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°n
(Not illustrated)

°n has not been observed. It is suggested that it is unboun@ MeV: see (984AJ0). See
also (L984DES5).

5H
(Not illustrated)

The’Be(!'B, 1°0) reaction afZ(*'B) = 52—76 MeV shows no evidence for the formatior? bf
(1986BE351987B04(). For the earlier work sedd984AJ0). See alsol987K0O47 1988SEZ).
There is some evidence for the formation of a very bragad-(3 MeV) state of°H at £, =
7.4 4+ 0.7 MeV in the °Be(r~, pt) reaction {987G025. °H is calculated to havd™ = %Jr, to
be unstable with respect to two neutron emission and to hesited states at/, = 2.44, 4.29
and 7.39 MeV withJ™ = 2%, 2 "and2™ [(0 + 1)hw model space], and &, = 2.85, 3.46 and
6.02 MeV withJ™ = 27, 5% and2™ [(0 + 2)hw model space](985PO1). See also(982SM09
1986BE441987PE1¢and (L983ANZQ theor.).

SHe
(Figs. 1 and 3)

GENERAL: See also1984AJ0).

Model discussions: (1983JA09 1984VAOG 1984ZW1A 1985FI1E 1985GE06 1985KWO02
1986KR12 1988WO04.

Soecial states: (1982P0121983V0021984BE1B 1984F1201984GL1GC 1984VA0G 1984VAZS
19847W1A 1985BA68 1985FI1E 1987SV1A 1988BA75 1988KW02 1988US1B.

Electromagnetic transitions: (1985FI1B.
Astrophysical questions. (1984SU1A 1985BO1B.

Complex reactionsinvolving °He: (1985B01,)1985DE171985P0111986CS1A1986P0O06
1987BL1K 1987B0O401987KI16 1987PE1G.

Reactions involving pions. (1984DE521985BE1C 1985GE061986CEO04.

Hypernuclei: (1982KA1D, 1983BA1D 1983BE1G1983MO1G 1983SH1E1983SH381984AS10D
1984B0O1A 1984BO1H 1984CH1G 1984HU1B 1984KO1F 1984MI1E 1984SH071984SH1,)
1984ZH1B 1985AH1A 1985BA1F 1985GI1E 1985IK1A, 1985K0O1G 1985KU1A 1985MO1K
19850S1C1985TALE 1985YA05 1985YALB, 1986AN1R 1986BA1H 1986BA1W, 1986BO1E
1986CH1| 1986DA1B 1986DO0O1B 1986LI1L, 1986MA1G 1986SH1) 1986SH1K 1986SH1V
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1986SZ1A1986WA1J1986YAL1K 1987BO1L 1987BO1Q1987KA1Q 1987MI38 1987PO1H
1987SH1H1987YAL1C 1987YAL1M, 1988BA1G 1988BO1E 1988LA1B 1988LI1C 1988NO1A
1988PO1H1988TA29.

Table 5.1: Energy levels 6He?

E, (MeV)P? J° T Iem (MeV) Decay Reactions

g.s. %_; 0.60 +0.02* n, o 1,4,6,7, 8,9, 10, 11,
12, 13, 14, 15, 16, 17,
18, 19, 20, 21, 22, 23,
24,25, 26, 27, 28, 29

[N

4+1 i1 4+1 n, o 4,6,9, 10, 16, 20, 21, 29
16.75 £ 0.05 il 0.076 £0.012 | ~,n,d, te |1,2,5, 6,8, 10,11, 12,
20, 21, 22
19.84+0.4°¢ CRINE 2.54+0.5 ndta |23,5,8,10,12, 14,18,
20, 21, 22
24 -25°¢ broad 20,21
(35.74+0.4) ~ 2 18, 22

2 See Table 5.2 inl966LA049 and Table5.2 here. A study by G.M. Hale, D. Dodder and K. Witte on thenatrix
pole parameters fotHe is underway. | thank Dr. Hale for his comments concerningstjons regarding?- and
S-matrix calculations.

b Positive-parity states are predicted to ligfat~ 5 MeV (%Jr) and 12 MeV €+, g+): see (988WO10.

© See the “States dHe” section in°He in (1974AJ0).

Fig. 1: Energy levels ofHe. In these diagrams, energy values are plotted vertizaNjeV, based on the ground state
as zero. Uncertain levels or transitions are indicated Ispéd lines; levels which are known to be particularly broad
are cross-hatched. Values of total angular momeniuparity, and isobaric spiff which appear to be reasonably well
established are indicated on the levels; less certainasgigts are enclosed in parentheses. For reactions in WHizh

is the compound nucleus, some typical thin-target exoitdtiinctions are shown schematically, with the yield plbtte
horizontally and the bombarding energy vertically. Bonudag energies are indicated in laboratory coordinates and
plotted to scale in cm coordinates. Excited states of thewaknuclei involved in these reactions have generally not
been shown; where transitions to such excited states averkioooccur, a brace is sometimes used to suggest reference
to another diagram. For reactions in which the present nsabecurs as a residual product, excitation functions have
not been shown; a vertical arrow with a number indicating esdrombarding energy, usually the highest, at which
the reaction has been studied, is used instead. Furthemafmn on the levels illustrated, including a listing oéth
reactions in which each has been observed, is contained iméster table, entitled “Energy levels’bfe”.
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Other topics: (1983BE551984BE1B 1984P0111985AN28 1985GI1E 1986BL1D 1987SV1A
1988KW02 1988US1B.

Ground state of He: (1983ANZQ 1984FR131985AN28 1985FI1E 1985TALF 1985FA01
1987SV1A 1988WA08 1988WO04.

