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A = 5 resonance parameters:

The resonance parameters tabulated here are based on hengive multichannek-matrix
analyses of reactions in thele and’Li systems (Hale, Dodder and Witte, private communication
1). These analyses include data from all possible reactionthé two-body channels ¢ t (or
d+3He in the case dfLi) and N+ “*He at cm energies correspondingfo < 23 MeV. In addition,

N + “He* channels are included to approximate the effects of thoel*breakup processes. The
fits obtained to the measurements for the two-body reactiomgenerally quite good. In théle
analysis, for example, the? per degree of freedom for the fit is 1.6, and it includes moae @600
data points. Similar results were obtained for theanalysis, which includes even more data.

The level information has been obtained from the- 5 R-matrix parameters using two differ-
ent prescriptions, given in separate tables. The recometepescription, called the “extended”
R-matrix method {987HA2Q 1997CS0}, comes from the complex poles and residues ofthe
matrix. This prescription has been found to give resonaraarpeters that are free, both for-
mally and practically, of all dependence on the “geometparameters of2-matrix theory, such
as boundary conditions and channel radii. The parameterkséed in Tables.1 for °He and in
Table5.3for °Li. Positions and widths for the lowest twb = 5 states have already been given in
(1997CS0}, and for the second excited state’bfe (§+) in (1987HAZ20Q, using this prescription.

For comparison, we also list in Tablés2 and5.4 the more standar&-matrix resonance pa-
rameters that were used in the= 4 level compilation {992T109, as defined in the Appendix
there. This multi-level generalization of the single-lesesonance prescription given by Lane and
Thomas (958LA73 is based on the real poles and residues of the “resonanttamae matrix
(Kr), which, because it is not truly an asymptotic quantity afiesS matrix, retains dependence
on the channel radii, and on the specification of the “noimmast” phase shift. Our prescription
is based on the usual assumption that the non-resonant ghifiseare the “hard-sphere” phases
associated with the complete reflection of ingoing wavebanuclear surface.

The single-level prescription of Lane and Thomas was useshitty by Barker {997BA72 to
obtain an interpretation of the behavior of the cross sastiwear the/™ = 3/2" resonance il =
5 equivalent to that of the compleé%matrix pole and shadow pole description 8987HAZ20Q.

A comparison of the tables for a given system shows that thenance parameters from the
two prescriptions can be quite different, however. The hsdor the resonant reactance-matrix
pole prescription tend to be much larger than those ofStmeatrix pole prescription, and they do
not usually correspond with the experimental values. Fat tbason, reaction numbers were not
given in the Tablesy.2and5.4) listing the K z-based parameters, as definedlifq2TI02).

In some cases, resonances seen using the recommended arethotlpresent in the usual pre-
scription, even though the inpé#-matrix parameters are identically the same. These diite=g,
which are most evident for light systems having broad resoes, stem from the fact that the res-
onantK -matrix prescription is based on thgparentpositions of theS-matrix poles as seen from

I For a discussion of the methods used and earlier result$; $¢eHale and D.C. Dodder, Proc. Int. Conf. on
Nuclear Cross Sections for Technology, Knoxville, TN 19#8s. J.L. Fowler, C.H. Johnson and C.D. Bowman (NBS
Special Publication 594) p.650.



the real axis of the physical sheet. For broad resonanceskaswn from the complex-eigenvalue
expansion of the level matrix@58LA73, the apparent pole positions can change rapidly (or even
disappear entirely) as the vantage point is varied, causgngficant differences with the actual
positions (and residues) of the poles in the complex endegyep

GENERAL: References to articles on general propertie$ ef 5 nuclei published since the previ-
ous review {988AJ0) are grouped into categories and listed, along with bristdptions of each
item, in the General Tables for = 5 located on our website awvw.tunl.duke.edu/nucldata/General
_Tables/05.shtnl

°n
(Not illustrated)

°n has not been observed. It is suggested that it is unboun@® MeV: see {984AJ0). See
also (L984DE53.

5H
(Not illustrated)

The previous reviewl(988AJ0) noted that théBe(*' B, °O) reaction afZ(}'B) = 5276 MeV
showed no evidence for the formation ¥ (1986BE35 1987B0O4(). For the earlier work see
(1984AJ0). See also1987K0O47 1988SEZ). In several experiments arm absorption at rest
there is some evidence for the formation of a very bréati ¢ MeV) resonance in theH system
with £, = 7.4 4+ 0.7 MeV in the Be(r~, X) reaction [see 1987G0O2% and the more recent
work of (1991G0191992AM1H)]. Measurements reported ihg90AM04 1992AM1H) provide
evidence for a state df, = 11.8 £ 0.7 MeV, I = 5.6 &= 0.9 MeV from SLi(w—, p) and a state at
E.=914+07MeV,T = 7.4+0.6 MeV from “Li(7—, d). In an experiment ofLi(7~, p) at
E, = 125 MeV (1980SE1A a broad’H state withE, = 11.1 & 1.5, " ~ 14 MeV was observed.
Evidence for a dineutron-containing breakup channel wperted in (991SEO Work on an
experiment on'Li(°Li, ®B)°H described in 1995ALZU) reported evidence for an unstable
nucleus ab.2+0.4 MeV above théH+ 2n dissociation threshold. See al8895AU09. A recent
study of the'H(°He, 2pYH reaction (997KO07 reported &H resonance with decay energy into
3H+2nof1.140.4 £ 0.3 MeV (0.3 MeV is the systematic error).

°H is calculated to havd™ = %’L, to be unstable with respect to two neutron emission and

to have excited states &, = 2.44, 4.29 and 7.39 MeV with/™ = 37, 3" and 3" [(0 + 1)hw

model space], and &, = 2.85, 3.46 and 6.02 MeV with/™ = 37, 5" and 2" [(0 + 2)hw
model space]i985P01). A three-body calculatior?000SH23 predicts states in thH +n-+n
continuum withJ™ = 17, B, = 2.5-3.0 MeV,T" = 3-4 MeV, J™ = 3", E, = 6.4-6.9 MeV,
I =8MeV; J© = §+, E, = 4.6-5.0 MeV,T" = 5 MeV. A calculation 001DEOJ with the

generator-coordinate method usittdj+ n -+ n three-cluster state predictStd ground state energy
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E ~ 3 MeV above théH + n+ n threshold witl", ~ 1-4 MeV and a lifetime longer than tfél
lifetime. See also1982SM09 1983ANZQ 1986BE44 1987PELQ.

