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A =8

GENERAL: References to articles on general propertiesiof= 8 nuclei published since the
previous review{988AJ0) are grouped into categories and listed, along with bristdgtions of
each item, in the General Tables fér= 8 located on our website awwv.tunl.duke.edu/nucldata/
General _Tables/08.shtml).

®n
(Not illustrated)

The nucleusn has not been observed. Reaction products from the intenaaft 700 MeV and
400 GeV protons with uranium showed no evidence ofraresonance: se@$79AJ0). See also
(1988AJ0).

8He
(Figs. 1 and 5)

GENERAL: References to articles on general propertie¥Hsf published since the previous re-
view (1988AJ0) are grouped into categories and listed, along with briefcdptions of each
item, in the General Tables f6He located on our website atfw.tunl.duke.edu/nucldata/ Gen-
eral _Tables/8he.shtml).

Mass of ®He: The atomic mass excess dfle adopted by us and b2@03AU0] is 31598 +
7 keV. 8He is then stable with respect to decay ifitde + 2n by 2.140 MeV. Seel@79AJ01
1984AJ011988AJ0).

The interaction nuclear radius dfe is2.48 4 0.03 fm (1985TA13 1985TA19 [see also for
derived nuclear matter, charge and neutron matter r.mdg. Bee also reaction 12].

1. 8He(3")5Li Qum = 10.651

The half-life of 8He is 119.0 & 1.5 msec. The decay takes plat®t + 1)% to ®Li*(0.98)
[log ft = 4.20] and (16 + 1)% via the neutron unstable statéisi*(3.21, 5.4). A small de-
cay branch £ 0.9%) populates’Li*(9.67). (32 4 3)% of the emitted neutrons then populate
Li*(0.48). The decay tdLi*(3.21, 5.4) suggests = + for 8Li*(3.21) and0* or 17 for 3Li*(5.4)
(1981BJ03. Branching ratios for intermediate states are giveiBB8BAG7): see also reaction 11
in 8Li and Fig. 2. For discussion dHe 3-decay (988BA67 1991B0311993B024 1996BA66
1996GR161997SH19. See alsol990ZH01 1993CH06 1994HA39.
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Table 8.1: Energy Levels dHe®

E,(MeV)® | J~T Tip OF T Decay Reactions
g.s. 0*;2 | 119.0 + 1.5 msec 6~ 11,2,5,6,7,8,9, 10,12
2.7-3.6° 2t 0.6 + 0.2 MeV 2,6,7,8,9,10,12
4364024 | (17) 1.34 0.5 MeV e 5,7,9, 10,12
(6.034+0.10) f 0.15 £ 0.15 MeV 9
716 £0.047 | (37) 0.140.1 MeV 6,9

2 Excited states are calculatedft = 5.83, 7.92 and 8.18 MeV, with/™ = 2+, 1~ and2~ [(0 + 1)/w
model space]. In thé0 + 2)hw model space the excited states are at 5.69, 9.51 and 11.59wWi&V
JT =2, 17" and0™ (1985PO1D

b Alevel has been reported at 1.3 MeV in reactions 7 and 10. Mewythis result has not been supported
by other measurements.

¢ This27 level is reported near 2.7 MeV in reactions 6, 7, 10, and 18 rear 3.6 MeV in reactions 2, 8
and 9.

4 Uncertainty enlarged for weighted average. This may regres group of states based on observations
of a broad resonance observed at 4.4 MeV (reactions 5 and h2yrow resonance at 4 MeV (reactions 7
and 10), and a narrow resonance at 4.54 MeV (reaction 9).

¢ Measured widths range frof®0 4+ 300 keV to 1.8 £+ 0.2 MeV.

f From data reviewed in this evaluation.

2. 'H(®He, 3He)'H B, = 13.933

Invariant mass spectroscopy was used to determinéHleeexcitation spectra in a complete
kinematics measurement of the (®He, *He + p) reaction at 72 Me\A (1993K0O34 1995K027.
The ground state and an excited statg.ab + 0.15 MeV were observed. The 3.55 MeV state has
J™ =2 T = 0.5040.35 MeV andI'(a + 4n)/I"'(°He+ 2n) < 5% (1995K027; possible evidence
for a resonance at 5-6 MeV is seen.

The'H(®He, 8He + p) scattering distribution ak(®*He) = 674 MeV/A was analyzed using a
Glauber scattering model and yields %he matter radius?, ., . = 2.45 4+ 0.07 fm (1997AL09.
Elastic and inelastic scattering distributions fréb(®He, ®He + p) at 72 MeV/A were evaluated
in an eikonal approximation and indicate a matter radills, s, = 2.52 fm and a deformation
parametep3, = 0.3 for the first2* excited state}995CH19. A folding model analysis of th&He
first excitedJ™ = 2% state, using?, = 3.57 MeV, indicatesL. = 2 and a deformation parameter
G =0.28 (2002GUO02.

Evaluation of the four-momentum transfer distributionlgt®R,... = 2.45+0.07 fm at E(*He) =
800 MeVA (2002EGO02 and R, = 2.53 4= 0.08 fm at E(®He) ~ 700 MeV A (2002AL26. See
also RQO03LA22 E(*He) = 15.6 MeV/A), (2002W008 E(®He) = 26 MeV/A), (1995K010
E(®He) = 33 MeV/A), (1997K0O06 E(*He) = 66 MeV/A), (1997K012 E(®He) = 73.5 MeV/A),
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(1995NE04 E(*He) = 674 MeV/A), (2002EG02 E(®He) ~ 700 MeV/A), and ((995BE26
1995CR031995G0321998AN25 2000GU192000KA04 2000WE032001AV02 2001SA79
2003BA6S theor.).

3. *He(He,®He)'He E, = 8.946

The Generator-Coordinate Method was used to calcdldeg, o) scattering in an investi-
gation of excited states iffBe (2000BB0§. A search for 4-neutron cluster contributions to the
reaction was performed &t (®He)= 26 MeV/A, no evidence was observe2D03WO13.

4. %He(p, tfHe Qm = 6.342

The 2-neutron transfer reactioH(®He, t) was measured ai(*He) = 61.3 MeV/A. The results
indicate a significant contribution 6He*(1.8) in the*He ground state2003K0O1); spectroscopic
factors yieldS(°He, < )/S(°He*(1.8)) = 1.

5. (a)’Be(r, p)*He Qm = 112.031
(b) "B(r~, p+ d)*He Qm = 96.215

Using E,.- = 125 MeV, the®He ground state was observed in tlge(r~, p) missing mass
spectra; the measurétie + 2n phase space appears to favor a di-neutron final sta81 SEO}.
The ground state and the 4.4 MeV state were observetil988G O30 following the capture of
stoppedr—-mesons ifBe(r, p), Bx = 4.4+0.2MeV,I" = 1.8+ 0.2 MeV and in''B(7x~, p+d)
E,=44+04MeV,[' =1.24+0.2 MeV.

6. Be(Li, *B)*He Qm = —28.264

At E("Li) = 83 MeV, 6 = 10°, the population ofHe, ., an excited state &8 + 0.4 MeV
(presumably/™ = 21) and a structure nedt, ~ 7 MeV are reported byl(985AL29.

7.°Be(Be, °C)*He Qm = —24.602

At E(°Be) ~ 11 MeV/A, the ground state and three excited states are populaféd-atl.3 +
0.3MeV, E, =2.7+0.3MeV,I' = 0.5+ 0.3 MeV andE, = 4.0 £ 0.3 MeV,I' = 0.5+ 0.3 MeV
(1988BE33.
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Figure 1: Energy levels dfHe. For notation see Fig. 2.
& See commerftin Table8.1



8. “Be(*C, O)*He Qm = —25.133

At E('3C) = 380 MeV, the ground state dfHe was observedl@88B0O2(). A measurement
at E(*3C) = 337 MeV observed the ground state and the firStexcited state at 3.59 MeV, ~
800 keV (1995005,

9. 1'Be(2C, “O)*He Qum = —26.999

At E(*2C) = 357 MeV, population of the ground state and 3.6 MeV state arertedoExcited
states are also observedit = 4.54 + 0.15 MeV [ = 0.70 £+ 0.25 MeV], 6.03 4+ 0.10 MeV
[T = 0.15+ 0.15 MeV] and7.16 + 0.04 MeV [I" = 0.10 + 0.10 MeV] (1995ST291999B02§.
The narrow width of the 7.16 MeV state leads to a prelimin&fy= (3~) assignment{999B02§.

10. 'B("Li, 1°C)*He Qum = —23.721

At E(1'B) = 87 MeV the ground state dfHe is populated and excited states are reported at
E, =1.3,2.6 and 4.0 MeV & 0.3 MeV). The width of the latter i8.5 + 0.3 MeV (1987BE2B.
In (1988BE34 the ground state and a stateat+ 0.3 MeV withT" = 1.0+ 0.5 MeV are reported.
See also1988BEY]).

11. 724 C(u, SHe)X

A measurement to determine muon induced background ratésga-volume scintillation
solar neutrino detectors found = 2.12 & 1.46 ub for "*C(u, ®He or°Li) at £, = 100 GeV
(2000HA33.

12. (a)*?C(He,°He + 2n)
(b) Al(®He, ®He + 2n)
(c) SnfHe,He + 2n)
(d) PbfHe, °He + 2n)
(e) CEHe, X)
(f) Si(*He, X)



At E(®He) = 227 MeV/A structures are seen in reaction (a) corresponding to séiqudacay
through theJ™ = 2~ "He,,. (Ews = 0.44 MeV, T = 0.16 MeV), and a suggested™ = 3~
resonance ab/,.s = 1.2 + 0.2 MeV withI" = 1.0 + 0.2 MeV (2001LMAO03. A reconstruction of
the®He+ 2n reaction kinematics indicated tH&te*(2.9 £ 0.2 MeV, T = 0.3 +0.3 MeV (2*) and
4.154+0.20 MeV, I" = 1.6 £ 0.2 MeV (17)) participate in the breakup. Cross sections for the one-
and two-neutron knockout reactions (i.e., where one or rdtiee removed neutrons is observed)
were determined as;,, = 129 + 15 mb ando,, = 29 + 23 mb. Contributions for various cluster
configurations irfHe were estimated to be 45%le* + 2n (p; /2, p12), 33%°He + 2n (p;2) and
22%°He+2n (py2). See (996NI102) for earlier work atE'(*He) = 240 MeV by this group, where
E, = 3.72+0.24 MeV andI” = 0.53 £+ 0.43 MeV, were reported for the first excited state, and
where the total 2-neutron removal cross section was detetirasr,, = 0.27 + 0.03 b.

Complete reaction kinematics were measured for reactimres ¢) in (He,°He+2n) on Al, Sn
and Pb targets df(®He) = 24 MeV/A (2000IW05. Observation of a peak in tiiéle + n relative
energy spectra indicates a substantial participationg@®) of sequential decay vidde + n. A
peak in the missing mass spectra corresponds to the firsedxtiate ofHe, which is assumed to
dominate in nuclear breakup since it cannot be excited by &ildinb processes. By integrating
the remaining excitation strength up to 3 MeV (assumed to b&€&ulomb)B(E1) = 0.091 +
0.026 € - fm? was determined.

Measurements ofHe breakup on C and Pb are presented2@02MEQ9; the results indi-
cate that théHe Coulomb dissociation cross section is 3 times smallen tha Coulomb dis-
sociation cross section fdHe. The measurements cfq02MEO09 also support/™ = 1~ for
8He*(4.15). The two-neutron- and four-neutron-removabsreections were measured for reaction
(e) at 800 MeVA (1992TA19, and for reaction (f) at/(®*He) = 20—60 MeV/A (1996 WA27. The
large neutron removal cross sections indicatéla matter radius 02.49 & 0.04 fm (1992TA19.
Analysis indicates thatHe is well represented as four neutrons that are bound “tdeacore.
See also19947H14 1995SU132001CA5(Q theor.), and a review of nuclear radii deduced from
interaction cross sections iA@010Z0J.

13. “C(He,®*He)“C

A double folding model was used to predict the influence of'the neutron skin o#*C(He,
8He) elastic-scattering angular-dependent cross seaiio?@, 30, 40, and 60 MeVLRS88KNOJ).



8Li
(Figs. 2 and 5)

GENERAL: References to articles on general propertied opublished since the previous re-
view (1988AJ0) are grouped into categories and listed, along with briefcdptions of each
item, in the General Tables fét.i located on our website atwv.tunl.duke.edu/nucldata/ Gen-
eral_Tables/8li.shtml).

Ground State Properties:

11 = +1.653560 % 0.000018 1x: See (989RA1LF,
Q) = +32.7+ 0.6 mb: see {993MI39).

The interaction nuclear radius &fi is 2.36 & 0.02 fm (1985TA19 [see (985TA19 also for
derived nuclear matter, charge and neutron matter r.nmds].ra

8Li atomictransitions: Atomic excitations in the lithium isotopes were analyze®@in00YAQ0H
where a theoretical framework was developed that correldte atomic decay energies in neutral
Li ions with the nuclear sizes.

1.8Li(37)°Be Qm = 16.0052

The 3~ decay is mainly to the broagi* first-excited state ofBe, which then breaks up into
2a [see reaction 24 ifiBe]. The weighted average of thei half-life is 839.9 4= 0.9 ms based
on measured values 888 + 6 ms (1971WI05, 836 + 3 ms (L1979MI1E and840.3 + 0.9 ms
(1990SA19. Thelog ft > 5.6, usingT, » = 839.9 ms,( = 16.0052 MeV and branching ratio
< 100%; other values in the literature that account for the decathé broadl’ ~ 1.5 MeV
8Be*(3.0) state aréog ft = 5.37 (1986WAOQJ) andlog ft = 5.72 (1989BA3)).

The quadrupole moment éLi was deduced by measuring the asymmetrgiNMR spectra.
We adopt)(®Li) = +32.740.6 mb, which results from a new method, modifiedNMR (NNQR),
that is 100 times more sensitive than previous methdd9fMI34. This value is larger than
28.7 +£ 0.7 mb (1988AR17 and the previous adopted val2é + 2 mb (1988AJ0). The sign of
theSLi quadrupole moment was measured and is positi@4JA0).

The tilted foil technique was used to polarize atofflic and the hyperfine interaction led to
a nuclear polarization of.2 + 0.3% which was deduced from the measuredecay asymmetry
(1987NO0J. The polarization quantum beat in the hyperfine interactvas measured by varying
the foil separation distance§q93M0O33 1996N0O1). See alsoX987AR23 for discussion of
hyperfine structure splitting in lithium isotopes.

The pure Gamow-TellerXT = 1) $-decay of'Li to the *Be*(3.0) level has been measured in
a search for time-reversal violation{90SR031992AL01, 1996SR022003HUQG; the present
constraint for the time violating parameter i = (0.9 4 2.2) x 1072, See also1992DEOQ7
1995Y101, 1998KA51). Searches for second-class currentdlins-decay have yielded negative
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Table 8.2: Energy levels dLi ®

E. (MeV tkeV) |J5T T or e, (keV) Decay Reactions
g.s. 251 | 12 =839.9+09msec’ | - |1,3,4,8,9 10, 14,15
16, 17,18, 21, 22
0.9808 £ 0.1 171 Tm = 12 + 4 fsec® vy 3,8,9, 11, 14, 15, 16
21,22, 28
2.255+3 3T 1 '=33+6keV® v,n | 3,4,5, 8, 14, 15, 16
31
3.21 171 ~ 1000 n 6,11
5.44 1% 1 ~ 650 n 6,11
6.1+ 100 (3): 1 ~ 1000 n |5
6.53 £ 20 471 35+ 15 n 3,5,8,15,16
7.1 £ 100 ~ 400 n 5
9) ~ 6000 14
~ 9.67 e 1+ ~ 1000 © t 11
10.8222 + 5.5 0t; 2 <12 19

@ For additional states see reactions 5 and 16.
b From multi-level multi-channeR-matrix fit to ®*He decay spectra.
¢ From information given in this evaluation.

4 Alevel at B, = 5.4 MeV with uncertainJ™

Table 8.3: Electromagnetic transitions®in

(2+) was observed ifLi(n, n’) (1972PRO}

Ey— Ey | JF— JF I, (eV) Mult. | T,/Tw
(MeV)
0.9808 =0 | 17 — 2% | (5.54+1.8) x 1072 | M1 2.8+0.9
2.255 — 0 | 37 — 2% | (7.0+3.0) x 1072 | M1 |0.29+0.13

10



results: seel(988HA21 1989TE04 2003SM03. For an analysis of the anti-neutrino energy dis-
tribution shape iriLi 3-decay, seel(987LY05 2002BH03. For a comment on the usefulnessief
decay asymmetries to reveal information on spin dynamiosiatear reactions involving polarized
projectiles seeZ001DZ03. A suggestion to ustLi 5-decay for calibration of the SNO detector is
described in 1998J0092002TA2). 3-NMR is used to measure th&i quadrupole-coupling
constants in Mg and Zn1@930H1). For condensed matter applications®i 3-decay see
(1993BU29 1993N0O081994H0O231996EBO). See also{993CH061993M0O28 2003SU04.

2. 'H(®Li, 8Li)'H

Small angle scattering in theH(®Li, 5Li) reaction was measured &t(°Li) = 698 MeV/A
(2002EG022003EGO03.

3. SLi(t, p)SLi Qwm = 0.80079

Angular distributions have been obtainedi&t = 23 MeV for the proton groups téLi*(0,
0.98, 2.266.54 £ 0.03); I, for 8Li*(2.26, 6.54) are35 4= 10 and35 + 15 keV, respectively.J for
the latter is> 4: see ((979AJ0). A multi-cluster model is used to calculate excitationdtion and
~v-ray flux fromSLi(t, p,)3Li*(0.981), which is proposed as a diagnostic tool for fusieactions
(2000v0222001VO03.