1. *H(d, v)°He Qm = 16.70

At low energies the reaction is dominated by a resonanég at 107 keV; the mirror reaction
shows resonance d; = 430 keV. The branching ratid’,, /I", integrated over the resonance
from 0 to 275 keV is(5.6 & 0.6) x 1075 (1986MO03J, in very good agreement with the earlier
value of(5.4 £ 1.3) x 107° for Eq = 45 to 146 keV ((1984CE0§. Assumingl’, of "He*(16.7) is
37 + 5 keV (see reaction 6), thein,, = 2.1 £ 0.4 eV. (1986MO0Y also report branching ratios
up to Eq = 0.72 MeV and summarize the earlier work to 5 MeV. For measuremant&\P and
VAP at E; = 0.4 and 8.6 MeV, seel@87RIZZ prelim.). See alsol@85RIZ2), (1979AJ0) and
(1984NE1B 1986LA1F, 1988KI1C applications).

2. (a)*H(d, n}He Qun = 17.5894 E, = 16.70
(b) 3H(d, 2n¥He Q= —2.9883
(c) *H(d, pnyH Qu = —2.2259

The cross section has been measured in the rBpge12.5t0 117 keV ((984JA08[0.525(1+4.8%) mb
to 3.739(4+1.4%) b] and in the rangé’y = 79.913 to 115.901 keV & 0.015 keV) (1987BR10Q
[3.849104.734 b (t 1.6%)]. See alsol985FI1G E, = 13.8to 114.3 keV). A strong resonance,

o (peak)= 4.88 b, appears aty = 105 keV: see Table 5.2 in1079AJ0) and (L987BR1(. For

a discussion of2-matrix analysis and evidence for a “shadow” pole, S&S7BR10 1987HAZ20Q.

See also1987HA44 1987MO1K. From E; = 10 to 500 keV, the cross section is well fitted
with the assumption of s-wave formation of/a = %Jr state. Measurements of cross sections and
angular distributions for reaction (a) have been repoddt= 21 MeV andE; = 20.0 MeV [see
(1974AJ011979AJ011984AJ0)] as well as at 1.0, 1.5 and 2.0 Me¥q87LI07).

A study of reaction (a) with polarized deuterongat= 0.2 to 1.0 MeV indicates intervention
of the s-wave,J™ = %Jr channel, as well as possible p-waves abéye= 0.3 MeV. The polar-
ization increases monotonically from 0.03/t = 3 MeV to ~ 0.5 at £y = 6.5 MeV and then
with a lower slope to 0.69 ab; = 13 MeV. The change in the slope may be caused by excited
states ofHe near 20 MeV. Comparison with tiele(d, p)He mirror reaction at corresponding
c.m. energies shows excellent agreement between thezadlan values in the two reactions up
to £y = 6 MeV, but then the proton polarization becomes 15% higher, converging back to
the neutron values dfy; ~ 12—-13 MeV. This may be due to experimental factors. Vectoripola
ization transfer coefficientsKyy' (0°) have been measured féi; = 5 to 11 MeV (1985HOZY
1986HO1E prelim.). For other polarization work se&984AJ0).
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(1987BR10 have derived astrophysicéifactors in the rangé&y; = 79.9to 115.9 keV F(0) =
11.71 + 0.08 MeV - b; multilevel fit], as well as reactivities. Se&984JA0 for the earlier work,
and (L985CA41 1987VA39.

Reaction (b) has been studied fa = 10.9 to 83 MeV. A study of reaction (c) leads to
the suggestion of a resonancemt,, = 2.9 + 0.3 MeV [E, = 19.6 MeV], I'.,.. = 1.9 +
0.2 MeV, consistent with/™ = %_ [see, however, TablB.1]: see (1974AJ01 1979AJ0). See
also (L983BAZP, 1984SL.2Z 1987GOZH, (1986BR2()1986RA2) and (L984SHZK 1985FIZW,
1986C01,J19861L727, 1986K0O21 1986VAZU; theor.). For applications se€483G0O1¢1983HU1A
1984BA1D 1984HU04 1984MA71], 1984VL1A 1986AL1H 1986CA1E 1986EN1A 1986GR1H
1986HAILIN 1986HA1V, 1986KE1H 1986KN1A 1986KU1G 1986LE1FK 1986L0O1B 19860K1B
1986PA1G1986PE1H1986SA1M 1986 TAL1K 1986WI1B 1987BA2| 1987B0O1Q1987KA1Q
1987LE1G 1987S0O1A1987WU1G 1987ZW1A 1988KU1B.

For recent developments in muon-catalyzed fusion $68qJO1B 1987BA2RF, 1987BR1G
and (1983JO1B1983TA1GC 1984AN1A 1984BA1V, 1984BR1G1984CA1RB 1987AC1A 1987BA2L,
1987BE1Y, 1987BR1T 1987CA1Q 1987NA1K 1987PE1D, (1983PO1E1984AJ011984AN1C
1984CH1FE1984HA1J1984KR1B 1984M0O1G19840T1A 1986BR1H 1986J01C1986KA1K,
1987BR1W1987J01A1987P0O1N and (1983SG1A1984BU1E 1984BY 1B 1984FI1F 1984ME1B
1985BA1G 1985C0O1C1985FR1D1985G0O1E1985GU1G1985HI1A 1985KA1C 1985KA1N
1985ME1C1985ME1D 1985RA1B 1985VA1B 1986BL151986BO1F1986CO1K 1986DA1D,
1986HU1CG 1986J01C1986KH1B 1986ME1DQ 1986TA1J1986TALL 1987AK1B, 1987BE1W
1987CO1N1987CO1R1987CO1W1987KA1Z 1987KO1R1987ME1E 1987RA1L, 1987TALl
1987WY1A 1988JA1C 1988RO1Gtheor.).

