-volume scintillation
solar neutrino detectors foundσ = 2.12 ± 1.46 µb for natC(µ, 8He or 9Li) at Eµ = 100 GeV
(2000HA33).

12. (a)12C(8He,6He+ 2n)

(b) Al(8He,6He+ 2n)

(c) Sn(8He,6He+ 2n)

(d) Pb(8He,6He+ 2n)

(e) C(8He, X)

(f) Si(8He, X)
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At E(8He) = 227 MeV/A structures are seen in reaction (a) corresponding to sequential decay
through theJπ = 3

2

− 7Heg.s. (Eres = 0.44 MeV, Γ = 0.16 MeV), and a suggestedJπ = 1
2

−

resonance atEres = 1.2 ± 0.2 MeV with Γ = 1.0 ± 0.2 MeV (2001MA05). A reconstruction of
the6He+ 2n reaction kinematics indicated that8He*(2.9±0.2 MeV, Γ = 0.3±0.3 MeV (2+) and
4.15± 0.20 MeV, Γ = 1.6± 0.2 MeV (1−)) participate in the breakup. Cross sections for the one-
and two-neutron knockout reactions (i.e., where one or noneof the removed neutrons is observed)
were determined asσ1n = 129 ± 15 mb andσ2n = 29 ± 23 mb. Contributions for various cluster
configurations in8He were estimated to be 45%6He* + 2n (p3/2, p1/2), 33%6He+ 2n (p3/2) and
22%6He+2n (p1/2). See (1996NI02) for earlier work atE(8He) = 240 MeV by this group, where
Ex = 3.72 ± 0.24 MeV andΓ = 0.53 ± 0.43 MeV, were reported for the first excited state, and
where the total 2-neutron removal cross section was determined asσ2n = 0.27 ± 0.03 b.

Complete reaction kinematics were measured for reactions (b, c, d) in (8He,6He+2n) on Al, Sn
and Pb targets atE(8He) = 24 MeV/A (2000IW05). Observation of a peak in the6He+ n relative
energy spectra indicates a substantial participation (40–60%) of sequential decay via7He+ n. A
peak in the missing mass spectra corresponds to the first excited state of8He, which is assumed to
dominate in nuclear breakup since it cannot be excited by E1 Coulomb processes. By integrating
the remaining excitation strength up to 3 MeV (assumed to be E1 Coulomb)B(E1) = 0.091 ±
0.026 e2 · fm2 was determined.

Measurements of8He breakup on C and Pb are presented in (2002ME09); the results indi-
cate that the8He Coulomb dissociation cross section is 3 times smaller than the Coulomb dis-
sociation cross section for6He. The measurements of (2002ME09) also supportJπ = 1− for
8He*(4.15). The two-neutron- and four-neutron-removal cross sections were measured for reaction
(e) at 800 MeV/A (1992TA18), and for reaction (f) atE(8He) = 20–60 MeV/A (1996WA27). The
large neutron removal cross sections indicate a8He matter radius of2.49 ± 0.04 fm (1992TA18).
Analysis indicates that8He is well represented as four neutrons that are bound to a4He core.
See also (1994ZH14, 1995SU13, 2001CA50; theor.), and a review of nuclear radii deduced from
interaction cross sections in (2001OZ04).

13. 14C(8He,8He)14C

A double folding model was used to predict the influence of the8He neutron skin on14C(8He,
8He) elastic-scattering angular-dependent cross sectionsat 20, 30, 40, and 60 MeV (1988KN02).
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8Li
(Figs. 2 and 5)

GENERAL: References to articles on general properties of8Li published since the previous re-
view (1988AJ01) are grouped into categories and listed, along with brief descriptions of each
item, in the General Tables for8Li located on our website at (www.tunl.duke.edu/nucldata/ Gen-
eral Tables/8li.shtml).

Ground State Properties:

µ = +1.653560± 0.000018 µN: see (1989RA17),
Q = +32.7 ± 0.6 mb: see (1993MI34).

The interaction nuclear radius of8Li is 2.36 ± 0.02 fm (1985TA18) [see (1985TA18) also for
derived nuclear matter, charge and neutron matter r.m.s. radii].

8Li atomic transitions: Atomic excitations in the lithium isotopes were analyzed in(2000YA05)
where a theoretical framework was developed that correlates the atomic decay energies in neutral
Li ions with the nuclear sizes.

1. 8Li(β−)8Be Qm = 16.0052

Theβ− decay is mainly to the broad2+ first-excited state of8Be, which then breaks up into
2α [see reaction 24 in8Be]. The weighted average of the8Li half-life is 839.9 ± 0.9 ms based
on measured values of838 ± 6 ms (1971WI05), 836 ± 3 ms (1979MI1E) and840.3 ± 0.9 ms
(1990SA16). The log ft ≥ 5.6, usingτ1/2 = 839.9 ms,Q = 16.0052 MeV and branching ratio
≤ 100%; other values in the literature that account for the decay to the broadΓ ≈ 1.5 MeV
8Be*(3.0) state arelog ft = 5.37 (1986WA01) andlog ft = 5.72 (1989BA31).

The quadrupole moment of8Li was deduced by measuring the asymmetry inβ-NMR spectra.
We adoptQ(8Li) = +32.7±0.6 mb, which results from a new method, modifiedβ-NMR (NNQR),
that is 100 times more sensitive than previous methods (1993MI34). This value is larger than
28.7 ± 0.7 mb (1988AR17) and the previous adopted value24 ± 2 mb (1988AJ01). The sign of
the8Li quadrupole moment was measured and is positive (1994JA05).

The tilted foil technique was used to polarize atomic8Li, and the hyperfine interaction led to
a nuclear polarization of1.2 ± 0.3% which was deduced from the measuredβ-decay asymmetry
(1987NO04). The polarization quantum beat in the hyperfine interaction was measured by varying
the foil separation distances (1993MO33, 1996NO11). See also (1987AR22) for discussion of
hyperfine structure splitting in lithium isotopes.

The pure Gamow-Teller (∆T = 1) β-decay of8Li to the 8Be*(3.0) level has been measured in
a search for time-reversal violation (1990SR03, 1992AL01, 1996SR02, 2003HU06); the present
constraint for the time violating parameter isR = (0.9 ± 2.2) × 10−3. See also (1992DE07,
1995YI01, 1998KA51). Searches for second-class currents in8Li β-decay have yielded negative
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Table 8.2: Energy levels of8Li a

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

g.s. 2+; 1 τ1/2 = 839.9 ± 0.9 msecc β− 1, 3, 4, 8, 9, 10, 14, 15,
16, 17, 18, 21, 22

0.9808 ± 0.1 1+; 1 τm = 12 ± 4 fsecc γ 3, 8, 9, 11, 14, 15, 16,
21, 22, 28

2.255 ± 3 3+; 1 Γ = 33 ± 6 keV c γ, n 3, 4, 5, 8, 14, 15, 16,
31

3.21 1+; 1 ≈ 1000 n 6, 11

5.4d 1+; 1 ≈ 650 n 6, 11

6.1 ± 100 (3); 1 ≈ 1000 n 5

6.53 ± 20 4+; 1 35 ± 15 n 3, 5, 8, 15, 16

7.1 ± 100 ≈ 400 n 5

(9) ≈ 6000 14

≈ 9.67 b,c 1+ ≈ 1000 c t 11

10.8222 ± 5.5 0+; 2 < 12 19

a For additional states see reactions 5 and 16.
b From multi-level multi-channelR-matrix fit to 8He decay spectra.
c From information given in this evaluation.
d A level atEx = 5.4 MeV with uncertainJπ = (2+) was observed in7Li(n, n′) (1972PR03).

Table 8.3: Electromagnetic transitions in8Li

Exi → Exf Jπ
i → Jπ

f Γγ (eV) Mult. Γγ/ΓW

(MeV)

0.9808 → 0 1+ → 2+ (5.5 ± 1.8) × 10−2 M1 2.8 ± 0.9

2.255 → 0 3+ → 2+ (7.0 ± 3.0) × 10−2 M1 0.29 ± 0.13
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results: see (1988HA21, 1989TE04, 2003SM02). For an analysis of the anti-neutrino energy dis-
tribution shape in8Li β-decay, see (1987LY05, 2002BH03). For a comment on the usefulness ofβ-
decay asymmetries to reveal information on spin dynamics innuclear reactions involving polarized
projectiles see (2001DZ02). A suggestion to use8Li β-decay for calibration of the SNO detector is
described in (1998JO09, 2002TA22). β-NMR is used to measure the8Li quadrupole-coupling
constants in Mg and Zn (1993OH11). For condensed matter applications of8Li β-decay see
(1993BU29, 1993NO08, 1994HO23, 1996EB01). See also (1993CH06, 1993MO28, 2003SU04).

2. 1H(8Li, 8Li) 1H

Small angle scattering in the1H(8Li, 8Li) reaction was measured atE(8Li) = 698 MeV/A
(2002EG02, 2003EG03).

3. 6Li(t, p)8Li Qm = 0.80079

Angular distributions have been obtained atEt = 23 MeV for the proton groups to8Li*(0,
0.98, 2.26,6.54± 0.03); Γcm for 8Li*(2.26, 6.54) are35± 10 and35± 15 keV, respectively.J for
the latter is≥ 4: see (1979AJ01). A multi-cluster model is used to calculate excitation function and
γ-ray flux from 6Li(t, p1)8Li*(0.981), which is proposed as a diagnostic tool for fusion reactions
(2000VO22, 2001VO02).

4. 7Li(n, γ)8Li Qm = 2.03229

Figure 2: Energy levels of8Li. In these diagrams, energy values are plotted verticallyin MeV, based on the ground

state as zero. For theA = 8 diagrams all levels are represented by discrete horizontallines. Values of total angular

momentumJπ, parity, and isobaric spinT which appear to be reasonably well established are indicated on the levels;

less certain assignments are enclosed in parentheses. For reactions in which8Li is the compound nucleus, some typical

thin-target excitation functions are shown schematically, with the yield plotted horizontally and the bombarding energy

vertically. Bombarding energies are indicated in the lab reference frame, while the excitation function is scaled into

the cm reference frame so that resonances are aligned with levels. Excited states of the residual nuclei involved

in these reactions have generally not been shown. For reactions in which the present nucleus occurs as a residual

product, excitation functions have not been shown.Q values and threshold energies are based on atomic masses from

(2003AU03). Further information on the levels illustrated, including a listing of the reactions in which each has been

observed, is contained in Table8.2.
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Table 8.4: Measuredγ-rays from thermal neutron
capture on7Li a

Eγ (keV) b σγ (mb) Iγ (γ/100n)

980.6 ± 0.2 4.82 ± 0.50 10.6 ± 1.0

1052.0 ± 0.2 4.80 ± 0.50 10.6 ± 1.0

2032.5 ± 0.3 40.56 ± 1.00 89.4 ± 1.0

a See Table I in (1991LY01).
b Eγ not corrected for recoil.

At En = 1.5–1340 eV agreement was found with the expected1/v (velocity) energy depen-
dence, and a thermal cross section of40 ± 2(stat.)± 4(syst.) mb was measured (1996BL10).
(1998HE35) measuredσave. = 101.9 mb for an energy bin forEn = 1.7–20 meV, andσave. = 36.6
µb for En = 5–150 keV. A reanalysis of the ion chamber efficiencies used by(1989WI16) led to
a revised cross sectionσ(En = 25 keV) = 57 ± 9 µ-barns andΓγ = 0.18 eV (1998HE35). Mea-
surements by (1991LY01), who analyzedσ(E) from Ethermal to 3.0 MeV, determinedσthermal =
45.4 ± 3.0 mb and theγ-ray branching ratios atEn = thermal (see Table8.4). At En = 30 keV,
(1991NA16, 1991NA19) measuredσγ0

= 35.4±6.0 µ-barns andσγ1
< 9.1 µ-barns. The excitation

function shows the resonance corresponding to8Li*(2.26): Eres = 254± 3 keV, Γn = 31± 7 keV,
Γγ = 0.07 ± 0.03 eV: see Table8.5 and (1974AJ01). Theoretical models are discussed in
(1988DE38, 1993KR18, 1994DE03, 1996SH02, 1997BA04, 1999BE25, 2000BE21, 2000CS01,
2001KO54). The decay of8Li*(2.26) → 7Li g.s. + n in the interaction of 35 MeV/A 14N ions on
Ag is reported by (1987BL13).

5. 7Li(n, n)7Li Eb = 2.03229

The thermal cross section is0.97±0.04 b [see (1981MUZQ)], σfree = 1.07±0.03 b (1983KO17).
The real coherent scattering length is−2.22 ± 0.01 fm. The complex scattering lengths are
b+ = −4.15 ± 0.06 fm and b− = 1.00 ± 0.08 fm (1983KO17); see also (1979GL12). See
(1984AJ01) for earlier references.

Total and elastic cross sections have been reported forEn = 5 eV to 49.6 MeV: see (1979AJ01,
1984AJ01, 1988AJ01). Cross sections have also been reported for n0, n0+1 and n2 at En = 6.82,
8.90 and 9.80 MeV. (1987SC08; n2 at the two higher energies).

A pronounced resonance is observed atEn = 254 keV with Jπ = 3+, formed by p-waves: see
Table8.5. A good account of the polarization is given by the assumption of levels atEn = 0.25
and 3.4 MeV, withJπ = 3+ and2−, together with a broadJπ = 3− level at higher energy. Broad
peaks are reported atEn = 4.6 and 5.8 MeV (±0.1 MeV) [8Li*(6.1, 7.1)] with Γ ≈ 1.0 and
0.4 MeV, respectively, and there is indication of a narrow peak atEn = 5.1 MeV [8Li*(6.5)] with
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Table 8.5: Resonance parameters for8Li*(2.26) a

Eres (keV) 254 ± 3

Ex (MeV) b 2.261

Γ (keV) 35 ± 5

Γn (Er) (keV) 31 ± 7 c

Γγ (eV) b 0.07 ± 0.03

γ2
n (keV) 594

θ2 0.091

radius (fm) 3.30

σmax 12.0

Jπ 3+

ln 1

a Energies in lab system except for those labeledb. For

references see (1974AJ01, 1979AJ01).
b Energies in cm system.
c Γn ≈ Γ sinceΓγ is small.

Γ ≪ 80 keV and of a weak, broad peak atEn = 3.7 MeV: see (1974AJ01, 1984AJ01, 1988AJ01).
A multi-level, multi-channelR-matrix calculation is reported by (1987KN04). This analysis leads
to predictions for the cross section for elastic scattering, for (n, n′) to 7Li*(0.48, 4.68, 6.68) and
for triton production. A number of additional (broad) states of 8Li, unobserved directly in this
and in other reactions, derive from this analysis (1987KN04). See (1989FU03) for a resonating
group study of8Li*(6.53) [Jπ = 4+; T = 1]; see also (2002GR25). See also references cited in
(1988AJ01).

6. (a)7Li(n, n′)7Li Eb = 2.03229

(b) 7Li(n, n′)3H + 4He Qm = −2.44832

The excitation function for 0.48 MeVγ-rays shows an abrupt rise from threshold (indicating
s-wave formation and emission) and a broad maximum (Γ ≈ 1 MeV) at En = 1.35 MeV. A good
fit is obtained with eitherJπ = 1− or 1+ (2+ not excluded),Γlab = 1.14 MeV. A prominent peak is
observed atEn = 3.8 MeV (Γlab = 0.75 MeV) and there is some indication of a broad resonance
(Γlab = 1.30 MeV) atEn = 5.0 MeV. At higher energies there is evidence for structure atEn = 6.8
and 8 MeV followed by a decrease in the cross section to 20 MeV:see (1979AJ01, 1984AJ01).
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The total cross section for (n0 + n1) and n2 have been reported atEn = 8.9 MeV (1984FE1A). For
R-matrix analyses see (1987KN04) in reaction 5 and (1984AJ01).

The cross section for reaction (b) rises from threshold to≈ 360 mb atEn ≈ 6 MeV and
then decreases slowly to≈ 250 mb atEn ≈ 16 MeV: see (1985SW01, 1987QA01). Cross sec-
tions for tritium production have been reported from threshold to En = 16 MeV (1983LI1C),
4.57 to 14.1 MeV (1985SW01), 7.9 to 10.5 MeV (1987QA01), 14.74 MeV (1984SMZX) and at
14.94 MeV (1985GO18: 302 ± 18 mb). At En = 14.95 MeV the totalα production cross section
[which includes the (n, 2n d) process] is336 ± 16 mb (1986KN06). Spectra at 14.6 MeV may
indicate the involvement of states of4H (1986MI11). See also references cited in (1988AJ01).

7. 7Li(n, 2n)6Li Qm = −7.25030 Eb = 2.03229

See (1985CH37, 1986CH24). See also (1988AJ01).

8. 7Li(p, π+)8Li Qm = −138.32024

Angular distributions and analyzing powers for the transitions to8Li*(0, 0.98, 2.26) have been
studied atEp = 200.4 MeV. [The (p,π−) reaction to the analog states in8B is discussed: see
reaction 4 in8B.] The (p,π+) cross sections are an order of magnitude greater than the (p, π−)
cross sections and show a much stronger angular dependence (1987CA06). Angular distributions
of cross section andAy have also been measured atEp = 250, 354 and 489 MeV to the first three
states of8Li. Those to8Li*(0, 2.26) have differential cross sections which exhibit a maximum
near the invariant mass of the∆(1232) andAy which are similar to each other and to those of the
p̄p → dπ+ reaction.8Li*(6.53) is populated (1987HU12, 1988HU11).

9. 7Li(d, p)8Li Qm = −0.19228

Measurements in the vicinity of theEcm = 0.61 MeV 9Be*(17.3) resonance foundσ[7Li(d, p)] =

143.6 ± 8.9 mb (1996ST18), σ[7Li(d, 8Li)p:8Li
β−

→ 8Be → 2α] = 151 ± 20 mb (1996ST18), and
σ[7Li(d, p)] = 155 ± 8 mb (1998WE05). An extensive review in (1998AD12) presented the re-
sults found in Table8.6. However, (1998WE05) suggest that systematic errors may persist in the
(1998AD12) evaluation.