4.7Li(n, ~)8Li Qum = 2.03229

Figure 2: Energy levels dfLi. In these diagrams, energy values are plotted vertidallyleV, based on the ground
state as zero. For thé = 8 diagrams all levels are represented by discrete horizdines. Values of total angular
momentum/™, parity, and isobaric spift’ which appear to be reasonably well established are indicaighe levels;
less certain assignments are enclosed in parenthesegagetions in whiclLi is the compound nucleus, some typical
thin-target excitation functions are shown schematicalith the yield plotted horizontally and the bombarding eyye
vertically. Bombarding energies are indicated in the ldlenence frame, while the excitation function is scaled into
the cm reference frame so that resonances are aligned wigtsle Excited states of the residual nuclei involved
in these reactions have generally not been shown. For ezaciin which the present nucleus occurs as a residual
product, excitation functions have not been sho@nialues and threshold energies are based on atomic masses fro
(2003AUO03. Further information on the levels illustrated, inclugia listing of the reactions in which each has been
observed, is contained in Tal#e2
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Table 8.4: Measureghrays from thermal neutron

capture orfLi ®

E, (keV)® o, (mb) 1, (7/1000)
080.6+0.2 | 4824050 | 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

& See Table [ in1991LY0J).
> E., not corrected for recoil.

At E, = 1.5-1340 eV agreement was found with the expedted (velocity) energy depen-
dence, and a thermal cross sectiordof+ 2(stat.)+ 4(syst.) mb was measured996BL10Q.
(1998HE3Y measuredr,,. = 101.9 mb for an energy bin fof, = 1.7-20 meV, andr,,.. = 36.6
ub for E,, = 5-150 keV. A reanalysis of the ion chamber efficiencies use(LBgoWI1§ led to
a revised cross sectior(£, = 25 keV) = 57 £ 9 p-barns and’, = 0.18 eV (1998HE3). Mea-
surements by1(991LY01), who analyzedr(E) from Eiyerma t0 3.0 MeV, determined ,erma =
45.4 + 3.0 mb and they-ray branching ratios ak,, = thermal (see Tabl8.4). At E, = 30 keV,
(1991NA16 1991NA19 measured,, = 35.4+6.0 pu-barns andr,, < 9.1 u-barns. The excitation
function shows the resonance correspondint t2.26): E,. = 254 £ 3 keV, I, = 31 £ 7 keV,
I, = 0.07 £ 0.03 eV: see Table8.5 and (L974AJ0). Theoretical models are discussed in
(1988DE38 1993KR18 1994DE03 1996SH02 1997BA04 1999BE25 2000BE21 2000CS01
2001KO53. The decay ofLi*(2.26) — "Liys + n in the interaction of 35 Me\4 N ions on
Ag is reported by 1987BL13.

5. 7Li(n, n)TLi By = 2.03229

The thermal cross section(i997+0.04 b [see (981MUZQ)], ofce = 1.07£0.03 b (1983KO17.
The real coherent scattering length-£.22 + 0.01 fm. The complex scattering lengths are
by, = —4.15+ 0.06 fm andb_ = 1.00 + 0.08 fm (1983KO17; see also 1979GL1). See
(1984AJ0) for earlier references.

Total and elastic cross sections have been reportef fer 5 eV to 49.6 MeV: seel(979AJ01
1984AJ01 1988AJ0). Cross sections have also been reported fonn ; and n at £, = 6.82,
8.90 and 9.80 MeV.1(987SC08n, at the two higher energies).

A pronounced resonance is observedvat= 254 keV with J™ = 3%, formed by p-waves: see
Table8.5. A good account of the polarization is given by the assunmpbiblevels atE, = 0.25
and 3.4 MeV, withJ™ = 31 and2~, together with a broad™ = 3~ level at higher energy. Broad
peaks are reported d, = 4.6 and 5.8 MeV {£0.1 MeV) [®Li*(6.1, 7.1)] with " ~ 1.0 and
0.4 MeV, respectively, and there is indication of a narrowlpatF, = 5.1 MeV [5Li*(6.5)] with
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Table 8.5: Resonance parameters®tar(2.26) 2

Eres (keV) 254 4+ 3
E, (MeV)? 2.261

I (keV) 35+5

I, (E,) (keV) 31+7¢
L, (ev)P 0.07+0.03
72 (keV) 594

62 0.091
radius (fm) 3.30
Omax 12.0

JT 3t

In 1

2 Energies in lab system except for those labeted For
references sed §74AJ011979AJ0).

b Energies in cm system.

¢I'y = I' sincel’, is small.

I' <« 80 keV and of a weak, broad peak&t = 3.7 MeV: see ((974AJ011984AJ01 1988AJ0).

A multi-level, multi-channelR-matrix calculation is reported byt 87KNO049. This analysis leads
to predictions for the cross section for elastic scatterfog (n, n) to “Li*(0.48, 4.68, 6.68) and
for triton production. A number of additional (broad) stief ®Li, unobserved directly in this
and in other reactions, derive from this analysi9§7KNO4. See (989FUO03J for a resonating
group study offLi*(6.53) [J™ = 4T; T = 1]; see alsoZ002GR2Y%. See also references cited in
(1988AJ0).

6. (a)"Li(n, n")7Li E, = 2.03229
(b) “Li(n, n")3H + “He Qm = —2.44832

The excitation function for 0.48 MeV-rays shows an abrupt rise from threshold (indicating
s-wave formation and emission) and a broad maximLine(1 MeV) at £, = 1.35 MeV. A good
fit is obtained with eithed™ = 1~ or 1+ (2" not excluded)I',,;, = 1.14 MeV. A prominent peak is
observed aty, = 3.8 MeV (I',,;, = 0.75 MeV) and there is some indication of a broad resonance
(T, = 1.30 MeV) at E,, = 5.0 MeV. At higher energies there is evidence for structurgat 6.8
and 8 MeV followed by a decrease in the cross section to 20 Me¥:(979AJ0] 1984AJ0).
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The total cross section for {A- n;) and i have been reported &t, = 8.9 MeV (1984FE1A. For
R-matrix analyses sed 987KNO09 in reaction 5 andi984AJ0).

The cross section for reaction (b) rises from thresholdt®60 mb at £, ~ 6 MeV and
then decreases slowly te 250 mb atF, ~ 16 MeV: see (985SW011987QA0). Cross sec-
tions for tritium production have been reported from th@dhto £, = 16 MeV (1983LI10),
4.57 to 14.1 MeV {985SW0), 7.9 to 10.5 MeV (987QA0), 14.74 MeV (L1984SMZX) and at
14.94 MeV (985G018302 4+ 18 mb). At E, = 14.95 MeV the totala production cross section
[which includes the (n, 2n d) process]386 + 16 mb (L1986KNO0§. Spectra at 14.6 MeV may
indicate the involvement of states 4 (1986MI111). See also references cited itBE8AJ0).

7.7Li(n, 2n)°Li Qum = —7.25030 By = 2.03229

See (985CH371986CH23. See also{988AJ0).

8. "Li(p, 7 *)Li Qm = —138.32024

Angular distributions and analyzing powers for the trainsis to®Li*(0, 0.98, 2.26) have been
studied at£, = 200.4 MeV. [The (p,7~) reaction to the analog states ‘B is discussed: see
reaction 4 in®B.] The (p,7*) cross sections are an order of magnitude greater than the Jp
cross sections and show a much stronger angular depend&d®&JA0§. Angular distributions
of cross section and, have also been measuredigt = 250, 354 and 489 MeV to the first three
states of'Li. Those to8Li*(0, 2.26) have differential cross sections which exhiimaximum
near the invariant mass of th®(1232) andA, which are similar to each other and to those of the
pp — dr* reaction.’Li*(6.53) is populated {987HU12 1988HU1).

9.7Li(d, p)SLi Qum = —0.19228

Measurements in the vicinity of thg.,, = 0.61 MeV “Be*(17.3) resonance found’Li(d, p)] =

143.6 + 8.9 mb (1996ST18, o[ Li(d, 5Li)p:5Li 7, %Be 2a] = 151 + 20 mb (1996ST1§, and
o[Li(d, p)] = 155 & 8 mb (1998WE05. An extensive review in(998AD129 presented the re-
sults found in Tablé.6. However, (998WEOQY suggest that systematic errors may persist in the
(1998AD12 evaluation.

Angular distributions of the, andp; groups [, = 1] at £y = 12 MeV have been analyzed
using DWBA: S, = 0.87 and 0.48 respectively faiLi*(0, 0.98). Angular distributions have
also been measured at several energies in the rangg ef 0.49 to 3.44 MeV (p) and 0.95 to
2.94 MeV (p). The lifetime of8Li*(0.98), determined frontH("Li, p)3Li via the Doppler-shift
attenuation method, i8).1 + 4.5 fsec: seel979AJ0). See also references cited IBESAJ0).
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Table 8.6: ThéLi(d, p)’Li peak cross section
at the 0.6 MeV resonance

o (mb) Ref.
138 + 20 (1975MC03
144 4 15 &P (1996ST1$
146 + 13 (1982EL03
146 + 19 &P (1982F103
148 + 12 (1982FI03
147+ 11 Recommended value

a (1998AD13.
b Re-evaluated.

TheLi(d, p)SLi 7, $Be — 2a reaction was studied in the range of 0.4-1.8 MeV to investiga
a mechanism where tH&i reaction products are backscattered out of the targethvimitroduces
up to a 20% systematic error in measurements of the reacisbeh 1 998ST2(). They determined
that®Li reaction products are increasingly backscattered odheftarget with: (i) increasing the
7 of the backing material, (ii) decreasing the thickness ef deposited Li/Be target, and (iii)
decreasing the incident projectile energy.

10. (a)"Li(5Li, oLi)5Li QO = —3.632
(b) 7Li(7Li, SLi)5Li Om = —5.21801

See (984K023.

11.3He(3")SLi Qum = 10.651

See reaction 1 ifHe.

The triton spectrum observed fiMe 3-decay was analyzed in a single-lev@imatrix model
that indicated the triton emission branching ratigdg) + 0.5) x 1073 (1991B0O31 1993B0O23.
The R-matrix fit indicates a level &Li*( 9.3 +1.0 MeV, J™ = 1) with a reduced width,cqucea =
0.978 £0.012 MeV'/? that decays primarily by triton emission; this correspotwB(GT) = 5.18
andlog ft = 2.87 [B(GT) = 8.29, using the definition given in the introduction]. A subseqiue
analysis of the{993B024 data used a multi-level, multi-channgtmatrix model that included
low-lying 1 states infLi that participate in*He 3-decay (see Tabl8.7) and suggest¥, =
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Table 8.7: R-matrix parameters fotHe decay to
17 levels in8Li &

Decay to’Li* (MeV) log ft
0.98 4.20
3.08 4.52
5.15 4.53
9.67 291

a From (L988BA67 1996BA6.

9.67 MeV, B(GT) = 4.75 andlog ft = 2.91 (1996BA6§ [B(GT) = 7.56, using the definition
given in the introduction]. Branching ratios f8Li states are given in1988BA67. See also
Fig. 2.

12.°Befy, p)Li Qm = —16.8882

The“Be(y, py) reaction was measured in the range fréim = 22-25.5 MeV and was evalu-
ated in a simple cluster model999SHO0%. The analysis indicated that mainly E1 and E2 multi-
polarities contribute to the breakup cross section. Theaqatisintegration ofBe was measured at
E., = 180-240 MeV, and they(+nucleon) reaction dynamics were studied by meas'iiegy, p)
at £, = 187-427 MeV in theA(1232) resonance regiot§88TE04.

13.°Be(y, pr°)SLi Qm = —151.8648

The total cross section fdBe(y, pr’) was measured with bremsstrahlungays in the range
of ., = 200-850 MeV (L987AN14.

14. (a)’Be(e, ep)Li Qm = —16.8882
(b) °Be(p, 2pjLi Qm = —16.8882

For reaction (a) seel84AJ0) and (L985KI1A). The summed proton spectrum (reaction (b))
at £, = 156 MeV shows peaks corresponding®oi, ;. and®Li*( 0.98 + 2.26) [unresolved)]. In
addition, s-states/[" = 1-, 2] are suggested &, = 9 and 16 MeV, with",,, ~ 6 and 8 MeV; the
latter may actually be due to continuum protons: s€¥¢AJ0). At £, = 1 GeV the separation
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Table 8.8: Spectroscopic factors of tHge(t, o) reaction®

E. (MeV) JT l C?Srel. | C*Sabs,
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 (988LI27).

energy between 5 and 8 MeV broags;,, and1s,,, groups is reported to b&0).7 + 0.5 MeV
(1985BE3(Q1985D01§. See alsol987GAZM.

For reaction (b) angular distributions were measured at é¥.Mhe data were evaluated using
the distorted wav@-matrix approximation (DWTA) where it was determined thia tLs and 1p
shells dominate in the nucleus-nucleon single-particieekout reaction mechanisfBGO0OSHO).

15.9Be(d,*He)Li Qum = —11.3047

Angular distributions have been reported for firée ions to®Li*(0, 0.98, 2.26, 6.53) afy; =
28 MeV [C?S (abs.)= 1.63, 0.61, 0.48, 0.092] and 52 MeV. The distributions'td*(6.53)[I" <
100 keV] are featureless: se@q79AJ0).

16.9Be(t, )5Li Qum = 2.9257

At E; = 12.98 MeV, angular distributions of tha-particles ta®Li*(0, 0.98, 2.26,6.53 4 0.02
[l < 40 keV]) have been measured: se®74AJ0). Angular dependent differential cross
sections for’Be(t, o) at £, = 15 MeV were compared with DWBA and coupled-channel Born
approximation calculations to extract the relative andlis C? S factors for’Li +p: see Tabl®.8
(1988LI27). At E; = 17 MeV, o(6) and A, measurements, analyzed by CCBA, lead/fo= 4+
for 8Li*(6.53): see (1984AJ0). For®Li*(0.98), r, = 14 £ 5 fsec,F, = 980.80 & 0.10 keV: see
(1974AJ0).

17.9Be(Li, ®Be)Li Qm = 0.3669

At E("Li) = 52 MeV, numerous?B states are observed wiffy between 10-18 Me\ALi*(0,
0.98, 2.25) participate2Q03S0O2). See alsoX984K025.
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18.°Be('B, 2C)Li Qm = —0.931

See (986BE1Q.

19. °Be(p,*He)’Li Qm = —15.9824

At E, = 45 MeV, *He ions are observed to a statefat = 10.8222 + 0.0055 MeV (Te, <
12 keV): the angular distributions for the transition to thtate, and to its analogBe*(27.49)),
measured in the analog reactiofiBe(p, tfBe] are very similar. They are both consistent with
L = 0 using a DWBA (LZR) analysis: seé979AJ0).

20.'B(n ", 3pyLi Qm = 105.424

The "'B(x*, 3p) reaction was studied at 50, 100, 140 and 180 MeV usingga kolid angle
detector to measure the missing energy sped®azZRA1).

21.1'B(n, a)5Li Qum = —6.633

The excitation function fol'B(n, a)%Li was measured df,, = 7.6-12.6 MeV to determine, via
detailed balance, the astrophysical rate forthié«, n) reaction in the vicinity of thé’B*(10.58)
level (L990PA23.

Angular distributions of they anda; groups have been measuredigt= 14.1 and 14.4 MeV:
see (974AJ011984AJ011988AJ0). Energy dependefiti( o, o) elastic scattering phase shifts,
which are important for calculating théB(n, «)5Li reaction rate, were calculated in the range of
Eun < 4 MeV (1996DE03.

22. UB("Li, 1°B)SLi Qum = —9.422

At E("Li) = 34 MeV angular distributions have been studied involviig#(0, 0.98) and
9B, ¢ (1987CO16.

23. (a)'2C(r~, 2d)Li Qm = 92.35190
(b) 12C(r—, a)BLi Qm = 116.19842
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Differential and total cross sections fiC(r—, 2d) were measured at 165 Me¥99O0PA03.
See (987GA1) for a theoretical treatment of the reaction mechanism.

24.12C(r+, 4pyLi Qm = 89.46746

Then* absorption reaction mechanism was studied by measuringns@roduced it?C+7+
reactions at 30—135 Me\2000GI107.

25. (8)'*C(p, X)
(b) *C(p, X)

Nuclear effects in the spallation reaction mechanism, @een-odd and odd-odd nucleon pair-
ing) were studied vid>'3C(p, "%%Li) reactions at 1 GeVY992BE6).

26.13C(d, "Be)Li Qum = —20.45614

See (984NE1A.

27.13C(Li, 5Li)12C Qum = —2.91402

Angular distributions were measurediat’Li) = 9 MeV/A, and a DWBA analysis was used to
determine the ratio of p,/ps,, contributions, and the Asymptotic Normalization Consi{#NC)
for "Li + n — 8Li (2003TR0J. Then, using charge symmetry, thBe + p — B ANC was
deduced, which corresponds$e;(0) = 17.6 £ 1.7eV - b.

28. (a) CPLI, 5Li")C
(b) Ni(®Li, 8Li")Ni
(c) Au(®Li, 8Li")Au
(d) PbELi, SLi")Pb

Elastic and inelastic scattering 8Ei on "*C were measured af(’Li) = 13.8-14 MeV
(1991SM032. Optical model parameters were deduced for 2feground state and the firgt"
excited state at 1 MeV andB(E2) 1= 30 & 15 €* - fm* was deduced. In additigit*Au(®Li, 3Li)
was measured for comparison with Rutherford scattering.
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TheSLifirst 1+ excited state at.0 + 0.1 MeV was observed in Coulomb excitation &Ni at
E(8Li) = 14.6 MeV (1991BR14andB(E2) 1= 55415 €-fm* was determined for this excitation.
See RO03BE3$ for elastic and inelastic scattering on PEgELi) = 20-36 MeV.

29. 19t C(y, SLi)X

A measurement to determine muon induced background ratégga-volume scintillation
solar neutrino detectors found= 2.93 + 0.80 ub and4.02 4 1.46 pb for ***C(u, 8Li) at £, = 100
and 190 GeV, respectivel2(00HA33.

30. (a) CPBLi, X)
(b) SiELi, X)
(c) PbELi, X)

Total cross sections and charge-changing cross sectionisefdithium isotopes on C and Pb
were measured at 80 MeM/(1992BL10); it was deduced that post-abrasion evaporation plays a
minor role in these reactions. For reaction (b) the enermgyethdent total reaction cross sections at
20-60 MeV/A were measuredlQ96WA27) and compared with microscopic and shell model pre-
dictions. A review of nuclear radii deduced from interaaot@oss sections is given ie010Z04.