SHe
(Figs. 1 and 3)

GENERAL: References to articles on general propertiedHgf published since the previous re-
view (1988AJ0) are grouped into categories and listed, along with briefcdptions of each
item, in the General Tables fékHe located on our website atvw.tunl.duke.edu/nucldata/General
_Tables/5he.shtml

1. 'H(°He, npfHe Qm =—1.771

The quasi-free neutron knockout reaction was studied ¥ beams produced by 115 MeV
15N primary beamsi997K0OZV, 1997KO07. He was observed in the separation energy spectra.
The’He — %He + n decay energy is reported to be consistent with the “knowssne&’He” and
is given as 0.97 MeV.

2.3H(d, v)°He Qm = 16.792

At low energies the reaction is dominated by a resonanég at 107 keV; the mirror reaction
shows resonance d; = 430 keV. The branching ratid',, /T, integrated over the resonance
from 0 to 275 keV is(5.6 & 0.6) x 10~° (1986MO03J, in very good agreement with the earlier
value of (5.4 + 1.3) x 107° for F4 = 45 to 146 keV (984CE08. Assumingl’, of °He*(16.7) is
37 £ 5 keV (see reaction 8), thel,, = 2.1 £+ 0.4 eV. (1986MO03 also report branching ratios
up to £y = 0.72 MeV and summarize the earlier work to 5 MeV. More recently, @asurement
(1993KA0)) at E4 = 100 keV of the3H(d, v)*HeFH(d, a)n ratio gave(1.2 + 0.3) x 10~* which
is larger than the results 01986MO045 and (L984CEOQ0$ but includes contribution from decay to
both the ground and first excited states.

Differential cross sections, vector- and tensor-anatypiowers were measuredigt = 400 keV
for *H(d, v)°He (1989RI104 and atE; = 0.1, 0.45 and 8.6 MeV foPH(d, +) and*He(d, v)
by (1994BA0). These results were compared with coupled channels rissgrgroup model
(CCRGM) calculations. See also the shell model descriptiomfgf resonance presented in
(1993KU02.

The3H(d, v)°He and*He(d, v)’Li reactions were used in a measuremerq1BA02) of the
ground state widths ofHe and’Li. The results werd’, = 1.36 & 0.19 MeV in *He andl’, =
2.44 4+ 0.21 MeV for 5Li. These values lead to reduced widths fete and®Li which are equal
(within error). This is consistent with charge symmetry esgations. The ground-state widths
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Table 5.1: Energy levels 6He, extendedz-matrix prescriptiort

E, J T Cep P T, Ty L, © Decay Reactions
(MeV) (MeV) | (MeV) | (MeV) | (MeV) (used in analysis
g.s.¢ 71 0.648 | 0.578 | 8.80° | 66.0° na |5, 8, 13, 23, 24,

25

1.27 1= 1 557 | 3.18 | 38.0° 1.27°| n,a |5,8,21,24,25

16.84 i1 0.0745| 0.040 | 0.025f v,n,d tal2 378,10, 13
14, 23, 24, 25

19.14 A 3.56 | 0.003 | 1.62° n,d ta |4,10,14,23
19.26 i1 3.96 | 0.014 | 1.83% n,d ta |4,10,14,23
19.31 s 3.02 | 0.045| 1.89% n,d ta | 4,10, 14
19.96 N 1.92 | 0.003| 0.325" | 0.862 | n,p,d,ta | 3,17, 24,25
21.25 i1 461 | 0.098 | 2.38! nd ta |21
21.39 CaE 3.95 | 0.091| 2.12! nd ta |21
21.64 1.1 4.03 | 0.050 | 0.878 | 0.726 | n,p,d, ta | 21
23.97 i 5.44 | 0.053| 2.858 n,d, ta
24.06 e 523 | 0.013 | 2.18k n,d, ta

(35.7+£0.4)! ~ 2! 21,25

& This prescription, based on the complex poles and residubg 6-matrix, is the recommended one (see Introduction).
The channel radii aret,, = 3.0 fm, aq = 5.1 fm. The uncertainties in the widths and positions of the thiste levels are
less than 1%. Above 19 MeV excitation energy, they increapally, varying from about 5% up to as much as 50% for
the broad higher levels. Except where noted, all paramatéhe table are newly adopted in this evaluation.

P The fact that the sum of the partial widths is unequal to thal taidth in the extended?-matrix prescription is
characteristic of non-Breit-Wigner resonances as wasidsgd in the appendix 0£992T102.

¢ The n* designation indicates-A o* where the first excited state of tleparticle was included as a way to approximate
the effects of three-body breakup on the two-body channels.

4 Situated 798 keV above the+ o threshold. This value is in excellent agreement with eayasurements reported by
(1963SM03 790 + 30 keV) and by (960YO06 800 + 100 keV).

¢ These large partial widths in closed channels have no mgasecay widths, but rather as asymptotic normalization
constants.

! Entirely S(d).

& Primarily * D(d).

b Primarily 2 P(d).

! Primarily 2D(d).

J Primarily 25(d).

K Primarily * P(d).

I Retained from the previous evaluatict®88AJ0).



Table 5.2: Energy levels 6He, R-matrix prescriptiort

E, (MeV) JoT [ewm (MeV) ', (MeV) 'y (MeV) I« (MeV)

g.s.” 871 0.963 0.963 0 0
6.17 171 20.61 20.61 0 0

16.66 M 0.889 0.691 0.198°

19.97 e 3.49 0.127 2.85¢ 0.508

20.32 1l 6.64 0.273 5.08° 1.29

20.48 A 4.43 0.066 4.37"

21.67 8,1 6.87 0.156 6.72°

21.77 50 6.58 0.247 6.33"

23.52 il 25.21 0.028 25.18"

24.10 171 57.3 0.177 44.81 12.3

24.58 574 5.56 0.020 5.548

& See the Introduction for a discussion of the two prescnifgtiolr he prescription used here is defined in
(1992TI102. The channel radii arei,, = 3.0 fm, aq = 5.1 fm.

b Situated 985 keV above the+ « threshold.