Angular distributions of thep0 andp1 groups [ln = 1] at Ed = 12 MeV have been analyzed
using DWBA:Sexpt. = 0.87 and 0.48 respectively for8Li*(0, 0.98). Angular distributions have
also been measured at several energies in the range ofEd = 0.49 to 3.44 MeV (p0) and 0.95 to
2.94 MeV (p1). The lifetime of8Li*(0.98), determined from2H(7Li, p)8Li via the Doppler-shift
attenuation method, is10.1 ± 4.5 fsec: see (1979AJ01). See also references cited in (1988AJ01).
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Table 8.6: The7Li(d, p)8Li peak cross section
at the 0.6 MeV resonancea

σ (mb) Ref.

138 ± 20 (1975MC02)

144 ± 15 a,b (1996ST18)

146 ± 13 (1982EL03)

146 ± 19 a,b (1982FI03)

148 ± 12 (1982FI03)

147 ± 11 Recommended valuea

a (1998AD12).
b Re-evaluated.

The7Li(d, p)8Li
β−

→ 8Be→ 2α reaction was studied in the range of 0.4–1.8 MeV to investigate
a mechanism where the8Li reaction products are backscattered out of the target which introduces
up to a 20% systematic error in measurements of the reaction yield (1998ST20). They determined
that 8Li reaction products are increasingly backscattered out ofthe target with: (i) increasing the
Z of the backing material, (ii) decreasing the thickness of the deposited Li/Be target, and (iii)
decreasing the incident projectile energy.

10. (a)7Li( 6Li, 5Li) 8Li Qm = −3.632

(b) 7Li( 7Li, 6Li) 8Li Qm = −5.21801

See (1984KO25).

11. 8He(β−)8Li Qm = 10.651

See reaction 1 in8He.
The triton spectrum observed in8He β-decay was analyzed in a single-levelR-matrix model

that indicated the triton emission branching ratio is(8.0 ± 0.5) × 10−3 (1991BO31, 1993BO24).
TheR-matrix fit indicates a level at8Li*( 9.3±1.0 MeV, Jπ = 1+) with a reduced widthγreduced =
0.978± 0.012 MeV1/2 that decays primarily by triton emission; this correspondsto B(GT) = 5.18
andlog ft = 2.87 [B(GT) = 8.29, using the definition given in the introduction]. A subsequent
analysis of the (1993BO24) data used a multi-level, multi-channelR-matrix model that included
low-lying 1+ states in8Li that participate in8He β-decay (see Table8.7) and suggestsEx =
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Table 8.7:R-matrix parameters for8He decay to
1+ levels in8Li a

Decay to8Li* (MeV) log ft

0.98 4.20

3.08 4.52

5.15 4.53

9.67 2.91

a From (1988BA67, 1996BA66).

9.67 MeV, B(GT) = 4.75 and log ft = 2.91 (1996BA66) [B(GT) = 7.56, using the definition
given in the introduction]. Branching ratios for8Li states are given in (1988BA67). See also
Fig. 2.

12. 9Be(γ, p)8Li Qm = −16.8882

The 9Be(γ, p0) reaction was measured in the range fromEγ = 22–25.5 MeV and was evalu-
ated in a simple cluster model (1999SH05). The analysis indicated that mainly E1 and E2 multi-
polarities contribute to the breakup cross section. The photodisintegration of9Be was measured at
Eγ = 180–240 MeV, and the (γ+nucleon) reaction dynamics were studied by measuring9Be(γ, p)
atEγ = 187–427 MeV in the∆(1232) resonance region (1988TE04).

13. 9Be(γ, pπ0)8Li Qm = −151.8648

The total cross section for9Be(γ, pπ0) was measured with bremsstrahlungγ-rays in the range
of Eγ = 200–850 MeV (1987AN14).

14. (a)9Be(e, ep)8Li Qm = −16.8882

(b) 9Be(p, 2p)8Li Qm = −16.8882

For reaction (a) see (1984AJ01) and (1985KI1A). The summed proton spectrum (reaction (b))
at Ep = 156 MeV shows peaks corresponding to8Li g.s. and8Li*( 0.98 + 2.26) [unresolved]. In
addition, s-states [Jπ = 1−, 2−] are suggested atEx = 9 and 16 MeV, withΓcm ≈ 6 and 8 MeV; the
latter may actually be due to continuum protons: see (1974AJ01). At Ep = 1 GeV the separation
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Table 8.8: Spectroscopic factors of the9Be(t,α) reactiona

Ex (MeV) Jπ l C2Srel. C2Sabs.

0 2+ 1 0.843 1.059

0.981 1+ 1 0.506 0.636

2.255 3+ 1 0.552 0.693

2.4–2.8 1 0.099

a See (1988LI27).

energy between 5 and 8 MeV broad1p3/2 and1s1/2 groups is reported to be10.7 ± 0.5 MeV
(1985BE30, 1985DO16). See also (1987GAZM).

For reaction (b) angular distributions were measured at 70 MeV. The data were evaluated using
the distorted waveT -matrix approximation (DWTA) where it was determined that the 1s and 1p
shells dominate in the nucleus-nucleon single-particle-knockout reaction mechanism (2000SH01).

15. 9Be(d,3He)8Li Qm = −11.3947

Angular distributions have been reported for the3He ions to8Li*(0, 0.98, 2.26, 6.53) atEd =
28 MeV [C2S (abs.)= 1.63, 0.61, 0.48, 0.092] and 52 MeV. The distributions to8Li*(6.53)[Γ <
100 keV] are featureless: see (1979AJ01).

16. 9Be(t,α)8Li Qm = 2.9257

At Et = 12.98 MeV, angular distributions of theα-particles to8Li*(0, 0.98, 2.26,6.53 ± 0.02
[Γcm < 40 keV]) have been measured: see (1974AJ01). Angular dependent differential cross
sections for9Be(t, α) at Et = 15 MeV were compared with DWBA and coupled-channel Born
approximation calculations to extract the relative and absoluteC2S factors for8Li+p: see Table8.8
(1988LI27). At Et = 17 MeV, σ(θ) andAy measurements, analyzed by CCBA, lead toJπ = 4+

for 8Li*(6.53): see (1984AJ01). For 8Li*(0.98), τm = 14 ± 5 fsec,Ex = 980.80 ± 0.10 keV: see
(1974AJ01).

17. 9Be(7Li, 8Be)8Li Qm = 0.3669

At E(7Li) = 52 MeV, numerous12B states are observed withEx between 10–18 MeV;8Li*(0,
0.98, 2.25) participate (2003SO22). See also (1984KO25).
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18. 9Be(11B, 12C)8Li Qm = −0.931

See (1986BE1Q).

19. 10Be(p,3He)8Li Qm = −15.9824

At Ep = 45 MeV, 3He ions are observed to a state atEx = 10.8222 ± 0.0055 MeV (Γcm <
12 keV): the angular distributions for the transition to this state, and to its analog (8Be*(27.49)),
measured in the analog reaction [10Be(p, t)8Be] are very similar. They are both consistent with
L = 0 using a DWBA (LZR) analysis: see (1979AJ01).

20. 11B(π+, 3p)8Li Qm = 105.424

The 11B(π+, 3p) reaction was studied at 50, 100, 140 and 180 MeV using a large solid angle
detector to measure the missing energy spectra (1992RA11).

21. 11B(n, α)8Li Qm = −6.633

The excitation function for11B(n,α)8Li was measured atEn = 7.6–12.6 MeV to determine, via
detailed balance, the astrophysical rate for the8Li(α, n) reaction in the vicinity of the12B*(10.58)
level (1990PA22).

Angular distributions of theα0 andα1 groups have been measured atEn = 14.1 and 14.4 MeV:
see (1974AJ01, 1984AJ01, 1988AJ01). Energy dependent8Li(α, α) elastic scattering phase shifts,
which are important for calculating the11B(n, α)8Li reaction rate, were calculated in the range of
Ecm < 4 MeV (1996DE02).

22. 11B(7Li, 10B)8Li Qm = −9.422

At E(7Li) = 34 MeV angular distributions have been studied involving8Li*(0, 0.98) and
10Bg.s. (1987CO16).

23. (a)12C(π−, 2d)8Li Qm = 92.35190

(b) 12C(π−, α)8Li Qm = 116.19842
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Differential and total cross sections for12C(π−, 2d) were measured at 165 MeV (1990PA03).
See (1987GA11) for a theoretical treatment of the reaction mechanism.

24. 12C(π+, 4p)8Li Qm = 89.46746

Theπ+ absorption reaction mechanism was studied by measuring protons produced in12C+π+

reactions at 30–135 MeV (2000GI07).

25. (a)12C(p, X)

(b) 13C(p, X)

Nuclear effects in the spallation reaction mechanism (i.e., even-odd and odd-odd nucleon pair-
ing) were studied via12,13C(p, 6,7,8,9Li) reactions at 1 GeV (1992BE65).

26. 13C(d, 7Be)8Li Qm = −20.45614

See (1984NE1A).

27. 13C(7Li, 8Li) 12C Qm = −2.91402

Angular distributions were measured atE(7Li) = 9 MeV/A, and a DWBA analysis was used to
determine the ratio of p1/2/p3/2 contributions, and the Asymptotic Normalization Constant(ANC)
for 7Li + n → 8Li (2003TR04). Then, using charge symmetry, the7Be + p → 8B ANC was
deduced, which corresponds toS17(0) = 17.6 ± 1.7 eV · b.

28. (a) C(8Li, 8Li ′)C

(b) Ni(8Li, 8Li ′)Ni

(c) Au(8Li, 8Li ′)Au

(d) Pb(8Li, 8Li ′)Pb

Elastic and inelastic scattering of8Li on natC were measured atE(8Li) = 13.8–14 MeV
(1991SM02). Optical model parameters were deduced for the2+ ground state and the first1+

excited state at≈ 1 MeV andB(E2)↑= 30± 15 e2 · fm4 was deduced. In additionnatAu(8Li, 8Li)
was measured for comparison with Rutherford scattering.
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The8Li first 1+ excited state at1.0± 0.1 MeV was observed in Coulomb excitation onnatNi at
E(8Li) = 14.6 MeV (1991BR14) andB(E2) ↑= 55±15 e2 ·fm4 was determined for this excitation.
See (2003BE38) for elastic and inelastic scattering on Pb atE(8Li) = 20–36 MeV.

29. natC(µ, 8Li)X

A measurement to determine muon induced background rates inlarge-volume scintillation
solar neutrino detectors foundσ = 2.93±0.80 µb and4.02±1.46 µb for natC(µ, 8Li) at Eµ = 100
and 190 GeV, respectively (2000HA33).

30. (a) C(8Li, X)

(b) Si(8Li, X)

(c) Pb(8Li, X)

Total cross sections and charge-changing cross sections for the lithium isotopes on C and Pb
were measured at 80 MeV/A (1992BL10); it was deduced that post-abrasion evaporation plays a
minor role in these reactions. For reaction (b) the energy-dependent total reaction cross sections at
20–60 MeV/A were measured (1996WA27) and compared with microscopic and shell model pre-
dictions. A review of nuclear radii deduced from interaction cross sections is given in (2001OZ04).

31. (a)natAg(14N, 8Li)

(b) natAg(14N, n+ 7Li)

(c) 165Ho(14N, X)

Population of the8Li ground state and 2.255 MeV neutron unbound state was reported in
reactions (a) and (b) at 35 MeV/A. The reaction nuclear temperature was estimated (1987BL13).
In a similar study of 35 MeV/A 14N on 165Ho, (1987KI05) deduced that the8Li*(2.255) state has
Γ = 33 keV from the7Li + n relative energy spectrum.
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8Be
(Figs. 3 and 5)

GENERAL: References to articles on general properties of8Be published since the previous review
(1988AJ01) are grouped into categories and listed, along with brief descriptions of each item, in the
General Tables for8Be located on our website at (www.tunl.duke.edu/ nucldata/General Tables/8be.
shtml).

1. 8Be→ 4He4He Qm = 0.0918

Γcm for 8Beg.s. = 5.57 ± 0.25 eV: see reaction 4. See also reaction 29 and references citedin
(1974AJ01, 1988AJ01).

2. 4He(α, γ)8Be Qm = −0.0918

The yield ofγ1 has been measured forEα = 32 to 36 MeV. The yield ofγ0 for Eα = 33 to
38 MeV is twenty times lower than forγ1, consistent with E2 decay: see (1979AJ01). Angular dis-
tributions were measured in the4He(α, γ) reaction in the region around the 16 MeV isospin mixed
doublet as a study of CVC inA = 8 nuclei and second class currents (1994DE30, 1995DE18). No
evidence for CVC violation was observed. Mixing ratios werereported asǫ = [ΓT=0

M1 /ΓT=1
M1 ]1/2 =

+0.04 ± 0.02, δ0 = [ΓT=0
E2 /ΓT=1

M1 ]1/2 = +0.21 ± 0.04, δ1 = [ΓT=1
E2 /ΓT=1

M1 ]1/2 = +0.01 ± 0.03 and
ΓT=1

M1 = 2.80 ± 0.18 eV (1995DE18), and they note that earlier values (1978BO30) were troubled
by a transformation error. TheEx of 8Be*(3.0) is determined in this reaction to be3.18±0.05 MeV
(1979AJ01) [see also Table8.11].

The E2 bremsstrahlung cross section to8Beg.s. has been calculated as a function ofEx over the
3 MeV state: the totalΓγ for this transition is 8.3 meV, corresponding to 75 W.u. (1986LA05).
A calculation of theΓγ from the decay of the4+ 11.4 MeV state to the2+ state yields 0.46 eV
(19 W.u.). The maximum cross section for the intrastateγ-ray transition within the2+ resonance
is calculated to be≤ 2.5 nb atEx ≈ 3.3 MeV (1986LA19). See also (2001CS04) for discussion
of the impact of variation in the NN force on the nucleosynthesis rates of8Be and12C.

3. (a)4He(α, n)7Be Qm = −18.99152 Eb = −0.09184

(b) 4He(α, p)7Li Qm = −17.34695

(c) 4He(α, d)6Li Qm = −22.372683

The cross sections for formation of7Li*(0, 0.48) [Eα = 39 to 49.5 MeV] and7Be*(0, 0.43)
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Table 8.9: Energy levels of8Be

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

g.s. 0+; 0 5.57 ± 0.25 eV i α 1, 2, 4, 5, 10, 11, 12, 13,
14, 19, 20, 21, 22, 23,
25, 28, 29, 30, 31, 33,
36, 39, 40, 41, 42, 43,
44, 45, 46, 47, 50, 51,
52, 53, 54, 55, 56, 57,
58, 59, 60, 61, 62

3.03 ± 10 i 2+; 0 1513 ± 15 i α 2, 4, 5, 10, 11, 12, 13,
14, 19, 20, 21, 22, 24,
27, 28, 29, 30, 31, 33,
36, 40, 41, 42, 43, 44,
50, 51, 53, 54, 61

i,j 2+ 4, 24, 27, (29)

11.35 ± 150 i 4+; 0 ≈ 3500b α 4, 12, 13, 19, 21, 29, 30,
31, 41, 51, 53, 54

16.626 ± 3 2+; 0 + 1 108.1 ± 0.5 γ, α 2, 4, 10, 11, 13, 14, 19,
20, 21, 27, 29, 30, 31,
40, 41, 44, 51, 53

16.922 ± 3 2+; 0 + 1 74.0 ± 0.4 γ, α 2, 4, 10, 11, 13, 14, 19,
20, 21, 29, 30, 31, 40,
41, 44, 51, 53

17.640 ± 1.0 f 1+; 1 10.7 ± 0.5 γ, p 5, 11, 14, 16, 19, 20, 29,
30, 31, 41, 53

18.150 ± 4 1+; 0 138 ± 6 γ, p 11, 14, 16, 19, 20, 29,
30, 41, 44

18.91 2−; 0(+1) 122e γ, n, p 11, 14, 15, 16, 19, 23

19.07 ± 30 3+; (1) 270 ± 20 γ, p 11, 14, 16, 19, 29, 30

19.235 ± 10 i 3+; (0) 227 ± 16 i n, p 15, 16, 19, 29, 30, 31,
41, 64

19.40 1− ≈ 645 i n, p 11, 15, 16, 29

19.86 ± 50 g 4+; 0 700 ± 100 p, α 4, 11, 18, 21, 22, 30, 31,
41

20.1h 2+; 0 880 ± 20 i n, p,α 4, 15, 16, 18, 19, 22, 41

20.2 0+; 0 720 ± 20 i α 4, 19, 41

20.9 4− 1600 ± 200 p 16

21.5 3(+) 1000 γ, n, p 14, 15, 41

22.0c 1−; 1 ≈ 4000 γ, p 14

23



Table 8.9: Energy levels of8Be (continued)

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

22.05 ± 100 270 ± 70 29, 31

22.2 2+; 0 ≈ 800 n, p, d,α 4, 9, 13, 15, 16, 18, 41

22.63 ± 100 100 ± 50 31

22.98 ± 100 230 ± 50 31

24.0c (1, 2)−; 1 ≈ 7000 γ, p,α 14, 18, 41

25.2 2+; 0 p, d,α 4, 9, 18, 41

25.5 4+; 0 broad d, α 9

27.4941 ± 1.8 d 0+; 2 5.5 ± 2.0 γ, n, p, d, t,3He,α 5, 7, 9, 35

(28.6) broad γ, p 14

(32) i 1 MeV i 41

(≈ 41) i 9

(≈ 43) i 9

(≈ 50) i 9

a See also Table 8.10 and reaction 4.
b See, however, reaction 29.
c Giant resonance: see reaction 14.
d For the parameters of this state please see Table 8.5 in (1984AJ01).
e FromR-matrix fit: see reaction 23.
f Γγ0

/Γ(γ0+γ1) = 0.72 ± 0.07 (1995ZA03).
g Γα/Γp = 2.3 ± 0.5 (1992PU06).
h Γα/Γp = 4.5 ± 0.6 (1992PU06).
i From data reviewed in this evaluation.
j Intruder state at≈ 9 MeV, deduced fromR-matrix analysis ofβ-delayed2α breakup spectra (2000BA89). The

placement of this level is dependent on the channel radius used in theR-matrix fit (1986WA01, 2000BA89). However,

(1986WA01) finds no need to introduce intruder states belowEx = 26 MeV.