31. (a)"**Ag(*N, 5Li)
(b) natAg(MN, n-+ 7|_|)
(c) 'Ho(**N, X)

Population of thé’Li ground state and 2.255 MeV neutron unbound state was tegadn
reactions (a) and (b) at 35 MeM/ The reaction nuclear temperature was estimai&@{BL13.
In a similar study of 35 MeVA *N on !%°Ho, (1987KI05 deduced that th&Li*(2.255) state has
I' = 33 keV from the’Li + n relative energy spectrum.
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®Be
(Figs. 3and 5)

GENERAL: References to articles on general propertié8efpublished since the previous review
(1988AJ0) are grouped into categories and listed, along with bristdptions of each item, in the
General Tables foiBe located on our website atfw.tunl.duke.edu/ nucldata/General _Tables/8be.
shtml).

1.%Be — ‘He'He Qm = 0.0918

L. for ®Be, s = 5.57 & 0.25 eV: see reaction 4. See also reaction 29 and referencesirtited
(1974AJ011988AJ0).

2. He(a, 7)°Be Qum = —0.0918

The yield of, has been measured féi, = 32 to 36 MeV. The yield oty, for £, = 33 to
38 MeV is twenty times lower than for;, consistent with E2 decay: seEX79AJ0). Angular dis-
tributions were measured in tHele(o, ) reaction in the region around the 16 MeV isospin mixed
doublet as a study of CVC iA = 8 nuclei and second class current994DE301995DE1§. No
evidence for CVC violation was observed. Mixing ratios wegported as = [[17°/T1;1Y? =
+0.04 +0.02, § = L0/ TETHY? = +0.21 4 0.04, 6, = [[L;1/TE7YY2 = +0.01 £ 0.03 and
't =2.80 +0.18 eV (1995DE1§, and they note that earlier valuesd78BO3() were troubled
by a transformation error. ThE, of ®Be*(3.0) is determined in this reaction to B&84-0.05 MeV
(1979AJ0) [see also Tabl8.11].

The E2 bremsstrahlung cross sectiofiBe, ;. has been calculated as a functionfgfover the
3 MeV state: the total, for this transition is 8.3 meV, corresponding to 75 W.A986LA03S.
A calculation of thel", from the decay of thé* 11.4 MeV state to the™ state yields 0.46 eV
(19 W.u.). The maximum cross section for the intrastatay transition within the* resonance
is calculated to beC 2.5 nb atF, ~ 3.3 MeV (1986LA19. See alsoZ001CS0J for discussion
of the impact of variation in the NN force on the nucleosystheates of Be and'*C.

3. (a)*He(x, n)'Be Qum = —18.99152 B, = —0.09184
(b) “He(a, pyLi Qum = —17.34695
(c) *He(a, d)Li Qum = —22.372683

The cross sections for formation @fi*(0, 0.48) [E, = 39 to 49.5 MeV] and'Be*(0, 0.43)
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Table 8.9: Energy levels 6Be

23

Ey (MeV + keV) J T Fem (keV) Decay Reactions
g.s. 0+; 0 5.57 +£0.25 eV'! o 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+101 27;0 1513 £ 151 o 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 ot 4, 24,27, (29)
11.35 + 150 ! 4%;0 ~ 3500° a 4,12, 13, 19, 21, 29, 30,
31, 41, 51, 53,54
16.626 + 3 2+ 0+ 1 108.1 0.5 v, a 2, 4,10, 11, 13, 14, 19,
20, 21, 27, 29, 30, 31,
40, 41, 44,51, 53
16.922 4 3 2F:0+1 74.0 + 0.4 e 2, 4,10, 11, 13, 14, 19
20, 21, 29, 30, 31, 40,
41, 44,51, 53
17640 £1.0F 1*;1 10.7+£0.5 7P 5,11, 14, 16, 19, 20, 29,
30, 31, 41, 53
18.150 £ 4 1*;0 138 £ 6 7P 11, 14, 16, 19, 20, 29,
30, 41, 44
18.91 27; 0(+1) 122°¢ v, N, p 11, 14, 15, 16, 19, 23
19.07 + 30 3% (1) 270 4 20 7P 11, 14, 16, 19, 29, 30
19.235 £ 101 3%; (0) 227+ 161 n,p 15, 16, 19, 29, 30, 31,
41, 64
19.40 1~ ~ 6451 n, p 11, 15, 16, 29
19.86 + 50 & 4%;0 700 4 100 P, & 4,11, 18, 21, 22, 30, 31,
41
20.1h 27,0 880 £ 201 n, p,a 4,15, 16, 18, 19, 22, 41
20.2 0*; 0 720 £201 a 4,19, 41
20.9 4~ 1600 + 200 p 16
21.5 3(+) 1000 v, N, p 14,15, 41
22.0¢ 1—;1 ~ 4000 Y, P 14



Table 8.9: Energy levels dBe (continued)

Ey (MeV + keV) J T Fem (keV) Decay Reactions
22.05 £ 100 270 +£ 70 29,31
22.2 2%:0 ~ 800 n, p, d,a 4,9, 13,15, 16, 18, 41
22.63 £ 100 100 + 50 31
22.98 £ 100 230 £ 50 31
24.0°¢ 1,2);1 ~ 7000 v, P, 14,18, 41
25.2 2%; 0 p, d,« 4,9, 18, 41
25.5 4+: 0 broad d, o 9
27.4941 +1.8 4 0t;2 5.5+2.0 v, n,p,d t3He,a | 5,7,9, 35
(28.6) broad v, P 14
(32)! 1 MeV'! 41
(~41)! 9
(~43)" 9
(~50)! 9

a See also Table 8.10 and reaction 4.

b See, however, reaction 29.

¢ Giant resonance: see reaction 14.

4 For the parameters of this state please see Table 8198¢%AJ0).

¢ From R-matrix fit: see reaction 23.

ET.0 /T (40 4y = 0.72 £ 0.07 (1995ZA03.

¢, /T, = 2.3+ 0.5 (1992PU0.

b1, /Tp = 4.54 0.6 (1992PUOY.

! From data reviewed in this evaluation.

IIntruder state atc 9 MeV, deduced fromR-matrix analysis of3-delayed2« breakup spectra2Q00BA89. The
placement of this level is dependent on the channel radies ingheR-matrix fit (1986WAO01 2000BA89. However,
(1986WAO0) finds no need to introduce intruder states below= 26 MeV.

[39.4 to 47.4 MeV] both show structures At, ~ 40.0 and~ 44.5 MeV: they are due predomi-
nantly to the2* states’Be*(20.1, 22.2): seel@79AJ0). The excitation functions forg p,, do,
d, for £, = 54.96 to 55.54 MeV have been measured in order to study the decéng df$t7 = 2
state in®Be: see Table 8.5 inl@84AJ0). Cross sections forgp; are also reported df, = 37.5
to 140.0 MeV: seel979AJ011984AJ0). The cross sections for reaction (c) has been measured
at three energies in the rangg = 46.7 to 49.5 MeV: seel979AJ0) and below.

The production ofLi, "Li and "Be [and®He] has been studied at, = 61.5 to 158.2 MeV by
(1982GL0)Y, at 198.4 MeV by {985W01), and at,, = 160, 280 and 320 MeV byA001ME13.
The production ofLi (via reactions (a) and (b)) and 6éki is discussed. At energies beyony ~
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Figure 3: Energy levels 6fBe. For notation see Fig. 2.
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Table 8.10: Electromagnetic transition strength$Be

E; — F JI T — JE Ty r, Mult. r,/T'w
(MeV) (eV)
16.626 — 0 2 27;0+1—0%;0 (7.0+£25) x 1072 | E2 | (7.14+2.5) x 1072
16.92 — 0 27;0+1—0%;0 (84+14)x1072 | E2 | (7.84+1.3) x 1072
(16.626 + 16.92) — 3.03 P 27;1—2%;0 2.80 +0.18 M1 | (5.3 +£0.3) x 1072
17.64 —0°¢ 1+ 1—-0%0 150+ 1.8 M1 0.13 £ 0.02
— 3.03 o4 —2%:0 6.7+ 1.3 M1 0.10 + 0.02
0.12 + 0.05 E2 0.23 £0.10
— 16.626 ©f — 25041 | (32403)x1072 | M1 1.5+0.2
— 16.92 ¢ —270+1 | (1.3+£0.3) x 1072 | M1 0.17 £ 0.04
18.15 — 08 17;0—0%;0 1.9+04 M1 | (1.54+0.3) x 1072
— 3.038 —2+:0 4.34+1.2 M1 | (5.94+1.7) x 1072
— 16.626 © —250+1 | (7.7+£1.9) x1072 | M1 1.0+0.3
—16.92°¢ — 25041 | (6240.7) x1072 | M1 1.6 £0.2
18.91 — 16.626 1 27;0—2%0+1 0.17 £0.07 El | (5.34£2.0) x 1072
— 16.92 " —27,04+1 | (9.94+43)x1072 | E1 | (4.6+2.0) x 1072
19.07 — 3.03 1 3t (1) —»2+;0 10.5 M1 0.122
27.49 — 17.64 07,2 —17;1 21.9+3.9 M1 1.10 4 0.20

& From (L995DE18.

b From (1995DE1§. TheT = 1 centroid of the isospin-mixed 16.626 MeV and 16.92 MeV lsiglat 16.80 MeV. For mixing
ratios, see reaction 2 ot 995DE18§.

¢ Oyotys = 5.9 £ 0.5 mbando,, /0,4, = 0.69 = 0.05 from (1995ZA03. Usingl'.,, = 10.7 £ 0.5 keV from Table 8.10
givesI', ., =21.8+2.1eV.

4 From (L961ME10), the mixing ratio is0.133 4 0.027.

¢ From (1969SWO0).

f From (1969SWO03, the mixing ratio is—0.014 + 0.013.

€ From (1995ZA03.

b From the cross sections aiid,, = 131 + 44 keV of (1969SWO0J.

! From (1976FI109.

J From (1979FRO0J.
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Table 8.11: SoméBe states witl3.0 < F, < 23.0 MeV @

FEy (MeV + keV) Fem (keV) Reaction
3.18 50 ‘He(, 7)
2.83 4 200 1750 300 | SLi(®*He, p),'°B(d, a)

1200 =+ 300 SLi(c, d)
3.1+ 100 1750 £ 100 Li(d, n)
3.10 & 90 1740 £ 80 Li(d, n)
2.90 & 60 1530 = 40 "Be(d, p)
1500 £ 100 9Be(p, d)
3.038 + 25 1500 % 20 “Be(p, d)
3.03 + 10 1430 =+ 60 9Be(d, t)
2.90 =4 40 1350 £ 150 ‘BeHe, a)
1480 + 70 HB(p, a)
3.03 +0.01 1513 + 15 “mean” value 4
11.5 £ 300 4000 =+ 400 ‘He(, o)
11.3 + 400 6Li(a, d)
11.3 £ 200 2800 = 300 Li(d, n)
5200 =+ 100 “Be(p, d)
11.35 £ 150 ~ 3500 keV “mean” value
16.627 + 5 113 £3 "Li(*He, d)
90+ 5 10B(d, o)
16.623 + 3 107.7 £ 0.5 ‘He(w, ) P
16.630 + 3 108.54+ 0.5 ‘He(, a) ©
16.626 + 3 108.1 £ 0.5 “mean” value
16.901 + 5 T7T+3 "Li(*He, d)
7045 10B(d, o)
16.925 + 3 744404 ‘He(w, ) P
16.918 3 73.6 £0.4 ‘He(, a) ©
16.922+ 3 74.0+0.4 “mean” value
17.640 1.0 10.7+0.5 Li(p, 7)
18.155+ 5 147 "Li(p, p'v)
18.150 + 5 138+ 6 10B(d, a)
18.144 4+ 5 9Be(d, t)
18.150 + 4 138 + 6 “mean” value
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Table 8.11: Energy levels 8Be (continued)

‘ FEy (MeV + keV) ‘ Lem (keV) ‘ Reaction ‘
19.06 £ 20 270 £ 20 "Li(p, 7)
19.071 + 10 270 + 30 9Be(d, t)
19.07 + 30 270 £+ 20 “mean” value
19.21 208 + 30 ‘Be(p, d)
19.22 + 30 265 + 30 9BelHe, )
19.234 £ 12 210 + 35 natAg(t4N, Be)
19.26 % 30 220 + 30 9Be(d, t)
19.235 + 10 227 £ 10 “mean” value
| 19.86+50 | 700+100 | 9Be(d, ) |
| 22.05+100 | 270+70 | 9Be(He, ) |
| 22.63+£100 | 100+50 | 9Be(BHe, ) |
| 22.98+100 | 230+50 | 9Be(BHe, ) |

2 See Table 8.5 in1979AJ0) for references. See also Tables 8.11 and 8.12
here.

> From R-matrix analysis.

¢ Complex eigenvalue theory.

4 These parameters represent the weighted average of vaivues ig
Table 8.4 of (974AJ0). the valueFE, = 3.18 + 0.05 MeV from
‘He(a, 7), the valuest, = 3.038 £ 0.025 MeV, ' = 1500 + 20 keV from
9Be(p, d) that were adopted i1g84AJ0); andE, = 3.03 & 0.01 MeV,

I' = 1430 + 60 keV from °Be(d, t). The average of the most recent
values from°Be(p, d) and’Be(d, t) yieldsE, = 3.03 & 0.01 MeV and

I' = 1490 + 20 keV. See alsoZ002BHO03.

250 MeV thea + « reaction does not contribute to the natural abundancelodiit, reinforcing theories
which producé’Li in cosmic-ray processes and the “missiridyl in the Big Bang: thus the universe is open
(1982GL01 1985W01). The measurements d2§01ME13 have observed smaller cross sections®tdr
production than previous extrapolations, and reduce taicgy in extrapolation to higher energies.

The inclusive cross section for production®ie has been measurediat = 218 MeV (1984AL03.
For a fragmentation study at 125 GeV sé845BE1H. See also references cited IBE8AJ0).

4. “He(o, o)*He E, = —0.091839

The Be, . parameters are determined from-« scattering across the resonance region. Evalua-
tion of the parameters requires an analysis of the influefiogaous possible charge states in the low-
energy‘He(a, «) scattering processl992WU09. A measurement that detected« coincidences at
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0(aq, az) = (45°,45°) and(30°, 60°) was performed using a gas jet target, which permitted arggnes-
olution of 26 eV; the resulting parameters ﬁBeg.S. areEp, = —92.04+0.05 keV andl’ = 5.574+0.25 eV
(1992WAQ9. Previous values that had been obtained in a configurdtimirytelded 95 eV energy resolution
were Ey, = —92.12 4+ 0.05 keV andI" = 6.8 + 1.7 eV (1968BE02. For E, = 30 to 70 MeV thel = 0
phase shift shows resonant behaviozat = 40.7 MeV, corresponding to &* state att, = 20.2 MeV,
I'<1MeV, T, /T < 0.5. No evidence for otheb™ states is seen above, = 43 MeV.

The d-wave phase shift becomes appreciableHr> 2.5 MeV and passes through a resonance at
E, =6MeV (E, =3.18 MeV,T' = 1.5 MeV, J™ = 27): see Tablé.11 Five2" levels are observed from
| = 2 phase shifts measured frof), = 30 to 70 MeV:®Be*(16.6, 16.9) with[', = I [see Table8.11],
and states withfy, = 20.1, 22.2 and 25.2 MeV. The latter has a smiall. Thel = 2 a-«a phase shifts
have been analyzed b$486WAQY up to E, = 34 MeV: intruder states belovi’, = 26 MeV need not be
introduced. However, see discussion in reactions 24 andri¥ see 1988BA75 1989BA31, 2000BA89
which introduces an intruder state=atd MeV.

Thel = 4 phase shift rises front,, ~ 11 MeV and indicates a broati” level atE, = 11.5 4+ 0.3 MeV
[l = 4.0 & 0.4 MeV]. A rapid rise ofé, at E, = 40 MeV corresponds to a* state at 19.9 MeV with
I',/T = 0.96; T < 1 MeV and thereford’, < 1 MeV, which is< 5% of the Wigner limit. A broadi™ state
is also observed nedr, = 51.3 MeV (FEy = 25.5 MeV). Over the range&”,, = 30 to 70 MeV a gradual
increase in¥g is observed. Some indications o6a state atF, ~ 28 MeV and of ar8™ state atz 57 MeV
have been reported;.,, ~ 20 and~ 73 MeV, respectively. A resonance is not observed at thefirst 2
state Be*(27.49). Seel979AJ0) for references.

The elastic scattering has also been studiefl at= 56.3 to 95.5 MeV (1987NE1Q, 158.2, 650 and
850 MeV, and at 4.32 and 5.07 Ge\Jsee (L979AJ01 1984AJ0)], as well as at 198.4 MeVIE85WO1).
For a-a correlations involving®Be*(0, 3.0) see 1987CH33 1987P003. Resonances in-« scattering
and the role ofx clustering in®Be have been investigated in theoretical studie$H#(w, ) (1987PR01
1987VI05 1987WAO07, 1995L107, 1996KU08 1996VO15 2000MO07 2002BH03. For inclusive cross
sections seel@84AJ0) and (L984AL03 218 MeV). For studies at very high energies see reactiond3 an
references cited inl@88AJ0).