¢ Entirely S(d).

4 Primarily 2 P(d).

© Primarily 25(d).

f Primarily*D(d).

& Primarily * P(d).



given by the conventiondt-matrix prescription in Tables.2and5.4are 0.963 MeV and 2.11 MeV
for SHe and’Li, respectively.

The data of {991BA02 were used by 996EF03in a single-levelR-matrix analysis to obtain
values of the ground-state energies and widthédaf and’Li, close to those given by the extended
R-matrix prescription in TableS.1and5.3.

3. (a)*H(d, n)'He Qu = 17.58028 B, = 16.79151
(b) 3H(d, 2nyHe Qm = —2.98834
(c) *H(d, pnyH Qm = —2.22457

The cross section for reaction (a) has been measured intige la = 12.5 to 117 keV
(1984JA08 [0.525(+4.8%) mb t03.739(+1.4%) b] and in the rangé’y = 79.913 to 115.901 keV
(£0.015 keV) (1987BR1( [3.849 to 4.734 b £1.6%)]. See also {985FI1G E; = 13.8 to
114.3 keV). A strong resonance,(peak) = 4.88 b, appears atl; = 105 keV: see Table 5.2 in
(1979AJ0) and (L1987BR1(. For a discussion ok-matrix analysis and evidence for a “shadow”
pole, see 1987BR10Q 1987HA2(). See also1987HA44 1987MO1K). The related work of
(1991B0O23 uses a resonance coupled channels model to interprét—lmeg+) resonance as a
coupled channel pole associated predominantly with theydtem. A later study byl@93CSO0}
uses a realistic dynamical microscopic reaction approadii@aches the same conclusion. A more
recent analysis of cross section datafQr= 8-116 keV is described inl@95LA33. Resonance
parameters for theHe §+ second excited state were determined.

From E4 = 10 to 500 keV, the cross section is well fitted with the assunmpdios-wave forma-
tionofaJ™ = g+ state. (See however the discussion below.) Measurementssd sections and
angular distributions for reaction (a) have been repoddt= 21 MeV andFE; = 20.0 MeV [see
(1974AJ011979AJ011984AJ0)] as wellas at 1.0, 1.5 and 2.0 Me¥987LI107). Neutron yields
from reaction (a) above have been measurdd,at 140-300 keV ((989SH1J. Measurements to
determine the intensity of intermediate energy neutroeslascribed in{989GA2). An absolute
measurement of the polarization of 50 MeV neutrong gt= 29.7° was reported in{991SA1§.

Figure 1: Energy levels ofHe, extended?-matrix prescription (see Tab&1). In these diagrams, energy values are plotted verticallMéV,

based on the ground state as zero. Fordhe 5 diagrams all levels are represented by discrete horizant.| Values of total angular momentum

J, parity, and isobaric spifi” which appear to be reasonably well established are indicatehe levels; less certain assignments are enclosed in
parentheses. For reactions in whidHe is the compound nucleus, some typical thin-target exaiidtinctions are shown schematically, with the
yield plotted horizontally and the bombarding energy vettic Bombarding energies are indicated in laboratory coate:s and plotted to scale in

cm coordinates. Excited states of the residual nuclei irabin these reactions have generally not been shown. Fatiors in which the present
nucleus occurs as a residual product, excitation functiave not been showrd) values and threshold energies are based on atomic masses from
(1995AU09 except for the ground state energies of the= 5 nuclei for which the values from Tablésl and5.3 are used. Further information

on the levels illustrated, including a listing of the reaos in which each has been observed, is contained in Bable
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A study of reaction (a) with polarized deuterongat= 0.2 to 1.0 MeV indicates intervention
of the s-wave,J™ = %+ channel, as well as possible p-waves abgye= 0.3 MeV. The polariza-
tion increases monotonically from 0.03/&; = 3 MeV to ~ 0.5 at 4 = 6.5 MeV and then with
a lower slope to 0.69 &y, = 13 MeV. The change in the slope may be caused by excited states of
®He near 20 MeV. Comparison with tAele(d, p)He mirror reaction at corresponding cm energies
shows excellent agreement between the polarization valuibe two reactions up thy = 6 MeV,
but then the proton polarization becomes 15% higher, converging back to the neutron values
at £4 ~ 12-13 MeV. This may be due to experimental factors. Vectorjmd#ion transfer coeffi-
cients,Kg'(OO) have been measured f) = 5to 11 MeV (1985HOZY 1986HO1H. For earlier
polarization work seel@84AJ0).

An R-matrix formalism was used in a phase shift analysis of tH below 1 MeV to obtain
the contribution oPSl/Q- and P-wave channels near thée (%+) resonance. See also the recent

work (1997BA72 in which properties of th§+ levels of°He and’Li are discussed in terms of
conventionalR-matrix parameters. The multichannel resonating groupahlods been used in a
study (L990BLO09 of partial wave contributions in this energy region.

Improved formulae for fusion cross sections and thermattigties utilizing new data and
R-matrix techniques are presented i992B0O47. See also{989AB2], 1989SC1[-1989SC19
1989SC251989SC4)L

The3H(d, n) reactivity in fusion reactors and screening-effamtrections needed for low en-
ergy data are discussed ih9B9LA29.

(1987BR10 have derived astrophysicétactors in the rangéy = 8.3 to 115.9 keV F(0) =
11.714+0.08 MeV - b], as well as reactivities. Se&q84AJ0) for the earlier work, andl(985CA41
1987VA36. Angular distributions ofy particles were measured féi; < 200 keV (1997BE59
and evidence for a D-wave contribution to the cross sectidhe vacinity of th(—;%+ s-wave reso-
nance inHe was reported. Thermonuclear reaction rates for thigiseacalculated from evalu-
ated data are presented in the compilatib®OAN35.