[39.4 to 47.4 MeV] both show structures atEα ≈ 40.0 and≈ 44.5 MeV: they are due predomi-
nantly to the2+ states8Be*(20.1, 22.2): see (1979AJ01). The excitation functions for p0, p2, d0,
d1 for Eα = 54.96 to 55.54 MeV have been measured in order to study the decay of the firstT = 2
state in8Be: see Table 8.5 in (1984AJ01). Cross sections for p0+1 are also reported atEα = 37.5
to 140.0 MeV: see (1979AJ01, 1984AJ01). The cross sections for reaction (c) has been measured
at three energies in the rangeEα = 46.7 to 49.5 MeV: see (1979AJ01) and below.

The production of6Li, 7Li and 7Be [and6He] has been studied atEα = 61.5 to 158.2 MeV by
(1982GL01), at 198.4 MeV by (1985WO11), and atEα = 160, 280 and 320 MeV by (2001ME13).
The production of7Li (via reactions (a) and (b)) and of6Li is discussed. At energies beyondEα ≈
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Figure 3: Energy levels of8Be. For notation see Fig. 2.
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Table 8.10: Electromagnetic transition strengths in8Be

Ei → Ef Jπ
i ; Ti → Jπ

f ; Tf Γγ Mult. Γγ/ΓW

(MeV) (eV)

16.626 → 0 a 2+; 0 + 1 → 0+; 0 (7.0 ± 2.5) × 10−2 E2 (7.1 ± 2.5) × 10−2

16.92 → 0 a 2+; 0 + 1 → 0+; 0 (8.4 ± 1.4) × 10−2 E2 (7.8 ± 1.3) × 10−2

(16.626 + 16.92) → 3.03 b 2+; 1 → 2+; 0 2.80 ± 0.18 M1 (5.3 ± 0.3) × 10−2

17.64 → 0 c 1+; 1 → 0+; 0 15.0 ± 1.8 M1 0.13 ± 0.02

→ 3.03 c,d → 2+; 0 6.7 ± 1.3 M1 0.10 ± 0.02

0.12 ± 0.05 E2 0.23 ± 0.10

→ 16.626 e,f → 2+; 0 + 1 (3.2 ± 0.3) × 10−2 M1 1.5 ± 0.2

→ 16.92 e → 2+; 0 + 1 (1.3 ± 0.3) × 10−3 M1 0.17 ± 0.04

18.15 → 0 g 1+; 0 → 0+; 0 1.9 ± 0.4 M1 (1.5 ± 0.3) × 10−2

→ 3.03 g → 2+; 0 4.3 ± 1.2 M1 (5.9 ± 1.7) × 10−2

→ 16.626 e → 2+; 0 + 1 (7.7 ± 1.9) × 10−2 M1 1.0 ± 0.3

→ 16.92 e → 2+; 0 + 1 (6.2 ± 0.7) × 10−2 M1 1.6 ± 0.2

18.91 → 16.626 h 2−; 0 → 2+; 0 + 1 0.17 ± 0.07 E1 (5.3 ± 2.0) × 10−2

→ 16.92 h → 2+; 0 + 1 (9.9 ± 4.3) × 10−2 E1 (4.6 ± 2.0) × 10−2

19.07 → 3.03 i 3+; (1) → 2+; 0 10.5 M1 0.122

27.49 → 17.64 j 0+; 2 → 1+; 1 21.9 ± 3.9 M1 1.10 ± 0.20

a From (1995DE18).
b From (1995DE18). TheT = 1 centroid of the isospin-mixed 16.626 MeV and 16.92 MeV levels is at 16.80 MeV. For mixing
ratios, see reaction 2 or (1995DE18).
c σγ0+γ1

= 5.9 ± 0.5 mb andσγ0
/σγ0+γ1

= 0.69 ± 0.05 from (1995ZA03). UsingΓcm = 10.7 ± 0.5 keV from Table 8.10
givesΓγ0+γ1

= 21.8 ± 2.1 eV.
d From (1961ME10), the mixing ratio is0.133± 0.027.
e From (1969SW01).
f From (1969SW02), the mixing ratio is−0.014 ± 0.013.
g From (1995ZA03).
h From the cross sections andΓcm = 131 ± 44 keV of (1969SW01).
i From (1976FI05).
j From (1979FR04).
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Table 8.11: Some8Be states with3.0 < Ex < 23.0 MeV a

Ex (MeV ± keV) Γcm (keV) Reaction

3.18 ± 50 4He(α, γ)

2.83 ± 200 1750 ± 300 6Li(3He, p),10B(d, α)

1200 ± 300 6Li(α, d)

3.1 ± 100 1750 ± 100 7Li(d, n)

3.10 ± 90 1740 ± 80 7Li(d, n)

2.90 ± 60 1530 ± 40 7Be(d, p)

1500 ± 100 9Be(p, d)

3.038 ± 25 1500 ± 20 9Be(p, d)

3.03 ± 10 1430 ± 60 9Be(d, t)

2.90 ± 40 1350 ± 150 9Be(3He,α)

1480 ± 70 11B(p, α)

3.03 ± 0.01 1513 ± 15 “mean” value d

11.5 ± 300 4000 ± 400 4He(α, α)

11.3 ± 400 6Li(α, d)

11.3 ± 200 2800 ± 300 7Li(d, n)

5200 ± 100 9Be(p, d)

11.35 ± 150 ≈ 3500 keV “mean” value

16.627 ± 5 113 ± 3 7Li(3He, d)

90 ± 5 10B(d, α)

16.623 ± 3 107.7 ± 0.5 4He(α, α) b

16.630 ± 3 108.5 ± 0.5 4He(α, α) c

16.626 ± 3 108.1 ± 0.5 “mean” value

16.901 ± 5 77 ± 3 7Li(3He, d)

70 ± 5 10B(d, α)

16.925 ± 3 74.4 ± 0.4 4He(α, α) b

16.918 ± 3 73.6 ± 0.4 4He(α, α) c

16.922 ± 3 74.0 ± 0.4 “mean” value

17.640 ± 1.0 10.7 ± 0.5 7Li(p, γ)

18.155 ± 5 147 7Li(p, p′γ)

18.150 ± 5 138 ± 6 10B(d, α)

18.144 ± 5 9Be(d, t)

18.150 ± 4 138 ± 6 “mean” value
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Table 8.11: Energy levels of8Be (continued)

Ex (MeV ± keV) Γcm (keV) Reaction

19.06 ± 20 270 ± 20 7Li(p, γ)

19.071 ± 10 270 ± 30 9Be(d, t)

19.07 ± 30 270 ± 20 “mean” value

19.21 208 ± 30 9Be(p, d)

19.22 ± 30 265 ± 30 9Be(3He,α)

19.234 ± 12 210 ± 35 natAg(14N, 8Be)

19.26 ± 30 220 ± 30 9Be(d, t)

19.235 ± 10 227 ± 10 “mean” value

19.86 ± 50 700 ± 100
9Be(d, t)

22.05 ± 100 270 ± 70
9Be(3He,α)

22.63 ± 100 100 ± 50
9Be(3He,α)

22.98 ± 100 230 ± 50
9Be(3He,α)

a See Table 8.5 in (1979AJ01) for references. See also Tables 8.11 and 8.12
here.
b FromR-matrix analysis.
c Complex eigenvalue theory.
d These parameters represent the weighted average of values given in
Table 8.4 of (1974AJ01): the valueEx = 3.18 ± 0.05 MeV from
4He(α, γ), the valuesEx = 3.038 ± 0.025 MeV, Γ = 1500 ± 20 keV from
9Be(p, d) that were adopted in (1984AJ01); andEx = 3.03 ± 0.01 MeV,
Γ = 1430 ± 60 keV from 9Be(d, t). The average of the most recent
values from9Be(p, d) and9Be(d, t) yieldsEx = 3.03 ± 0.01 MeV and
Γ = 1490± 20 keV. See also (2002BH03).

250 MeV theα + α reaction does not contribute to the natural abundance of lithium, reinforcing theories
which produce6Li in cosmic-ray processes and the “missing”7Li in the Big Bang: thus the universe is open
(1982GL01, 1985WO11). The measurements of (2001ME13) have observed smaller cross sections for6Li
production than previous extrapolations, and reduce uncertainty in extrapolation to higher energies.

The inclusive cross section for production of3He has been measured atEα = 218 MeV (1984AL03).
For a fragmentation study at 125 GeV see (1985BE1E). See also references cited in (1988AJ01).

4. 4He(α, α)4He Eb = −0.091839

The 8Beg.s. parameters are determined fromα–α scattering across the resonance region. Evalua-
tion of the parameters requires an analysis of the influence of various possible charge states in the low-
energy4He(α, α) scattering process (1992WU09). A measurement that detectedα–α coincidences at
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θ(α1, α2) = (45◦, 45◦) and(30◦, 60◦) was performed using a gas jet target, which permitted an energy res-
olution of 26 eV; the resulting parameters for8Beg.s. areEb = −92.04± 0.05 keV andΓ = 5.57± 0.25 eV
(1992WA09). Previous values that had been obtained in a configuration that yielded 95 eV energy resolution
wereEb = −92.12 ± 0.05 keV andΓ = 6.8 ± 1.7 eV (1968BE02). For Eα = 30 to 70 MeV thel = 0
phase shift shows resonant behavior atEα = 40.7 MeV, corresponding to a0+ state atEx = 20.2 MeV,
Γ < 1 MeV, Γα/Γ < 0.5. No evidence for other0+ states is seen aboveEα = 43 MeV.

The d-wave phase shift becomes appreciable forEα > 2.5 MeV and passes through a resonance at
Eα = 6 MeV (Ex = 3.18 MeV, Γ = 1.5 MeV, Jπ = 2+): see Table8.11. Five2+ levels are observed from
l = 2 phase shifts measured fromEα = 30 to 70 MeV: 8Be*(16.6, 16.9) withΓα = Γ [see Table8.11],
and states withEx = 20.1, 22.2 and 25.2 MeV. The latter has a smallΓα. The l = 2 α-α phase shifts
have been analyzed by (1986WA01) up toEα = 34 MeV: intruder states belowEx = 26 MeV need not be
introduced. However, see discussion in reactions 24 and 27,and see (1988BA75, 1989BA31, 2000BA89)
which introduces an intruder state at≈ 9 MeV.

Thel = 4 phase shift rises fromEα ≈ 11 MeV and indicates a broad4+ level atEx = 11.5± 0.3 MeV
[Γ = 4.0 ± 0.4 MeV]. A rapid rise ofδ4 at Eα = 40 MeV corresponds to a4+ state at 19.9 MeV with
Γα/Γ ≈ 0.96; Γ < 1 MeV and thereforeΓα < 1 MeV, which is< 5% of the Wigner limit. A broad4+ state
is also observed nearEα = 51.3 MeV (Ex = 25.5 MeV). Over the rangeEα = 30 to 70 MeV a gradual
increase inδ6 is observed. Some indications of a6+ state atEx ≈ 28 MeV and of an8+ state at≈ 57 MeV
have been reported;Γcm ≈ 20 and≈ 73 MeV, respectively. A resonance is not observed at the firstT = 2
state,8Be*(27.49). See (1979AJ01) for references.

The elastic scattering has also been studied atEα = 56.3 to 95.5 MeV (1987NE1C), 158.2, 650 and
850 MeV, and at 4.32 and 5.07 GeV/c [see (1979AJ01, 1984AJ01)], as well as at 198.4 MeV (1985WO11).
For α-α correlations involving8Be*(0, 3.0) see (1987CH33, 1987PO03). Resonances inα-α scattering
and the role ofα clustering in8Be have been investigated in theoretical studies of4He(α, α) (1987PR01,
1987VI05, 1987WA07, 1995LI07, 1996KU08, 1996VO15, 2000MO07, 2002BH03). For inclusive cross
sections see (1984AJ01) and (1984AL03; 218 MeV). For studies at very high energies see reaction 3 and
references cited in (1988AJ01).

5. 6Li(d, γ)8Be Qm = 22.2809

The yield ofγ-rays to8Be*(17.64) [1+; T = 1] has been measured forEd = 6.85 to 7.10 MeV. A
resonance is observed atEd = 6965 keV [Ex = 27495.8±2.4 keV,Γcm = 5.5±2.0 keV]; Γγ = 23±4 eV
[1.14 ± 0.20 W.u.] for this M1 transition from the first0+; T = 2 state in8Be, in good agreement with
the intermediate coupling model: see Table 8.5 in (1984AJ01)† . Angular distributions of cross sections
and polarization observables [A

(θ)
y , A

(θ)
yy , T

(θ)
20 ] were measured atE~d

= 9 MeV (1991WI19) andE~d
= 2

and 9 MeV (1994WI08). In addition, (1994WI08) measured the excitation function fromEd = 7–14 MeV;
capture to the8Be ground state and 3.0 MeV state were observed. A transitionmatrix element analysis for
6Li(~d, γ0) at 9 MeV indicates a 13–21% E1 contribution in addition to the expected dominant E2 strength.
This suggests≈ 1.5% D-state admixture in the8Be ground state. See also (1979AJ01).

† However, please note that there is an error in Table8.5from (1984AJ01). For the 27.5 MeV level, the parameter
given asΓγ0

should be listed asΓγ(27.5 to 17.6).
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6. 6Li(d, n)7Be Qm = 3.38117 Eb = 22.28085

Yield curves and cross sections have been measured forEd = 48 keV to 17 MeV: see (1979AJ01,
1984AJ01). At Ecm = 96.6 keV σ = 3.17 mb ±3%(stat.)± 7.5%(syst.) (2001HO23). Polarization
measurements are reported atEd = 0.27 to 3.7 MeV. Angular distributions were measured for6Li(d, n)
at Ed = 0.7–2.3 and 5.6–12.1 MeV and excitation functions for neutronscorresponding to7Be*(0, 0.43,
4.57, 7.21) are reported (1996BO27). Comparisons of the populations of7Be*(0, 0.43) and of7Li*(0, 0.48)
have been made at energies up toEd = 7.2 MeV. The (d, n)/(d, p) ratios are closely equal for analog states,
as expected from charge symmetry: see (1979AJ01). However, the n1/p1 yield ratio decreases from 1.05
at Ed = 160 keV to 0.94 at 60 keV: it is suggested that this is due to chargepolarization of the deuteron
(1985CE12). See reaction 7 for additional comments about the (d, p)/(d, n) ratio. See also7Be in (2002TI10)
and (1988AJ01).

7. 6Li(d, p)7Li Qm = 5.02573 Eb = 22.28085

Excitation functions have been measured forEd = 30 keV to 5.4 MeV: see (1979AJ01, 1984AJ01).
The thick target yield of 0.48 MeVγ-rays is reported from≈ 50 to 170 keV (1985CE12). An anomaly is
observed in the p1/p0 intensity ratio atEd = 6.945 MeV [see (1979AJ01)], corresponding to the first0+;
T = 2 state,Γ = 10±3 keV,Γp0

≪ Γp1
, Γp0

< Γd. The (d, p0)/(d, n0) ratio is measured in the astrophysical
range from 65 keV< Ed < 200 keV (1993CZ01, 1997CZ04). In this region the subthreshold isospin
mixed2+ level at8Be*(22.2;Γ ≈ 800 keV) could influence the (d, p0)/(d, n0) ratio, which is important in
inhomogeneous Big Bang nucleosynthesis models. The observed ratio isΓn0

/Γp0
= 0.95 ± 0.03 which

is consistent with the presently accepted isospin mixing parameterǫ = 0.20. The 6Li(d, p) and6Li(d, α)
reactions were measured atEd = 20–135 keV (1993CE02), and a nearly constantσ(d, p0 + p1)/σ(d, α)
ratio of 0.55 was observed indicating that there is no anomalous behavior in the low energy6Li(d, p) cross
section. Polarization measurements have been reported atEd = 0.6 to 10.9 MeV: see (1979AJ01). See also
7Li in (2002TI10) and (1984KU15; theor.).

8. (a)6Li(d, d)6Li Eb = 22.280845

(b) 6Li(d, t)5Li Qm = 0.593

The yield of elastically scattered deuterons has been measured forEd = 2 to 7.14 MeV. No resonances
are observed: see (1974AJ01). See also (1983HA1D, 1985LI1C; theor.). The cross section for tritium
production rises rapidly to 190 mb at 1 MeV, then more slowly to 290 mb near 4 MeV: see (1974AJ01). For
VAP and TAP measurements atEd = 191 and 395 MeV see (1986GA18).

9. (a)6Li(d, α)4He Qm = 22.372683 Eb = 22.280845

(b) 6Li(d, αp)3H Qm = 2.558823
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Cross sections and angular distributions (reaction (a)) have been measured atEd = 10 keV to 31 MeV:
see (1979AJ01, 1984AJ01), (1992EN01, 1992EN04) for Ed = 10–1450 keV, and (1997CZ01) for Ed =
50–180 keV. A DWBA analysis by (1997CZ01) of data up to 1 MeV evaluated the impact of the subthreshold
resonance8Be*(22.2) on the measured cross sections. In the DWBA analysis, data was limited to energies
aboveEd = 60 keV in order to minimize the effect of screening; the analysis indicated an energyEres =
(−50 ± 20) keV for the subthreshold resonance. The6Li(6Li, 2α)4He reaction was measured atE(6Li) =
6 MeV and was evaluated in the “Trojan Horse” method to extractthe 6Li(d, α) reaction cross sections
and S-factors in the astrophysically relevant range fromEcm = 13 to 750 keV (2001SP04); a detailed
analysis of these data, that accounted for the electron screening process, deducedS(0) = 16.9 ± 0.5 MeV ·
b (2001MU30). See also (1992EN01, 1992EN04) for detailed discussion of electron screening in direct
measurements of6Li(d, α) and2H(6Li, α) in the energy range ofEcm < 1500 keV. See also (2002BA77).
Polarization measurements are reported in the range 0.4 to 11 MeV: see (1979AJ01, 1984AJ01) and see
below. See also reaction 7 for comments about the astrophysical (d, p)/(d,α) ratio. See (1984AJ01) for a
critical analysis of thermonuclear reaction rate parameters.