5.6Li(d, v)®Be Qum = 22.2809

The yield ofy-rays to®Be*(17.64) [L*; T = 1] has been measured f#,; = 6.85 to 7.10 MeV. A
resonance is observedag = 6965 keV [E, = 27495.8 £2.4 keV, "¢, = 5.5+2.0keV]; T, =23+4eV
[1.14 4 0.20 W.u.] for this M1 transition from the first™; 7" = 2 state in®Be, in good agreement with
the intermediate coupling model: see Table 8.51884AJ0)" . Angular distributions of cross sections
and polarization observableslf), A§9y>, T§§>] were measured at; = 9 MeV (1991WI19 andE; = 2
and 9 MeV (994WI108§. In addition, (994WI08 measured the excitation function frofy = 7-14 MeV,
capture to thé Be ground state and 3.0 MeV state were observed. A transitiatnix element analysis for
6Li(&, 70) at 9 MeV indicates a 13-21% E1 contribution in addition te #&xpected dominant E2 strength.
This suggests- 1.5% D-state admixture in théBe ground state. See alsb79AJ0).

f However, please note that there is an error in T&fdrom (1984AJ0). For the 27.5 MeV level, the parameter
given asl',, should be listed aB.(27.5to 17.6).
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6. 6Li(d, n)’Be Qm = 3.38117 Ey, = 22.28085

Yield curves and cross sections have been measured foe= 48 keV to 17 MeV: see 1979AJ01
1984AJ0). At E., = 96.6 keV o = 3.17 mb £3%(stat.)+ 7.5%(syst.) RO01HOZ23. Polarization
measurements are reported/af = 0.27 to 3.7 MeV. Angular distributions were measured fai(d, n)
at Fq4 = 0.7-2.3 and 5.6-12.1 MeV and excitation functions for neutromsesponding t6Be*(0, 0.43,
4.57,7.21) are reported 996B0O27. Comparisons of the populations @e*(0, 0.43) and of Li*(0, 0.48)
have been made at energies ugiip= 7.2 MeV. The (d, n)/(d, p) ratios are closely equal for analogesta
as expected from charge symmetry: s&®879AJ0). However, the p/p; yield ratio decreases from 1.05
at £y = 160 keV to 0.94 at 60 keV: it is suggested that this is due to chparization of the deuteron
(1985CE1). See reaction 7 for additional comments about the (d, m)(chtio. See als6Be in (2002T110
and (L988AJ0).

7. 5Li(d, p)“Li Qm = 5.02573 Ey, = 22.28085

Excitation functions have been measured &y = 30 keV to 5.4 MeV: see{979AJ01 1984AJ0).
The thick target yield of 0.48 MeVj-rays is reported from= 50 to 170 keV ((985CE1}. An anomaly is
observed in the gp, intensity ratio atEy = 6.945 MeV [see (979AJ0)], corresponding to the firgi;

T = 2state]l' = 10+3keV,I',, < I'y,,, 'y, < T'q. The (d, p)/(d, ny) ratio is measured in the astrophysical
range from 65 keV< E4 < 200 keV (1993CZ01 1997CZ03. In this region the subthreshold isospin
mixed 2% level at®Be*(22.2;T" ~ 800 keV) could influence the (d,o/(d, ny) ratio, which is important in
inhomogeneous Big Bang nucleosynthesis models. The aabeatio isI',,/I'p,, = 0.95 + 0.03 which

is consistent with the presently accepted isospin mixingupatere = 0.20. TheSLi(d, p) and®Li(d, «)
reactions were measured B = 20-135 keV (993CEO02, and a nearly constamt(d, py + p1)/o(d, )
ratio of 0.55 was observed indicating that there is no anousabehavior in the low enerd\Li(d, p) cross
section. Polarization measurements have been reporigg at0.6 to 10.9 MeV: seel979AJ0). See also
"Liin (2002T110Q and (L984KU15 theor.).

8. (a)bLi(d, d)SLi Ey, = 22.280845
(b) SLi(d, t)°Li Qm = 0.593

The yield of elastically scattered deuterons has been megor £y = 2 to 7.14 MeV. No resonances
are observed: sed974AJ0). See also{983HALD, 1985LI1C theor.). The cross section for tritium
production rises rapidly to 190 mb at 1 MeV, then more slowl290 mb near 4 MeV: sed974AJ0). For
VAP and TAP measurements B = 191 and 395 MeV seelP86GAL].

9. (a)°Li(d, a)*He Qm = 22.372683 Ey, = 22.280845
(b) SLi(d, ap)*H Qum = 2.558823
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Cross sections and angular distributions (reaction (a)¢ lh@en measured &t = 10 keV to 31 MeV:
see ((979AJ01 1984AJ0), (1992EN0] 1992ENO0J for E4 = 10-1450 keV, and{997CZ0) for E4 =
50—-180 keV. A DWBA analysis byl(997CZ0) of data up to 1 MeV evaluated the impact of the subthreshold
resonancéBe*(22.2) on the measured cross sections. In the DWBA aisalgiata was limited to energies
aboveFEy = 60 keV in order to minimize the effect of screening; the analyisidicated an energ¥,.s =
(—50 + 20) keV for the subthreshold resonance. Phé(°Li, 2a)*He reaction was measured &(°Li) =
6 MeV and was evaluated in the “Trojan Horse” method to extthet’Li(d, «) reaction cross sections
and S-factors in the astrophysically relevant range frdtp,, = 13 to 750 keV QO01SPOX a detailed
analysis of these data, that accounted for the electroesicrg process, deducet{0) = 16.9 + 0.5 MeV -

b (2001MU30Q. See alsoX992ENO01 1992ENO0J for detailed discussion of electron screening in direct
measurements ¢Li(d, a) and?H(Li, «) in the energy range af.,, < 1500 keV. See alsoJ002BA77).
Polarization measurements are reported in the range 0.4 tdel: see {979AJ01 1984AJ0) and see
below. See also reaction 7 for comments about the astrogiysl, p)/(d,a) ratio. See 1984AJ0) for a
critical analysis of thermonuclear reaction rate paramsete

Pronounced variations are observed in the cross sectiahmaine analyzing powers. Maxima are seen
at g = 0.8 MeV, 'y, = 0.8 MeV and Ey = 3.75 MeV, I'l,, =~ 1.4 MeV. The 4 MeV peak is also
observed in the tensor component coefficients Wits 0, 4 and 8 and in the vector component coefficients:
two overlapping resonances are suggested. At higher eseadlicoefficients show a fairly smooth behavior
which suggests that only broad resonances can exist. Thiésrage in agreement with those from reaction 4,
that is with two2™ states at, = 22.2 and 25.2 MeV and & state at 25.5 MeV. A strong resonance is
seen in thex* channel [to*He(20.1),J™ = 07] presumably due t8Be*(25.2, 25.5). In addition the ratio
of the o*/ v differential cross sections 80° shows a broad peak centeredrt ~ 26.5 MeV (which may
be due to interference effects) and suggests a reson&ecarlomaly afr, ~ 28 MeV. Ay, = 1 points are
reported atry = 5.55+0.12 (fery = 29.7+1.0°) and8.80+0.25 MeV (0., = 90.041.0°) [corresponding
to F, = 26.44 and 28.87 MeV]. For references séd®{4AJ01 1979AJ0).

At E5 = 6.945 MeV, the o yield shows an anomaly corresponding®®e*(27.49), thedt; 7' = 2
analog of*He, ;. ThisT = 2 state has recently been studied using both polarized dmst@nd’Li ions.
The ratio of the partial widths for decay intai +d states with channel spin 2 andl®,/Ty = 0.322+0.091
(1986S007.

A measurement of angular distributions and the excitatiamction for 5Li(d, «) for £y = 18.2—
44.5 MeV (994AR29 found evidence for possible statesatll MeV, ~ 43 MeV and= 50 MeV.

A kinematically complete study of reaction (b) has been reggbatFE; = 1.2 to 8.0 MeV: the transition
matrix element squared plotted as a functiof,- (the relative energy in the chanriéle, s +*He*(20.1)
[07]) shows a broad maximum d, ~ 25 MeV. Analysis of these results, and of a study’bf(p, «)a*
[see reaction 18] which shows a peak of different shapé.at 24 MeV, indicate the formation and decay
of overlapping states of high spatial symmetry, if the obsdrstructures are interpreted in terms®8&fe
resonances: se@484AJ0). For other work seel@84AJ0). See alsdLiin (2002TI10 and references
cited in (L988AJ0).

10.SLi(t, n)®Be Qm = 16.0236

At E; = 2to 4.5 MeV®Be*(0, 3.0, 16.6, 16.9) are populateti984LIZY). See also {966LA04
1974AJ0).
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11. (a)°Li(®*He, pyBe Qu = 16.7874
(b) SLi(®*He, p)‘He'He Qm = 16.879206

Angular distributions have been studied in the rargéHe) = 0.46 to 17 MeV and atE(ﬁii) =
21 MeV. Be*(0, 3.0, 16.63, 16.92, 17.64, 18.15, 19.0, 19.4, 19.8)@opulated in this reaction: see
(1974AJ01 1979AJ01 1984AJ0). Angular distributions of cross sections adg(#) were measured for
6Li(3ﬁe, po and p) at E,5, = 4.6 MeV (1995BA24. A DWBA analysis indicates that a direct reaction
mechanism dominated for both states, in contradiction witvious results that suggested a dominant
compound nucleus contribution. See al203VO02 2003VO09 for an evaluation of the reaction rates
below E(*He) = 1 MeV. For reaction (b) seel74AJ0) and (L987ZA07). See alsdB.

12. (@)Li(, d)*Be Qm = —1.5657
(b) SLi( o, 200)*H Qm = —1.473844

Deuteron groups have been observedBe*(0, 3.0,11.3 & 0.4). Angular distributions have been
measured ak, = 15.8 to 48 MeV: see 1974AJ01 1979AJ0). A study of reaction (b) shows that the peak
due to®Be*(3.0) is best fitted by using = 1.2 + 0.3 MeV. At E, = 42 MeV thea-a FSI is dominated by
8Be*(0, 3.0). See also TabR1land (L983BES51 theor.).

13. (a)SLi(°Li, «)®Be Qum = 20.8070
(b) SLi(°Li, o)*He'He Qm = 20.898839
(c) SLi(OLi, 2d)*He*He Qum = —2.947688

At E,.x(°Li) = 13 MeV reaction (a) proceeds vitBe* (0, 3.0, 16.6, 16.9, 22.5). The involvement
of a state att’y = 19.9 MeV (I' = 1.3 MeV) is suggested. Good agreement with the shapes of the
peaks corresponding tBe*(16.6, 16.9) is obtained by using a simple two-level fatawith interference,
corrected for the effect of final-state Coulomb interactiassumingl’(16.6) = 90 keV andI'(16.9) =
70 keV: see also Tabl8.11 The ratio of the intensities of the groups correspondingBe*(16.6, 16.9)
remains constant fag(°Li) = 4.3to 5.5 MeV:1(16.6)/1(16.9) = 1.224-0.08. Partial angular distributions
for the oy group have been measured at fourteen energie€ ki) = 4 to 24 MeV. See 1979AJ0)
for the references. The reaction mechanism %oi(°Li, X) was studied by measuring charged particle
angular distributions foF/(°Li) = 2—-16 MeV (1990LE03. Analysis in a statistical model indicated that the
SLi(%Li, «) reaction proceeds dominantly via direct, cluster transd¢her than an intermediate compound
nucleus.

At E(°Li) = 36 to 46 MeV sequential decay (reaction (b)) ViBe states af’, = 3.0, 11.4, 16.9
and 19.65 MeV is reported: se&984AJ0). (1987LA25 report the possible involvement of the state
8Be*(22.2). AtE(°Li) = 6 MeV the “Trojan Horse” method was used to evaluéit¢(°Li, 2a) data to
extract thé’Li(d, «) reaction cross sections asdfactors 001SP042001MU3(): see reaction 9.

For reaction (c) seel@83WA09 and 2C in (1985AJ0). See also {983MI10 and (L982LA19
1985NO1A theor.).
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14. (a)"Li(p, ete7)®Be Qm = 16.2331
(b) "Li(p, 7)*Be Qum = 17.2551

For reaction (a) electron/positron pair decay fréBe*(17.6, 18.15)™ = 17 levels was measured in a
search for M1 de-excitation via pair production that wouldicate the involvement of a short-lived isoscalar
axion 4-15 MeV¢#? in mass. While an anomaly is seen in the pair production, tegadl results are not
consistent with the involvement of a neutral bost@96DE5] 1997DE46 2001DE1). Limits of < 1073
(1990DE02Y and4.1 x 10~* (2001DE1) were obtained for the axion tp-ray ratio.

For reaction (b) cross sections and angular distributiomgebeen reported fromt,, = 30 keV to
18 MeV. Gamma rays are observed to the groung &nd to the broad2™, excited state at 3.0 MeVy()
and to®Be*(16.6, 16.9) {3, 74). An R-matrix fit to thev-ray spectrum obtained &, = 7.5 and 8 MeV
yieldedE, = 2.91 MeV andl” = 1.23 MeV for the®Be first excited statel@90R10§. See also{994DE09
for comments on model dependences for deduced widths. Reses for both, and~y; occur atE, = 0.44
and 1.03 MeV, and fot; alone atF, = 2, 4.9, 6.0, 7.3, and possibly at 3.1 and 11.1 MeV. The exoitati
function was measured foy, and~y; across the resonance Bf, = 441 keV; the peak cross section was
O+ = 9.0+ 0.7 mb (yielding an average &f9 + 0.5 mb when weighted with previous measurements).
The branching ratio was(vo)/o (v + 71) = 0.72 £ 0.07 (1995ZA03. Broad resonances are reported
at E, =~ 5 MeV (y), I' = 4-5 MeV, and atE, =~ 7.3 MeV (v;), I' = 8 MeV: see Table8.12 The
E, ~ 5 MeV resonance K, ~ 22 MeV) represents the giant dipole resonance basetBen, while the
v1 resonancey 2.2 MeV higher, is based ofBe*(3.0). They, and~,; giant resonance peaks each contain
about 10% of the dipole sum strength. The main trend betwges 8 and 17.5 MeV is a decreasing cross
section.

At the E, = 0.44 MeV resonancef{y = 17.64 MeV) the radiation is nearly isotropic and has been
interpreted as arising from p-wave formatiofi! = 17, with channel spin ratio(J. = 2)/o(J. = 1) =
3.2 + 0.5. Radiative widths for the, and~; decay are displayed in Tab&1Q A careful study of the
a-breakup offBe*(16.63, 16.92) [both/™ = 2*] for £, = 0.44 to 2.45 MeV shows that the non-resonant
part of the cross section for production tBe*(16.63) is accounted for by an extranuclear direct-aagpt
process. They-ray transitions to°Be*(16.63, 16.92) are observed A}, = 0.44, 1.03 and 1.89 MeV
[®Be*(17.64, 18.15, 18.9)]. The results are consistent withitypothesis of nearly maximal isospin mixing
for ®Be*(16.63, 16.92): decay to these states is not observedthe3 ™ states afZ, = 19 MeV, but rather
from the 2~ state atE, = 18.9 MeV. Squaredl’ = 1 components calculated f6Be*(16.6, 16.9) are 40
and 60%, and fofBe*(17.6, 18.2) they are 95 and 5%, respectively. At = 25 MeV, the capture cross
section to the 16 Me\2+ doublet was measurgdy,y—gpo < 0.04 pb/sr) via a triple coincidence + 2«
method (991BR1). The cross section fofy; + v4) has also been measured 6 = 11.5 to 30 MeV
(0 = 90°) by detecting they-rays and forE, = 4 to 13 MeV (at five energies) by detecting the twe
particles from the decay dBe*(16.6, 16.9): a broad bump is observedzgt= 8 + 2 MeV (1981MA33.
The angle and energy integrated yield only exhausts 8.6%eaflassical dipole sum fdr,, = 4 to 30 MeV,
suggesting that this structure does not represent the GIiRobu*Be*(16.6, 16.9). A weak, very broad
[T" > 20 MeV] peak may also be present B, = 20-30 MeV. A direct capture calculation adequately
describes the observed cross secti®@81LMA33. For the earlier references seE{9AJ0). See also
references cited inl@88AJ0).

Low energy’Li(p, ) angular distributions and cross sections, mainlyjfpand~; capture, were mea-
sured atF, = 40-180 keV (1992CEQ2, E5 = 80 keV (1994CH231996G0011997G013, £, = 100-
1500 keV (1995ZA03, £, = 80, 402 and 450 keV1(996HA09, andE5 = 40-100 keV QOOOSPO)L The
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Table 8.122Be levels from'Li(p, 7)*Be®

Ees (keV) T (keV) | 8Be* (MeV) | 1, J" Res.P
441.4+40.5° | 122405 17.640 | 1 1+ Y0 V1 Y31 V4
1030 + 5 168 18.155 | 1 1t 0y V1 Y31 V4
1890 150 4 50 18.91 (27) Y3, V4
2060 = 20 310 + 20 19.06 J=1,2,3, "
= ()¢
(3100) (20.0) o
4900 21.5 o
5000 ~ 4500 21.6 0 1 T=1 Y0
6000 22.5 o
7500 ~ 8000 23.8 0| (1,27 );T=1 o
(11100) (27.0) o
13000 broad 28.6

& See Tables 8.6 iMl@74AJ011979AJ0) for the references.

> 50, 71, 73, 74 represent transitions tBe*(0, 3.0, 16.6, 16.9), respectively.
¢ See (959AJ79. See alsol983FI131984JE1B.

4 See, however, reaction 16.

angular dependent cross-section and analyzing power miditzate significant near-threshold contributions
from p-wave capture. Estimates of the p-wave strength haen ldeduced from Transition Matrix Ele-
ment (TME) fits to the polarization datd §94CH23 1996G0O01 1997G0O13, R-matrix fits to the data
(1995BB21 1996BB26§ 2000BA89, and other direct-plus-resonances capture calculat{@892CEO02
1994R016 1995WE11 1996CS051997BA04 1997G0132000SP012001SA3(). The estimates range
from < 10% up to~ 95%. It was suggested that the origin of p-wave strength wasethidt of interference
in the extended tails of the twb" resonances af, = 441 keV and 1030 keV, while a more recent mea-
surementZ000SP0) that observed a negative slope in the astrophysiefactor, as the energy approaches
zero, indicates that the sub-thresh®RE state afZ, = 16.92 MeV is involved in the capture. There appears
to be some agreement on the issue that there is a need for ndel nadculations for low-energy capture
that include the subthreshold state and the two resonandgs-a 441 and 1030 keV. Polarized proton cap-
ture to the®Be*(16.6) state was measured/gt = 80 keV (1996G00). See (995ZA03 2000NEQ9 for
thermonuclear reaction rates arfib94CH7() for applications. Thick target proton inducedray yields,
useful for elemental analysis, were measuredvgat= 2.2-3.8 MeV (1988BO37j and E,, = 7-9 MeV
(1987RA23.