3. 3H(d, dj*H B, = 16.70

The elastic scattering has been studied fQr = 2.6 to 11.0 MeV: see 1984AJ0). The
excitation curves show an interferenceat ~ 19 MeV and a broadI{ > 1 MeV) resonance
corresponding tdZ, = 20.0 £ 0.5 MeV, similar to that seen ifHe(d, d) [se€Li]. Together with
data from*H(d, n)*He, this work favors an assignmen Bor D;, with a mixture of doublet and
guartet components (channel séirand %) if only one state is involved [any appreciable doublet
component would, however, be in conflict with results frar(p, *Hey’He]. Measurements of dif-
ferential cross section and analyzing power using poldridauterons with; = 3.2 to 12.3 MeV
show resonance-like behavior in the vector analyzing power £y, = 5 MeV. The anomaly ap-
pears in the odd Legendre coefficients and is interpreteering of a § g)‘ excited state ofHe
with E, ~ 19.6 MeV. Broad structure in the differential cross section rieteV, principally in the
even Legendre coefficients, corresponds to an even paaiy’ste*(20.0). For other polarization
measurements (and for references) 4€49AJ0). For d-t correlations sed 987PO0} See also
“Complex reactions” in théHe “GENERAL section” and{981PL1A 1983HAYX, 1986B0O01
theor.).



4.3H(t, nHe Qm = 10.44

At E; = 0.5 MeV, the reaction appears to proceed via three channeldir@gt breakup into
“‘He+2n, the three-body breakup shape being modified by the n-raictien; (ii) sequential decay
via°He(0); (iii) sequential decay via a broad excited stateH#. The width ofHe(0) is estimated
to be0.74 £+ 0.18 MeV. Some evidence is also shown féte* at £, ~ 2 MeV, I" ~ 2.4 MeV: see
(1979AJ0). See alséHe and (986BA73 theor.).

5. 3He(t, pfHe Qm = 11.20

Some evidence is reported Bf = 22.25 MeV for a broad state ofHe atE, ~ 20 MeV, in
addition to a sharp peak correspondingle*(16.7): see1979AJ0). See alséLi.

6. *He(n, n}He E, = —0.89

The coherent scattering length (thermal, bound).0§ + 0.02 fm, 6, = 0.76 4 0.01 b. Total
cross sections have been measuredifpr= 4 x 10~ eV to 150.9 MeV and at 10 Ge¥/[see
(1984AJ0)] and atF,, = 1.5 to 40 MeV (L983HA20.

The total cross section has a peak of 7.6 Bat= 1.15+0.05 MeV, E. ,,. = 0.92+0.04 MeV,
with a width of about 1.2 MeV: sed 966LA04. A second resonance is observediat= 22.133+
0.010 MeV [0peax = 0.9 b] with a total width of76 + 12 keV andl',, = 37 415 keV (1983HA2Q.
Attempts to detect additional resonances in the total csestion have been unsuccessful: see
(1966LA049.

TheP3,, phase shift shows strong resonance behavior near 1 Me\é wtaP, ;, phase shift
changes more slowly, indicating a broRg,, level at several MeV excitation1966HO07F have
constructed a set of phase shiftsfgr = 0to 31 MeV,l = 0, 1, 2, 3, using largely pr phase shifts.
Atthe " state the bestfit to all data is given By, = 17.669 MeV£10 keV,~2 = 2.0 MeV£25%,

72 = 50 keV+20% (see Table 5.2 inl@79AJ0)).

An R-function analysis of théHe+ n data below 21 MeV (including absolute neutron analyz-
ing power measurement and accurate cross section measusgmas led to a set of phase shifts
and analyzing powers which are based on“He + n data alone (rather than also including the
‘He+p data). Atr = 3.3 fm the values obtained for tH®, , andP; , resonances are, respectively,
E.n =197and 0.77 MeV['. .. = 5.22 and 0.64 MeV: seel©@84AJ0). Angular distributions
of A, have been studied by 984KL05 1984KR23 1986KL04 for E; = 15 to 50 MeV: see also
for phase-shift analysis and comparison witte(p, p).

The excitation energies and the spectroscopic factoréfestates are obtained byJB5BA6Y
from 2-level R-matrix fits to the phase shifts, as functions of the charedilus. Foru ~ 5.1 fm a
very broad state with™ = %’L is found to lie atF, ~ 7 MeV in both®He and’Li, in agreement

with the shell-model calculation byl §84VAQH. Broad%Jr anngr states then lie at~ 14 MeV
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and the%_ state is at about 2.6 MeV1985BA69§ suggest that the phase-shift analysis should
be redone with values af larger than those previously used & 3 fm). See also{984AJ01
1984SI1A 1985AL1D, 1985SI1B 1985WI1B 1986BA1Y), (1986BU1DQ 1986DO1H applica-
tions) and {981PL1A 1982AZ02 1983DMO01 1983KUO0G 1984BL21 1984FI120 1984SC1A
1984SHZK 1985HA04 1985HO1B 1985KI11, 1985MI1F 1985NEZW 1985S0061985S008
1985SP051985TI07 1985TI08 1986CA1K 1986KO1J 19860K06 1986WI04 1987CA13
1987DU1B 1987HA44 1987KR16 1987MO1K 1987P01G1987QI101 1987SH091987S004
1987US1A 1987VA34 theor.). For the breakup reaction sé8§7MI1N theor.).

7. *He(p,7")°He Qm = —141.24

Differential cross sections have recently been reportdt,at 201 MeV (1985LE19 and at
Es =800 MeV (1984H0O01 alsoA,). See alsol987SO1¢and (L985GEOGtheor.).

8. (a)*He(d, pyHe Qm = —3.12
(b) “*He(d, pn}He Qm = —2.22459

A typical proton spectrum (reaction (a)) consists of a peakesponding to the formation of
the ground state oHe, plus a continuum of protons ascribed to reaction (b).ull\sbf the latter
reaction shows evidence for sequential decay°¥la*(0, 16.7 + 0.1 [I' = 80 =+ 30 keV]) and
suggests some fine structure néar= 19 MeV [see also reactions 12 and 20]: sé87{9AJ0).
Differential cross sections and VAP have been measuredégtound state group &t; = 5.4,
6.0, and 6.8 MeV1985LU0§ also TAP) and at 6 to 11 MeVLP850S0). At £, = 28.3 MeV ten-
sor polarization measurements involving the ground statesitions to'He (and’Li) deviate from
theoretical predictions which assume charge symméi®g%WI15. See alsdLi (1988PUZZ
E; = 2.1 GeV) and (985D003 1985NEZW 1986KO1J 1987FU10Q 1987KA1M, 1987KUZL
theor.).