Pronounced variations are observed in the cross sections and in the analyzing powers. Maxima are seen
at Ed = 0.8 MeV, Γlab ≈ 0.8 MeV andEd = 3.75 MeV, Γlab ≈ 1.4 MeV. The 4 MeV peak is also
observed in the tensor component coefficients withL = 0, 4 and 8 and in the vector component coefficients:
two overlapping resonances are suggested. At higher energies all coefficients show a fairly smooth behavior
which suggests that only broad resonances can exist. The results are in agreement with those from reaction 4,
that is with two2+ states atEx = 22.2 and 25.2 MeV and a4+ state at 25.5 MeV. A strong resonance is
seen in theα* channel [to4He(20.1),Jπ = 0+] presumably due to8Be*(25.2, 25.5). In addition the ratio
of theα*/α differential cross sections at30◦ shows a broad peak centered atEx ≈ 26.5 MeV (which may
be due to interference effects) and suggests a resonance-like anomaly atEx ≈ 28 MeV. Ayy = 1 points are
reported atEd = 5.55±0.12 (θcm = 29.7±1.0◦) and8.80±0.25 MeV (θcm = 90.0±1.0◦) [corresponding
to Ex = 26.44 and 28.87 MeV]. For references see (1974AJ01, 1979AJ01).

At Ed = 6.945 MeV, theα0 yield shows an anomaly corresponding to8Be*(27.49), the0+; T = 2
analog of8Heg.s.. ThisT = 2 state has recently been studied using both polarized deuterons and6Li ions.
The ratio of the partial widths for decay into6Li +d states with channel spin 2 and 0,Γ2/Γ0 = 0.322±0.091
(1986SO07).

A measurement of angular distributions and the excitation function for 6Li(d, α) for Ed = 18.2–
44.5 MeV (1994AR24) found evidence for possible states at≈ 41 MeV, ≈ 43 MeV and≈ 50 MeV.

A kinematically complete study of reaction (b) has been reported atEd = 1.2 to 8.0 MeV: the transition
matrix element squared plotted as a function ofEαα∗ (the relative energy in the channel4Heg.s.+

4He*(20.1)
[0+]) shows a broad maximum atEx ≈ 25 MeV. Analysis of these results, and of a study of7Li(p, α)α∗

[see reaction 18] which shows a peak of different shape atEx ≈ 24 MeV, indicate the formation and decay
of overlapping states of high spatial symmetry, if the observed structures are interpreted in terms of8Be
resonances: see (1984AJ01). For other work see (1984AJ01). See also6Li in (2002TI10) and references
cited in (1988AJ01).

10. 6Li(t, n)8Be Qm = 16.0236

At Et = 2 to 4.5 MeV 8Be*(0, 3.0, 16.6, 16.9) are populated (1984LIZY). See also (1966LA04,
1974AJ01).
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11. (a)6Li(3He, p)8Be Qm = 16.7874

(b) 6Li(3He, p)4He4He Qm = 16.879206

Angular distributions have been studied in the rangeE(3He) = 0.46 to 17 MeV and atE( ~6Li) =
21 MeV. 8Be*(0, 3.0, 16.63, 16.92, 17.64, 18.15, 19.0, 19.4, 19.9) are populated in this reaction: see
(1974AJ01, 1979AJ01, 1984AJ01). Angular distributions of cross sections andAy(θ) were measured for
6Li( ~3He, p0 and p1) at E ~3He

= 4.6 MeV (1995BA24). A DWBA analysis indicates that a direct reaction
mechanism dominated for both states, in contradiction withprevious results that suggested a dominant
compound nucleus contribution. See also (2003VO02, 2003VO08) for an evaluation of the reaction rates
belowE(3He)= 1 MeV. For reaction (b) see (1974AJ01) and (1987ZA07). See also9B.

12. (a)6Li(α, d)8Be Qm = −1.5657

(b) 6Li(α, 2α)2H Qm = −1.473844

Deuteron groups have been observed to8Be*(0, 3.0, 11.3 ± 0.4). Angular distributions have been
measured atEα = 15.8 to 48 MeV: see (1974AJ01, 1979AJ01). A study of reaction (b) shows that the peak
due to8Be*(3.0) is best fitted by usingΓ = 1.2 ± 0.3 MeV. At Eα = 42 MeV theα-α FSI is dominated by
8Be*(0, 3.0). See also Table8.11and (1983BE51; theor.).

13. (a)6Li(6Li, α)8Be Qm = 20.8070

(b) 6Li(6Li, α)4He4He Qm = 20.898839

(c) 6Li(6Li, 2d)4He4He Qm = −2.947688

At Emax(6Li) = 13 MeV reaction (a) proceeds via8Be* (0, 3.0, 16.6, 16.9, 22.5). The involvement
of a state atEx = 19.9 MeV (Γ = 1.3 MeV) is suggested. Good agreement with the shapes of the
peaks corresponding to8Be*(16.6, 16.9) is obtained by using a simple two-level formula with interference,
corrected for the effect of final-state Coulomb interaction, assumingΓ(16.6) = 90 keV andΓ(16.9) =
70 keV: see also Table8.11. The ratio of the intensities of the groups corresponding to8Be*(16.6, 16.9)
remains constant forE(6Li) = 4.3 to 5.5 MeV:I(16.6)/I(16.9) = 1.22±0.08. Partial angular distributions
for the α0 group have been measured at fourteen energies forE(6Li) = 4 to 24 MeV. See (1979AJ01)
for the references. The reaction mechanism for6Li(6Li, X) was studied by measuring charged particle
angular distributions forE(6Li) = 2–16 MeV (1990LE05). Analysis in a statistical model indicated that the
6Li(6Li, α) reaction proceeds dominantly via direct, cluster transfer rather than an intermediate compound
nucleus.

At E(6Li) = 36 to 46 MeV sequential decay (reaction (b)) via8Be states atEx = 3.0, 11.4, 16.9
and 19.65 MeV is reported: see (1984AJ01). (1987LA25) report the possible involvement of the2+ state
8Be*(22.2). At E(6Li) = 6 MeV the “Trojan Horse” method was used to evaluate6Li(6Li, 2α) data to
extract the6Li(d, α) reaction cross sections andS-factors (2001SP04, 2001MU30): see reaction 9.

For reaction (c) see (1983WA09) and 12C in (1985AJ01). See also (1983MI10) and (1982LA19,
1985NO1A; theor.).
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14. (a)7Li(p, e+e−)8Be Qm = 16.2331

(b) 7Li(p, γ)8Be Qm = 17.2551

For reaction (a) electron/positron pair decay from8Be*(17.6, 18.15)Jπ = 1+ levels was measured in a
search for M1 de-excitation via pair production that would indicate the involvement of a short-lived isoscalar
axion 4–15 MeV/c2 in mass. While an anomaly is seen in the pair production, the overall results are not
consistent with the involvement of a neutral boson (1996DE51, 1997DE46, 2001DE11). Limits of < 10−3

(1990DE02) and4.1 × 10−4 (2001DE11) were obtained for the axion toγ-ray ratio.
For reaction (b) cross sections and angular distributions have been reported fromEp = 30 keV to

18 MeV. Gamma rays are observed to the ground (γ0) and to the broad,2+, excited state at 3.0 MeV (γ1)
and to8Be*(16.6, 16.9) (γ3, γ4). An R-matrix fit to theγ-ray spectrum obtained atEp = 7.5 and 8 MeV
yieldedEx = 2.91 MeV andΓ = 1.23 MeV for the8Be first excited state (1990RI06). See also (1994DE09)
for comments on model dependences for deduced widths. Resonances for bothγ0 andγ1 occur atEp = 0.44
and 1.03 MeV, and forγ1 alone atEp = 2, 4.9, 6.0, 7.3, and possibly at 3.1 and 11.1 MeV. The excitation
function was measured forγ0 andγ1 across the resonance atEp = 441 keV; the peak cross section was
σγ0+γ1

= 5.0 ± 0.7 mb (yielding an average of5.9 ± 0.5 mb when weighted with previous measurements).
The branching ratio wasσ(γ0)/σ(γ0 + γ1) = 0.72 ± 0.07 (1995ZA03). Broad resonances are reported
at Ep ≈ 5 MeV (γ0), Γ ≈ 4–5 MeV, and atEp ≈ 7.3 MeV (γ1), Γ ≈ 8 MeV: see Table8.12. The
Ep ≈ 5 MeV resonance (Ex ≈ 22 MeV) represents the giant dipole resonance based on8Beg.s. while the
γ1 resonance,≈ 2.2 MeV higher, is based on8Be*(3.0). Theγ0 andγ1 giant resonance peaks each contain
about 10% of the dipole sum strength. The main trend betweenEp = 8 and 17.5 MeV is a decreasing cross
section.

At the Ep = 0.44 MeV resonance (Ex = 17.64 MeV) the radiation is nearly isotropic and has been
interpreted as arising from p-wave formation,Jπ = 1+, with channel spin ratioσ(Jc = 2)/σ(Jc = 1) =
3.2 ± 0.5. Radiative widths for theγ0 andγ1 decay are displayed in Table8.10. A careful study of the
α-breakup of8Be*(16.63, 16.92) [bothJπ = 2+] for Ep = 0.44 to 2.45 MeV shows that the non-resonant
part of the cross section for production of8Be*(16.63) is accounted for by an extranuclear direct-capture
process. Theγ-ray transitions to8Be*(16.63, 16.92) are observed atEp = 0.44, 1.03 and 1.89 MeV
[8Be*(17.64, 18.15, 18.9)]. The results are consistent with the hypothesis of nearly maximal isospin mixing
for 8Be*(16.63, 16.92): decay to these states is not observed from the3+ states atEx = 19 MeV, but rather
from the2− state atEx = 18.9 MeV. SquaredT = 1 components calculated for8Be*(16.6, 16.9) are 40
and 60%, and for8Be*(17.6, 18.2) they are 95 and 5%, respectively. AtEp = 25 MeV, the capture cross
section to the 16 MeV2+ doublet was measured(σθ(γ)=90◦ < 0.04 µb/sr) via a triple coincidenceγ + 2α
method (1991BR11). The cross section for(γ3 + γ4) has also been measured forEp = 11.5 to 30 MeV
(θ = 90◦) by detecting theγ-rays and forEp = 4 to 13 MeV (at five energies) by detecting the twoα-
particles from the decay of8Be*(16.6, 16.9): a broad bump is observed atEp = 8 ± 2 MeV (1981MA33).
The angle and energy integrated yield only exhausts 8.6% of the classical dipole sum forEp = 4 to 30 MeV,
suggesting that this structure does not represent the GDR built on 8Be*(16.6, 16.9). A weak, very broad
[Γ ≥ 20 MeV] peak may also be present atEx = 20–30 MeV. A direct capture calculation adequately
describes the observed cross section (1981MA33). For the earlier references see (1979AJ01). See also
references cited in (1988AJ01).

Low energy7Li(p, γ) angular distributions and cross sections, mainly forγ0 andγ1 capture, were mea-
sured atEp = 40–180 keV (1992CE02), E~p = 80 keV (1994CH23, 1996GO01, 1997GO13), Ep = 100–
1500 keV (1995ZA03), Ep = 80, 402 and 450 keV (1996HA06), andE~p = 40–100 keV (2000SP01). The
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Table 8.12:8Be levels from7Li(p, γ)8Be a

Eres (keV) Γlab (keV) 8Be* (MeV) lp Jπ Res.b

441.4 ± 0.5 c 12.2 ± 0.5 17.640 1 1+ γ0, γ1, γ3, γ4

1030 ± 5 168 18.155 1 1+ γ0, γ1, γ3, γ4

1890 150 ± 50 18.91 (2−) γ3, γ4

2060 ± 20 310 ± 20 19.06 J = 1, 2, 3, γ1

π = (−) d

(3100) (20.0) γ1

4900 21.5 γ1

5000 ≈ 4500 21.6 0 1−; T = 1 γ0

6000 22.5 γ1

7500 ≈ 8000 23.8 (0) (1−, 2−); T = 1 γ1

(11100) (27.0) γ1

13000 broad 28.6

a See Tables 8.6 in (1974AJ01, 1979AJ01) for the references.
b γ0, γ1, γ3, γ4 represent transitions to8Be*(0, 3.0, 16.6, 16.9), respectively.
c See (1959AJ76). See also (1983FI13, 1984JE1B).
d See, however, reaction 16.

angular dependent cross-section and analyzing power data indicate significant near-threshold contributions
from p-wave capture. Estimates of the p-wave strength have been deduced from Transition Matrix Ele-
ment (TME) fits to the polarization data (1994CH23, 1996GO01, 1997GO13), R-matrix fits to the data
(1995BB21, 1996BB26, 2000BA89), and other direct-plus-resonances capture calculations(1992CE02,
1994RO16, 1995WE11, 1996CS05, 1997BA04, 1997GO13, 2000SP01, 2001SA30). The estimates range
from < 10% up to≈ 95%. It was suggested that the origin of p-wave strength was theresult of interference
in the extended tails of the two1+ resonances atEp = 441 keV and 1030 keV, while a more recent mea-
surement (2000SP01) that observed a negative slope in the astrophysicalS-factor, as the energy approaches
zero, indicates that the sub-threshold8Be state atEx = 16.92 MeV is involved in the capture. There appears
to be some agreement on the issue that there is a need for new model calculations for low-energy capture
that include the subthreshold state and the two resonances at Ep = 441 and 1030 keV. Polarized proton cap-
ture to the8Be*(16.6) state was measured atE~p = 80 keV (1996GO01). See (1995ZA03, 2000NE09) for
thermonuclear reaction rates and (1994CH70) for applications. Thick target proton inducedγ-ray yields,
useful for elemental analysis, were measured atEp = 2.2–3.8 MeV (1988BO37) and Ep = 7–9 MeV
(1987RA23).

15. 7Li(p, n)7Be Qm = −1.64456 Eb = 17.25512
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Measurements of cross sections have been reported forEp = 1.9 to 199.1 MeV [see (1974AJ01,
1979AJ01, 1984AJ01)] and in the range 60.1 to 480.0 MeV (1984DA22; activationσ). Polarization mea-
surements have been reported atEp = 2.05 to 5.5 MeV, 30 and 50 MeV [see (1974AJ01)] and atEp =
52.8 MeV (1988HE08) [Kz′

z = 0.07 ± 0.02]. See also below.
The yield of ground state neutrons (n0) rises steeply from threshold and shows pronounced resonances

atEp = 2.25 and 4.9 MeV. The yield of n1 also rises steeply from threshold and exhibits a broad maximum
nearEp = 3.2 MeV and a broad dip atEp ≈ 5.5 MeV, also observed in the p1 yield. Multi-channel
scattering length approximation analysis of the2− partial wave near the n0 threshold indicates that the2−

state atEx = 18.9 MeV has a widthΓ = 50 ± 20 keV. See, however, reaction 23 here. The ratio of
the cross section for7Li(p, γ)8Be*(18.9) → 8Be*(16.6 + 16.9) + γ to the thermal neutron capture cross
section7Be(n,γ)8Be*(18.9)→8Be*(16.6 + 16.9) + γ, provides a rough estimate of the isospin impurity
of 8Be*(18.9): σp,γ/σn,γ ≈ 1.5 × 10−5. TheT = 1 isospin impurity is≤ 10% in intensity. See also
reaction 23 here and (1979AJ01, 1984AJ01).

The structure atEp = 2.25 MeV is ascribed to aJπ = 3+, T = (1), l = 1 resonance withΓn ≈ Γp and
γ2
n/γ2

p = 3 to 10: see (1966LA04). At higher energies the broad peak in then0 yield atEp = 4.9 MeV can
be fitted byJπ = 3(+) with Γ = 1.1 MeV, γ2

n ≈ γ2
p. The behavior of then1 cross section can be fitted by

assuming a1− state atEx = 19.5 MeV and aJ = 0, 1, 2, positive-parity state at 19.9 MeV [presumably the
20.1–20.2 MeV states reported in reaction 4]. In addition the broad dip atEp ≈ 5.5 MeV may be accounted
for by the interference of two2+ states. See Table 8.8 in (1979AJ01). The 0◦ differential cross section
increases rapidly to≈ 35 mb/sr at 30 MeV and then remains constant to 100 MeV: see references cited
in (1988AJ01). The total reaction cross section [7Be*(0, 0.43)] decreases inversely withEp in the range
60.1 to 480.0 MeV (1984DA22) [note: the values ofσt supersede those reported earlier in (1979AJ01)].
The transverse polarization transfer,DNN(0◦), for the ground-state transition has been measured atE~p =
160 MeV (1984TA07). See also (1986MC09; E~p = 800 MeV) and references cited in (1988AJ01).

16. (a)7Li(p, p)7Li Eb = 17.25512

(b) 7Li(p, p′)7Li*

Absolute differential cross sections for elastic scattering have been reported forEp = 0.4 to 12 MeV
and at 14.5, 20.0 and 31.5 MeV. The yields of inelastically scattered protons (to7Li*(0.48)) and of 0.48 MeV
γ-rays have been measured forEp = 0.8 to 12 MeV: see (1974AJ01). Polarization measurements have been
reported at a number of energies in the rangeEp = 0.67 MeV to 2.1 GeV/c [see (1974AJ01, 1979AJ01,
1984AJ01)], at Ep = 1.89 to 2.59 MeV (1986SA1P; p0) and at 65 MeV (1987TO06; continuum). See also
(1983GLZZ).