15.7Li(p, n)"Be Qum = —1.64456 Ey, = 17.25512
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Measurements of cross sections have been reported foe= 1.9 to 199.1 MeV [see {974AJ01
1979AJ01 1984AJ0)] and in the range 60.1 to 480.0 Me\Y984DA22 activations). Polarization mea-
surements have been reportedigt = 2.05 to 5.5 MeV, 30 and 50 MeV [se€l§74AJ0)] and atE, =
52.8 MeV (1988HEO8 [KZ' = 0.07 & 0.02]. See also below.

The yield of ground state neutrongjnises steeply from threshold and shows pronounced resesan
at F, = 2.25 and 4.9 MeV. The yield of nalso rises steeply from threshold and exhibits a broad maxim
neark, = 3.2 MeV and a broad dip aty, ~ 5.5 MeV, also observed in the;pyield. Multi-channel
scattering length approximation analysis of #hepartial wave near thegrnthreshold indicates that the
state atE, = 18.9 MeV has a widthl' = 50 & 20 keV. See, however, reaction 23 here. The ratio of
the cross section fofLi(p, 7)*Be*(18.9) — ®Be*(16.6 + 16.9) + ~ to the thermal neutron capture cross
section’Be(n, 7)®Be*(18.9)-%Be*(16.6 + 16.9) + ~, provides a rough estimate of the isospin impurity
of ®Be*(18.9): o, /0~ &~ 1.5 x 107°. TheT = 1 isospin impurity is< 10% in intensity. See also
reaction 23 here and§79AJ01 1984AJ0).

The structure afy, = 2.25 MeV is ascribed to @™ = 3%, T = (1), | = 1 resonance witl,, ~ I', and
72 /3 = 3 to 10: see {966LA04. At higher energies the broad peak in thgyield at E;, = 4.9 MeV can
be fitted by.J™ = 3(+) with ' = 1.1 MeV, 72 ~ ~2. The behavior of the; cross section can be fitted by
assuming &~ state atty, = 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 additiantitoad dip at’, ~ 5.5 MeV may be accounted
for by the interference of tw@™ states. See Table 8.8 inq79AJ0). The0° differential cross section
increases rapidly tez 35 mb/sr at 30 MeV and then remains constant to 100 MeV: seeemtes cited
in (1988AJ0). The total reaction cross sectiofBe*(0, 0.43)] decreases inversely wiff}, in the range
60.1 to 480.0 MeV 1984DA22 [note: the values of; supersede those reported earlier 1979AJ0))].
The transverse polarization transférn (0°), for the ground-state transition has been measurdd;at
160 MeV (1984TAOQY). See alsoX986MC09 E5 = 800 MeV) and references cited i1988AJ0).

16. (a)"Li(p, p)"Li Ey, = 17.25512
(b) "Li(p, p')"Li*

Absolute differential cross sections for elastic scatigiave been reported fd#, = 0.4 to 12 MeV
and at 14.5, 20.0 and 31.5 MeV. The yields of inelasticalittered protons (t6Li*(0.48)) and of 0.48 MeV
~-rays have been measured f6y = 0.8 to 12 MeV: see[974AJ0). Polarization measurements have been
reported at a number of energies in the radge= 0.67 MeV to 2.1 GeV¢ [see (974AJ01 1979AJ01
1984AJ0)], at E,, = 1.89 to 2.59 MeV (986SA1R py) and at 65 MeV [987TO06 continuum). See also
(1983GLZ2.

Anomalies in the elastic scattering appeazgt= 0.44, 1.03, 1.88, 2.1, 2.5, 4.2 and 5.6 MeV. Reso-
nances af, = 1.03, 3 and 5.5 MeV and an anomaly &}, = 1.88 MeV appear in the inelastic channel.
A phase-shift analysis and a review of the cross-sectioa sladw that the 0.44 and 1.03 MeV resonances
are due talt states which are a mixture 8P; and®P; with a mixing parameter of-25°; that the2~ state
at the neutron thresholdy, = 1.88 MeV) has a width of about 50 keV [see also reaction 14]; antttiex
E, = 2.05 MeV resonance corresponds t3a state. The anomalous behavior of tHe, phase around
E, = 2.2 MeV appears to result from the coupling of the t&0 states [resonances &}, = 2.05 and
2.25 MeV]. The’S; phase begins to turn positive after 2.2 MeV suggestiig atate atz, = 2.5 MeV: see
Table8.13 The polarization data show structuresfat = 1.9 and 2.3 MeV. A phase-shift analysis of the
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Table 8.132Be levels from'Li(p, py)’Li and "Li(p, p;)"Li* #

E, (MeV) [ (keV) | °Be* (MeV) | J™ | T (keV)
0.441 12.2P 17.640° 1+
1.030 4 0.005 168 18.155 1t ~ 6
1.895%1 55 4 20 18.912 | 2~
2.058! ~ 2941 19.055 | 3" | small
2.245! ~ 2031 19.218! 3t small
2.451! ~ 640 ©! 19.399 1~ >0
f
4.240.2 1800 4 200 & 20.9 4~ >0
5.6 broad 22.2 h > 0
& See references in Table 8.9 ihY79AJ0) and (L988GU10).
b2 = 0.064.

¢ See also1981BA36 theor.).

4 (p, n) threshold: see reaction 15.

¢ See also Table 8.8 iL879AJ0), 72, and~y§1 ~ 1% of Wigner limit.

f A 21 state atF, ~ 20 MeV appears to be necessary to account for the cross
sections: see Table 8.9 and reaction 4.

¢ Reduced width is 70% of the Wigner limit.

h'May be due to tw@™ states. See also reaction 15.

1 (1988GU10.

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

An attempt has been made to observethe 2 state fBe*(27.47)] in thepy, p1 andp, yields. None
of these shows the effect of the= 2 state. Table 8.5 inl084AJ0) displays the upper limit fof,, /T

The proton total reaction cross section has been reportef fo= 25.1 to 48.1 MeV by (985CA39.
(1987CH331987P0O0} have studied gLi correlations involving®Be*(17.64, 18.15]8.9 + 19.1 + 19.2).
Elastic proton scattering ofiLi was measured near the (p, n) threshditl,, = 1.2-2.4 MeV (1988GU10).
Parameters for observed near-threshold resonances aabl@8l13 See alsol994DE09 for comments
on model dependences for deduced widths. See’alda (2002T110 and references cited ii988AJ0).

17.7Li(p, d)°Li Qum = —5.02573 By, = 17.25512

Angular distributions were measured flri(p, d) at E, = 18.6 MeV (1987G0O27, neutron spectro-
scopic factors were deduced, via DWBA analysis, for demgirresponding to théi ground state and
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first excited state. The excitation function foy mheasured forz, = 11.64 to 11.76 MeV does not show any
effect from theT = 2 state {Be*(27.47)]: see1979AJ0). See also{984BALT).

18.7Li(p, a)*He Qum = 17.34695 Fy, = 17.25512

The cross section increases frgm3 4 0.9) x 1075 mb atE, = 28.1 keV to 6.33 mb at 998 keV.
Astrophysical S-factors have been calculated over that rang&0) = 52 + 8 keV - b (1986RO13,
S(0) = 0.59 keV - b (1992EN01 1992EN04. An analysis of théH("Li, «) reaction (see reaction 19) in
the Trojan Horse Method (THM), which assumes that the denteacts as a participant proton plus an spec-
tator neutron and is not sensitive to electron screenirgrtff indicates(0) = 55 + 3 keV - b (2001LA35
2003PI1132003SPO0Y Earlier work on the THM by the same group published the@&l(0) = 36+7 keV-b
(1997CA36 1999SP092000AL04). For comments on thé factor see {990RA28 1991SC121991SC25
1991SC321992SC221992S0251993RA14 1993SC061994KA02 1995IC02 1995YA02 1997KI102
2000BA89. See additional comments on electron screenin$@2EN011992EN041997BA95 1997B0O12
2002BA77 2002HA51, 2003PI13. See comments on nucleosynthesis rates and primordiadabges in
(1991RI03 1998F102 2000BU1Q. For the earlier work seel84AJ0).

Excitation functions and angular distributions have beeaasured atr, = 10 keV-62.5 MeV: see
(1979AJ011984AJ0), E, = 20-250 keV (989HA19, andE,,, = 10-1450 keV ((992EN011992ENO4.
Polarization measurements have been carried outfor= 0.8 to 22 MeV: see 1974AJ0), £, = 9-
22 MeV (1992TA2]). In the rangeE, = 23 keV to 62.5 MeV: seel(979AJ01 1984AJ0). Polarization
measurements have been carried outdgr= 0.8 to 10.6 MeV [see 1974AJ0]]: in the rangel, = 3 to
10 MeV the asymmetry has one broad peak in the angular diitsibat all energies except near 5 MeV;
the peak value i8.98 & 0.04 at 6 MeV and is essentially 1.0 fd7, = 8.5 to 10 MeV. Above 10 MeV the
asymmetry begins to decrease slowly.

Broad resonances are reported to occurat= 3.0 MeV [I' ~ 1 MeV] and at~ 5.7 MeV [I" =~ 1 MeV].
Structures are also reported A, = 6.8 MeV and atE, = 9.0 MeV: see (979AJ0). The 9.0 MeV
resonance is also reflected in the behavior of hecoefficient. The experimental data on yields and on
polarizations appear to require including tWo states [atF, ~ 19.7 and 21.8 MeV] with very smalk-
particle widths, and fou2™ states [atF, ~ 15.9, 20.1, 22.2 and 25 MeV]. See, however, reaction 4.A
state near 20 MeV was also introduced in the calculationtbudantribution was negligible. The observed
discrepancies are said to be probably due to the assumgtimr®7 = 0 for these states. AE,, = 11.64
to 11.76 MeV the excitation function does not show any eftect to thel” = 2 state atF, = 27.47 MeV.
See (979AJ0) for references.

A study of theLi(p, «)He* reaction to’He*(20.1) p*] at E, = 4.5 to 12.0 MeV shows a broad
maximum atE, =~ 24 MeV: see reaction 9 and §84AJ0). See also references cited tBE8AJIO0).

19. (a)"Li(d, n)*Be Qm = 15.0306
(b) “Li(d, n)*He'He Qm = 15.12239

The population ofBe*(0, 3.0, 16.6, 16.9, 17.6, 18.2, 18.9, 19.1, 19.2) has begorted in reaction (a).
For the parameters 6fBe*(3.0) see Table 8.4 in174AJ0). Angular distributions were measured for
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Li(d, n) at E; = 0.7-2.3 and 5.6-12.1 MeV and excitation functions were regofte neutrons corre-
sponding ta*Be*(0 + 3.0, 16.6 + 16.9, 17.6, 18.15) 1996B027. The®Be*(11.4) level is not observed.
Angular distributions of pand n have been reported & = 0.7 to 3.0 MeV and atvy = 15.25 MeV [see
(1974AJ01 1979AJ0)], at 0.19 MeV (983DA32 1987DA25 and at 0.40 and 0.46 Me\L984GA07 ng
only). The angular distributions of the neutrons’Re*(16.6, 17.6, 18.2) are fit bl = 1: see (974AJ0).
At E.,, = 50, 83 and 199 keV, the measured cross sectiongrare0.125, 2.11 and 4.01 mb, respectively
(+ =~ 5%(stat.),+-7.5%(syst.)) RO01HO23.

Reaction (b) atty = 2.85 to 14.97 MeV proceeds almost entirely through the excitatiod sequen-
tial decay ofBe*(16.6, 16.9) {987WA2). See also{988AJ0). At E4 = 19.7 MeV, 8Be*(11.4) was
observed atF, = 11.3 +£ 0.2 MeV with I" = 3.7 + 0.2 MeV (1995AR25. At F4 = 7 MeV, popula-
tion of the twoT" = 0 levels at 20.12% and 20.207% is reported with widthd'59; = 0.85 & 0.25 MeV
andl'ypo = 0.75 4+ 0.25 MeV (1991AR18, andl'yp 1 = 0.90 £ 0.20 MeV andI'yg 2 = 0.70 4= 0.20 MeV
(1992DA2). A complete kinematics measurement 854d(2y d¥ dE;,) at E4y = 3—6 MeV reported popu-
lation of the2* doublet at 16.6 MeV and 16.9 MeV; intense forward neutronsevebserved corresponding
to the 16.6 MeV state indicating thé.i + p configuration of that statel999G0O15. See RO01LA35
2003P113 2003SPO0}, and reaction 18 for measurementsigt = 19-21 MeV that are evaluated in the
“Trojan Horse” method to obtain information on the astrogiogl “Li(p, «) rate. See alsdQ00HA5( for
fusion applications. See alé8e.

20. (a)"Li(®He, dy'Be Qm = 11.7616
(b) "Li(*He, ad)*He Qm = 11.85348

Deuteron groups are observed®®e*(0, 3.0, 16.6, 16.9, 17.6, 18.2). For thié = 27 isospin mixed
states see TabR11 Angular distributions have been measuredfigfHe) = 390-1130 keV R003FR22,
for E(*He) = 0.9 to 24.3 MeV and atE(*He) = 33.3 MeV: see (974AJ01 1979AJ01 1984AJ0).
Reaction (b) has been studied/a®He) = 5.0 MeV (1985DA29 and at 9, 11 and 12 MeV1086ZA09.
8Be*(0, 3.0) are reported to be involve@985DA29. Implications of this reaction for destroyirfd.i and
"Be in astrophysical environments is discussed®B0BFR2). See alsd’B.

21. (a)"Li(o, t)®Be Qm = —2.5588
(b) "Li( @, at)*He Qm = —2.46691

Angular distributions have been measuredfip = 50 MeV: see (974AJ01 1979AJ01 1988AJ0).
The ground state dfBe decays isotropically in the cm systed = 07. Sequential decay (reaction (b)) is
reported atf, = 50 MeV via ®Be*(0, 3.0, 11.4, 16.6, 16.9, 19.9): sdd{4AJ0). See also(992KO2§.

22. (a)7Li("Li, SHe)l*Be Qm = 7.2789
(b) "Li("Li, o + SHe)iHe Qm = 7.3707
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Table 8.14: R-matrix parameters fotBe levels ob-

served in"Be(n, p) R003AD0Y

E, (MeV) | E. (MeV) | T, (MeV) | T, (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) $&87BO1M E("Li) = 22 MeV), and for
reaction (b) seel@96S017 E("Li) = 8 MeV).

23. (a)"Be(n, pyLi Qum = 1.64456 Ey, = 18.89968
(b) "Be(n,)*He Qm = 18.99152
(c) "Be(n,ya)*He Qm = 18.99152

The total (n, p) cross section has been measured #om 10~3 eV to 13.5 MeV. For thermal neutrons
the cross sections fd.i*(0, 0.48) are38400 + 800 and420 4 120 b, respectively. A departure fromlav
shape inv; is observed forF,, > 100 eV. The astrophysical reaction rateﬂ'tsé lower than that previously
used, which could lead to an increase in the calculated fageduction of’Li in the Big Bang by as much
as 20% (988AJ0): see alsoX998FI0). Results from ak-matrix analysis of reaction (a) over the range
from E.,, = 1078-9.0 MeV Q003AD0Y are summarized in TabR 14 In their analysis®Be*(19.07) and
8Be*(19.24) are treated as a single resonance. A diffeRematrix analysis 1988K003 found a7 = 1
impurity of ~ 24% andI’ = 122 keV for the2~ 8Be*(18.9) state. The approach df988K003 defines
the resonance energy and width as a pole ofStimatrix on the so-called Riemann sheet, which yields total
widths that are smaller than the sum of the partial wid#BADO09. At thermal energies the (i) cross
section is< 0.1 mb and the (n;«) cross section is 155 mb: se&E(74AJ0). See also references cited in
(1988AJ0).

24.8Li(57)®Be Qm = 16.0052

8Li decays mainly to the broad 3.0 Me¥, level of ®Be, which decays into twa-particles. Both the
(B-spectrum and the resulting-spectrum have been extensively studied: 4&5%AJ61 1966LA04). See
also®B(5T). Studies of the distribution of recoil momenta and newtriecoil correlations indicate that
the decay is overwhelmingly GT, axial vector [see reactidn iLi] and that the ground state St.i has
JT = 27%: see (980MCO07. Detailed calculations are necessary to obtain theftogalues for decay to
8Be*(3.0); values in the literature arisg ft = 5.37 (1986WAOQY), log ft = 5.72 (1989BA3Y).

The data of {971WI109 for 8Li and ®B 3-decay have been analyzed extensivéBAEWAOI, 1989BA3],
2002BHO03. In (1986WAOQ] a many-level one-channel approximati®matrix analysis of thes-delayed
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«a particle spectra in the decay of bdthi and ®B [as well as of the. = 2 a—a phase shifts] found that there
was no need to introduce “intruder” states bel&w ~ 26 MeV of ®Be in order to explain the data [see,
e.g. (1969BA43 1974AJ01 1976BA67, 1979AJ0)]. Warburton extracted the GT matrix elements, for the
decay to®Be*(3.0) and the doublet near 16 MeV, and pointed out theodifies in extracting meaningful
E,, T' and log ft values froms* decay to the broadBe*(3.0) state. On the other hand, tfematrix
analysis of Barker{989BA31) requires a broad™ intruder state atz 9 MeV. See (998FA05 2000BA89
2001CA5( for further comments on intruder statesige.

Beta«w angular correlations have been measured for the decalls ahd ®B for the entire final-state
distribution: see Table 8.10 il9®79AJ0). (1980MCO07) have measure@ — « correlations as a function
of E, in the decay of'Li and B; by detecting the3 and botha particles involved in théBe decay, the
8 — v — « correlations were determined. They find that the decay is@? &k E, < 8 MeV. The absence
of Fermi decay strength is expected because the isoveattrimations from the tails ofBe*(16.6, 16.9)
interfere destructively in this energy region: sé8§0MCO07. The measurement of thedecay asymmetry
as a function ofZs is reported by 1985B17Z, 1986BI11D). (1986NAZZ) have measured th&spectrum and
compared it with the spectrum predicted from thdéreakup data. See also references cited @88AJ0).