9. *He('Li, SLi)°He Qm = —8.14

(1988W0O10 report a study of this reaction and of thde("Li, ‘He)’Li reaction atE("Li) =
50 MeV, and of the’Li(*2C, *N)°He and’Li(!3C, *C)’Li reactions att(C) = 90 MeV. Properties
of the two lowest states of = 5, from R-matrix parametersu(= 5.5 fm), are displayed in Table
5.2 Positive-parity states are then predicted to li€at~ 5 MeV (37) and 12 MeV €7, 27) in
SHe-SLi (1988WO10).



Table 5.2:R-matrix values of the peak energy and FWHM of heandl ™ states ofHe and’Li *

Bmax (3 ) rG) Ex(3 ) I'(;)

SHe 5L SHe 5Li SHe 5L SHe 5L

b 10.83840.018 | 1.76 +0.06 | 0.645+0.046 | 1.18 £0.13 | 1.94+0.46 | 1.874+0.56 | 3.6 £1.2 | 4.1+2.5
€1 0.869+0.003 | 1.86£0.01 | 0.723£0.019 | 1.444+0.08 | 2.58 £0.40 | 2.68 £0.50 | 5.3+2.3 | 6.1 £2.8

2 (1988WO0O10Q: a= 5.5 fm. Energies are in MeV. See also footnot® Table5.1
b StrippingreactionstHe("Li, SLi)°He and*He("Li, *He)’Li.
¢ Pickup reactions®Li(2C, '3N)°He and®Li('3C, '*C)°Li.

10. (a)’Li(~, py’He Qm = —4.59
(b) Li(e, epPHe Qm = —4.59
(c) SLi(w*, m#tp)°He Qm = —4.59

At E., = 60 MeV, the proton spectrum shows two prominent peaks ateibta°He*(0 + 4.0,
20+£2): see (979AJ0). The , po+1) cross section has been reportedfgr= 34.5 to 98.8 MeV.
A broad secondary structure is also observE@BECAL). In reaction (b) the missing energy
spectrum show strong peaks duélite*(0, 16.7) and possibly some strength in the redibn= 5—
15 MeV (1986LAZH; prelim.). See alséLi. At E,.+ = 130 and 150 MeV,’He*(0, 16.7) are
populated {987HUO03.

11.5Li(n, d)°He Qm = —2.37

Angular distributions ofly have been studied &, = 6.6 to 56.3 MeV. AtE, = 56.3 MeV
angular distributions have also been obtainetHe*(16.7) and, possibly, to two higher states: see
(1979AJ011984AJ0). See alsol986BOZQ.

12.5Li(p, 2p)°’He Qm = —4.59

At E, = 100 MeV the population ofHe*(0, 16.7) and possibly of a broad structure at
E, ~ 19 MeV is observed: momentum distributions fdde*(0, 16.7) and angular correlation
measurements are also reported. Recent work is reporteg at 47 and 70 MeV (983VDO03,

70 MeV (1983G0O0¢and 1 GeV (985BE301985D01§. See alsol984AJ0).

13.6Li(d, *HefHe Qum = 0.90
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°He, ; has been observed &} = 14.5 MeV: see (979AJ0).

14.5Li( o, ap)°’He Qm = —4.59

At E, = 140 MeV 5He*(0, 20.0) are populated: seE984AJ0).

15.5Li(SLi, "BefHe Qm = 1.01

Angular distributions have been obtainedfLi)’ = 156 MeV to °He, ;. Unresolved states
at F, = 16—20 MeV are also populated987MI134).

16.5Li(12C, 13N)°He Qum = —2.65

See reaction 91088WO10).

17.7Li(~y, dy’He Qum = —9.62
See’Li.

18. ()"Li(7*, 2pyHe Qm = 128.51
(b) "Li(7—, 2nyHe Qm = 126.94

Reaction (a) atv,+ = 59.4 MeV involves®He*(0, 4.) and a broad peak centerediat ~
21 MeV with T ~ 4 MeV. It is not clear whethetHe*(16.7) is populated1986RI0). See also
(1979AJ01 1984AJ0).

19.7Li(n, t)°He Qum = —3.36

The angular distribution of, has been measured &t = 14.4 MeV: see (979AJ0) and5Li.
See also1986BOZQG.
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20. (a)"Li(p, *HeyHe Qm = —4.13
(b) "Li(p, pdP’He Qm = —9.62

At E, = 43.7 MeV, angular distributions of théHe groups to the ground state dfe (" =
0.80£0.04 MeV; L = 0+2) and to levelsat 16.7 MeVL = 1) and19.9+0.4 MeV (I" = 2.7 MeV)
have been studied. Since no transitions are observed iALif® t)°Li reaction to the analog
20 MeV state ir’Li [see®Li], the transition is presumably-forbidden and the states fiie-Li
near 20 MeV aréDj, or “Dj,, [compare’H(d, d)]. Particle-particle coincidence data have been
obtained af, = 43.7 MeV. They suggest the existence’éfe*(20.0) with' = 3.0+0.6 MeV and
of a broad state atz 25 MeV. NoT" = % states decaying Vi = 1 states infHe were observed:
see (979AJ0). In reaction (byHe*(0 + 4, 16.7, 25) appear to be involved Bt = 670 MeV
(1981ER1) while at 200 MeV some structure &, ~ 20 MeV is reported in addition to the
ground statel986WA11).

21. (a)"Li(d, o)’He QO = 14.23
(b) "Li(d, n)2 ‘He Om = 15.1216

At £y = 24 MeV, thea-particle spectrum from reaction (a) shows structuresesponding to

the ground and 16.7 MeV states and to statek,atc 20.2 and 23.8 MeV withl" ~ 2 MeV and

~ 1 MeV, respectively. Reaction (b) proceeds mainly via extieates ofBe and°He, ; and
possibly as weltHe*(4.): see {979AJ0). See also{987WA21) and®Be.