Anomalies in the elastic scattering appear atEp = 0.44, 1.03, 1.88, 2.1, 2.5, 4.2 and 5.6 MeV. Reso-
nances atEp = 1.03, 3 and 5.5 MeV and an anomaly atEp = 1.88 MeV appear in the inelastic channel.
A phase-shift analysis and a review of the cross-section data show that the 0.44 and 1.03 MeV resonances
are due to1+ states which are a mixture of5P1 and3P1 with a mixing parameter of+25◦; that the2− state
at the neutron threshold (Ep = 1.88 MeV) has a width of about 50 keV [see also reaction 14]; and that the
Ep = 2.05 MeV resonance corresponds to a3+ state. The anomalous behavior of the5P3 phase around
Ep = 2.2 MeV appears to result from the coupling of the two3+ states [resonances atEp = 2.05 and
2.25 MeV]. The3S1 phase begins to turn positive after 2.2 MeV suggesting a1− state atEp = 2.5 MeV: see
Table8.13. The polarization data show structures atEp = 1.9 and 2.3 MeV. A phase-shift analysis of the
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Table 8.13:8Be levels from7Li(p, p0)7Li and 7Li(p, p1)7Li* a

Ep (MeV) Γlab (keV) 8Be* (MeV) Jπ Γp
′ (keV)

0.441 12.2b 17.640c 1+

1.030 ± 0.005 168 18.155 1+ ≈ 6

1.895d,i 55 ± 20 18.912i 2−

2.058i ≈ 294 i 19.055i 3+ small

2.245i ≈ 203 i 19.218i 3+ small

2.451i ≈ 640 e,i 19.399i 1− > 0
f

4.2 ± 0.2 1800 ± 200 g 20.9 4− (> 0)

5.6 broad 22.2 h > 0

a See references in Table 8.9 in (1979AJ01) and (1988GU10).
b θ2

p = 0.064.
c See also (1981BA36; theor.).
d (p, n) threshold: see reaction 15.
e See also Table 8.8 in (1979AJ01), γ2

n1 andγ2
p1 ≈ 1% of Wigner limit.

f A 2+ state atEx ≈ 20 MeV appears to be necessary to account for the cross

sections: see Table 8.9 and reaction 4.
g Reduced width is 70% of the Wigner limit.
h May be due to two2+ states. See also reaction 15.
i (1988GU10).

(p, p) data finds no indication of a possible1− state with17.4 < Ex < 18.5 MeV [see, however, reaction 15
in (1979AJ01)].

An attempt has been made to observe theT = 2 state [8Be*(27.47)] in thep0, p1 andp2 yields. None
of these shows the effect of theT = 2 state. Table 8.5 in (1984AJ01) displays the upper limit forΓp0

/Γ.
The proton total reaction cross section has been reported for Ep = 25.1 to 48.1 MeV by (1985CA36).

(1987CH33, 1987PO03) have studied p-7Li correlations involving8Be*(17.64, 18.15,18.9 + 19.1 + 19.2).
Elastic proton scattering on7Li was measured near the (p, n) threshold,Ecm = 1.2–2.4 MeV (1988GU10).
Parameters for observed near-threshold resonances are in Table8.13. See also (1994DE09) for comments
on model dependences for deduced widths. See also7Li in (2002TI10) and references cited in (1988AJ01).

17. 7Li(p, d)6Li Qm = −5.02573 Eb = 17.25512

Angular distributions were measured for7Li(p, d) at Ep = 18.6 MeV (1987GO27); neutron spectro-
scopic factors were deduced, via DWBA analysis, for deuterons corresponding to the6Li ground state and
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first excited state. The excitation function for d0 measured forEp = 11.64 to 11.76 MeV does not show any
effect from theT = 2 state [8Be*(27.47)]: see (1979AJ01). See also (1984BA1T).

18. 7Li(p, α)4He Qm = 17.34695 Eb = 17.25512

The cross section increases from(4.3 ± 0.9) × 10−5 mb atEp = 28.1 keV to 6.33 mb at 998 keV.
AstrophysicalS-factors have been calculated over that range:S(0) = 52 ± 8 keV · b (1986RO13),
S(0) = 0.59 keV · b (1992EN01, 1992EN04). An analysis of the2H(7Li, α) reaction (see reaction 19) in
the Trojan Horse Method (THM), which assumes that the deuteron acts as a participant proton plus an spec-
tator neutron and is not sensitive to electron screening effects, indicatesS(0) = 55 ± 3 keV · b (2001LA35,
2003PI13, 2003SP02). Earlier work on the THM by the same group published the valueS(0) = 36±7 keV·b
(1997CA36, 1999SP09, 2000AL04). For comments on theS factor see (1990RA28, 1991SC12, 1991SC25,
1991SC32, 1992SC22, 1992SO25, 1993RA14, 1993SC06, 1994KA02, 1995IC02, 1995YA02, 1997KI02,
2000BA89). See additional comments on electron screening in (1992EN01, 1992EN04, 1997BA95, 1997BO12,
2002BA77, 2002HA51, 2003PI13). See comments on nucleosynthesis rates and primordial abundances in
(1991RI03, 1998FI02, 2000BU10). For the earlier work see (1984AJ01).

Excitation functions and angular distributions have been measured atEp = 10 keV–62.5 MeV: see
(1979AJ01, 1984AJ01), Ep = 20–250 keV (1989HA14), andEcm = 10–1450 keV (1992EN01, 1992EN04).
Polarization measurements have been carried out forEp = 0.8 to 22 MeV: see (1974AJ01), Ep = 9–
22 MeV (1992TA21). In the rangeEp = 23 keV to 62.5 MeV: see (1979AJ01, 1984AJ01). Polarization
measurements have been carried out forEp = 0.8 to 10.6 MeV [see (1974AJ01)]: in the rangeEp = 3 to
10 MeV the asymmetry has one broad peak in the angular distribution at all energies except near 5 MeV;
the peak value is0.98 ± 0.04 at 6 MeV and is essentially 1.0 forEp = 8.5 to 10 MeV. Above 10 MeV the
asymmetry begins to decrease slowly.

Broad resonances are reported to occur atEp = 3.0 MeV [Γ ≈ 1 MeV] and at≈ 5.7 MeV [Γ ≈ 1 MeV].
Structures are also reported atEp = 6.8 MeV and atEp = 9.0 MeV: see (1979AJ01). The 9.0 MeV
resonance is also reflected in the behavior of theA2 coefficient. The experimental data on yields and on
polarizations appear to require including two0+ states [atEx ≈ 19.7 and 21.8 MeV] with very smallα-
particle widths, and four2+ states [atEx ≈ 15.9, 20.1, 22.2 and 25 MeV]. See, however, reaction 4. A4+

state near 20 MeV was also introduced in the calculation but its contribution was negligible. The observed
discrepancies are said to be probably due to the assumption of pureT = 0 for these states. AtEp = 11.64
to 11.76 MeV the excitation function does not show any effectdue to theT = 2 state atEx = 27.47 MeV.
See (1979AJ01) for references.

A study of the7Li(p, α)4He* reaction to4He*(20.1) [0+] at Ep = 4.5 to 12.0 MeV shows a broad
maximum atEx ≈ 24 MeV: see reaction 9 and (1984AJ01). See also references cited in (1988AJ01).

19. (a)7Li(d, n)8Be Qm = 15.0306

(b) 7Li(d, n)4He4He Qm = 15.12239

The population of8Be*(0, 3.0, 16.6, 16.9, 17.6, 18.2, 18.9, 19.1, 19.2) has been reported in reaction (a).
For the parameters of8Be*(3.0) see Table 8.4 in (1974AJ01). Angular distributions were measured for
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7Li(d, n) at Ed = 0.7–2.3 and 5.6–12.1 MeV and excitation functions were reported for neutrons corre-
sponding to8Be*(0 + 3.0, 16.6 + 16.9, 17.6, 18.15) (1996BO27). The 8Be*(11.4) level is not observed.
Angular distributions of n0 and n1 have been reported atEd = 0.7 to 3.0 MeV and atEd = 15.25 MeV [see
(1974AJ01, 1979AJ01)], at 0.19 MeV (1983DA32, 1987DA25) and at 0.40 and 0.46 MeV (1984GA07; n0

only). The angular distributions of the neutrons to8Be*(16.6, 17.6, 18.2) are fit bylp = 1: see (1974AJ01).
At Ecm = 50, 83 and 199 keV, the measured cross sections areσ = 0.125, 2.11 and 4.01 mb, respectively
(± ≈ 5%(stat.),±7.5%(syst.)) (2001HO23).

Reaction (b) atEd = 2.85 to 14.97 MeV proceeds almost entirely through the excitation and sequen-
tial decay of8Be*(16.6, 16.9) (1987WA21). See also (1988AJ01). At Ed = 19.7 MeV, 8Be*(11.4) was
observed atEx = 11.3 ± 0.2 MeV with Γ = 3.7 ± 0.2 MeV (1995AR25). At Ed = 7 MeV, popula-
tion of the twoT = 0 levels at 20.1,2+ and 20.2,0+ is reported with widthsΓ20.1 = 0.85 ± 0.25 MeV
andΓ20.2 = 0.75 ± 0.25 MeV (1991AR18), andΓ20.1 = 0.90 ± 0.20 MeV andΓ20.2 = 0.70 ± 0.20 MeV
(1992DA22). A complete kinematics measurement of d3σ/(dΩθ dΨ dE12) atEd = 3–6 MeV reported popu-
lation of the2+ doublet at 16.6 MeV and 16.9 MeV; intense forward neutrons were observed corresponding
to the 16.6 MeV state indicating the7Li + p configuration of that state (1999GO15). See (2001LA35,
2003PI13, 2003SP02), and reaction 18 for measurements atEp = 19–21 MeV that are evaluated in the
“Trojan Horse” method to obtain information on the astrophysical 7Li(p, α) rate. See also (2000HA50) for
fusion applications. See also9Be.

20. (a)7Li(3He, d)8Be Qm = 11.7616

(b) 7Li(3He,αd)4He Qm = 11.85348

Deuteron groups are observed to8Be*(0, 3.0, 16.6, 16.9, 17.6, 18.2). For theJπ = 2+ isospin mixed
states see Table8.11. Angular distributions have been measured forE(3He) = 390–1130 keV (2003FR22),
for E(3He) = 0.9 to 24.3 MeV and atE(3 ~He) = 33.3 MeV: see (1974AJ01, 1979AJ01, 1984AJ01).
Reaction (b) has been studied atE(3He) = 5.0 MeV (1985DA29) and at 9, 11 and 12 MeV (1986ZA09).
8Be*(0, 3.0) are reported to be involved (1985DA29). Implications of this reaction for destroying7Li and
7Be in astrophysical environments is discussed in (2003FR22). See also10B.

21. (a)7Li(α, t)8Be Qm = −2.5588

(b) 7Li(α, αt)4He Qm = −2.46691

Angular distributions have been measured toEα = 50 MeV: see (1974AJ01, 1979AJ01, 1988AJ01).
The ground state of8Be decays isotropically in the cm system:Jπ = 0+. Sequential decay (reaction (b)) is
reported atEα = 50 MeV via 8Be*(0, 3.0, 11.4, 16.6, 16.9, 19.9): see (1974AJ01). See also (1992KO26).

22. (a)7Li(7Li, 6He)8Be Qm = 7.2789

(b) 7Li(7Li, α + 6He)4He Qm = 7.3707
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Table 8.14:R-matrix parameters for8Be levels ob-
served in7Be(n, p) (2003AD05)

Ex (MeV) Eres (MeV) Γn (MeV) Γp (MeV)

18.90 0.0027 0.225 1.409

19.23 0.33 0.077 0.088

21.56 2.66 0.490 0.610

8Be*(0, 3.0) have been populated. For reaction (a) see (1987BO1M; E(7Li) = 22 MeV), and for
reaction (b) see (1996SO17; E(7Li) = 8 MeV).

23. (a)7Be(n, p)7Li Qm = 1.64456 Eb = 18.89968

(b) 7Be(n,α)4He Qm = 18.99152

(c) 7Be(n,γα)4He Qm = 18.99152

The total (n, p) cross section has been measured from25 × 10−3 eV to 13.5 MeV. For thermal neutrons
the cross sections to7Li*(0, 0.48) are38400 ± 800 and420 ± 120 b, respectively. A departure from a1/v
shape inσt is observed forEn > 100 eV. The astrophysical reaction rate is≈ 1

3 lower than that previously
used, which could lead to an increase in the calculated rate of production of7Li in the Big Bang by as much
as 20% (1988AJ01): see also (1998FI02). Results from aR-matrix analysis of reaction (a) over the range
from Ecm = 10−8–9.0 MeV (2003AD05) are summarized in Table8.14. In their analysis,8Be*(19.07) and
8Be*(19.24) are treated as a single resonance. A differentR-matrix analysis (1988KO03) found aT = 1
impurity of ≈ 24% andΓ = 122 keV for the2− 8Be*(18.9) state. The approach of (1988KO03) defines
the resonance energy and width as a pole of theS-matrix on the so-called Riemann sheet, which yields total
widths that are smaller than the sum of the partial widths (2003AD05). At thermal energies the (n,α) cross
section is≤ 0.1 mb and the (n,γα) cross section is 155 mb: see (1974AJ01). See also references cited in
(1988AJ01).

24. 8Li(β−)8Be Qm = 16.0052

8Li decays mainly to the broad 3.0 MeV,2+ level of 8Be, which decays into twoα-particles. Both the
β-spectrum and the resultingα-spectrum have been extensively studied: see (1955AJ61, 1966LA04). See
also 8B(β+). Studies of the distribution of recoil momenta and neutrino recoil correlations indicate that
the decay is overwhelmingly GT, axial vector [see reaction 1in 8Li] and that the ground state of8Li has
Jπ = 2+: see (1980MC07). Detailed calculations are necessary to obtain the logft values for decay to
8Be*(3.0); values in the literature are:log ft = 5.37 (1986WA01), log ft = 5.72 (1989BA31).

The data of (1971WI05) for 8Li and8B β-decay have been analyzed extensively (1986WA01, 1989BA31,
2002BH03). In (1986WA01) a many-level one-channel approximationR-matrix analysis of theβ-delayed
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α particle spectra in the decay of both8Li and 8B [as well as of theL = 2 α–α phase shifts] found that there
was no need to introduce “intruder” states belowEx ≈ 26 MeV of 8Be in order to explain the data [see,
e.g. (1969BA43, 1974AJ01, 1976BA67, 1979AJ01)]. Warburton extracted the GT matrix elements, for the
decay to8Be*(3.0) and the doublet near 16 MeV, and pointed out the difficulties in extracting meaningful
Ex, Γ and logft values fromβ± decay to the broad8Be*(3.0) state. On the other hand, theR-matrix
analysis of Barker (1989BA31) requires a broad2+ intruder state at≈ 9 MeV. See (1998FA05, 2000BA89,
2001CA50) for further comments on intruder states in8Be.

Beta-α angular correlations have been measured for the decays of8Li and 8B for the entire final-state
distribution: see Table 8.10 in (1979AJ01). (1980MC07) have measuredβ − α correlations as a function
of Ex in the decay of8Li and 8B; by detecting theβ and bothα particles involved in the8Be decay, the
β − ν − α correlations were determined. They find that the decay is GT for 2 < Ex < 8 MeV. The absence
of Fermi decay strength is expected because the isovector contributions from the tails of8Be*(16.6, 16.9)
interfere destructively in this energy region: see (1980MC07). The measurement of theβ-decay asymmetry
as a function ofEβ is reported by (1985BIZZ, 1986BI1D). (1986NAZZ) have measured theβ-spectrum and
compared it with the spectrum predicted from theα-breakup data. See also references cited in (1988AJ01).

25. 8Li(p, n)8Be Qm = 15.2228

Angular distributions of8Be from 1H(8Li, 8Be) were measured atEcm = 1.5 MeV (1993CA04). The
8Beg.s. was reconstructed by detecting the coincidentα particles and the data were transformed to represent
the inverse kinematics8Li(p, n) reaction. The observed cross section,σtot = 21± 2(stat.)± 4.2(norm.) mb,
was 2 times smaller than estimates based on a Hauser-Feshbach calculation and indicates that8Li(p, n) does
not contribute significantly to8Li burning in nucleosynthesis. See also (2003IS12).

26. 8Be(γ, p)7Li Qm = −17.2551

A dynamic semi-microscopic model study of8Be(γ, p) considered dipole-dipole and quadrupole-quadrupole
forces on the properties of Giant Dipole Resonances built onthe ground state and first excited state of8Be
(1995GO21). See also reaction 14 here.

27. 8B(β+)8Be Qm = 17.9798

The decay [see reaction 1 in8B] proceeds mainly to8Be*(3.0). Detailed study of the high-energy portion
of theα-spectrum reveals a maximum nearEα = 8.3 MeV, corresponding to transitions to8Be*(16.63), for
which parametersEx = 16.67 MeV, Γ = 150 to 190 keV orEx = 16.62 MeV, Γ = 95 keV are derived: see
(1974AJ01). Analyses (1986WA01, 1989BA31) of theβ± delayedα-spectra following8B and8Li decay
are described in reaction 24. The analysis of (1989BA31) requires a2+ intruder state in8Be atEx ≈ 9 MeV,
while the analysis of (1986WA01) excludes intruder states belowEx = 26 MeV. See also (1988WA1E) and
(1988BA75, 1998FA05, 2000BA89, 2001CA50).
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The determination of logft values requires detailed calculations; values in the literature are: for decay
to 8Be*(3.0) log ft = 5.6 (1974AJ01), log ft = 5.77 (1989BA31); for decay to8Be*(16.63)log ft = 3.3
(1969BA43, 1979AJ01).

The β+ spectrum has been measured by (1987NA08) and by (2000OR04): see reaction 1 in8B. See
(1988AJ01) for additional references and discussion. See also (2000GR03, 2000GR07) for theoretical dis-
cussion of the cluster structure of 16.6 and 16.9 MeV resonances and their role in8B β-decay. See also
(1994DE30).