25.8Li(p, n)®Be Qm = 15.2228

Angular distributions ofBe from 'H(®Li, ®Be) were measured &, = 1.5 MeV (1993CA09. The
SBeg,S, was reconstructed by detecting the coincidemarticles and the data were transformed to represent
the inverse kinematic&.i(p, n) reaction. The observed cross section, = 21 + 2(stat.)+ 4.2(norm.) mb,
was 2 times smaller than estimates based on a Hauser-Fastdlaolation and indicates th#ti(p, n) does
not contribute significantly t8Li burning in nucleosynthesis. See al@9(31S13.

26.8Be(y, p)’Li Qm = —17.2551

A dynamic semi-microscopic model study’&e(y, p) considered dipole-dipole and quadrupole-quadrupole
forces on the properties of Giant Dipole Resonances buitherground state and first excited stat€Bé
(1995G02). See also reaction 14 here.

27.5B(3+)Be Qm = 17.9798

The decay [see reaction 18] proceeds mainly t8Be*(3.0). Detailed study of the high-energy portion
of the a-spectrum reveals a maximum ndag = 8.3 MeV, corresponding to transitions t@e*(16.63), for
which parameter#, = 16.67 MeV, I" = 150 to 190 keV orE, = 16.62 MeV, I" = 95 keV are derived: see
(1974AJ0). Analyses {986WAO01, 1989BA3Y) of the 3+ delayeda-spectra following®B and®Li decay
are described in reaction 24. The analysisI&f§OBA37) requires &7 intruder state ifBe atE, ~ 9 MeV,
while the analysis of(986WAO01) excludes intruder states beld#;, = 26 MeV. See also{988WA1E and
(1988BA75 1998FA05 2000BA89 2001CA5Q.
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The determination of log't values requires detailed calculations; values in thedlitee are: for decay
to 8Be*(3.0)log ft = 5.6 (1974AJ0), log ft = 5.77 (1989BA31); for decay ta®Be*(16.63)log ft = 3.3
(1969BA43 1979AJ0).

The 8+ spectrum has been measured h9§7NA0g and by RQOO0OOR0%: see reaction 1 iiB. See
(1988AJ0) for additional references and discussion. See &80(GR032000GRO07J for theoretical dis-
cussion of the cluster structure of 16.6 and 16.9 MeV rescemand their role ifB 3-decay. See also
(1994DE30).

28. (a)’Be(y, n)'He'He Qm = —1.5736
(b) °Be(y, n)*Be Qm = —1.6654
(c) “Be(n, 2n§Be Qm = —1.6654
(d) ?Be(t, n+ t)®Be Qm = —1.6654
(e)?Be(a, an)®Be Qm = —1.6654

Neutron groups t8Be*(0, 3.0) have been studied for, = 18 to 26 MeV: see 1974AJ01 1979AJ0).
For reactions (a) and (b) bremsstrahlungays from 4—8 MeV electrons were used to measurdjhe= 90°
photo-neutron emission excitation functioh989VA19. °Be levels atE, = 1.735 + 0.003, 2.43 and
3.077+0.09 MeV were excited using a technique that uses electrons orage ring to Compton backscatter
laser photons to produce high-quality nearly mono-enargerays 001UT01 2001UT03 2002SU19
2003UT03; B(E1) andB(M1) values are deduced i2@01UTO01 20021T07 2002SU19. A measurement
from neutron threshold t&. ~ 20 MeV indicated thatBe excited states are strongly populated following
neutron emission1992G027.

Thea(an, v) reaction competes with they reaction to bridge thel = 5 and A = 8 mass gapsy-rays
with £, = 1.5 to 6 MeV were used to study thegan, ) reaction rate in inverse kinematicd001UTO03,
and the resulting cross sections favor the compilation byCRE (1999AN35 rather than the evaluation
by (1988CA29. A theoretical study of photodisintegration in the thralshregion around théBe*(1.684)
JT = %Jr resonance is presented iPO01ME1). A multicluster-model study ofBe photodisintegration
(1998EF0% and ank-matrix analysis of the situatior2QO0BAZ21) address discrepancies in the low-energy
cross section measurements. See al€®4KA25 theor.) for’Be Coulomb dissociation. Neutrons from
9Be(y, n) were used to estimate the number of hard X-rays (&ith> 1.67 MeV) that are produced in
the plasma that results from impinginghax 108 W/cm? laser on a Ta foil Z001SC1). See {974AJ0]
1979AJ0) and’Be.

Reaction (c) appears to proceed largely via excited stdtéde with subsequent decay mainly to
8Be*(3.0): see [966LA04 1974AJ0), and’Be and'’Be here. Neutrons fromMBe(n, 2n) forE, <
10.3 MeV were analyzed to determine the neutron-neutron saagtdengtha,, = —16.5 + 1.0 fm
(1990B0O43. Measurements ofBe(n, 2n) forE, < 12 MeV were made to assess the possibility of us-
ing ?Be as a neutron multiplier in fusion reactors994MEQ9. See also 1988BE0J for a theoretical
evaluation in the range from 5.9-14.1 MeV.

For reactions (d) and (e) se&)74AJ0) and?Be. For reaction (e) sed979AJ0).

29. (a)’Be(p, dyBe Qum = 0.5592
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(b) °Be(p, p+ n)*Be Qm = —1.6654
(c) “Be(p, dfHe'He Qum = 0.6510

For reaction (a) angular distributions of deuteron grouggehbeen reported &, = 0.11 to 185 MeV
[see (1974AJ01 1979AJ01 1984AJ0)] and at 18.6 MeV 1986G0231987G027dy and d) and 50 and
72 MeV (1984ZA07 to ®Be*(0, 3.0, 16.9, 19.2)). Angular distributions of crosstsens and analyzing
powers were measured for deuterons froBe(s, d) at Es = 60 MeV. Analyzing powers for deuterons
corresponding t8Be*(3.04, 11.4, 16.92, 19.24) were presented while peakesgoonding tdBe states at
(0, 11.04, 17.64, 18.25, 19.4, 22.05) were observed; eviléor very broad states at higher energies was
also reported 1987KA25. The angular distributions tBe*(0, 3.0, 16.9, 17.6, 18.2, 19.1) are consistent
with I, = 1: see (974AJ0). Neutron spectroscopic factors for#®Be, . and n+ 5Be*(3.04) were
extracted from a DWBA analysis 6Be(p, d) atE, = 18.6 MeV (1987G0O2J, and spectroscopic factors
for n + 8Be*(0, 3.04, 16.626, 16.922, 17.640, 18.15, 19.07) wereaetad from?Be(p, d) at 33.6 MeV
(1991AB04: see’B. For other spectroscopic factor measurements 5889(AJ01 1984ZA07).

An anomalous group is reported in the deuteron spectra leeiwee @ and the ¢ groups. AtE, =
26.2 MeV, E, = 0.6 + 0.1 MeV (constant withd). Analyses of the spectral shape and transfer cross
sections are consistent with this “ghost” feature being péthe Breit-Wigner tail of the/™ = 07 ®Be, s :
it contains< 10% of the ground-state transfer strength. An analysis of mepd.,, widths for®Be*(3.0)
in this reaction shows that there is i, dependence. The averafe, at I, = 14.3 and 26.2 MeV is
1.47 £0.04 MeV. I'y,, = 5.5+ 1.3 eV for ®Be, s and5.2 0.1 MeV for ®Be*(11.4). Spectroscopic factors
for ®Be, 5. (including the “ghost” anomaly) artBe*(3.0) are 1.23 and 0.22 respectivelyrat = 14.3 MeV,
and 1.53 and 1.02 respectively B = 26.2 MeV. The width of®Be*(3.0) is not appreciably<( 10%)
reaction dependent but the nearness of the decay thresithtdies that care must be taken in comparing
decay widths from reaction and from scattering ddias = 3130+ 25 keV (resonance energy in tlhe+ o
cm system) F, = 3038 4 25 keV] andT'.,,, = 1.50 £ 0.02 MeV for ®Be*(3.0): the corresponding observed
and formal reaction widths and channel radii afg = 580+50 keV,v3 = 6804100 keV andr, = 4.8 fm.

A study of the continuum part of the inclusive deuteron sgeist reported at’s = 60 MeV (1987KA29.
See (979AJ01 1984AJ0) for the earlier work.

The effects of electron screening were studied at aratind= 16-390 keV. A direct-plus resonance
model fit to the data result in the values Bf.s = 336 & 3 keV andT',, = 205 + 6 keV for °B*(6.87)
andI', = 68 £ 2 keV andl'y = 90 + 4 keV (1997ZA09. See also4002BA77). At E, = 77-321 keV,
angular distributions and analyzing powers of deuteron®weeasured; aR-matrix evaluation of the data
indicated that a direct-reaction model can adequatelywatcior the observationsl@98BR1() indicating
that the sub-threshold state i%B at £, = 6.57 MeV does not contribute. Ak-matrix analysis of"B
levels populated fof, < 700 keV is reported in2001BA47).

Reaction (b) has been studied/d = 45 and 47 MeV: the reaction primarily populaté8e*(0, 3.0).

At E, = 70 MeV data were evaluated using a DWTA-{natrix) approach to decompose the 1s and 1p
shell contributions in the quasielastic knockout of nensr@000SH0). See {979AJ0), and’Be, °B
here. For work atz, = 1 GeV see {985BE3( 1985D01§. For reaction (c) [FSI throughBe*(0, 3.0)]
see (974AJ01 1984AJ0). See also1992K026 theor.) and“B.

30. (a)’Be(d, tf'Be Qm = 4.5919
(b) °Be(d, tfHe'He Qu = 4.6834
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At astrophysically-relevant energieg,,, = 57-139 keV,”’Be(d, t) angular distributions and total cross
sections were measured and are compared with DWBA calono&ail997YA0?D. At Ey = 8-50 MeV,
angular distributions ofitand § are evaluated in a DWBA analysis and vertex constd6tg, and neutron
spectroscopic factors are deducé89¢5GU23. Angular distributions of¢ were measured dfy = 7 MeV
and were evaluated in a DWBA analysis that indicated transfechanisms dominated at forward angles
while compound nucleus mechanisms were most importantckingad anglesi989S70). Levels of''B
were observed in measurements of the excitation functidraagular distribution for tritons frorfBe(d, t)
at by = 0.9-11.2 MeV (994AB25 and £y = 3-11 MeV (1995AB41, 2000GE1§. A review of the
9Be(d, ) excitation function fory = 237 keV to 11 MeV is given in 2000GE1§. Angular distributions
have been measured & = 0.3 to 28 MeV [see [979AJ0)], at £4 = 18 MeV (1988G002ty, t;) and at
E;=2.0t02.8MeV (1984AN1EG ty). At B4 = 28 MeV angular distributions of triton groups iBe*(16.6,
16.9, 17.6, 18.2, 19.1, 19.2, 19.8) have been analyzed M8MgCK: absoluteC?S are 0.074, 1.56, 0.22,
0.17, 0.41, 0.48, 0.40, respectively. See also T8Hld An isospin amplitude impurity of.21 + 0.03 is
found for®Be*(17.6, 18.2): seel@79AJ0).

At E4 = 7 MeV a complete kinematics measuremen?B&(d, t+ ®Be) observed states participating
in the sequential decay 8Be (1991S708. The relative energy spectrum was reconstructed andedeld
peaks corresponding to the ground stdig, ~ 0.6 MeV and3.00 + 0.01 MeV; the observed width for
the 3 MeV state wa¥§ = 1.23 + 0.02 MeV. Analysis in a single-leveR-matrix formalism, best fit with
r. = 4.5 £ 0.1 fm, indicates that the “ghost anomaly” structurexat).6 MeV is the result of deformation
in the high-energy tail of th8Be ground state. While the cross section correspondingeditst excited
state peaks at 3.00 MeV, thHe-matrix fit indicates that the resonance energg.i2 + 0.01 MeV (Ey =
3.03 £ 0.01 MeV) with T, = 1.43 £ 0.06 MeV (1991SZ08.

A kinematically complete study of reaction (b)E§ = 26.3 MeV indicates the involvement éBe*(0,
3.0,11.4,16.919.9 + 20.1): see (974AJ0).

31. (a)’Be(He,a)®Be Qm = 18.9122
(b) °Be(He, a)*He'He Qm = 19.0041

Angular distributions have been measured in the rafigéHe) = 3.0 to 26.7 MeV and afZ(*He) =
33.3 MeV (to ®Be*(16.9, 17.6, 19.2))§ = 1.74, 0.72, 1.17, assuming mixed isospin f@e*(16.9)]. The
possibility of a broad state df, ~ 25 MeV is also suggested: seE(79AJ0). See also987VALI).

Reaction (b) has been studiediz'He) = 1.0 to 10 MeV [see {979AJ01 1984AJ0)], at E(*He) = 3
to 12 MeV (1986LA26 and at 11.9 to 24.0 MeV1Q87WA25. The reaction is reported to proceed via
8Be*(0, 3.0, 11.4, 16.6, 16.9, 19.9, 22.5): sé679AJ0) and (L986L.A26 1987WA29. For a discussion
of the width of ®Be*(11.4) see 1987WA25. Angular distributions for’Be(He, ) were evaluated to
determine the contributions from neutron pickup vs. heaastigle stripping;“Be spectroscopic factors
for S, and S, were calculated 1997ZH4(Q. See also 1992K026 theor.). See alsdBe here,'?C in
(1980AJ0), and (L988AJO0).

32.?Be(o, o/n)*Be Qm = —1.6654
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A summary of the ¢, o’n) cross sections used in the SOURCES code is giveR0O3SH2). The
SOURCES code2002WI1K) is used, for example, to calculate neutron energies andsdivem “Be-
actinide radioactive sources.

33. (a)"Be(Li, "Li)®Be Qum = 5.5849
(b) °Be("Li, 8Li)®Be Qm = 0.3669
(c) ?Be(’Be, '’Be)’Be Qm = 5.1468

Angular distributions have been studied’Li) = 32 MeV involving ®Be*(0, 3.0) and’Li*(0, 0.48)
(1985C009. For reaction (b) seel@84K025. For reaction (c) measurements/at’Be) = 48 MeV were
evaluated with a CCBA modeiBe*(3.04, 11.3) played an important role in the reactid®Q3AS04. Also
see!'’Be and (985JA09. For the earlier work seel79AJ0).

34.9Be(?C, 13C)*Be Qm = 3.2809

Optical model parameters f8Be + '>C were deduced froMBe(2C, 2C)®Be for E(*2C) = 65 MeV.
For?Be+ 2C and®Be + '3C, energy-dependent optical model parameters are giveB fpr= 5-50 MeV
(1999RU10.

35. °Be(p, tfBe Qm = 0.0042

The angular distribution for the transition to the fifSt= 2 state®Be*(27.49) is very similar to the
measured’Be(p,>He) angular distribution that is measured for populatiothefanalog stat€Li*(10.82).
They are both consistent with = 0 using a DWBA (LZR) analysis: seel979AJ01 1984AJ0) and
Table 8.5 in (984AJ0).

36. (a)!"B(# T, 2pf'Be Qum = 132.1013
(b) 'B(x T, 2p n¥Be Qm = 120.6472

Total proton emission cross sections following absorption ori’B and!!B were measured &, + =
0, 100, 140 and 180 MeV, corresponding cross sections wgfB(r+, 2p)] = 8, 18, 17, 17 mb and
o["'B(x T, 2pn)] = 0.18, 0.80, 2.0, 3.4 mb, respectively{92RA1).

37.0B(K T, Kt +d)®Be Qm = —6.0267
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Angular distributions were measured fOiB(K+, K+d) at Ex+ = 130-268 MeV. A DWIA analysis
indicated that direct knock-out and 2-step mechanismsnapeiitant (991BE432.

38. 1°B(v, p+ n)*Be Qm = —8.2513

Bremsstrahlung photons were used to measuré®ey, pn) reaction af’, = 66—103 MeV in a study
of two-body photon absorption and final state interactidri&38SU14.

39.19B(n, t’Be Qm = 0.2305

The breakup of’B by 14.4 MeV neutrons involves, among othetBe, s (1984TU0). The cross
section of'°B(n, t)2«, for thermal neutrons is reported ag,ermal = 7 £ 2 mb (1987KA32. See also
(1979AJ0) and''B in (1990AJ0).

40.'°B(p, *He)f’Be Qm = —0.5332

Angular distributions of théHe ions to®Be*(0, 3.0, 16.6, 16.9) have been studiedzgt= 39.4 MeV
[see (974AJ0)] and atE, = 51.9 MeV (1983YAO5 see for a discussion of isospin mixing of the 16.8 MeV
states).

41. (a)'°B(d, a)*Be Qm = 17.8198
(b) 1°B(d, a)*He'He Qm = 17.9117

Angular distributions have been reportedfat = 0.5 to 7.5 MeV: see 1974AJ01 1979AJ0). At
E4 = 67-141 keV, angular distributions ef, anda; were measured and tHeB(d, «) and '°B(d, ;)
astrophysicalS-factors were deduced 997YA02. The angular-dependent cross sectionsfgra; and3a
processes were measured fr = 120-340 keV and in each case thdactor was observed to increase with
decreasing energy2001HO023. Yield ratios for'°B(d, p)!°B(d, o) were measured df; = 58—142 keV
(1993CE0). At E4 = 7.5 MeV the population ofBe*(16.63, 16.92) is closely the same, consistent with
their mixed isospin character whifBe*(17.64) is relatively weak consistent with its nearlyr@@ = 1
character®Be*(16.63, 16.92, 17.64, 18.15) have been studiedpr= 4.0 to 12.0 MeV. Interference be-
tween the2* states’Be*(16.63, 16.92) varies as a function of energy. The ceesgion ratios for formation
of 8Be*(17.64, 18.15) vary in a way consistent with a change éghpulation of thél’ = 1 part of the
wave function over the energy range: at the higher enertiese is very little isospin violation. At higher
E, the3™ state atFl, = 19.2 MeV is observed, the neighborirg) state att, = 19.07 MeV is not seen.
I'ge =90 £ 5keV, I'ig9g = 70 £ 5 keV, AQ = 290 + 7 keV: see Tablé8.11and (L979AJ0). Relative
widths of®Be levels at 19.86 and 20.1 MeW,,/T', = 2.3 £ 0.5 andT, /T, = 4.5 &= 0.6 respectively, were
determined by a complete kinematics measuremeMt®(d, 2«) and'°B(d, "Li + p) at Eq = 13.6 MeV
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(1992PU0Y. At E4 = 48 MeV evidence was observed for 8Be state afZ, = 32 MeV with ' = 1 MeV
(1993PA3); levels were also seen &Be*(0, 3.0, 11.4, 16.6[u], 16.9[u], 17.6; 19, ~ 20, 21.5, 22.2, 24,
25.2).