Reaction (b) has been studied fb = 10.9 to 83 MeV. A study of reaction (c) leads to
the suggestion of a resonancefat, = 2.9 + 0.3 MeV [E, = 19.7 MeV], I'.,, = 1.9 +
0.2 MeV, consistent with/™ = %7 [see Table5.1]: see (1974AJ01 1979AJ0). See also the
references cited in1088AJ0). For applications and developments in muon-catalyzetirus
see the references cited ih988AJ0) and the General Table féHe located on our website at
(www.tunl.duke.edu/nucldata/Genertdbles/5he.shtml

4.3H(d, dyH B, = 16.792

The elastic scattering has been studiedAgr= 2.6 to 11.0 MeV: seel984AJ0). For earlier
measurements at other energies s€66LA04). The excitation curves show an interference at
E, ~ 19 MeV and a broadI{ > 1 MeV) resonance corresponding 5. = 20.0 £+ 0.5 MeV,
similar to that seen iAHe(d, d) [se€Li]. Together with data frontH(d, n)*He, this work favors
an assignment D, or D; , with a mixture of doublet and quartet components (chann’el%pnd
%) if only one state is involved [any appreciable doublet comgnt would, however, be in conflict
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with results fron? Li(p, *He)’He]. Measurements of differential cross section and anajyzower
using polarized deuterons witky; = 3.2 to 12.3 MeV show resonance-like behavior in the vector
analyzing power neafy = 5 MeV. The anomaly appears in the odd Legendre coefficientssand
interpreted in terms of aé( %)* excited state ofHe with £, ~ 19.7 MeV. Broad structure in the
differential cross section near 6 MeV, principally in theeeM_egendre coefficients, corresponds
to an even parity stattHe*(20.0). Elastic scattering data is also utilized in Swnatrix studies
of the®He (%*) resonance akbl, = 16.84 MeV (1988BE1U 1991B023 1993CS0}. (See reac-
tion 3.) See also the effective-range expansion and Coulemirmalization for d+ t and related
systems 1991KA31, 1996P0O2%. For earlier references seE(79AJ01 1988AJ0). For d-t cor-
relations seel(987P0O0) See also “Complex reactions” in the General sectiori888AJ0) and
(1981PL1A 1983HAYX, 1986B0O0). See alsoX997BA72 in which properties of thé+ levels

of ’He and’Li are discussed in terms of conventiod&matrix parameters.

5. 3H(t, n)’He Qum = 10.534

At E; = 0.5 MeV, the reaction appears to proceed via three channeldirégt breakup into
“He+ 2n, the three-body breakup shape being modified by the n-raictten; (ii) sequential decay
via°He, < ; (iii) sequential decay via a broad excited statéld¢. The width ofHe, ;. 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.

6. *H(a, da)n Qm = —6.257

A kinematically complete experiment &, = 67.2 MeV has been reported by (00GO35.
They report observation 6He excited states df, = 18.9, 19.9 and 20.7 MeV with widths of 0.3,
0.25 and 0.25 MeV, respectively.

7.3He(t, pfHe Qm = 11.298

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

8. *He(n, nfHe E, = —0.798

The coherent scattering length (thermal, bound).(§8 + 0.02 fm, 65 = 0.76 + 0.01 b. Total
cross sections have been measuredtfpr= 4 x 10~* eV to 150.9 MeV and at 10 Ge¥/[see
(1984AJ0)] and atE, = 1.5 to 40 MeV (L983HA20Q.
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The total cross section has a peak of 7.6 Biat= 1.15 4+ 0.05 MeV, E.,, = 0.92 4+ 0.04 MeV,
with a width of about 1.2 MeV: seel®79AJ0). A second resonance is observedrt =
22.133 £ 0.010 MeV [opeax = 0.9 b] with a total width of76 & 12 keV andIl', = 37 £ 5 keV
(1983HA2(. Attempts to detect additional resonances in the totadsection have been un-
successful: seel@79AJ0). For curves and tables of neutron cross sections 5@@3MCZT,
1990NAZH, 1990SH14G.

TheP3,, phase shift shows strong resonance behavior near 1 Me\é wiabP, /, phase shift
changes more slowly, indicating a broRg,, level at several MeV excitation1966HO0Y have
constructed a set of phase shifts for = 0to 31 MeV,l = 0, 1, 2, 3, using largely jpr phase shifts.
At the%’L state the best fit to all data is given By., = 17.669 MeV+10 keV,~2 = 2.0 MeV+25%,

72 = 50 keV+£20% (see Table 5.2 inl079AJ0)). See alsoX997BA72 in which properties of
the%+ levels of°He and’Li are discussed in terms of conventiod&imatrix parameters.

An R-function analysis of théHe + n data below 21 MeV (including absolute neutron analyz-
ing power measurement and accurate cross section measisginas 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). Ata = 3.3 fm the values obtained for the , andP;/, resonances are, respectively,
E., = 1.97and 0.77 MeV]'., = 5.22 and 0.64 MeV: seel@84AJ0). Angular distributions of
A, have been studied by §84KL05 1984KR23 1986KL04) for £,, = 15 to 50 MeV: see also for
phase-shift analysis and comparison witte(p, p).

The excitation energies and the spectroscopic factoréfestates are obtained biyJ85BA69
from 2-level R-matrix fits to the phase shifts, as functions of the charedilus. Forw ~ 5.1 fm a
very broad state withi™ = %Jr is found to lie atE, ~ 7 MeV in both®He and’Li, in agreement
with the shell-model calculation byl §84VAQ0H. Broad%+ andg+ states then lie at 14 MeV
and the%_ state is at about 2.6 MeV1985BA69 suggest that the phase-shift analysis should be
redone with values o larger than those previously used & 3 fm). See also references cited
in (1988AJ0). In more recent workS-matrix studies of the low energgf and %* states are
described in1997CS011998CS0. See also the calculations df99A001 1999FI10Q.