28. (a)9Be(γ, n)4He4He Qm = −1.5736

(b) 9Be(γ, n)8Be Qm = −1.6654

(c) 9Be(n, 2n)8Be Qm = −1.6654

(d) 9Be(t, n+ t)8Be Qm = −1.6654

(e) 9Be(α, αn)8Be Qm = −1.6654

Neutron groups to8Be*(0, 3.0) have been studied forEγ = 18 to 26 MeV: see (1974AJ01, 1979AJ01).
For reactions (a) and (b) bremsstrahlungγ rays from 4–8 MeV electrons were used to measure theθlab = 90◦

photo-neutron emission excitation function (1989VA18). 9Be levels atEx = 1.735 ± 0.003, 2.43 and
3.077±0.09 MeV were excited using a technique that uses electrons in a storage ring to Compton backscatter
laser photons to produce high-quality nearly mono-energetic γ-rays (2001UT01, 2001UT03, 2002SU19,
2003UT02); B(E1) andB(M1) values are deduced in (2001UT01, 2002IT07, 2002SU19). A measurement
from neutron threshold toEγ ≈ 20 MeV indicated that8Be excited states are strongly populated following
neutron emission (1992GO27).

Theα(αn, γ) reaction competes with the3α reaction to bridge theA = 5 andA = 8 mass gaps.γ-rays
with Eγ = 1.5 to 6 MeV were used to study theα(αn, γ) reaction rate in inverse kinematics (2001UT03),
and the resulting cross sections favor the compilation by NACRE (1999AN35) rather than the evaluation
by (1988CA28). A theoretical study of photodisintegration in the threshold region around the9Be*(1.684)
Jπ = 1

2
+

resonance is presented in (2001ME11). A multicluster-model study of9Be photodisintegration
(1998EF05) and anR-matrix analysis of the situation (2000BA21) address discrepancies in the low-energy
cross section measurements. See also (1994KA25; theor.) for9Be Coulomb dissociation. Neutrons from
9Be(γ, n) were used to estimate the number of hard X-rays (withEγ > 1.67 MeV) that are produced in
the plasma that results from impinging a5 × 108 W/cm2 laser on a Ta foil (2001SC12). See (1974AJ01,
1979AJ01) and9Be.

Reaction (c) appears to proceed largely via excited states of 9Be with subsequent decay mainly to
8Be*(3.0): see (1966LA04, 1974AJ01), and 9Be and10Be here. Neutrons from9Be(n, 2n) forEn <
10.3 MeV were analyzed to determine the neutron-neutron scattering length ann = −16.5 ± 1.0 fm
(1990BO43). Measurements of9Be(n, 2n) forEn < 12 MeV were made to assess the possibility of us-
ing 9Be as a neutron multiplier in fusion reactors (1994ME08). See also (1988BE04) for a theoretical
evaluation in the range from 5.9–14.1 MeV.

For reactions (d) and (e) see (1974AJ01) and9Be. For reaction (e) see (1979AJ01).

29. (a)9Be(p, d)8Be Qm = 0.5592
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(b) 9Be(p, p+ n)8Be Qm = −1.6654

(c) 9Be(p, d)4He4He Qm = 0.6510

For reaction (a) angular distributions of deuteron groups have been reported atEp = 0.11 to 185 MeV
[see (1974AJ01, 1979AJ01, 1984AJ01)] and at 18.6 MeV (1986GO23, 1987GO27; d0 and d1) and 50 and
72 MeV (1984ZA07; to 8Be*(0, 3.0, 16.9, 19.2)). Angular distributions of cross sections and analyzing
powers were measured for deuterons from9Be(~p, d) at E~p = 60 MeV. Analyzing powers for deuterons
corresponding to8Be*(3.04, 11.4, 16.92, 19.24) were presented while peaks corresponding to8Be states at
(0, 11.04, 17.64, 18.25, 19.4, 22.05) were observed; evidence for very broad states at higher energies was
also reported (1987KA25). The angular distributions to8Be*(0, 3.0, 16.9, 17.6, 18.2, 19.1) are consistent
with ln = 1: see (1974AJ01). Neutron spectroscopic factors for n+ 8Beg.s. and n+ 8Be*(3.04) were
extracted from a DWBA analysis of9Be(p, d) atEp = 18.6 MeV (1987GO27), and spectroscopic factors
for n + 8Be*(0, 3.04, 16.626, 16.922, 17.640, 18.15, 19.07) were extracted from9Be(p, d) at 33.6 MeV
(1991AB04): see9B. For other spectroscopic factor measurements see (1979AJ01, 1984ZA07).

An anomalous group is reported in the deuteron spectra between the d0 and the d1 groups. AtEp =
26.2 MeV, Ex = 0.6 ± 0.1 MeV (constant withθ). Analyses of the spectral shape and transfer cross
sections are consistent with this “ghost” feature being part of the Breit-Wigner tail of theJπ = 0+ 8Beg.s.:
it contains< 10% of the ground-state transfer strength. An analysis of reportedΓcm widths for 8Be*(3.0)
in this reaction shows that there is noEp dependence. The averageΓcm at Ep = 14.3 and 26.2 MeV is
1.47± 0.04 MeV. Γcm = 5.5± 1.3 eV for 8Beg.s. and5.2± 0.1 MeV for 8Be*(11.4). Spectroscopic factors
for 8Beg.s. (including the “ghost” anomaly) and8Be*(3.0) are 1.23 and 0.22 respectively atEp = 14.3 MeV,
and 1.53 and 1.02 respectively atEp = 26.2 MeV. The width of8Be*(3.0) is not appreciably (< 10%)
reaction dependent but the nearness of the decay threshold indicates that care must be taken in comparing
decay widths from reaction and from scattering data:Eres = 3130± 25 keV (resonance energy in theα+α
cm system) [Ex = 3038±25 keV] andΓcm = 1.50±0.02 MeV for 8Be*(3.0): the corresponding observed
and formal reaction widths and channel radii areγ2

res = 580±50 keV,γ2
λ = 680±100 keV andrc = 4.8 fm.

A study of the continuum part of the inclusive deuteron spectra is reported atE~p = 60 MeV (1987KA25).
See (1979AJ01, 1984AJ01) for the earlier work.

The effects of electron screening were studied at aroundEp = 16–390 keV. A direct-plus resonance
model fit to the data result in the values ofEres = 336 ± 3 keV andΓlab = 205 ± 6 keV for 10B*(6.87)
andΓα = 68 ± 2 keV andΓd = 90 ± 4 keV (1997ZA06). See also (2002BA77). At Ep = 77–321 keV,
angular distributions and analyzing powers of deuterons were measured; anR-matrix evaluation of the data
indicated that a direct-reaction model can adequately account for the observations (1998BR10) indicating
that the sub-threshold state in10B at Ex = 6.57 MeV does not contribute. AnR-matrix analysis of10B
levels populated forEp < 700 keV is reported in (2001BA47).

Reaction (b) has been studied atEp = 45 and 47 MeV: the reaction primarily populates8Be*(0, 3.0).
At Ep = 70 MeV data were evaluated using a DWTA (T -matrix) approach to decompose the 1s and 1p
shell contributions in the quasielastic knockout of neutrons (2000SH01). See (1979AJ01), and 9Be, 9B
here. For work atEp = 1 GeV see (1985BE30, 1985DO16). For reaction (c) [FSI through8Be*(0, 3.0)]
see (1974AJ01, 1984AJ01). See also (1992KO26; theor.) and10B.

30. (a)9Be(d, t)8Be Qm = 4.5919

(b) 9Be(d, t)4He4He Qm = 4.6834
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At astrophysically-relevant energies,Ecm = 57–139 keV,9Be(d, t0) angular distributions and total cross
sections were measured and are compared with DWBA calculations (1997YA02). At Ed = 8–50 MeV,
angular distributions of t0 and t1 are evaluated in a DWBA analysis and vertex constants,|G|2, and neutron
spectroscopic factors are deduced (1995GU22). Angular distributions of t0 were measured atEd = 7 MeV
and were evaluated in a DWBA analysis that indicated transfer mechanisms dominated at forward angles
while compound nucleus mechanisms were most important at backward angles (1989SZ02). Levels of11B
were observed in measurements of the excitation function and angular distribution for tritons from9Be(d, t0)
at Ed = 0.9–11.2 MeV (1994AB25) andEd = 3–11 MeV (1995AB41, 2000GE16). A review of the
9Be(d, t0) excitation function forEd = 237 keV to 11 MeV is given in (2000GE16). Angular distributions
have been measured atEd = 0.3 to 28 MeV [see (1979AJ01)], at Ed = 18 MeV (1988GO02; t0, t1) and at
E~d

= 2.0 to 2.8 MeV (1984AN16; t0). At Ed = 28 MeV angular distributions of triton groups to8Be*(16.6,
16.9, 17.6, 18.2, 19.1, 19.2, 19.8) have been analyzed usingDWUCK: absoluteC2S are 0.074, 1.56, 0.22,
0.17, 0.41, 0.48, 0.40, respectively. See also Table8.11. An isospin amplitude impurity of0.21 ± 0.03 is
found for8Be*(17.6, 18.2): see (1979AJ01).

At Ed = 7 MeV a complete kinematics measurement of9Be(d, t+ 8Be) observed states participating
in the sequential decay of8Be (1991SZ06). The relative energy spectrum was reconstructed and yielded
peaks corresponding to the ground state,Ex ≈ 0.6 MeV and3.00 ± 0.01 MeV; the observed width for
the 3 MeV state wasΓ = 1.23 ± 0.02 MeV. Analysis in a single-levelR-matrix formalism, best fit with
rc = 4.5 ± 0.1 fm, indicates that the “ghost anomaly” structure at≈ 0.6 MeV is the result of deformation
in the high-energy tail of the8Be ground state. While the cross section corresponding to the first excited
state peaks at 3.00 MeV, theR-matrix fit indicates that the resonance energy is3.12 ± 0.01 MeV (Ex =
3.03 ± 0.01 MeV) with Γres = 1.43 ± 0.06 MeV (1991SZ06).

A kinematically complete study of reaction (b) atEd = 26.3 MeV indicates the involvement of8Be*(0,
3.0, 11.4, 16.9,19.9 + 20.1): see (1974AJ01).

31. (a)9Be(3He,α)8Be Qm = 18.9122

(b) 9Be(3He,α)4He4He Qm = 19.0041

Angular distributions have been measured in the rangeE(3He) = 3.0 to 26.7 MeV and atE(3 ~He) =
33.3 MeV (to 8Be*(16.9, 17.6, 19.2)) [S = 1.74, 0.72, 1.17, assuming mixed isospin for8Be*(16.9)]. The
possibility of a broad state atEx ≈ 25 MeV is also suggested: see (1979AJ01). See also (1987VA1I).

Reaction (b) has been studied atE(3He) = 1.0 to 10 MeV [see (1979AJ01, 1984AJ01)], at E(3He) = 3
to 12 MeV (1986LA26) and at 11.9 to 24.0 MeV (1987WA25). The reaction is reported to proceed via
8Be*(0, 3.0, 11.4, 16.6, 16.9, 19.9, 22.5): see (1979AJ01) and (1986LA26, 1987WA25). For a discussion
of the width of 8Be*(11.4) see (1987WA25). Angular distributions for9Be(3He, α) were evaluated to
determine the contributions from neutron pickup vs. heavy particle stripping;9Be spectroscopic factors
for Sn and Sα were calculated (1997ZH40). See also (1992KO26; theor.). See also9Be here,12C in
(1980AJ01), and (1988AJ01).

32. 9Be(α, α′n)8Be Qm = −1.6654
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A summary of the (α, α′n) cross sections used in the SOURCES code is given in (2003SH22). The
SOURCES code (2002WI1K) is used, for example, to calculate neutron energies and doses from 9Be-
actinide radioactive sources.

33. (a)9Be(6Li, 7Li)8Be Qm = 5.5849

(b) 9Be(7Li, 8Li)8Be Qm = 0.3669

(c) 9Be(9Be,10Be)8Be Qm = 5.1468

Angular distributions have been studied atE(6Li) = 32 MeV involving 8Be*(0, 3.0) and7Li*(0, 0.48)
(1985CO09). For reaction (b) see (1984KO25). For reaction (c) measurements atE(9Be) = 48 MeV were
evaluated with a CCBA model;8Be*(3.04, 11.3) played an important role in the reaction (2003AS04). Also
see10Be and (1985JA09). For the earlier work see (1979AJ01).

34. 9Be(12C, 13C)8Be Qm = 3.2809

Optical model parameters for8Be+ 13C were deduced from9Be(12C, 13C)8Be for E(12C) = 65 MeV.
For 9Be+ 12C and8Be+ 13C, energy-dependent optical model parameters are given forEcm = 5–50 MeV
(1999RU10).

35. 10Be(p, t)8Be Qm = 0.0042

The angular distribution for the transition to the firstT = 2 state8Be*(27.49) is very similar to the
measured10Be(p,3He) angular distribution that is measured for population ofthe analog state,8Li*(10.82).
They are both consistent withL = 0 using a DWBA (LZR) analysis: see (1979AJ01, 1984AJ01) and
Table 8.5 in (1984AJ01).

36. (a)10B(π+, 2p)8Be Qm = 132.1013

(b) 11B(π+, 2p n)8Be Qm = 120.6472

Total proton emission cross sections followingπ+ absorption on10B and11B were measured atEπ+ =
0, 100, 140 and 180 MeV, corresponding cross sections wereσ[10B(π+, 2p)] = 8, 18, 17, 17 mb and
σ[11B(π+, 2pn)] = 0.18, 0.80, 2.0, 3.4 mb, respectively (1992RA11).

37. 10B(K+, K+ + d)8Be Qm = −6.0267
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Angular distributions were measured for10B(K+, K+d) atEK+ = 130–268 MeV. A DWIA analysis
indicated that direct knock-out and 2-step mechanisms are important (1991BE42).

38. 10B(γ, p+ n)8Be Qm = −8.2513

Bremsstrahlung photons were used to measure the10B(γ, pn) reaction atEγ = 66–103 MeV in a study
of two-body photon absorption and final state interactions (1988SU14).

39. 10B(n, t)8Be Qm = 0.2305

The breakup of10B by 14.4 MeV neutrons involves, among others,8Beg.s. (1984TU02). The cross
section of10B(n, t)2α, for thermal neutrons is reported asσthermal = 7 ± 2 mb (1987KA32). See also
(1979AJ01) and11B in (1990AJ01).

40. 10B(p, 3He)8Be Qm = −0.5332

Angular distributions of the3He ions to8Be*(0, 3.0, 16.6, 16.9) have been studied atEp = 39.4 MeV
[see (1974AJ01)] and atEp = 51.9 MeV (1983YA05; see for a discussion of isospin mixing of the 16.8 MeV
states).

41. (a)10B(d, α)8Be Qm = 17.8198

(b) 10B(d, α)4He4He Qm = 17.9117

Angular distributions have been reported atEd = 0.5 to 7.5 MeV: see (1974AJ01, 1979AJ01). At
Ed = 67–141 keV, angular distributions ofα0 andα1 were measured and the10B(d, α0) and10B(d, α1)
astrophysicalS-factors were deduced (1997YA02). The angular-dependent cross sections forα0, α1 and3α
processes were measured forEd = 120–340 keV and in each case theS-factor was observed to increase with
decreasing energy (2001HO22). Yield ratios for10B(d, p)/10B(d, α) were measured atEd = 58–142 keV
(1993CE02). At Ed = 7.5 MeV the population of8Be*(16.63, 16.92) is closely the same, consistent with
their mixed isospin character while8Be*(17.64) is relatively weak consistent with its nearly pure T = 1
character.8Be*(16.63, 16.92, 17.64, 18.15) have been studied forEd = 4.0 to 12.0 MeV. Interference be-
tween the2+ states8Be*(16.63, 16.92) varies as a function of energy. The cross-section ratios for formation
of 8Be*(17.64, 18.15) vary in a way consistent with a change in the population of theT = 1 part of the
wave function over the energy range: at the higher energies,there is very little isospin violation. At higher
Ex the3+ state atEx = 19.2 MeV is observed, the neighboring3+ state atEx = 19.07 MeV is not seen.
Γ16.6 = 90 ± 5 keV, Γ16.9 = 70 ± 5 keV, ∆Q = 290 ± 7 keV: see Table8.11and (1979AJ01). Relative
widths of8Be levels at 19.86 and 20.1 MeV,Γα/Γp = 2.3 ± 0.5 andΓα/Γp = 4.5± 0.6 respectively, were
determined by a complete kinematics measurement of10B(d, 2α) and10B(d, 7Li + p) atEd = 13.6 MeV
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(1992PU06). At Ed = 48 MeV evidence was observed for an8Be state atEx = 32 MeV with Γ = 1 MeV
(1993PA31); levels were also seen at8Be*(0, 3.0, 11.4, 16.6[u], 16.9[u], 17.6,≈ 19, ≈ 20, 21.5, 22.2, 24,
25.2).

At Ed = 4.2 to 6.6 MeV measurements were carried out by detectingα coincidences in a kinematical
star configuration (1992BO1H). 12C was excited into the excitation energy region near 30 MeV, which was
then followed by3α decay. The analysis, which indicated sequential decay through the8Be*(11.4) state,
was intended to stimulate activity in 3-body interactions by invoking an alternative approach.

Reaction (b) [Ed < 5 MeV] takes place mainly by a sequential process involving8Be*(0, 2.9, 11.4, 16.6,
16.9): see (1979AJ01). See also (1983DA11) [The work quoted in (1984AJ01) has not been published.] At
Ed = 13.6 MeV in addition to8Be*(16.6, 16.9), states withEx ≈ 19.9–20.2 MeV withΓ ≈ 0.7–1.1 MeV
are involved (1988KA1K). See also (1992KO26).

42. 10B(α, 6Li)8Be Qm = −4.5529

Angular distributions for the8Be*(0, 3.0) are reported in a measurement of10B(α, 6Li) at Eα =
27.2 MeV (1995FA21); it was deduced that direct processes are dominant in the reactions. See reaction 40
in (1984AJ01) and6Li in (2002TI10).