22. (a)"Li(*He, px)°He Qm = 8.73
(b) "Li(*He, 3He dyHe Qm = —9.62

A kinematically complete experiment is reported?{tHe) = 120 MeV. The cross section for
reaction (b) is an order of magnitude greater than that factren (a). The missing mass spectrum
for the composite of both reactions suggests the populafiseveral states dHe, in addition to
®He*(0, 16.7, 20.0), including a state 3.7 & 0.4 MeV with a width of ~ 2 MeV (1985FRO0).

23. (a)’Be(p, pv)°He Qm = —2.47
(b) °Be(p, dHeyPHe Qm = —20.82

Both reactions have been studiedft = 26.0 to 101.5 MeV [seeX984AJ0)] and atE, =
150.5 MeV (1985WA1J [reaction (a)]. See alsd $85VD03 theor.).
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24.°Be(d, Li)°He Qm = —9.92

The angular distribution teHe, s has been measurediat = 13.6 MeV (1984SH1Eprelim.).

25. (a)’Be(He, "Bey’He Qum = —0.88
(b) °BefHe, )2 ‘He Qm = 19.0043

See (984AJ0). For reaction (b) setBe and (987WA25.

26.°Be(x, 20)°He Qm = —2.47

See (984AJ0).

27.19B(n, SHe)Li Qum = —5.35
SeefLi.
28.19B(d, "Bey’He Qu = —1.97

An angular distribution has been measureflat= 13.6 MeV involving °He, . and’Be*(0.43)
(1983D010.

29. 1B("Li, 1*C)’He Qm = 9.06

At E('B) = 88 MeV a broad structure is observedit = 5.24+0.3 MeV,I" = 2.0+£0.5 MeV
(1987BEY]). See alsol988BEY).
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SLi
(Figs. 2 and 3)

GENERAL: See also1984AJ0).
Model discussions: (1984ZW1A 1985BA68 1985FI1E 1985KWO0J).

Soecial states: (1982P0121983FE071984BE1B 1984FI1201984GL1C 1984VAZS 1984ZW1A
1985BA68 1985FI1E 1985P0181985P0191985WI1A 1987SV1A 1988BA86G 1988KWO03).

Electromagnetic transitions: (1985FI1E 1987KR1§.
Astrophysical questions. (1984BA74 1984SU1A 1985BO1E 1986HU1D.

Complex reactionsinvolving °Li: (1985P0181985P0191985WI1A 1986BA2D 1986CH10Q
1986CS1A1986MAL1V, 1986XU1B 1987BL1K 1987CH331987CH321987DE1(Q1987DU07
1987F008 1987GA2Q 1987GE1B 1987HA45 1987KI116 1987LY04 1987PE1B 1988CEZZ
1988SA09.

Reactions involving pions. (1981MC09 1983SP061985BA1H 1985BE1Q.
Hypernuclei: (1982KA1D).
Other topics: (1983BE551984BE1B 1985AN28 1987DUQ09 1987SV1A 1988KWO02).

Ground state of °Li: (1983ANZQ 1985AN28 1985FI1E 1985TA1F 1985FA01 1985WI1A
1987KR16 1987SV1A 1988WAO09.

1. 3He(d,)’Li Qm = 16.39

The ratiol, /T, has been determined f@f(*He) = 63 to 150 keV [E.,, = 25 to 60 keV]
by (1985CE13} by measuring simultaneously therays and the charged patrticles. Because of the
large widths of the final statesy and~; could not be resolved but the results are consistent with
E, = 3.0 £ 1.0 MeV for the excited statel’, /I',, is roughly constant fof ,, = 25 to 60 keV
at (4.5 +1.2) x 107° andIl',, /T, = (8 £3) x 107° at E(*He) = 150 keV (1985CE13. For
applications seel@85CE131985CE1§.

Excitation curves and angular distributions have been oredsfor £; = 0.2 to 5 MeV and
E(*He) = 2 to 26 MeV. A broad maximum in the cross section is observeflat= 0.45 =+
0.04 MeV [°Li*(16.66)]. 0, = 21 +4 ub,T",, = 5+ 1 eV. The radiation at resonance is isotropic,
consistent with s-wave capture. Study,gfand~, yieldsI' = 2.6 + 0.4 MeV for the ground-state
width, andE, = 7.5+ 1.0 MeV, I" = 6.6 £ 1.2 MeV for the%_ state: seel974AJ0). An
excess in the cross section at higher bombarding energiaterpreted as being due to a state
at £/, ~ 18 MeV: even parity is deduced from the relative intensityypfand~;. A broad peak
is also observed alb, ~ 20.7 MeV in the -, cross section. The cross section fgris = 0.
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Table 5.3: Energy levels 6ti

E, (MeV) ? Jo T [ (MeV) Decay Reactions
g.s. 5703 ~ 1.5 P, 1,4,56,7,8,9
10, 11, 12, 13, 14
15, 16, 17, 18, 19
20, 21, 22,23
5-10 11 542 p, & 1,6,10,11,13, 14,
15,17, 18
16.66 £ 0.07 §+; : ~ 0.3 v, p,d,*He,a |1, 2, 3,6, 13, 15
18
(18+£1) 2 ;! broad v, p,d,3He,a | 1,2,13
(20.0 +0.5) CRINE. ~ v, p,d,*He,a | 1,2,3,4,6,13,15
b
(34) ~ 4 18,19

2 See also Tabl6.2. Positive-parity states are predicted to liefat~ 5 MeV (%+) and 12 MeV §+, §+):
see (988WO10.
P For possible additional states see reactions 2 and 18.

The observations are consistent with = g+: angular distributions appear to require at least one
other state with significant strength near 19 MeV: s&¥@AJ0). For cross section and analyzing
power measurements féi; = 4 to 9 MeV see [985RIZZ prelim.).