Nucleon« potentials have been derived from phase shiftsl3p( CO0%and constructed from
experimental data by the Marchenko inversion method asisiésal in {993HO09. The scattering
amplitude in the vicinity of theHe (%*) resonance is expressed in terms of the scattering length
and the d-t effective range b§994MUOQ7. A study of the two-pole structure of tl“gér resonance
is discussed inl(993CS02. See also the discussion of Pauli blocking in this readti®@®0AMO7)
and an application of an algebraic cluster approachdoseattering {989US02.

9. *He(p,7*)°He Qm = —141.150

As reported in {988AJ0), differential cross sections were measuredtgt = 201 MeV
(1985LE19 and atE/, = 800 MeV (1984HO01 alsoA,). See alsol987S0O1¢and (L985GE08.

More recently differential cross sections and analyzinggrs were measured at incident pro-
ton energies between 240 and 507 MeV, spanning the regidred 3, resonancel994FUQ§.

12



These results were compared with the prediction of a miomisqp,7*) model and with a phe-
nomenological model. Se@g94FA1Q.

10. (a)*He(d, pfHe Qm = —3.022
(b) *He(d, pn}He Qm = —2.2246

A typical proton spectrum (reaction (a)) consists of a peakesponding to the formation of
the ground state dHe, plus a continuum of protons ascribed to reaction (b).ubl\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 15 and 23]: sé87{9AJ0).
Differential cross sections and VAP have been measuredégtound state group &t; = 5.4,
6.0, and 6.8 MeV1985LU0g and at 6 to 11 MeV19850S0}. Measurements of differential cross
sections, analyzing powers, and polarization transfefficamnts atF; = 56 MeV were reported
in (1990Y0Z2. At E,, = 28.3 MeV tensor polarization measurements involving the grostate
transitions to’He (and’Li) deviate from theoretical predictions which assume ghasymmetry
(1985WI115. See alséLi (1988PUZZ E, = 2.1 GeV) and other references cited irB88AJ0).

Cross sections and transverse tensor analyzing powersdctiar (b) atFy; = 7 MeV were
measured with kinematic conditions chosen to corresposithgppet deuteron production988GA19.

Theoretical studies relevant to reaction (b) include: awf effects of the proton Coulomb
field on o, n resonance peak§488KA39; comparisons of measured cross sections and polar-
ization observables aty; = 12, 17 MeV with a three-body modell§88SU12; a study of the
influence of three-particle Coulomb dynamics on the crosi®e¢l991AS032; a study of the
effects of the internal structure of tlheparticle on the reactionl@90KU27; and a multiconfigu-
ration resonating group study of the six-nucleon systea9®{FU01 1995FU16.

11. ‘He(*He, *Hef He Qm = —21.375

Differential cross sections for this reaction"’tldeg_s. were measured df(*He) = 118 MeV,
and compared with DWBA predictiond §94WA0G. Measurements of angular distributions at
E, = 158 and 200 MeV were reported by 996ST25.

12.*He('Li, °Li)*He Qm = —8.048

A study of this reaction and of thigHe("Li, *He)’Li reaction atE("Li) = 50 MeV, and of the
SLi(12C, 3N)°He and’Li(!3C, “C)’Li reactions atZ(C) = 90 MeV was reported byl(988WO10).
Properties of the two lowest states“fe and’Li, from R-matrix parametersa(= 5.5 fm) are
displayed in Table 5.2 0ofil088AJ0). As noted there, positive parity states are then predicted
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lie at £, ~ 5 MeV (1) and 12 MeV(2", 37) in He-"Li (1988WO10. See also the analysis in
(1988BA75.

13. (a)°Li(~, py’He Qm = —4.497
(b) SLi(e, epPHe Qm = —4.497
(c) SLi(#+, 7 tp)°He Qm = —4.497
(d) SLi(7~, 7~ p)°He O = —4.497

At £, = 60 MeV, the proton spectrum shows two prominent peaks. In eadsk cited in
(1979AJ0) these peaks are attributedde*(0 + 4.0, 20 £ 2): see (979AJ0). The ¢, po+1)
cross section has been reported for = 34.5 to 98.8 MeV. A broad secondary structure is also
observed [988CA1). A review of photodisintegration data for energies ug:to= 50 MeV was
presented inY990VA19. More recently, measurements were made.at 60 MeV (1994RY0),
at £, = 61, 77 MeV (1994NI109, and atE, = 59—75 MeV (1995DI0). In reaction (b) the
missing energy spectrum shows strong peaks dielés(0, 16.7) and possibly some strength in
the regionE, = 5-15 MeV (1986LAZH). See alsdLi, and see the recent triple cross section
measurements 0lP99HO03J. Reviews of (e, @) data are presented ihq90DE16 1991VAQ0S.
See alsol989LA13 1990DE061990LA06. A microscopic cluster model used to interpret these
experiments is discussed ih990LO14. For reaction (c) afy.+ = 130 and 150 MeV,He*(0,
16.7) are populatedl@87HUO0J. Measurements &+ = 500 MeV were made byl998PA3)
to search forA components. Reaction (d) was studied at GeV energie2@30AB29 to deduce
Fermi momentum distributions.

14.5Li(n, d)°He Qm = —2.272

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). Measured cross sections and analysigipre= 14.1 MeV are presented in
(1989SHZS. See also1986B0OZQ. A Multiconfiguration Resonating-Group Method calculatio
applied to this reaction is discussed i®95FU1§.

15.5Li(p, 2p)°’He Qm = —4.497

At E, = 100 MeV the population ofHe*(0, 16.7) and possibly of a broad structure at
E, ~ 19 MeV is observed: momentum distributions féte*(0, 16.7) and angular correlation mea-
surements are also reported. Measurements were repotgd-att7 and 70 MeV (983VDO03,

70 MeV (1983G0O0§, 392 MeV (1996KAZZ, 1997HA15 1998N004, and 1 GeV {(985BE30
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1985D0162000MI17). See alsol984AJ0). Experimental and theoretical studies foy = 30—
150 MeV were reviewed inlO87VD1A). See alsoX987VDO0). The influence of noncoplanarity
on information obtained from these reactions was studied 890G O34.