At Eq = 4.2 to 6.6 MeV measurements were carried out by detectirggincidences in a kinematical
star configuration992BO1H. '2C was excited into the excitation energy region near 30 Me\iclvwas
then followed by3a decay. The analysis, which indicated sequential decaygjirahe®Be*(11.4) state,
was intended to stimulate activity in 3-body interactioggrvoking an alternative approach.

Reaction (b) E4 < 5 MeV] takes place mainly by a sequential process involVigg*(0, 2.9, 11.4, 16.6,
16.9): see1979AJ0). See alsol983DA1]) [The work quoted in1984AJ0) has not been published.] At
E4 = 13.6 MeV in addition to®Be*(16.6, 16.9), states with, ~ 19.9-20.2 MeV withl" ~ 0.7-1.1 MeV
are involved {988KA1K). See also1992K026.

42.19B(q, SLi)®Be Qm = —4.5529

Angular distributions for thé’Be*(0, 3.0) are reported in a measurement'%8(«, °Li) at £, =
27.2 MeV (1995FA2); it was deduced that direct processes are dominant in Hwioas. See reaction 40
in (1984AJ0) andSLiin (2002T110.

43. (a)''B(p, a)*Be Qum = 8.590
(b) "'B(p, a)*He'He Qu = 8.682
(c) ''B(p, 2c)*He Qu = 8.682

Angular distributions have been measuredfat = 0.04 to 45 MeV [see [974AJ01 1979AJ01
1984AJ0)]. The oy anda; excitation functions and astrophysical reaction rateshzaen determined by
measuring angular dependent differential cross sectindd@al cross sections &, = 0.12-1.10 MeV
(1987BE1}, at £, = 4.5 to 7.5 MeV (1983B0O1)9, at £, = 40-180 keV (992CE0}, at E.,, = 17—
134 keV (L993ANO09, at 1.7-2.7 MeV [998MA54), and atE,, = 0.4-1.6 MeV Q002LI29. A DWBA
evaluation of data at 398, 498 and 780 keV indicated thatdimechanisms dominated over exchange
processes at astrophysical energiE396YAQ7). A calculation of the expected influence of electron screen
ing, due to using atomic nuclei, indicates that the astrejaay S(0)-factor deduced from lab measure-
ments may be 2.5 times greater than the rate when bare iotisipete in the reactionl©93AN0§. See
also QO02BAT77, 2002HAS]. The effects of higher order processes including vacuuftargation, rel-
ativity, bremsstrahlung, atomic screening and atomic rxaéion are reviewed in1997BA95. See also
(1996RA14 for DWBA analysis of data from 10-1000 keV.

Angular distributions ofy, anda; particles were measured around tR€*(16.1) resonance df, =
163 keV; E., = 148.3 + 0.1 keV andl’ = 5.3 & 0.2 keV were deduced1@87BE1}. The 2C*(16.57)
resonance was evaluated in {),data and resonance parameterdiQf, = 596 + 30 keV andl’ = 383 +
40 keV were deducedl@93ANO09§.

Reaction (b) has been studied by, = 0.15 to 20 MeV: see 1974AJ01 1984AJ0). The reaction
proceeds predominantly by sequential two-body decayBet(0, 3.0). See alsé’C in (1990AJ0), and
(1992K026.
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Reaction (c) was measured &f = 2-5.5 MeV by ((995B0O3j. A re-construction of theo relative
energy spectrum was analyzed to evaluate paramete?8&3(3.0).

44.''B(*He,SLi)®Be m = 4.571

At E(*He) = 71.8 MeV angular distributions of théLi ions to ®Be*(0, 3.0, 16.6, 16.9, 17.6, 18.2) are
reported (986JA14. For the earlier work at 25.6 MeV se&q979AJ0). See also986JA02.

45. 11B(a, Li)®Be Qm = —8.757

The work reported in1984AJ0) has not been published. See alsédin (2002TI110Q and references
cited in (1988AJ0).

46.1'B(°Be, 12B)®Be Qm = 1.705

See (984DA17 and'2B in (1990AJ0).

47.12C(vy, p+1)®Be Qm = —27.1804

The ®Be ground state and excitéd” and2* states are reported to participate in i€ photodisinte-
gration reactiort>C(y, pt) at energies up t&., = 150 MeV; see (989V004 1990DO03.

48.12C(e, éa)®Be Qm = —7.3666

A DWIA calculation of12C(e, éa) at 500-650 MeV qualitatively evaluated the restructukhgxcited
clusters following knockout reaction§§99SA27.

49.12C(n+, 3p+ n)*Be Qm = 104.6903

The energy and mass dependence of gioh) absorption leading to multiple protons in the final state
was measured &+ = 30-135 MeV Q000GI07.
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50. (a)'2C(n, m)®Be Qum = —7.3666
(b) 12C(p, m)*Be Qum = —7.3666
(c) 2C(p, d+ 3He)’Be Qm = —25.7196

The first two of these reactions involviBe*(0, 3.0): see 1974AJ01 1979AJ01 1984AJ0) and
(1985AJ0). For reaction (a), seel986AN29. For reaction (by-spectroscopic factors it¥C for a +
8Be*(0, 3.0) are deduced iM995NE1] 1997SA04 1998Y009. The a-cluster knockout reaction mech-
anism is evaluated inlP87ZH1Q 1994NEOQ5 1995GA39 1995NE11 1995TC0]1 1997SA04 1998Y0O09
1999HAZ27). For reaction (c) se€lP83LI18§ theor.).

51. (a)'2C(d, 5Li)®Be Qm = —5.8027
(b) 12C(d, ch)®Be Qm = —7.3666

Measurements of angular distributions and polarizatiseokables{l1,(0), T2 (6), T21(0) andTs2(6)]
are reported fof2C(d, 6Li)®Be, ;. at 18 and 22 MeV1987TA07). DWBA analysis is used to evaluate
spectroscopic factors frofC(d,6Li) at £4 = 41 MeV (1988RA2( and atFy = 15-55 MeV (1988RA27.
Angular distributions have been studiedrat = 12.7 to 54.3 MeV [see1974AJ01 1979AJ01 1984AJ0)]
and atE; = 18 and 22 MeV (986YA12 to ®Be, ) and 51.7 MeV {986YA12 to ®*Be*(0, 3.0, 11.4)
as well as atFy = 50 MeV (1987GO1$, 54.2 MeV (984UM04 FRDWBA) [S, = 0.48, 0.51 and
0.82 for®Be*(0, 3.0, 11.4)] and 78.0 MeV1086JA14 to *Be*(0, 3.0, 16.6, 16.9)). See alsb985GO1G
Eq = 50 MeV). For reaction (b) seel@84AJ0). See also{984NE1A and references cited in988AJ0).

52. (a)'2C(t, "Li)®Be Qum = —4.8997
(b) 13C(t, 3Li)®Be Qm = —T7.8137

Angular distributions from2C(t, “Li) and *C(t, 8Li) were evaluated in a DWBA analysis to deduce
spectroscopic factors #¥C for o + ®Be, 5. (1989S102. See alsdLiin (2002T110.

53.12C(3He, "Be)’Be Qm = —5.7805

AnguIaL distributions have been obtainedZfHe) = 25.5 to 70 MeV [see {979AJ01 1984AJ0)]
and atE(*He) = 33.4 MeV (1986CL1B ®Be, s ; also 4,). ®Be*(0, 3.0, 11.4, 16.6, 16.9, 17.6) have been
populated.

54. (a)'?C(a, 22)®Be Qum = —7.3666
(b) 2C(c, ®Be)f’Be Qm = —7.4584
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These reactions have been studiefato 104 MeV [see1979AJ01 1984AJ0) and'?C in (1985AJ07]
and at 31.2 MeV 1986XI1A; reaction (a)):*Be*(0, 3.0, 11.4) are populated. See also references cited i
(1988AJ0). Alpha spectroscopic factofBe*(0, 3.0) were measured Ky, 2a)) knockout at 200 MeV
(1999ST0§ and 580 MeV {999NA0Y. a-particle angular correlations were measured from'#f@* —

a + 8Be decay to determine the polarization characteristich@t3C*(9.64; 37) state, which was excited
by 12C(a, a’)'2C*(9.64) — « + ®Be (1989KO5H.

55. (a)!?C("Be, '*C)*Be Qum = 3.2809
(b) 12C(*'B, 1°N)®Be Qm = 3.6248

Angular distributions involving®Be, . + 3C, . (reaction (a)) have been reportedfaf’Be) = 20 to
22.9 MeV andE(*2C) = 10.5 to 13.5 MeV: seeX984AJ0). For both reactions see alsbO83DEZW).

56. (a)!?C(*2C, '%0)*Be Qm = —0.2047
(b) 12C(*%0, *°Ne)’Be Qm = —2.6367
(c) 2C(*°Ne, **Mg)®Be Qm = 1.9500
(d) 2C(*°Ne, o + °Ne)’Be Qum = —7.3666
(e) 2C(**Mg, 160 + 2C)®Be Qm = —14.1382

For reaction (a}>C(*2C, '°0) was measured in a study“dMg excited states near 33 MeV A('°C) =
27-36 MeV (1995AL25 1996AL03 1997SZ0). See also'®O in (1993TI07) and references cited in
(1988AJ0). For reaction (b) see reaction 18 #fNe in (1987AJ03, (1985MU14 and (L988ALO7 lo-
cation of al0* state in*’Ne atF, ~ 27.5 MeV). Evidence for 11 states #Mg with excitation energy
between 22 and 30 MeV is seen in reaction (c)t"Ne) = 110 and 160 MeV P001FR03. For re-
action (d) see987S10§. States in’®Si at £, = 28.0 MeV [J™ = 137], 29.8 MeV [(11)], 33.4 MeV
[81(107)] and 34.5 MeV [(12, 14)] are observed in reaction (e) A(**Mg) = 170 MeV (2001SHO08§.

57.13C(d,"Li)®Be Qm = —3.5888

See’Liin (2002TI10.

58.13C(a, *Be)f’Be Qm = —10.7393

See (984SH1D) 1988SHI1FE E, = 27.2 MeV) and’Be in (1979AJ0).

59. 13C("Be, “C)*Be Qm = 6.5110
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Seel“C in (1986AJ0).

60. “*N(n, "Li)®Be Qm = —8.9148

See’Liin (2002T110.

61.160(y, 4c) Qm = —14.4367

The 150(y, 4a) reaction was studied with bremsstrahlungays up toE., = 300 MeV (1995GO19).
Evidence in the energy reconstruction spectra indicat@spiérticipation of th€Be*(0, 3.0) states increases
with increasingy-ray energy.

62.'°0(p, p+ 20)®Be Qm = —14.5285

See (986VD04 E,, = 50 MeV).

63.10(160, 2*Mg)®Be Qm = —0.4821

See (987CZ02.

64. "2 Ag(14N, 8Be)X

Sequential-decay neutron spectroscopyR# + n products from®*Ag + “N at 35 MeV/A indicates
the participation ofBe*(19.24) with19.234 + 0.012 MeV andl’ = 210 + 35 keV (1989HE23.
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8B
(Figs. 4 and 5)

GENERAL: References to articles on general properti€8qgiublished since the previous revieh®88AJ0)
are grouped into categories and listed, along with brie€desons of each item, in the General Tables for
8B located on our website atviww.tunl.duke.edu/nucldata/ General _Tables/8b.shtml).

1= 1.0355 & 0.0003 pix: see (996FIZY).
Q = 68.3 + 2.1 mb (1992MI18 1993MI35.

1.3B(31)%Be Qm = 17.9798

The st decay leads mainly ttBe*(3.0). The half-life ist70+3 mseclog ft = 5.6 (1974AJ0). There
is also a branch t&Be*(16.63), and evidence for population of #Be intruder state af, ~ 9 MeV. See
reactions 24 and 27 itBe. See also references cited i®88AJ0).

A new 3-NMR technique (NNQR) was used to measure the quadrupoleembai®B, |Q(®B, 21)| =
68.3 + 2.1 mb (1992M118 1993MI35. The large quadrupole moment was reported as the first meedef
a proton halo ir'B.

The tilted foil technique was used to polarize atofficnuclei. The polarization was transferred to the
nucleus via the hyperfine interaction and the resultihdecay asymmetry indicated that the polarization
was saturated &t 71 £ 0.28% (1993M0O39.

The B-decay of®B provides the high-energy neutrinos that are measured rfigg l@olume neutrino
detectors that are attempting to resolve the “solar neufpioblem”. The neutrino energy spectrum from
8B 3-decay, which is essential to interpret the data from theseadors, has been measured and evaluated
in (1987NA0§ 1996BA2§ 1999DE33 20000R04 2003RE26 2003WI11§. The ®B neutrino absorption
cross sectiong+3c) for Cland Ga arercy = 1.14 £ 0.11 x 1072 cm? andog, = 2.4673] x 10742 cn?
(1996BA23. However, the results o20000R0% suggest a harder neutrino spectrum than that used by
(1996BA23.

For comments about the weak neutral current interactiofBing-decay seel(989TE04 1992DE07
2003SM02. For theoretical discussion ®Be levels that are involved in the decay s€8§9BA31, 1993CH06
2000GR072002BH0J and reaction 27 ifiBe.

2.6Li(d, 7)®B Qm = —135.2692

At E; = 300 and 600 MeV*B*(0, 0.77, 2.32) are populated: seE84AJ0).

3.6Li(*He, nf’B Qm = —1.9748
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Table 8.15: Energy levels 68 #

E, (MeV +keV) | J-; T T1/2 OF ey (kEV) Decay Reactions
g.s. 2+ 1 Ti/2 = 770 = 3 msec Gt 1,2,3,4,5,6,8,9,10, 12
0.7695 £ 2.5 ¢ | 1+; 14 I'=35.6+06"¢ wp |23,4,6,7,9,10, 12
2324+20° 31 3050 £30°¢ 4,6,7,9, 10, 12
3.5 £500° 2- 8Et4MeVFe 6,7
10.619+9 0t; 2 < 60 12

a See reactions 6 and 7 for evidence of additional states.
b Average of values from reactions 3, 6 and 7.

¢ From data reviewed in this evaluation.

d See PO0ATALY.

Table 8.16: Electromagnetic transition strength&Bn

E; — Er (MeV) | J& T, — JI; T I, (eV) Mult. I, /Ty
0.7695 — 0 (1t;1) — 271 | (2.5240.11) x 10722 | M1 | 2.63 +0.12
232 —0 31 —=27:1 0.10+0.05" M1 | 0.38£0.19

> T, is an average df4.8 + 2.9 meV (2003BA5) and25.3 £ 1.2 meV (2003JU0%
> From a reanalysis of the data iBQ03JUO3[K.A. Snover, private communication].
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Angular distributions for the pigroup have been reported B(*He) = 4.8 to 5.7 MeV: L = 0. Two
measurements for thi, of 8B*(0.77) are767 + 12 and783 & 10 keV [’ = 40 + 10 keV]: see (974AJ0)
and’B.

4."Li(p, 77)®B Qum = —140.2949

Angular distributions and analyzing powers have been mreddor the transitions t®B*(0, 0.77, 2.32)
at £, = 199.2 MeV (1987CA09 and at 280, 345 and 489 Me\M488HU1): the A, to 8B*(2.32) is
characteristic of that to a stretched high-spin, two-platione-hole final stateJ[' of 8B*(2.32) is 3]
(1987CA04§.

5. 7Li("Li, SH)®B Qm = —34.966
SeelH.
6. "Be(p,7)*B Qum = 0.1375

Absolute cross sections have been measuredfor- 112 keV to 10.0 MeV. See alsd §84AJ0) and
references cited inlO88AJ0). Resonances are observed:gt= 720 and 2497 keV: see Tab817. An R-
matrix evaluation of (py) and (p, p) [reaction 7] data supports the existence @f devel atF, = 3—4 MeV
(2000BA49, and al* resonance is predicted At ~ 1.4 MeV (2000CS0). See howeverZ001RO32} and
reaction 9.

Direct measurements 6Be(p,7) at low energies are typically carried out by measuriadelayed alpha
particles from decay of the residutB nucleus. However, systematic errors associated ¥8thackscatter-
ing losses from the target prior to counting have become aaronbased on new measurements and Monte
Carlo calculations (sed998ST20 and reaction 9 ifLi).

A review of astrophysical reaction rates9Q8AD12) favored the measurements B82FI03 and de-
duced a value of(0) = 19J_F‘2l eV - b, however, several measurements [see Taldl§ have been reported
since this review. See other overviews of direct and indirmeasurements i?Q01M0O32 2001MU2Q
2002M0112003DA3Q 2003M023 2003M0O2§: for cluster model calculations seEYB8DE381988K029
1993DE301993R0O041994DE031995CS011997CS071998CS031998M0O13 2000CS03, for direct-
plus-resonances ankl-matrix calculations seel@87KI01, 1988BA29 1993KR18 1995BA39; and for
shell model calculations se€q96BR04 1998BE44. See als0l992SC221993TR061994SC142003CH79
2003PA33.