2. (a)*He(d, pyHe 0., = 18.35319 B, = 16.39
(b) *He(d, npjHe Qm = —2.22458
(c) *He(d, 2pfH Qm = —1.46083
(d) *He(d, 2dJH O = —5.49353

Excitation functions and angular distributions have rélgemeen measured faf, ,, = 6.95
to 171.3 keV, and5(E) have been deducedi(0) = 6.3 + 0.6 MeV - b (1987KR1§. See also
(1984AJ0). Recently,S-factors have been obtained downHp,, = 5.88 keV. The effect ort of
electron screening at low energies has been studie@l988EN03J.

A pronounced resonance occurskat = 430 keV, I' ~ 450 keV. The peak cross section is
695 + 14 mb: see Table 5.2 inlO79AJ0). Excitation functions for ground-state protons have
also been reported far(*He) = 0.39 to 2.15 MeV and 18.7 to 44.1 MeV and fdf; = 2.8 to
17.8 MeV [see 1974AJ0)]. Angular distributions have been measuredfgr= 0.25 to 27 MeV
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and £(*He) = 18.7 to 44.1 MeV [see Table 5.6 il @74AJ0) and (1979AJ0)]. Resonance-like
behavior has been suggestedvat= 16.6, 17.5, 20.0, 20.9 and 22.4 MeV: sé{9AJ0).

Tensor analyzing power measurements are reportefifor 0.48 to 6.64 MeV (1980DRO).
[See, however,1980GR14 for a discussion of thel@80DRO0) results and for a summary of
T5(0°) for E5 = 0 to 40 MeV.] Measurements of angular distributions and aziaty powers at
E(*He) = 27 and 33 MeV have suggested the presence of a broad resonaatdg(s~ 28 MeV.
Vector and tensor analyzing powers have been studidd;at 1.0 to 13.0 MeV (1986BI1C
1986BIZF, prelim.) and 18, 20 and 22 MeV1986SALL, prelim.). See alsol©@86RO1) and
Tables 5.6 in{974AJ0) and 5.4 in {979AJ0).

It is suggested that at low energie [ = 2.2 to 6 MeV] reaction (c) goes primarily via a
J™=3",T = { state of'Li located0.8 + 0.2 MeV above threshold [i.e £ = 18.9 4 0.2 MeV]:
see ((979AJ0). Recent studies of the breakup have been reported at 23.08 MeV (1986BR1)
reaction (c)) and 60 MeV1Q850KO03 reaction (d)). For the earlier work seE984AJ0).

See alsol983MAI1E 1984ALZU, 1984GA1CG 1984HA1J1984MULC 1984VL1A 1984WI1G
1985GU1FK 1985KU1B 1986BI1E 1986JA1E 1986KA1L, 1986LO1B 1986PO1F1986WI1B
1986WI1E 1987J01A1987KA1Q 1987TE1DQ 1988GU1G1988KU1E applications), {984 YA1A,
1985CA41 1986DE1K 1987DO1H 1987R0O25 astrophysics), 1986VA1D, 1987GR0§ and
(1984DU10Q 1984KR1B 1986AB1C 1986BL15 1986ILZZ, 1987AS05%theor.).

3. 3He(d, djHe By = 16.39

In the rangeF; = 380 to 570 keV, the scattering cross section is consistent witlage for-
mation of theJ™ = %Jr state at 16.66 MeV. The excitation curves féy = 1.96 to 10.99 MeV
show a broad resonanck ¢ 1 MeV) corresponding td, = 20.0 + 0.5 MeV. From the behavior
of the angular distributions an assignmenFBg/g or (D, 4D5/2 is favored, if only one state is
involved: see1979AJ0). A phase-shift analysis of the angular distribution andP\vidata below
5 MeV suggests several MeV broad staté3;],, “D7/2, ‘D52, ‘D32 and, possibly; D »]: see
(1984AJ0). See alsol987KR19.

Angular distributions and analyzing powers have been mredsat many energies t =
44 MeV: see (979AJ011984AJ0) for the earlier work, 1982C0ZQ1983COZR E; = 10 MeV,
TAP; prelim.) and (987YAZ} E, = 29.5 MeV on polarized®*He; prelim.). For dHe cor-
relations seel987P0O03 See also “Complex reactions” in thkei “GENERAL section”. See
also (1987GR0§ and (1981PL1A 1983ZE06 1983ZE1B 1985SH08 1986B0O0]1 1986KA28
1986YALE 1987ZE1D theor.).

4. 3He(t, nyLi Qm =10.13

At E(*He) = 14 to 26 MeV°>Li*(0, 20.5 & 0.8) are populated: sed979AJ0). See alsGLi.
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5.3He(He, pyLi Qm = 10.89

The spectrum of protons @& (*He) = 3 to 18 MeV shows a pronounced peak corresponding
to 5Li, . superposed on a continuum: sd®74AJ0). The angular distribution ofi, has been
measured af/(*He) = 26 MeV (1983KI1Q polarized target). See al$@e and (9860S1D
theor.).

6. *He(p, pfHe E, = —1.97

Differential cross sections and polarization measurembkave been carried out at many en-
ergies: seel966LA04 1974AJ01 1979AJ01 1984AJ0) for the earlier work. Recent measure-
ments are reported &t; = 65 MeV (1986FU05 A,), 100 MeV (L983NAZV, 1985GUZX o (0),
A,; prelim.) and 495 MeV1988STZZ prelim.) and at,, = 695, 793, 890, 991 MeVX985VE13
o(f)) and 1 GeV [985AL09 (#)). Cross sections and, at £5 = 98.7 and 149.3 MeV for the
continuum are reported by $85WE12.

Phase shifts belo#,, = 18 MeV have been determined b¥q77D0O0) based on all the avail-
able cross-section and polarization measurements, usifgraatrix analysis program. The; ,
phase shift shows a pronounced resonance correspondiig,to while the P, , shift changes
slowly over a range of several MeV, suggesting that the fixstted state is very broad and lo-
cated 5-10 MeV above the ground state. The reduced widthiseoPtwave resonance states
are nearly the same. The;,, Ds/, F7» and F5/, phase shifts become greater thinat
E, ~ 11, 13, 14 and 16 MeV, respectivel977D0O0). (1986TH1C prelim.) have measured
A, forl.l < Ez <2.15MeV: A, = 1for £, = 1.89 MeV, 0., = 87.0°.