16.5Li(d, *HefHe Qm = 0.997

’He, .. has been observed &Y = 14.5 MeV: see (979AJ0).

17.%Li(a, ap)’He Qum = —4.497

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

18.5Li(SLi, "BefHe Qm = 1.109

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

19.5Li(12C, 13N)"He Qm = —2.553

See reaction 12 and 988WO10).

20.7Li(~y, dyHe O = —9.522

Cross sections and excitation functions were calculated 8§§DU04. Also se€’Li.

21. (a)"Li(r*, 2pyHe Qum = 128.606
(b) "Li(7—, 2nyHe Qm = 127.041

Reaction (a) atZ,+ = 59.4 MeV involves®He*(0, 4.) and a broad peak centerediat ~
21 MeV with I ~ 4 MeV. It is not clear whethetHe*(16.7) is populated1©86RI0). See also
(1979AJ01 1984AJ0).

DWIA calculations of cross sections and analyzing powerpégulation ofHe( ", g.s.) are
described in1992KHO04.
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22.7Li(n, t)°He Qm = —3.265

The angular distribution of, has been measured B = 14.4 MeV: see (979AJ0) and®Li
in (1988AJ0). See alsoX986B0OZG 1989SHZS.

23. (a)"Li(p, *HeyHe Qm = —4.029
(b) "Li(p, pdyHe Qm = —9.522

At E, = 43.7 MeV, angular distributions of théHe groups to the ground state dfe ("' =
0.80+£0.04 MeV; L = 0+2) andto levels at 16.7 MeVL = 1) and19.9+0.4 MeV (I" = 2.7 MeV)
have been studied. Since no transitions are observed ifLt{E t)°Li reaction to the analog
20 MeV state ir'Li [see’Li], the transition is presumablg-forbidden and the states file-"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 vid = 1 states intHe were observed:
see ((979AJ0). Measurements of angular distributionsigf = 29.1-44.6 MeV are reported
in (1989BA89. In reaction (b’He*(0 + 4, 16.7, 25) appear to be involved &t = 670 MeV
(1981ER1) while at 200 MeV some structure &, ~ 20 MeV is reported in addition to the
ground state{986WA11).

24. (a)'Li(d, a)*He Qum = 14.325
(b) "Li(d, n)*He'He Om = 15.1223

At Ey = 24 MeV, the a-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. Measurements of theparticle energy spectra &, = 13.6 MeV
were reported in(993PAZB. An analysis of cross section data measured at= 0-12 MeV
is reported in {997HAZX). AstrophysicalS factors were measured &k, = 57-141 keV by
(1997YA09. Measurements of the reaction rate at low energieslfoimplanted in Pd foil were
reported by 2000BAZ0). Reaction (b) proceeds mainly via excited state38# and’He, ; and
possibly as welfHe*(4.): see {979AJ0). Measurements df; = 4.35 MeV have been reported
by (2000MIZU). See also1987WA2]) and®Be in (1988AJ0).

Measurements of(0) at E4 = 6.8 MeV were reported in{989AR04. Parameters of the
resonance for theHe state afv, = 16.76 MeV were extracted. Analysid991AR10 1993FA1)
of coincidence measurementsiat = 1.4, 2.1 and 2.5 MeV gavé’, = 4.1 £ 0.2 MeV, I" =
2.9 4 0.4 MeV for the®He p, /; first excited state.
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25. (a)"Li(*He, px)°He Qm = 8.831
(b) "Li(*He,*He dyHe Qm = —9.522

A kinematically complete experiment is reportedtHe) = 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 (1985FR0).

26.85Li(p, «)°He Qm = 14.516

Differential cross sections were measuredvat = 1.5 MeV with a 8Li beam, and the data
were used to calculate thermonuclear reaction rate¥ fatestruction (992BEZZ 1992BE46.

27. (a)’Be(p, pv)°He Qm = —2.371
(b) °Be(p, dHeyYHe Qm = —20.724

Both reactions have been studiedit = 26.0 to 101.5 MeV [see]984AJ0)]. Reaction (a)
was studied at, = 150.5 MeV (1985WA1J3 and atE, = 200 MeV (1989NA1Q, who analyzed
the data in terms of DWIA. Absolute spectroscopic factorsendgrived. See alsd $85VD03.
More recently, cross sections and polarization obsersabbre measured &, = 296 MeV by
(1996Y0ZZ 1997Y0ZQ 1998Y009. Alpha spectroscopic factors were deduced.

28.9Be(d,5Li)*He Qm = —0.897

The angular distribution téHe, . has been measured B = 13.6 MeV (1984SH1l. See
also (L989VAZ).

29. (a)’Be(*He,"Bey’He Qm = —0.785
(b) °Be(He, a)*He'He Qm = 19.0041

See (1984AJ0) and (L990MAYW). A coupled-channel model analysis of datafaf;. = 60
MeV is described in1996RU13. For reaction (b) se&e in (1988AJ0) and (L987WA25.

30.°Be(x, 2a)°He Qum = —2.371
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Measurements &, = 197 MeV of energy-sharing distributions were reported b§44CO 1.
Spectroscopic factors were extracted. SE#®8@AJ0) for earlier work. Cross section measure-
ments atr, = 580 MeV with DWIA calculations are described in§99NAOS.

31.9Be('Li, "Lia)’He Qum = —2.371

This reaction was studied d&; = 52 MeV (1998S0051998S02¥%, and decay froniBe
excited state into the + °He channel was observed.

32.9Be(*®0, 22Ney’He Qm = 7.296

Cross sections were measured and the mass excess was extga(ite90BEYY).

33.19B(n, *He)Li Qu = —5.258
SeéeSLi.
34.19B(d, "BefHe Qum = —1.877

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

35. (a)!'B("Li, 1*C)’He Qm = 9.157
(b) 'B(°Be, ’N)°He Qm = 8.620

At E(*'B) = 88 MeV a broad structure is observediat = 5.2+0.3 MeV, ' = 2.040.5 MeV
(1988BE33. For reaction (b) seelPO90BEY X).