43. (a)11B(p, α)8Be Qm = 8.590

(b) 11B(p, α)4He4He Qm = 8.682

(c) 11B(p, 2α)4He Qm = 8.682

Angular distributions have been measured atEp = 0.04 to 45 MeV [see (1974AJ01, 1979AJ01,
1984AJ01)]. Theα0 andα1 excitation functions and astrophysical reaction rates have been determined by
measuring angular dependent differential cross sections and total cross sections atEcm = 0.12–1.10 MeV
(1987BE17), at Ep = 4.5 to 7.5 MeV (1983BO19), at Ep = 40–180 keV (1992CE02), at Ecm = 17–
134 keV (1993AN06), at 1.7–2.7 MeV (1998MA54), and atEp = 0.4–1.6 MeV (2002LI29). A DWBA
evaluation of data at 398, 498 and 780 keV indicated that direct mechanisms dominated over exchange
processes at astrophysical energies (1995YA07). A calculation of the expected influence of electron screen-
ing, due to using atomic nuclei, indicates that the astrophysical S(0)-factor deduced from lab measure-
ments may be 2.5 times greater than the rate when bare ions participate in the reaction (1993AN06). See
also (2002BA77, 2002HA51). The effects of higher order processes including vacuum polarization, rel-
ativity, bremsstrahlung, atomic screening and atomic polarization are reviewed in (1997BA95). See also
(1996RA14) for DWBA analysis of data from 10–1000 keV.

Angular distributions ofα0 andα1 particles were measured around the12C*(16.1) resonance atEp =
163 keV; Ecm = 148.3 ± 0.1 keV andΓ = 5.3 ± 0.2 keV were deduced (1987BE17). The 12C*(16.57)
resonance was evaluated in (p,α) data and resonance parameters ofEres = 596 ± 30 keV andΓ = 383 ±
40 keV were deduced (1993AN06).

Reaction (b) has been studied forEp = 0.15 to 20 MeV: see (1974AJ01, 1984AJ01). The reaction
proceeds predominantly by sequential two-body decay via8Be*(0, 3.0). See also12C in (1990AJ01), and
(1992KO26).
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Reaction (c) was measured atEp = 2–5.5 MeV by (1995BO35). A re-construction of the2α relative
energy spectrum was analyzed to evaluate parameters for8Be*(3.0).

44. 11B(3He,6Li)8Be Qm = 4.571

At E(3He) = 71.8 MeV angular distributions of the6Li ions to 8Be*(0, 3.0, 16.6, 16.9, 17.6, 18.2) are
reported (1986JA14). For the earlier work at 25.6 MeV see (1979AJ01). See also (1986JA02).

45. 11B(α, 7Li)8Be Qm = −8.757

The work reported in (1984AJ01) has not been published. See also7Li in (2002TI10) and references
cited in (1988AJ01).

46. 11B(9Be,12B)8Be Qm = 1.705

See (1984DA17) and12B in (1990AJ01).

47. 12C(γ, p+ t)8Be Qm = −27.1804

The 8Be ground state and excited0+ and2+ states are reported to participate in the12C photodisinte-
gration reaction12C(γ, pt) at energies up toEγ = 150 MeV; see (1989VO04, 1990DO03).

48. 12C(e, e′α)8Be Qm = −7.3666

A DWIA calculation of12C(e, e′α) at 500–650 MeV qualitatively evaluated the restructuringof excited
clusters following knockout reactions (1999SA27).

49. 12C(π+, 3p+ n)8Be Qm = 104.6903

The energy and mass dependence of pion(π+) absorption leading to multiple protons in the final state
was measured atEπ+ = 30–135 MeV (2000GI07).
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50. (a)12C(n, nα)8Be Qm = −7.3666

(b) 12C(p, pα)8Be Qm = −7.3666

(c) 12C(p, d+ 3He)8Be Qm = −25.7196

The first two of these reactions involve8Be*(0, 3.0): see (1974AJ01, 1979AJ01, 1984AJ01) and
(1985AJ01). For reaction (a), see (1986AN22). For reaction (b)α-spectroscopic factors in12C for α +
8Be*(0, 3.0) are deduced in (1995NE11, 1997SA04, 1998YO09). Theα-cluster knockout reaction mech-
anism is evaluated in (1987ZH10, 1994NE05, 1995GA39, 1995NE11, 1995TC01, 1997SA04, 1998YO09,
1999HA27). For reaction (c) see (1983LI18; theor.).

51. (a)12C(d, 6Li)8Be Qm = −5.8927

(b) 12C(d, dα)8Be Qm = −7.3666

Measurements of angular distributions and polarization observables [iT11(θ), T20(θ), T21(θ) andT22(θ)]
are reported for12C(~d, 6Li)8Beg.s. at 18 and 22 MeV (1987TA07). DWBA analysis is used to evaluateα-
spectroscopic factors from12C(d,6Li) at Ed = 41 MeV (1988RA20) and atEd = 15–55 MeV (1988RA27).
Angular distributions have been studied atEd = 12.7 to 54.3 MeV [see (1974AJ01, 1979AJ01, 1984AJ01)]
and atE~d

= 18 and 22 MeV (1986YA12; to 8Beg.s.) and 51.7 MeV (1986YA12; to 8Be*(0, 3.0, 11.4)
as well as atEd = 50 MeV (1987GO1S), 54.2 MeV (1984UM04; FRDWBA) [Sα = 0.48, 0.51 and
0.82 for8Be*(0, 3.0, 11.4)] and 78.0 MeV (1986JA14; to 8Be*(0, 3.0, 16.6, 16.9)). See also (1985GO1G;
Ed = 50 MeV). For reaction (b) see (1984AJ01). See also (1984NE1A) and references cited in (1988AJ01).

52. (a)12C(t, 7Li)8Be Qm = −4.8997

(b) 13C(t, 8Li)8Be Qm = −7.8137

Angular distributions from12C(t, 7Li) and 13C(t, 8Li) were evaluated in a DWBA analysis to deduce
spectroscopic factors in12C for α + 8Beg.s. (1989SI02). See also7Li in (2002TI10).

53. 12C(3He,7Be)8Be Qm = −5.7805

Angular distributions have been obtained atE(3He) = 25.5 to 70 MeV [see (1979AJ01, 1984AJ01)]
and atE(3 ~He) = 33.4 MeV (1986CL1B; 8Beg.s.; alsoAy). 8Be*(0, 3.0, 11.4, 16.6, 16.9, 17.6) have been
populated.

54. (a)12C(α, 2α)8Be Qm = −7.3666

(b) 12C(α, 8Be)8Be Qm = −7.4584
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These reactions have been studied atEα to 104 MeV [see (1979AJ01, 1984AJ01) and12C in (1985AJ01)]
and at 31.2 MeV (1986XI1A; reaction (a)):8Be*(0, 3.0, 11.4) are populated. See also references cited in
(1988AJ01). Alpha spectroscopic factors8Be*(0, 3.0) were measured by(α, 2α) knockout at 200 MeV
(1999ST06) and 580 MeV (1999NA05). α-particle angular correlations were measured from the12C* →
α + 8Be decay to determine the polarization characteristics of the12C*(9.64; 3−) state, which was excited
by 12C(α, α′)12C*(9.64)→ α + 8Be (1989KO55).

55. (a)12C(9Be,13C)8Be Qm = 3.2809

(b) 12C(11B, 15N)8Be Qm = 3.6248

Angular distributions involving8Beg.s. + 13Cg.s. (reaction (a)) have been reported atE(9Be) = 20 to
22.9 MeV andE(12C) = 10.5 to 13.5 MeV: see (1984AJ01). For both reactions see also (1983DEZW).

56. (a)12C(12C, 16O)8Be Qm = −0.2047

(b) 12C(16O, 20Ne)8Be Qm = −2.6367

(c) 12C(20Ne,24Mg)8Be Qm = 1.9500

(d) 12C(20Ne,α + 20Ne)8Be Qm = −7.3666

(e) 12C(24Mg, 16O + 12C)8Be Qm = −14.1382

For reaction (a)12C(12C, 16O) was measured in a study of24Mg excited states near 33 MeV atE(12C) =
27–36 MeV (1995AL25, 1996AL03, 1997SZ01). See also16O in (1993TI07) and references cited in
(1988AJ01). For reaction (b) see reaction 18 in20Ne in (1987AJ02), (1985MU14) and (1988AL07; lo-
cation of a10+ state in20Ne atEx ≈ 27.5 MeV). Evidence for 11 states in24Mg with excitation energy
between 22 and 30 MeV is seen in reaction (c) atE(20Ne) = 110 and 160 MeV (2001FR03). For re-
action (d) see (1987SI06). States in28Si at Ex = 28.0 MeV [Jπ = 13−], 29.8 MeV [(11)], 33.4 MeV
[8+(10+)] and 34.5 MeV [(12, 14)+] are observed in reaction (e) atE(24Mg) = 170 MeV (2001SH08).

57. 13C(d,7Li)8Be Qm = −3.5888

See7Li in (2002TI10).

58. 13C(α, 9Be)8Be Qm = −10.7393

See (1984SH1D, 1988SH1F; Eα = 27.2 MeV) and9Be in (1979AJ01).

59. 13C(9Be,14C)8Be Qm = 6.5110
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See14C in (1986AJ01).

60. 14N(n, 7Li)8Be Qm = −8.9148

See7Li in (2002TI10).

61. 16O(γ, 4α) Qm = −14.4367

The 16O(γ, 4α) reaction was studied with bremsstrahlungγ rays up toEγ = 300 MeV (1995GO10).
Evidence in the energy reconstruction spectra indicates that participation of the8Be*(0, 3.0) states increases
with increasingγ-ray energy.

62. 16O(p, p+ 2α)8Be Qm = −14.5285

See (1986VD04; Ep = 50 MeV).

63. 16O(16O, 24Mg)8Be Qm = −0.4821

See (1987CZ02).

64. natAg(14N, 8Be)X

Sequential-decay neutron spectroscopy of7Be+ n products fromnatAg + 14N at 35 MeV/A indicates
the participation of8Be*(19.24) with19.234 ± 0.012 MeV andΓ = 210 ± 35 keV (1989HE24).
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8B
(Figs. 4 and 5)

GENERAL: References to articles on general properties of8B published since the previous review (1988AJ01)
are grouped into categories and listed, along with brief descriptions of each item, in the General Tables for
8B located on our website at (www.tunl.duke.edu/nucldata/ General Tables/8b.shtml).

µ = 1.0355 ± 0.0003 µN: see (1996FIZY).
Q = 68.3 ± 2.1 mb (1992MI18, 1993MI35).

1. 8B(β+)8Be Qm = 17.9798

Theβ+ decay leads mainly to8Be*(3.0). The half-life is770±3 msec;log ft = 5.6 (1974AJ01). There
is also a branch to8Be*(16.63), and evidence for population of an8Be intruder state atEx ≈ 9 MeV. See
reactions 24 and 27 in8Be. See also references cited in (1988AJ01).

A new β-NMR technique (NNQR) was used to measure the quadrupole moment of8B, |Q(8B, 2+)| =
68.3 ± 2.1 mb (1992MI18, 1993MI35). The large quadrupole moment was reported as the first evidence of
a proton halo in8B.

The tilted foil technique was used to polarize atomic8B nuclei. The polarization was transferred to the
nucleus via the hyperfine interaction and the resultingβ-decay asymmetry indicated that the polarization
was saturated at3.71 ± 0.28% (1993MO34).

The β-decay of8B provides the high-energy neutrinos that are measured by large volume neutrino
detectors that are attempting to resolve the “solar neutrino problem”. The neutrino energy spectrum from
8B β-decay, which is essential to interpret the data from these detectors, has been measured and evaluated
in (1987NA08, 1996BA28, 1999DE33, 2000OR04, 2003RE26, 2003WI16). The 8B neutrino absorption
cross sections(±3σ) for Cl and Ga areσCl = 1.14 ± 0.11 × 10−42 cm2 andσGa = 2.46+2.1

−1.1 × 10−42 cm2

(1996BA28). However, the results of (2000OR04) suggest a harder neutrino spectrum than that used by
(1996BA28).

For comments about the weak neutral current interaction in8B β-decay see (1989TE04, 1992DE07,
2003SM02). For theoretical discussion of8Be levels that are involved in the decay see (1989BA31, 1993CH06,
2000GR07, 2002BH03) and reaction 27 in8Be.

2. 6Li(d, π−)8B Qm = −135.2692

At Ed = 300 and 600 MeV8B*(0, 0.77, 2.32) are populated: see (1984AJ01).

3. 6Li(3He, n)8B Qm = −1.9748
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Table 8.15: Energy levels of8B a

Ex (MeV ± keV) Jπ; T τ1/2 or Γcm (keV) Decay Reactions

g.s. 2+; 1 τ1/2 = 770 ± 3 msec β+ 1, 2, 3, 4, 5, 6, 8, 9, 10, 12

0.7695 ± 2.5 b,c 1+; 1 c,d Γ = 35.6 ± 0.6 b,c γ, p 2, 3, 4, 6, 7, 9, 10, 12

2.32 ± 20 c 3+; 1 350 ± 30 c 4, 6, 7, 9, 10, 12

3.5 ± 500 c 2− 8 ± 4 MeV c 6, 7

10.619 ± 9 0+; 2 < 60 12

a See reactions 6 and 7 for evidence of additional states.
b Average of values from reactions 3, 6 and 7.
c From data reviewed in this evaluation.
d See (2004TA17).

Table 8.16: Electromagnetic transition strengths in8B

Ei → Ef (MeV) Jπ
i ; Ti → Jπ

f ; Tf Γγ (eV) Mult. Γγ/ΓW

0.7695 → 0 (1+; 1) → 2+; 1 (2.52 ± 0.11) × 10−2 a M1 2.63 ± 0.12

2.32 → 0 3+; 1 → 2+; 1 0.10 ± 0.05 b M1 0.38 ± 0.19

a Γγ is an average of24.8 ± 2.9 meV (2003BA51) and25.3 ± 1.2 meV (2003JU04).
b From a reanalysis of the data in (2003JU04) [K.A. Snover, private communication].
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Angular distributions for the n0 group have been reported atE(3He) = 4.8 to 5.7 MeV:L = 0. Two
measurements for theEx of 8B*(0.77) are767± 12 and783± 10 keV [Γ = 40± 10 keV]: see (1974AJ01)
and9B.

4. 7Li(p, π−)8B Qm = −140.2949

Angular distributions and analyzing powers have been measured for the transitions to8B*(0, 0.77, 2.32)
at Ep = 199.2 MeV (1987CA06) and at 280, 345 and 489 MeV (1988HU11): the Ay to 8B*(2.32) is
characteristic of that to a stretched high-spin, two-particle one-hole final state [Jπ of 8B*(2.32) is 3+]
(1987CA06).

5. 7Li(7Li, 6H)8B Qm = −34.966

See6H.

6. 7Be(p,γ)8B Qm = 0.1375

Absolute cross sections have been measured forEp = 112 keV to 10.0 MeV. See also (1984AJ01) and
references cited in (1988AJ01). Resonances are observed atEp = 720 and 2497 keV: see Table8.17. An R-
matrix evaluation of (p,γ) and (p, p′) [reaction 7] data supports the existence of a2− level atEx = 3–4 MeV
(2000BA46), and a1+ resonance is predicted atEx ≈ 1.4 MeV (2000CS01). See however (2001RO32) and
reaction 9.

Direct measurements of7Be(p,γ) at low energies are typically carried out by measuringβ-delayed alpha
particles from decay of the residual8B nucleus. However, systematic errors associated with8B backscatter-
ing losses from the target prior to counting have become a concern, based on new measurements and Monte
Carlo calculations (see (1998ST20) and reaction 9 in8Li).

A review of astrophysical reaction rates (1998AD12) favored the measurements of (1982FI03) and de-
duced a value ofS(0) = 19+4

−2 eV · b, however, several measurements [see Table8.18] have been reported
since this review. See other overviews of direct and indirect measurements in (2001MO32, 2001MU20,
2002MO11, 2003DA30, 2003MO23, 2003MO28): for cluster model calculations see (1988DE38, 1988KO29,
1993DE30, 1993RO04, 1994DE03, 1995CS01, 1997CS07, 1998CS03, 1998MO13, 2000CS03); for direct-
plus-resonances andR-matrix calculations see (1987KI01, 1988BA29, 1993KR18, 1995BA36); and for
shell model calculations see (1996BR04, 1998BE44). See also (1992SC22, 1993TR06, 1994SC14, 2003CH79,
2003PA33).
The role of electron screening and other effects, for example,7Be deformation, are discussed in (1994KA02,
1997CS07, 1997NU01, 1998BE1Q, 2000LI13). The correlation of the capture rate with properties such
as the8B quadrupole-moment and the8B valence proton spatial distribution is discussed in (1993RI04,
1996BR04, 1998CS03, 2000CS03, 2000JE10, 2001CS03).

The nature of the shape of theS-factor as the proton capture energy approaches zero is discussed
in (1998JE04, 1998JE10, 1998JE11, 2000BA09, 2000BB09, 2000JE10, 2002MU16). The authors of
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Figure 4: Energy levels of8B. For notation see Fig. 2.
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Table 8.17: Resonances observed in7Be(p,γ)8B

Ecm (keV) Γp (keV) σ (nb) Γγ (meV) Reference

632 ± 10 37 ± 5 1180 ± 120 24.7 ± 4.2 (1983FI13)

633 35 ± 3 1250 ± 100 24.8 ± 2.9 (2003BA51)

630 ± 3 35.7 ± 0.6 25.3 ± 1.2 (2003JU04)

630 ± 3 35.7 ± 0.6 1221± 77 25.2 ± 1.1 “mean” value a

2183 350 100 ± 50
b (2003JU04)

a ExcludesσR = 2200 ± 220 nb,Γγ = 50 ± 25 meV from (1966PA16), which had been

cited in (1988AJ01).
b Private communication from K.A. Snover; revised fromΓγ = 150±30 meV (2003JU04).

(1998JE10, 2000VE01) suggest thatS(20 keV) is more relevant thanS(0) since the Gamow energy is
≈ 20 keV, and they suggest that the extrapolation of the reactionrate to 20 keV has less uncertainty than the
extrapolation to zero energy proton capture.