A phase-shift analysis fof,, = 21.8 to 55 MeV is presented byl@78HOL1} [see also
analyzing-power contour diagram fd,, = 20 to 65 MeV]. A striking anomaly is seen in the
analyzing power af;, = 23 MeV and the’D;,, phase shift clearly shows tl'gér state atk, =
16.7 MeV [see also 1979AJ0)]. The other phase shiftS; , P32, *P1/2, D2, 2F7/2, 2F5)a,
Gy, and?Gy/, are smooth functions of energy. Both tfié;, and?P;, inelastic parameters
show a somewhat anomalous behaviozgt~ 30 MeV, the absorption first increases then de-
creases to stay rather constantgt> 40 MeV. These results are consistent with broad and over-
lapping states withy™ = é_ andg_ at £, ~ 22 MeV. There is very little splitting of the real parts
of the F-wave phase shifts up to 40 MeV. There is some indingfrom the?G;/, phase shifts)
of a%* level aroundE, = 29 MeV [E, ~ 21 MeV]. The G-waves are necessary to fit the detailed
shape of the angular distributions féf, = 20 to 55 MeV (1978HO17. For a contour diagram
of the analyzing power foE,, = 130 to 1800 MeV seel980MO09. For a measurement of the
spin rotation parametef, at E; = 500 MeV see (983MO0). See alsol986SA1) prelim.;
Eﬁ = 65 Mev).

PNC effects have been studied via the elastic scattering &fldV longitudinally polarized
protons orfHe: the longitudinal powed, = —(3.34:0.9) x 10~7. This was obtained by measuring
o™ ando~ for the positive and negative helicity of the incident pridl985LA01, 1986LA29:
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the conclusion reached by the authors from this, and allrakeeriments, is that there does not
exist any evidence for a non-zero value f3f the weak isovector coupling constant. See also
(1984AJ0), (1986ADZT) and (L986HA1Q 1988NA18 theor.).

Work at very high energiesst 1 GeV) is reported by{982AB1B 1984GL04 1984SA39
1985AB1A 1985BA1H 1985GL1RB 1986BE1$19870T1D: see also reaction 7 antig84AJ0).
See also1987MU1B. Fora + p correlations seel@87PO03and the “General section” here.

See alsol986G0O2ZY), (1982NA1B 1983FA1A 1984FA1B 1984FR1C1984HA1L, 1984HO1H
1984SI11A 1985AD1A 1985AL1D, 1985FA1A 1985MI11Q 1986BA88 1986ST1D), (1984SP1A
applications), {984KR1B muon fusion) and (981PL1A 1983AL1G 1983BI1G 1983GR20
1983PA1B 1983SA381983ZA1A 1983ZE061983ZE1B 1984AH03 1984BL21 1984CAZW,
1984DE1G 1984FI20 1984KWO01, 1984LA1B 1984PR1A1984SC1A1985BA68 1985BLZX,
1985DA1A 1985FL04 1985HA04 1985HE1D 1985HO1B 1985JA1F 1985KI11, 1985K005
1985K037 1985MI1F, 1985NEZW 1985R0161985S0061985S0O081985TE02 1986AU05
1986BA2L, 1986BL02 1986B0O011986FR121986GUZZ 1986KA1G 1986KA1H, 1986KA35
1986K0O1J)19860K06 19860R031986SA05 1986SA30 1986WA21, 1987DULRB 1987FO1C
1987FR1D 1987FU10 1987KR16 1987LI1K, 1987LI1L, 1987P01G 1987PR0§ 1987QI01
1987WA1] 1988FR061988HE1C theor.).

7. (a)*He(p, dfHe Qm = —18.35320 E, = —1.97
(b) “He(p, pnjHe Qum = —20.57778
(c) *He(p, 2pfH Qum = —19.81403
(d) “He(p, pdjH Qum = —23.84674

Angular distributions of deuterons and tfle ions (reaction (a)) have been measured for
E, = 279 to 770 MeV and att, = 3.98 GeV/c [see (1979AJ0] 1984AJ0)] as well as at
Ez = 100 MeV (1983NAZYV, prelim.; alsoA,), 200 and 400 MeV1986AL0]; alsoA,). Exci-
tation functions are reported at several energies in thgeréy = 38.5 to 44.6 MeV and 200
to 500 MeV. Continuum yields andl, have been studied df; = 98.7 and 149.3 MeV by
(1985WE12. For polarization measurements to 500 MeV see above Entb@AJ01 1984AJ0).
See alsol988BAZH).

For reactions (b), (c) and (d) se2974AJ01 1979AJ0]1 1984AJ0). The breakup ofHe
via reaction (c) has recently been studied h9§6FUO0Y: large values of4, in the FSI region
are reported. For breakup processes at high energiesdinglpion production, seet@83AN13
1983M014 1984WA1K 1985BA1H 1985GL1B 1986BA2E 1986BA2M). See alsol983AN18
1987MUZZ 1987TEZZ 1988PA1HR, (1983CH1B 1987MU1B), (1983ZH04 1984KO1E 1984LI1B
1986G01,J1987LY1C 1987MI1N theor.).

8. *He(, p)*He
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Antiproton interactions withtHe have been studied by $84BA6Q 1985BA76 1987BA12
1987BA47 1987BA69. See alsol984BA74 1984FA14 astrophysics) and P83FAL161986D020
1987NA23 theor.).

9. (a)*He(d, nyLi Qm = —4.19
(b) “He(d, np}He Qm = —2.22459

For reaction (a) see reaction 8iHe (1985WI15 and (L987KAZL; E4 = 15 MeV; ny; pre-
lim.). Reaction (b) has been studied/at = 12 to 17 MeV and atF, = 18.0 to 140 MeV: see
(1979AJ011984AJ0), SLi and (1985D0031987KUZ; theor.).