36.2C(°He,°He n)*C Qm =—-1771

Peripheral fragmentation of 240 MeXfHe was studied byl©97CH24 1997CH1R. It was
found that one-neutron stripping tele is the dominant mechanism.
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SLi
(Figs. 2 and 3)

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 foLi located on our website atfvw.tunl.duke.edu/nucldata/General
_Tables/5li.shtml

1. '"H(a, v)°Li — 'H + « Qm = —1.69

Gamma rays were measured over a large dynamic rande,fer 200 MeV (2000HO1§. Both
inclusive and exclusive (coincidence with eithemparticle, proton or both) measurements were
performed. A pronounced contribution from capture into tidound ground and first excited
states of Li was observed. For the measured parameters ofithesonances, see TalBieb.

2. 2H(*He, *HePH B, = 16.66

Angular distributions and analyzing powers for polariZeté on?H at Esy, = 22.5, 24, 27,
30, 33 MeV were measured and analyzed 2y000KO0). Based on the phase shifts, they report
the following resonances identified withi with excitation energies between 15 and 30 MeV: “(i)
the well-establishedl@88AJ0) *S;), state at 16.7 MeV; (i) a broath, , state around 19 MeV;

(iif) quartet D states around 20 Me\gT and%+ assigned beforel@88AJ0)]; (iv) two doublet P

state2, 17) around 25 MeV; and (v) at least one negative parity staterat@9 MeV."

The results are compared with shell model calculations.a&sereaction 5 below.

3. 3He(d,~)’Li Qm = 16.66

The previous reviewl(988AJ0) describes the earlier work as follows: “The rakig/I",,, has
been determined faE (*He) = 63 to 150 keV [E.,,, = 25 to 60 keV] by (L985CE13 by measuring
simultaneously the-rays and the charged particles. Because of the large wiflthe @inal states,
~v and~; could not be resolved but the results are consistent with= 3.0 + 1.0 MeV for the
excited state.I',, /T, is roughly constant foz,,,, = 25 to 60 keV at (.5 + 1.2) x 107> and
I, /Tha = (8+3) x 107° at E(*He) = 150 keV (1985CE1}". For applications seel@85CE13
1985CE161988CE041992L132.

“Excitation curves and angular distributions have beensuesl forky = 0.2 to 5 MeV and
E(*He) = 2 to 26 MeV. A broad maximum in the cross section is observellat 0.45 4 0.04
MeV [°Li*(16.7)]. o,, = 21 £4 ub,I",, = 5 £+ 1 eV. The radiation at resonance is isotropic,
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Figure 2: Energy levels ofLi, extendedR-matrix prescription (see Tab&3). For notation see Fig. 1.
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Table 5.3: Energy levels 6L, extendedR-matrix prescriptiort

E., |J5T| Doy ® T, Ty [y © Decay Reactions
(MeV) (MeV) | (MeV) | (MeV) (MeV) (used in analysis
g.s.d %_; % 1.23 | 1.06 43.1°¢ 0.009° P, 3,6,9, 13, 18,

20, 23

1.49 %_; % 6.60 | 3.78 16.4¢ P, 3,9, 13,18, 20
16.87 | 2*; 1| 0.267| 0.055| 0.134 v, p, d,3He,a | 3,4, 5,18, 20
19.28 %_; % 0.959| 0.001 0.04082 0.741 | n,p,d*He,a | 4,5,9
19.45 | I"; 1| 328 | 0.040 | 1.82" p,d,*He,a |5
19.71| 2% 1| 431 | 0011 | 2.03" p,d,*He,a | 3,5
2053 | 1*;1| 500 | 0026 | 153" | 0.196 |n,p,dHe,a |6
22.06 | 5;1 1155 | 0928 | 2.33! p,d,*He,a | 23,24
23.74 | 37,1 | 543 | 0.234| 2.49¢ p, d,*He,

25.42 | 8", 1| 0.534] 0.023| 0.467 p, d,*He,
25.44 | 711 263 | 0.043 | 1.94" p,d,*He,a | 23
3253 | L1 7;1|357 | 875 | 0.013" p,d,3He,a | 23,24

@ This prescription, based on the complex poles and residiigeeoS-matrix, is the recommended one (see
Introduction). The channel radii atg, = 2.9 fm, aq = 4.8 fm. The uncertainties in the widths and positions of the
first three levels are less than 1%. Above 19 MeV excitatiargy) they increase rapidly, varying from about 5% up
to as much as 50% for the broader levels. All parameters gt#file are newly adopted in this evaluation.

b The fact that the sum of the partial widths is unequal to thal twidth in the extendedz-matrix prescription is
characteristic of non-Breit-Wigner resonances as wasidisd in the appendix 0f§92T102).

¢ The p* designation indicates 4 o* where the first excited state of the particle was included as a way to
approximate the effects of three-body breakup on the twaylotannels.

d Sjtuated 1.69 MeV above thep« threshold.

¢ These partial widths in closed channels have no meaningasy deidths, but rather as asymptotic normalization
constants.

f Primarily S (d).

& Primarily 2 P(d).

b Primarily * D(d).

! Primarily 25(d).

I Primarily 2 F(d).

k Primarily 2D(d).

! Mixture of *S(d) and* D(d).

m Mixture of * P(d) and?P(d).