The time reversed reaction8B + γ → 7Be+ p has been measured by exciting8B nuclei in the Coulomb
field of high-Z target nuclei and detecting the7Be and proton products (1994MO33, 1998KI19, 1999IW03,
2001DA03, 2001DA11, 2002DA15, 2002DA26, 2003HA30, 2003SC14). The7Be(p,γ)8B cross sections
are related to the photodisintegration cross sections by the Detailed Balance Theorem. Resulting values of
S(0) are18.9±1.8 eV·b (1998KI19; RIKEN),18.6±1.2(expt..)±1.0(theor.) eV·b (1999IW03, 2003HA30,
2003SC14; GSI), and17.8+1.4

−1.2 eV · b (2001DA03, 2001DA11, 2002DA15, 2002DA26; MSU). The field of
virtual photons that induce breakup can excite the8B mainly via E1 and E2 multipolarities; however, the
proton capture reaction is dominated by E1 strength. Since the numbers of E1 and E2 virtual photons created
in the Coulomb field of the target are calculable, depending on projectile energy and impact parameter,
the ratio ofσ(E2)/σ(E1) in the Coulomb dissociation experiments was deduced from asymmetries in, for
example, the measured angular distributions. Values for the ratio, which depends on the relative p+ 7Be
energy and theory that is used to determine the E2 strength, range from (0.5 to 5)×10−4 atEcm = 0.6 MeV
(1997KI01, 1999IW03, 2001DA03, 2001DA11, 2002DA15, 2003SC14). See also (1996KE16, 1996VO09).
Calculated estimates of theσ(E2)/σ(E1) ratio in Coulomb dissociation are given in (1994LA08, 1995GA25,
1995LA17, 1996BE83, 1996ES02, 1996SH08, 1997TY01, 1999BB07, 1999DE23, 2002BE76, 2003FO07).
Interference between nuclear and Coulomb mechanisms is discussed in (1997TY01, 1998DA15, 1998NU01,
2003MA88). See also (1993TI01, 1994TY03, 1996RE16, 1997CS02).

Calculations showing the relationship between the low-energy astrophysicalS-factor for 7Be(p, γ)
and the asymtotic normalization coefficient (ANC) for (7Be, 8B) reactions are presented in (1990MU13,
1994XU08, 1995MU10, 1997TI03, 1998GR07, 2000JE10, 2003TI13). See also reactions 8 and 11.

7. 7Be(p, p)7Be Eb = 0.1375
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The 7Be(p, p) scattering was measured atEcm = 0.3–0.75 MeV using a7Be beam (2003AN29). The
data were analyzed in anR-matrix analysis and indicateEres = 634 ± 5 keV andΓres = 31 ± 4 keV for
the1+ first excited state. Scattering length ofa01 = 25 ± 9 fm (channel spinI = 1) anda02 = −7 ± 3 fm
(channel spinI = 2) were also deduced from the data.

At E(7Be) = 32 MeV (1998GO16), two resonances were prominent in the inverse kinematics scattering
excitation function,Ex = 2.32 ± 0.02 MeV, Γ = 350 ± 30 keV, Jπ = 3+ andEx = 2.83 ± 0.15 MeV,
Γ = 780 ± 200 keV, Jπ = 1+, though poor statistics in the measurement prevent a firm acceptance of
the 2.83 MeV level. In addition there was evidence for a broad2− or 1− level at≈ 3 MeV. At E(7Be) =
25.5 MeV theEx = 2.32 MeV Jπ = 3+ level was observed with an additional level atEx = 3.5±0.5 MeV,
Γ = 8 ± 4 MeV (2001RO32). An R-matrix analysis of the interference between the 2.32 and 3.5 MeV
levels indicatesJπ = 2− for the higher state. In the later work, the1+ state atEx = 2.8 MeV, suggested
by (1998GO16), was not necessary to obtain a good fit to the data. In addition there was no evidence for a
level atEx = 1.4 MeV that had been suggested by (2000CS01): see reaction 6.

8. 7Be(d, n)8B Qm = −2.0871

The total2H(7Be, n) cross section was measured atE(7Be) = 26 MeV (σtot = 58 ± 8 mb) and was
evaluated to determine the8B → 7Be+ p asymptotic normalization coefficient (ANC)C2

p3/2
= 0.711 ±

0.092 fm−1. This can be related to the7Be(p,γ) astrophysical capture rate and indicatesS17(0) = 27.4 ±
4.4 eV · b (1996LI12, 1997LI05). Re-analysis of the data using better optical model parameters indicates
a smaller ANC and a reduced value ofS17(0) = 23.5 ± 3.7 eV · b (1998GA02, 1999FE04). To remove
the dependence on the optical model parameters, (2003OG02) performed a Continuum-Discretized coupled
channels calculation using the spectroscopic factorsS = 0.849 (1987KI01), from this they deduceS17(0) =
20.96 eV · b.

9. 9Be(7Li, 8He)8B Qm = −28.264

Angular dependent differential cross sections were measured for9Be(7Li, 8He)8B from 0◦ to ≈ 12◦ at
E(7Li) = 350 MeV. States in8B were observed at 0, 0.770 and 2.32 MeV (2001CA37).

10. 10B(p, t)8B Qm = −18.5316

At Ep = 49.5 MeV [see (1974AJ01)] and 51.9 MeV (1983YA05) angular distributions have been
measured for the tritons to8B*(0, 2.32): L = 2 andL = 0 + 2 leading toJπ = 2+ and3+, respectively.
Measurements ofEx for 8B*(2.32) yield2.29±0.05 MeV and2.34±0.04 MeV [Γlab = 0.39±0.04 MeV].
8B*(0.77) is also observed: see (1974AJ01).

11. (a)10B(7Be,8B)9Be Qm = −6.4484

(b) 14N(7Be,8B)13N Qm = −9.6335
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Table 8.18: Summary of recent direct measurements of7Be(p,γ)8B a

Energy S(0) factor (eV· b) Refs.

Ecm = 117–1230 keV 21.7 ± 2.5 (1983FI13)

Ep = 0.35–1.4 MeV 18.5 ± 1.0 b (1997SC46, 1998HA05)

Ecm = 1.09 and 1.29 MeV 20.3c (1999HA51)

Ep = 0.32–2.61 MeV 18.4 ± 0.6 (2001ST27)

Ep = 111.7, 134.7 and 185.8 keV 18.8 ± 1.7 d (2001HA26, 2001HA36)

Ecm = 116–2460 keV 22.1 ± 0.6(expt..)±0.6(theory)e (2003JU04)

Ecm = 992 keV f 16 ± 4 (2000GL04)

15.3 ± 4.5 (2001TE03)

Ecm = 302–1078 keV 21.2 ± 0.7 g (2003BA04, 2003BA51, 2003BA84)

a See (1983FI13, 1998AD12) for discussion of prior measurements.
b Depending on the extrapolation theory, values ofS(0) ranging from 16.6 to 20.0 eV· b were deduced;S(0) = 18.5 ± 1.0 eV · b

was recommended.
c MeasuredS(1.09 MeV) = 22.7 ± 1.2 eV · b andS(1.29) = 23.8 ± 1.5 eV · b using a7Be target that was implanted on a Cu

backing [to minimize backscattering losses]; these valuesare extrapolated toS(0) = 20.3 eV · b.
d Weighted mean including data from (1998HA05), data below 0.43 MeV yieldS(0) = 19.2 ± 1.2 eV · b.
e Based onEcm = 116–362 keV. This value is revised fromS = 22.3 ± 0.6(expt..)± 0.6(theory) which was given in (2001JU01,

2002JU01).
f Measurement with7Be particles on a windowless hydrogen target:σ(992 keV)= 0.41 ± 0.11 p-barns.
g Cu substrate with implanted7Be. The low-energy part of the data extrapolate toS(0) = 20.8 ± 1.3 eV · b.

In reaction (a) the asymptotic normalization coefficient (ANC),C2
3/2, for 8B → 7Be+p was determined

by measuring differential cross sections for10B(7Be,8B) from 0◦ to≈ 35◦ atE(7Be) = 84 MeV. The value
of C2

p3/2
= 0.398 ± 0.062 fm−1 was deduced which, together withC2

1/2/C
2
3/2 = 0.157, corresponds to

S17(0) = 17.8 ± 2.8 eV · b (1999AZ02). For reaction (b)C2
p3/2

= 0.371 ± 0.043 fm−1 was measured in
14N(7Be,8B) atE(7Be) = 85 MeV, andS17(0) = 16.6 ± 1.9 eV · b was deduced (1999AZ04).

A re-evaluation of the data from (a) and (b) using improved model parameters leads to revised values
and a weighted average ofC2

p3/2
= 0.388 ± 0.039 fm−1 which corresponds toS(0) = 17.3 ± 1.8 eV · b

(2001AZ01, 2001GA19, 2002GA11). In addition, theC2
p3/2

givesRr.m.s. = 4.20 ± 0.22 fm for the valence

proton (2001CA21). See also13C(7Li, 8Li)12C [reaction 27 in8Li] for a determination of the ANC from
charge symmetry.

12. 11B(3He,6He)8B Qm = −16.9175
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At E(3He) = 72 MeV the firstT = 2 state is observed atEx = 10.619 ± 0.009 MeV, Γ < 60 keV:
dσ/dΩ (lab) = 190 nb/sr atθlab = 9◦. No other states are observed within 2.4 MeV of this state.8B*(0,
0.77, 2.32) have also been populated: see (1979AJ01).

13. 12C(π+, dd)8B Qm = 90.3772

The pion absorption mechanism, which has a characteristic of high energy transfer and small momentum
transfer, was studied atE(π+) = 100 and 165 MeV (2002HU06). The role of 2-step processes, such as
pion scattering prior to absorption and nucleon pickup after absorption, is discussed, and simple models for
neutron-pickup final state interactions are presented and shown to reasonably represent the data.

14. 12C(8B, 8B)12C

Angular distributions from quasielastic scattering of8B on12C were measured at 40 MeV/A (1995PE09).
Analysis of the data appears consistent with a proton halo (1995FA17, 1996KN05, 1997PE03).

15. 14C(8B, 8B)14C

Elastic scattering of8B on 14C was calculated in a folding potential model. Results suggest that scat-
tering of exotic nuclei from non-N = Z nuclei could reveal new information about the nuclear potentials,
particularly in cases where rainbow effects are observed (1998KN02).

16. natC(µ, 8B)X

A measurement to determine muon induced background rates inlarge-volume scintillation solar neutrino
detectors foundσ = 4.16 ± 0.81 µb and7.13 ± 1.46 µb for natC(µ, 8B) at Eµ = 100 and 190 GeV,
respectively (2000HA33).

17. 58Ni(8B, 7Be)59Cu Qm = 3.2810

Angular distributions of7Be following the breakup of8B on a58Ni target were measured atE(8B) =
25–75 MeV to evaluate the importance of Coulomb-nuclear interference effects (2000GU05).

18. 9Be to208Pb(8B, X)
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Table 8.19: Inclusive measurements of8B breakup

8B energy (MeV/A) Target Refs.

10–40 natSi (1996NE06, 1997SK03)

20–60 natSi (1995WA19)

40 12C (1995PE09, 1996SK04)

40, 60 9Be, 12C, 27Al (1999FU08)

41 9Be, 197Au (1996KE16)

44, 81 208Pb (1998DA14)

76 12C (2003EN05)

142, 285 natC, 27Al, natSn,208Pb (1997BL08)

790 9Be, 12C, 27Al (1988TA10, 1996OB01)

936 natC, natPb (2002CO04, 2002CO06, 2003ME16)

1440 12C (1999SM04)

1440 12C, 208Pb (2001CO06)

1470 12C, 27Al, 208Pb (1995SC10)

Inclusive measurements of8B breakup have been reported: see Table8.19.
The measured total reaction cross sections for nuclear processes are related to the8B r.m.s. radius

and valence proton r.m.s. radius in simple Glauber-type models. The cross sections range fromσtot ≈
800 mb andσ(proton removal)≈ 95 mb atE(8B) = 1471 MeV/A on a12C target toσtot ≈ 1.95 b at
E(8B) ≈ 15 MeV/A on Si (1995WA19, 1996NE06). These cross sections correspond to8B r.m.s. radii
around2.43 ± 0.01 fm (1996OB01); the valence proton r.m.s. radius deduced from the proton removal
cross-section measurements is model dependent and values in the range of3.97 ± 0.12 fm (1996NE06) to
6.83 fm (1995SC10) are deduced. See also (1997KN07, 1998SH09, 1999KN04). A review of nuclear sizes
deduced from interaction cross sections is in (2001OZ04).

Measurements of the parallel momentum distribution of7Be fragments following the breakup of8B pro-
jectiles are reported in (1995SC10, 1996KE16, 1996NE06, 1997SC03, 1998DA14, 1999SM04, 2000CO31)
and are interpreted in Serber-type models as reflecting detailed information about the8B valence proton
wave function. AtE(8B) = 1.47 GeV/A the momentum distribution widths from breakup on C, Al and
Pb areΓFWHM ≈ 81 ± 6 MeV/c (1995SC10). This width is much narrower than that expected from the
breakup of nuclei with “normal” densities and was interpreted as an indication of a proton halo in8B. How-
ever, at energies near 40 MeV/A the momentum distribution of7Be fragments from8B breakup range from
Γ = 62±3 MeV/c on an Au target (mainly Coulomb breakup processes) (1996KE16) to Γ = 95±7 MeV/c
on a Si target (mainly nuclear breakup processes) (1996NE06); this is an indication that at this energy, sim-
ple Serber-type models are not adequate to explain the observed momentum distributions since the breakup
mechanisms play a role in determining the observed distributions.

By evaluating fragment momentum distributions in more complex models, it was suggested that the
asymmetric7Be fragment momentum distribution from8B breakup on Au at 41 MeV/A reflects the in-
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Table 8.20: Isospin triplet states(T = 1) in A = 8 nucleia

8Li 8Be 8B

Ex (MeV) Jπ Ex (MeV) Jπ ∆Ex (MeV) b Ex (MeV) Jπ ∆Ex (MeV) c

0 2+ 16.626 + 16.922 d 2+ 0 2+

0.9808 1+ 17.640e 1+ −0.143 0.7695 1+ −0.211

2.255 3+ 19.07f 3+ 0.013 2.32 3+ 0.065

a As taken from Tables 8.2, 8.9 and 8.15. The analogs of the broad 1+ levels near 3.2 and 5.4 MeV and the narrow4+

level at 6.53 MeV in8Li (see Table 8.2) are unknown in8Be and8B.
b Defined asEx(8Be)–Ex(8Li) − 16.802.
c Defined asEx(8B)–Ex(8Li).
d TheT = 1 centroid of the 16.626 and 16.922 MeV levels is 16.802 MeV in8Be, assuming an isospin-mixed doublet

with T = 0 intensities proportional to the observedα widths in Table 8.9.
e PredominantlyT = 1. A small amount of isospin mixing improves theγ-ray branching ratios for the decay of the 17.64

and 18.15 MeV levels, and also the channel spin ratio for the formation of the 17.64 MeV level in the7Li(p, γ) reaction.
f PredominantlyT = 1. Isospin mixing at the few % level is needed to reproduce the widths of the 19.07 and 19.24 MeV

levels.

terference of E1 and E2 contributions in Coulomb Dissociation and gives information about the relative
E2/E1 strength (1996ES02, 1996KE16). A high-resolution measurement of the asymmetric distribution
from breakup on Pb atE(8B) = 44 and 81 MeV/A deduced thatσ(E2)/σ(E1) ≈ 6.7 × 10−4(+2.8

−1.9) at
Erel.(p + 7Be) = 0.6 MeV (1998DA14). A more precise value ofσ(E2)/σ(E1) ≈ 4.9 × 10−4+1.5

−1.3 at
Erel. = 0.6 MeV was deduced by including measurements atE(8B) = 83 MeV/A (2002DA15).

Breakup cross sections and7Be core-like fragment momentum distributions are analyzedin a modi-
fied Glauber model to obtain asymtotic normalization coefficients (ANC) for the8B → 7Be+ p reaction
(2004TR06). In this analysis of breakup data, the valueS17(0) = 18.7 ± 1.9 eV · b is deduced.

At E(8B) = 936 MeV/A, the ratio of (7Be*(0.429)+ γ)/7Be production was measured on C and
Pb targets (2002CO04, 2003CO06, 2003ME16). The measurements indicate a13.3 ± 2.2% component
of 7Be*(0.429) in the ground state of8B (2003ME16). Spectroscopic factors for7Be*(0, 0.43) were de-
duced from measurements of12C(8B, 7Be) atE(8B) = 76 MeV/A; C2S = 1.036 and 0.220, respectively
(2003EN05).
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8C
(Fig. 5)

Mass of 8C: The atomic mass excess of8C is 35094 ± 23 keV (2003AU03); Γcm = 230 ± 50 keV
[Jπ = 0+; T = 2]: see (1979AJ01). 8C is stable with respect to7B + p (Q = −0.07 MeV) and unstable
with respect to6Be+2p (Q = 2.14), 5Li +3p (Q = 1.55) and4He+4p (Q = 3.51). At E(3He) = 76 MeV
the differential cross section for formation of8Cg.s. in the14N(3He,9Li) reaction is≈ 5 nb/sr atθlab = 10◦.
The 12C(α, 8He)8C reaction has been studied atEα = 156 MeV: dσ/dΩ ≈ 20 nb/sr atθlab = 20◦:
see (1979AJ01). See also (1985AN28) and (1987BL18, 1987SA15, 1988CO15, 1996GR21, 1996KA14,
1996SU24, 1997BA54, 1997PO12, 1998WI10, 1999HA61, 2000WI09, 2001CO21, 2003BA99).
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Figure 5: Isobar diagram,A = 8. The diagrams for individual isobars have been shifted vertically to eliminate

the neutron-proton mass difference and the Coulomb energy,taken asEC = 0.60Z(Z − 1)/A1/3. Energies

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

minus the corresponding quantity for8Be: hereM represents the atomic mass excess in MeV. Levels which

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