10. (a)*He(He, dyLi Qm = —7.46
(b) ‘He(He, pdYHe Qm = —5.49354

At E, = 26.3 MeV, °Li,  is reported to have a width af9 + 0.25 MeV while the first excited
state is suggested to lie &, = 2.82 + 0.35 MeV, I' = 1.64 4+ 0.25 MeV [reaction (b)]: see
(1982NE091986YAQ]. See also{985NEZW).

11.*He(Li, *HeyLi Qm = —11.94

See reaction 9 ifHe (1988WO10).

12.5Li(x*, pyLi Qm = 134.69

Differential cross sections have been measurég at 75 and 150 MeV forp,: see (984AJ0).

13. (2)SLi(p, d)Li O = —3.44
(b) Li(p, pd)'He O = —1.4750
(c) SLi(p, pn)’Li Qm = —5.66

Angular distributions have been measuredzgt= 18.6 to 185 MeV. At the highest energy,
the spectra are characterized by a broad asymmetric pesdsponding toLi, ., @ narrow peak
[°Li* (16.7)] and a broad peak df, ~ 20 MeV. DWBA analysis leads t6¢’?S = 0.64 and 0.57
for 5Li*(0, 16.7). The first excited state 6t.i is also reported to be populated: sé®84AJ0).
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Reaction (b) has been studied/a; = 9 to 50 MeV: the pe FSI corresponding t6Li,
is observed [seel@79AJ0)]. See also 1983CA13 1986NI1B. At 1 GeV (reaction (c)) the
separation energy between 4-5 MeV braag), andls, , peaks is reported to bg.7+0.5 MeV
(1985BE301985D01§. See alsol985PA03 E,, = 70 MeV).

14. (2)SLi(d, t)°Li Qu = 0.59
(b) SLi(d, pt)*He O = 2.5577

Angular distributions of the, group have been measured/dt = 15 and 20 MeV: see
(1974AJ0). Reaction (b) has been studied/at = 0.12 to 10.5 MeV: see 1984AJ0). See
also®Be.

15. (a)°Li(*He, a)’Li Qum = 14.91
(b) SLi(*He, pv)*He Qum = 16.8782

At E(®He) = 25.5 MeV, °Li*(0, 16.7) and two broad peaks @, ~ 19.8 and 22.7 MeV
[Cem. = 2 and 1 MeV] are populated: se&979AJ0). At E(*He) = 33.3 MeV angular distribu-
tions and analyzing powers have been studiedtfdt(0, 16.7) [I' ~ 1.6 and ~ 0.4 MeV]: see
(1984AJ0). In reaction (b) the parameters of the first excited stagedaduced to bé&, = 5.0 +
0.7MeV, I, = 5.7+ 0.7 MeV (1984AR17 E(*He) = 1.7 and 2.3 MeV),E, = 5.8 + 0.5 MeV,
Cem = 5.2 4£0.5 MeV (1987FALt E(*He) = 1.65 MeV). Angular distributions of protons from
the decay ofLi, are reported byl(988BU04 E(*He) = 1.5 to 3.5 MeV). See alsdl@85BA1Y
1987ZA07%, (1984AJ0) and®Be.

16. SLi(5Li, TLi)Li OQm = 1.58

Angular distributions have been measuredzgitLi) = 156 MeV to °Li, . Unresolved states
at £, = 16—20 MeV are also populated987MI134).

17.6Li(1*C, “C)Li Qm = 251

See reaction 9 ifHe (1988WO10).

18. (a)7Li(p, t)’Li O = —4.43
(b) "Li(p, nd)Li Qum = —10.69
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At E, = 43.7 MeV, a triton group is observed fti(0) (I' = 1.55 & 0.15 MeV): the angular
distribution is consistent with a substantial mixinglof= 0 and 2 transfer. There is some evidence
also for a very broad excited state betwéen= 2 and 5 MeV.°Li*(16.7, 20.0) were not observed.
The formation of’Li*(16.7)(*S3/2) would beS-forbidden: the absence oEi*(20.0) would indi-
cate that this state(s) is also of quartet character [setioaa20 in°He]. Weak, broad states at
E, =220+ 0.5 MeV and25.0 + 0.5 MeV and possibly 34 MeV are reported in a coincidence
experiment in which three- and four-particle breakup waalyaed: see(979AJ0). See also
(1988BAZH). For reaction (b) at’, = 670 MeV see (984AJ0). See alsoX985NEZW theor.).

19.7Li(*He, dtfLi Qm = —9.93

A kinematically complete experiment is reportedzfHe) = 120 MeV. The missing mass
spectrum shows the ground-state peak and a 4 MeV wide buiip &t34 MeV, and some slight
indication of a small bump &2.0 + 0.5 MeV (1985FRO0).

20. TLi(°Li, 8Li)°Li Qm = —3.63

See (984K023.

21.Be(a, 5Li)°Li Qum = —18.85

At E,, = 90 MeV differential cross sections have been measured forémsitions to'Li, s +
8Liy: see (984AJ0).

22.198(d, 7Li)Li Qm = —1.40

An angular distribution is reported &; = 13.6 MeV (1983D0O1(). See also{984SH1E
theor.).

23.9B(3He, 2a)’Li Qum = 10.45

At E(®*He) = 2.3 and 5.0 MeV the reaction is reported to proceed AB&(4.9) to °Li,
(1986AR14. See also1988AR0Y and’B.
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5Be
(Fig. 3)

The absence of any group structure in the neutron spectrutreineaction’He(He, nyBe
at E(*He) = 18.0 to 26.0 MeV indicates thaBe(0) is at least 4.2 MeV unstable with respect to
3He+2p [(M —A) > 33.7 MeV]. With Coulomb corrections adjusted to match the 16. A\deates
of >°He-Li, this observation places the first= % level in these nuclei abovB, = 21.4 MeV: see
(1979AJ0).
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