The role of electron screening and other effects, for examiple deformation, are discussed DQ4KA02
1997CS07 1997NUO01 1998BE1Q 2000LI13. The correlation of the capture rate with properties such
as the®B quadrupole-moment and ti&® valence proton spatial distribution is discussed i893R104
1996BR04 1998CS032000CS032000JE102001CS03

The nature of the shape of thefactor as the proton capture energy approaches zero isisgisd
in (1998JE04 1998JE10 1998JE11 2000BA09 2000BB09 2000JE10 2002MU1§. The authors of
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Figure 4: Energy levels 6fB. For notation see Fig. 2.
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Table 8.17: Resonances observedBe(p,)®B

E. (keV) | T, (keV) o (nb) I, (meV) Reference
632 £ 10 37+5 1180 £120 | 24.7+£4.2 (1983FI13
633 35+3 1250 £ 100 | 24.8+2.9 (2003BA5)
630+3 | 35.7+0.6 25.3+1.2 | (2003JU0}
630+3 | 35.7+06 | 1221 +£77 | 25.2+1.1 | “mean” value ?
2183 350 100 £ 50" | (2003JU0}

* Excludesor = 2200 £ 220 nb,I';, = 50 £ 25 meV from (L966PA19, which had been
cited in (L988AJ0).
b Private communication from K.A. Snover; revised frém = 15030 meV (2003JU0).

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

The time reversed reactidiB +~ — "Be -+ p has been measured by excitit® nuclei in the Coulomb
field of high-Z target nuclei and detecting tABe and proton productd 994M0O33 1998K119 1999IW03
2001DA03 2001DA11, 2002DA15 2002DA26 2003HA3Q 2003SC1). The “Be(p,)®B cross sections
are related to the photodisintegration cross sections éttailed Balance Theorem. Resulting values of
S(0) are18.9+1.8 eV-b (1998KI19 RIKEN), 18.64+1.2(expt..1-1.0(theor.) eV:b (1999IW03 2003HA3Q
2003SC14GSl), and17.8" 13 eV - b (2001DA03 2001DA11, 2002DA15 2002DA26 MSU). The field of
virtual photons that induce breakup can excite tBemainly via E1 and E2 multipolarities; however, the
proton capture reaction is dominated by E1 strength. Sime@tmbers of E1 and E2 virtual photons created
in the Coulomb field of the target are calculable, dependingojectile energy and impact parameter,
the ratio ofo(E2)/0(E1) in the Coulomb dissociation experiments was deducaah fisymmetries in, for
example, the measured angular distributions. Values f@ratio, which depends on the relativeHp’Be
energy and theory that is used to determine the E2 strerayigerfrom (0.5 to 5% 10~* at £, = 0.6 MeV
(1997KI101, 1999I1W03 2001DA03 2001DA11, 2002DA15 2003SC14 See also{996KE16 1996V009.
Calculated estimates of tl€E2)/o(E1) ratio in Coulomb dissociation are given tBO4LA08 1995GA25
1995LA17 1996BE831996ES021996SH081997TY01, 1999BB07 1999DE232002BE762003FO07.
Interference between nuclear and Coulomb mechanismsissdied in1997TY01, 1998DA15 1998NU0]
2003MA88. See alsoX993TI01, 1994TY03 1996RE161997CS02

Calculations showing the relationship between the lowggnastrophysicalS-factor for "Be(p, 7)
and the asymtotic normalization coefficient (ANC) féBg, B) reactions are presented ih9OOMU13
1994XU08 1995MU1Q 1997TI03 1998GR0O72000JE102003TI13. See also reactions 8 and 11.

7."Be(p, pyBe Ey, =0.1375

55



The "Be(p, p) scattering was measuredit, = 0.3-0.75 MeV using @ Be beam 2003AN29. The
data were analyzed in aR-matrix analysis and indicat&,.; = 634 & 5 keV andI';,.s = 31 &+ 4 keV for
the 17 first excited state. Scattering lengthaf, = 25 + 9 fm (channel spif = 1) andagy = —7 = 3 fm
(channel spin = 2) were also deduced from the data.

At E("Be) = 32 MeV (1998G019, two resonances were prominent in the inverse kinemat@tesing
excitation function,F, = 2.32 +0.02 MeV, I" = 350 + 30 keV, J™ = 3T and B, = 2.83 £+ 0.15 MeV,
I' = 780 % 200 keV, J™ = 1T, though poor statistics in the measurement prevent a firrepgance of
the 2.83 MeV level. In addition there was evidence for a brdadr 1~ level at~ 3 MeV. At E("Be) =
25.5 MeV the B, = 2.32 MeV J™ = 37 level was observed with an additional levellat = 3.54+0.5 MeV,
I' = 8 £ 4 MeV (2001R0O32. An R-matrix analysis of the interference between the 2.32 abdV&V
levels indicates/™ = 2~ for the higher state. In the later work, the state atF, = 2.8 MeV, suggested
by (1998G016, was not necessary to obtain a good fit to the data. In additiere was no evidence for a
level atE, = 1.4 MeV that had been suggested IA000CSO0): see reaction 6.

8. "Be(d, nfB Qm = —2.0871

The total?H("Be, n) cross section was measuredzgtBe) = 26 MeV (0, = 58 + 8 mb) and was
evaluated to determine ti® — "Be + p asymptotic normalization coefficient (AN@gS/2 = 0.711 £
0.092 fm~!. This can be related to tHde(p,~) astrophysical capture rate and indicafgs(0) = 27.4 +
4.4 eV-b (1996L112 1997LI105. Re-analysis of the data using better optical model pat@méndicates
a smaller ANC and a reduced value $f;(0) = 23.5 + 3.7 eV - b (1998GA02 1999FE04. To remove
the dependence on the optical model paramet2g§)JOG02 performed a Continuum-Discretized coupled
channels calculation using the spectroscopic factors0.849 (1987K107), from this they deducé7(0) =
20.96 eV - h.

9. 9Be("Li, *He)’B Qm = —28.264

Angular dependent differential cross sections were meaisiar °Be("Li, *He)*B from 0° to ~ 12° at
E("Li) = 350 MeV. States irfB were observed at 0, 0.770 and 2.32 M&0Q1CA37}.

10.19B(p, t°B Qm = —18.5316

At E, = 49.5 MeV [see (1974AJ0)] and 51.9 MeV ([983YAQ9 angular distributions have been
measured for the tritons ttB*(0, 2.32): L = 2 andL = 0 + 2 leading toJ™ = 2+ and3™, respectively.
Measurements af, for 8B*(2.32) yield2.29+0.05 MeV and2.34+0.04 MeV [, = 0.39+0.04 MeV].
8B*(0.77) is also observed: se&q74AJ0).

11. (a)'°B("Be,®B)’Be Qm = —6.4484
(b) "*N("Be,®B)"*N Qum = —9.6335
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Table 8.18: Summary of recent direct measuremenit8efp,~)*B *

Energy S(0) factor (eV- b) Refs.
Een = 117-1230 keV 21.7£25 (1983FI13
E, =0.35-1.4 MeV 185+£1.0" (1997SC461998HA05
E.n, = 1.09 and 1.29 MeV 20.3¢ (1999HA5)
E, = 0.32-2.61 MeV 18.4+0.6 (2001ST2¥
E,=111.7,134.7 and 185.8 ke 18.8+1.74 (2001HA26 2001HA39
Ee = 116-2460 keV 22.1 £ 0.6(expt..}:0.6(theory)c | (2003JU0}
Een = 992 keV'! 16 + 4 (2000GL0O4
15.3+4.5 (2001TEO3
E.n = 302-1078 keV 21.24+0.7¢ (2003BA04 2003BA5], 2003BA89

& See (983FI131998AD13 for discussion of prior measurements.

b Depending on the extrapolation theory, values$¢#) ranging from 16.6 to 20.0 eVb were deduced$(0) = 18.5+1.0eV-b
was recommended.

¢ MeasuredS(1.09 MeV) = 22.7 + 1.2 eV - b andS(1.29) = 23.8 + 1.5 eV - b using a’Be target that was implanted on a Cu
backing [to minimize backscattering losses]; these vatweextrapolated t6'(0) = 20.3 eV - b.

4 Weighted mean including data frohq98HAQY, data below 0.43 MeV yiel$(0) = 19.2+ 1.2 eV - b.

¢ Based ont.,, = 116—-362 keV. This value is revised fros = 22.3 &+ 0.6(expt..)+ 0.6(theory) which was given in001JU01
2002JU0}

f Measurement witfiBe particles on a windowless hydrogen targg@92 keV)= 0.41 4 0.11 p-barns.

& Cu substrate with implanteéBe. The low-energy part of the data extrapolat€{o) = 20.8 + 1.3 eV - b.

In reaction (a) the asymptotic normalization coefficienN@), C’g/z, for B — "Be+p was determined

by measuring differential cross sections t8B("Be, ®B) from 0° to ~ 35° at £("Be) = 84 MeV. The value
of C7, , = 0.398 £ 0.062 fm~! was deduced which, together wid¥ ,/C3,, = 0.157, corresponds to

P3/2
S17(0) = 17.8 & 2.8 eV - b (1999AZ09). For reaction (bﬁgg/2 = 0.371 4 0.043 fm~—! was measured in

1N("Be,®B) at E("Be) = 85 MeV, andS;7(0) = 16.6 = 1.9 eV - b was deducedl999AZ04.
A re-evaluation of the data from (a) and (b) using improveddeigarameters leads to revised values
and a weighted average Gféw = 0.388 £ 0.039 fm~! which corresponds t6'(0) = 17.3 £ 1.8 eV -b

(2001AZ01, 2001GA19 2002GA1). In addition, thngg/2 gives R, . = 4.20 4+ 0.22 fm for the valence

proton RO01CA2). See alsd?C("Li, 8Li)'2C [reaction 27 irfLi] for a determination of the ANC from
charge symmetry.

12. 'B(3He,He)’B Qm = —16.9175
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At E(3He) = 72 MeV the firstT = 2 state is observed df, = 10.619 & 0.009 MeV, I" < 60 keV:
do/dQ) (lab) = 190 nb/sr atf),;, = 9°. No other states are observed within 2.4 MeV of this stdg(0,
0.77, 2.32) have also been populated: S&59AJ0).

13.12C(x*, ddyB Qm = 90.3772

The pion absorption mechanism, which has a characteriftiigh energy transfer and small momentum
transfer, was studied d(7") = 100 and 165 MeV 2002HUO0§. The role of 2-step processes, such as
pion scattering prior to absorption and nucleon pickupradtesorption, is discussed, and simple models for
neutron-pickup final state interactions are presented hodrs to reasonably represent the data.

14.12C(B, ®B)!12C

Angular distributions from quasielastic scatteringBfon'2C were measured at 40 MeX{1995PEO0Y.
Analysis of the data appears consistent with a proton H&A8FFA17 1996KN05 1997PEO3.

15.C(@B, ®B)'“C

Elastic scattering ofB on *C was calculated in a folding potential model. Results ssgtiet scat-
tering of exotic nuclei from nonV = Z nuclei could reveal new information about the nuclear pipdés)
particularly in cases where rainbow effects are obsert8@§KN0J.

16. 724 C(, 8B)X

A measurement to determine muon induced background ral@gygrvolume scintillation solar neutrino
detectors foundr = 4.16 & 0.81 pub and7.13 & 1.46 ub for "*C(u, ®B) at £, = 100 and 190 GeV,
respectively 2000HA33.

17.58Ni(®B, "Bey’Cu Qm = 3.2810

Angular distributions of Be following the breakup ofB on a®Ni target were measured &(°B) =
25—75 MeV to evaluate the importance of Coulomb-nuclear fatence effects000GUQ03.

18.Be t02°3Pb{B, X)
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Table 8.19: Inclusive measurements'Bfbreakup

8B energy (MeVA) Target Refs.
10-40 natSj (1996NE061997SKO03
20-60 nat Gj (1995WA19
40 2c (1995PE091996SK04
40, 60 Be, 12C, ?7Al (1999FU08
41 °Be, "Au (1996KE16
44,81 208phy (1998DA19
76 2c (2003ENO0Y
142, 285 nat G 27A| natSp 208ph | (1997BL0OY
790 9Be, 2C, 2"Al (1988TA1Q 19960B0)
936 natc, natph (2002C0O042002C0O062003ME 1§
1440 2c (1999SM03
1440 12¢C, 208pp (2001CO0%
1470 12C, 27Al, 28Pp (1995SC1)

Inclusive measurements 3B breakup have been reported: see Tablkd

The measured total reaction cross sections for nuclearepses are related to ti& r.m.s. radius
and valence proton r.m.s. radius in simple Glauber-type atsodThe cross sections range frem; =
800 mb ando(proton removal)~ 95 mb at £(®B) = 1471 MeV/A on a'2C target too,; ~ 1.95 b at
E(®B) ~ 15 MeV/A on Si (L995WA19 1996NE0§. These cross sections correspond'Bor.m.s. radii
around2.43 + 0.01 fm (19960B0); the valence proton r.m.s. radius deduced from the protomowal
cross-section measurements is model dependent and valtlesriange 08.97 + 0.12 fm (1996NEQ0§ to
6.83 fm (L995SC1)are deduced. See alstPO7KNO7 1998SH091999KNO09. A review of nuclear sizes
deduced from interaction cross sections isA0(10Z04.

Measurements of the parallel momentum distributiohB# fragments following the breakup &8 pro-
jectiles are reported i @95SC101996KE16 1996NE06 1997SC031998DA14 1999SM042000C0O3)
and are interpreted in Serber-type models as reflectingle@tmformation about théB valence proton
wave function. AtE(®B) = 1.47 GeV/A the momentum distribution widths from breakup on C, Al and
Pb arel'pwin ~ 81 + 6 MeV/e (1995SC10). This width is much narrower than that expected from the
breakup of nuclei with “normal” densities and was interpteas an indication of a proton haloSB. How-
ever, at energies near 40 Me¥the momentum distribution dBe fragments fron§B breakup range from
I' = 62+ 3 MeV/c on an Au target (mainly Coulomb breakup process&8P6KE1§toI' = 95+ 7 MeV/c
on a Si target (mainly nuclear breakup process&8p6NEQG; this is an indication that at this energy, sim-
ple Serber-type models are not adequate to explain thevazsaromentum distributions since the breakup
mechanisms play a role in determining the observed dididbs.

By evaluating fragment momentum distributions in more ctaxpnodels, it was suggested that the
asymmetric’Be fragment momentum distribution frofB breakup on Au at 41 MeW reflects the in-
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Table 8.20: Isospin triplet staté® = 1) in A = 8 nuclei®

8L SBe 5B
E. (MeV) | J~ E. (MeV) J* | AE, (MeV)® | E.(MeV) | J* | AE, (MeV)*©
0 2t | 16.626 + 16.922¢ | 2+ 0 2+
0.9808 | 1t 17.640° 1+ —0.143 0.7695| 1+ —0.211
2.255 | 3* 19.07¢ 3+ 0.013 2.32 3+ 0.065

2 As taken from Tables 8.2, 8.9 and 8.15. The analogs of thedhirbdevels near 3.2 and 5.4 MeV and the narréw
level at 6.53 MeV irfLi (see Table 8.2) are unknown #iBe and®B.

b Defined ast, (°Be)—E, (5Li) — 16.802.

¢ Defined asty (3B)—F (5Li).

4 TheT = 1 centroid of the 16.626 and 16.922 MeV levels is 16.802 MeVBe, assuming an isospin-mixed doublet
with 7" = 0 intensities proportional to the observedvidths in Table 8.9.

¢ Predominantly/” = 1. A small amount of isospin mixing improves theray branching ratios for the decay of the 17.64
and 18.15 MeV levels, and also the channel spin ratio fordh@étion of the 17.64 MeV level in theLi(p, ) reaction.

f Predominantlyl” = 1. Isospin mixing at the few % level is needed to reproduce titghs of the 19.07 and 19.24 MeV
levels.

terference of E1 and E2 contributions in Coulomb Dissosiai@nd gives information about the relative
E2/E1 strength Y996ES02 1996KE1§. A high-resolution measurement of the asymmetric digtiim
from breakup on Pb aE(®B) = 44 and 81 MeVA deduced that(E2)l0(E1) ~ 6.7 x 10~4(T25) at
E.q.(p + "Be) = 0.6 MeV (1998DA19. A more precise value of(E2)lr(E1) ~ 4.9 x 10~*T13 at
E.. = 0.6 MeV was deduced by including measurement& @) = 83 MeV/A (2002DA15.

Breakup cross sections afnBe core-like fragment momentum distributions are analyired modi-
fied Glauber model to obtain asymtotic normalization coifits (ANC) for the®B — "Be + p reaction
(2004TRO§. In this analysis of breakup data, the valtig (0) = 18.7 £ 1.9 eV - b is deduced.

At E(B) = 936 MeV/A, the ratio of {Be*(0.429)+ ~)/"Be production was measured on C and
Pb targets Z002C0O04 2003C0O06 2003ME1g. The measurements indicatela.3 + 2.2% component
of “Be*(0.429) in the ground state 88 (2003ME16. Spectroscopic factors foiBe*(0, 0.43) were de-
duced from measurements GIC(B, "Be) atE(®B) = 76 MeV/A; C2S = 1.036 and 0.220, respectively
(2003ENO).
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8C
(Fig. 5)

Mass of 8C: The atomic mass excess O€ is 35094 + 23 keV (2003AU03; I'e,y, = 230 + 50 keV
[J™ = 0F; T = 2]: see (1979AJ0). 8C is stable with respect ttB + p (Q = —0.07 MeV) and unstable
with respect tdBe+2p (Q = 2.14), °Li +3p (Q = 1.55) and*He+4p (Q = 3.51). At E(*He) = 76 MeV
the differential cross section for formation &, <. in the *“N(*He, °Li) reaction is~ 5 nb/sr atf,;, = 10°.
The '2C(a, ®He)l*C reaction has been studied &, = 156 MeV: do/dQ ~ 20 nb/sr atf,, = 20°:
see (979AJ0). See alsoX985AN29 and (L987BL1§ 1987SA15 1988CO15 1996GR2] 1996KA14
1996SU241997BA54 1997P0121998WI1Q 1999HA6], 2000WI09 2001C0O212003BA99.
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Figure 5: Isobar diagramd = 8. The diagrams for individual isobars have been shiftedaaty to eliminate

the neutron-proton mass difference and the Coulomb enteiggn asfc = 0.60Z(Z — 1)/AY/3. Energies

in square brackets represent the (approximate) nucleaggriey = M (Z, A) — ZM(H) — NM(n) — Ec,
minus the corresponding quantity fBe: here)M represents the atomic mass excess in MeV. Levels which
are presumed to be isospin multiplets are connected by ddisies.
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