21



consistent with s-wave capture. Study~gfand~; yieldsI' = 2.6 4+ 0.4 MeV for the ground-
state width (but see below), arid. = 7.5 + 1.0 MeV, ' = 6.6 + 1.2 MeV for the{ state: see
(1979AJ011988AJ0). An excess in the cross section at higher bombarding ezgeigjinterpreted
as being due to a state At ~ 18 MeV: even parity is deduced from the relative intensityypf
and~;. A broad peak is also observed Bt ~ 20.7 MeV in the , cross section. The cross
section fory, is ~ 0. The observations are consistent with = §+: angular distributions
appear to require at least one other state with significaangth near 19 MeV: sed 979AJ0)".
In more recent measurementsiat = 8.6 MeV a ground state widtl', = 2.44 £+ 0.21 MeV
was extracted from the, spectrum {991BA02). An analysis of these data with single level
matrix fits (L996EF03 gave values for the energies and widths of the ground stdtéisi and
®He. Cross section and analyzing power measurements igﬁmesion resonance regiomf =
0.45MeV) andE, = 8.6 MeV were reported byl(991WE1] 1992BA04 1994BA02 1998WEOQ7,
and comparisons with the results of coupled-channels aetgsmngroup model calculations were
discussed. See also the shell model description o%fheesonance discussed ih9O3KUO02.
Potential model descriptions of this reaction are disaligs€1990NE14 1992L132 1992NEO3
1995DU13. Analyzing power formulae derived in a model-independeay are presented in
(1996 TA09.

Measurements of high-energy(20 MeV) gamma ray production in the reaction are described
in (1992P103.

4. (a)*He(d, pfHe Qum = 18.35304 B, = 16.66292
(b) *He(d, npjHe Qm = —2.22457
(c) *He(d, 2p¥H Qum = —1.46081
(d) *He(d, 2d)H O = —5.49349
(e)3He(d, tpYH Qm = —1.46081

Excitation functions and angular distributions have beeasured fof,,,, = 6.95t0 171.3 keV,
and values ofS(F) have been deducedS(0) = 6.3 £ 0.6 MeV - b (1987KR1§. See also
(1984AJ01 1988AJ0). S-factors have been obtained down iR, = 5.88 keV. The effect on
S of electron screening at low energies has been studied988EN03 1988SCZG 1988SC1l.
See also the calculations dfY89BE0§ 1990BR13.

A pronounced resonance occurskat = 430 keV, I' ~ 450 keV. The peak cross section is
695+ 14 mb: see Table 5.2 in@79AJ0). The recent work of{997BA72 discusses a description
of theg+ levels of°Li and °He in terms of conventiondt-matrix parameters. Excitation functions
for ground-state protons have also been reportedzigHe) = 0.39 to 2.15 MeV and 18.7 to
44.1 MeV and forEy = 2.8 to 17.8 MeV [see 1979AJ0)]. Angular distributions have been
measured foF; = 0.25to 27 MeV andE(*He) = 18.7 to 44.1 MeV [see Table 5.6 i1 079AJ0)
and (L979AJ0)]. Resonance-like behavior has been suggestéd at 16.6, 17.5, 20.0, 20.9 and
22.4 MeV: see1979AJ0).
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Table 5.4: Energy levels 6L, conventionalZ-matrix prescriptiort

E, (MeV) JmT Lo (MeV) I, (MeV) 'y (MeV) I, (MeV)
g.s.’ R 2.11 2.11 0 0
6.18 =1 19.8 19.8 0 0
16.63 i1 2.09 0.570 1.52¢
19.17 e 1.50 0.0006 0.136¢ 1.36
20.30 i1 4.64 0.208 3.72¢ 0.709
21.09 s 7.47 0.115 7.36"

22.60 . 12.5 0.010 12.5¢

24.27 M 8.15 1.11 7.042

26.86 M 24.2 0.009 24.2f
» See the Introduction for a discussion of the two prescritio The channel radii are, = 2.9 fm,
aq = 4.8 fm.

b Situated 2.08 MeV above the+ « threshold.
¢ Entirely S(d).

4 Primarily 2 P(d).

¢ Primarily 25(d).

E Primarily* D(d).

& Primarily 2D(d).

In early work, tensor analyzing power measurements weategpfor £y = 0.48 to 6.64 MeV
(1980DRO0). [See, however,1080GR14) for a discussion of thelO80DRO0) results and for a
summary ofl5,(0°) for Eq4 = 0 to 40 MeV.] Measurements of angular distributions and aziaty
powers atE(*He) = 27 and 33 MeV have suggested the presence of a broad resonaate(s
E, =~ 28 MeV. Vector and tensor analyzing powers have been studiéd at 1.0 to 13.0 MeV
(1986BI1C 1986BI1ZP and 18, 20 and 22 MeV1Q86SA1Ll). See alsol986RO1)and Tables 5.6
in (1979AJ0) and 5.4 in (979AJ0). In recent work of {999GE19, angular distributions and
complete sets of analyzing powers were measured at fiveieadrgtweernyy = 60 and 641 keV.
The data were included in afi-matrix analysis of théLi system (see Tabl6.6). Multichannel
resonating group model calculations for this reaction aesgnted in 1988GU07 1990BL02
1990BL0§. A model-independent description of thetd®*He system near the low ener@f
resonance using the effective range expansion is desanl{@¢8d96PO2%.

Differential cross sections for reaction (b) were measwefl; = 23.08 MeV (1988BR27
1990BR14. Triple differential cross sections and vector analyzpowers were measured@f =
17 MeV (1989AYZZ, 1990AYZW) and atE/(*He) = 32.25 MeV (1988DA18 1991DA0H.

The d3He fusion process in reactors is discussedlii88DA2G 1988MI29 1988MO36.
Applications of the reaction in studying deuterium diffusibehavior in materials is discussed in
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Table 5.5: Parameters 6Li resonances deduced from+ p gamma

spectra
J" Quantity | Experimental ConventionaP | Extended
result? R-matrix R-matrix
8- o (ub) 8.0+0.7 - -
B, (MeV) © 2.940.2 2.08 1.69
T (MeV) 1402 2.11 1.23
s | o(ub) 4.540.4 - -
E, (MeV)© 9.34 0.4 8.26 3.18
T (MeV) 10+ 1 19.8 6.60

& From Table | of 000HO18. These results were obtained by fitting the photon

spectrum to a background plus two Gaussian peaks repmegeind two resonances.

P See Table§.3and5.4.

¢ These energies are relative to the- p threshold.

Table 5.6: A scheme ofLi levels below E, = 17 MeV obtained
from an R-matrix analysis* of *He(d, dfHe, 3*He(d, p)}He, and
‘He(p, p}He data and comparison with the present evaluation

(1999GE19 scheme' Present evaluatioh
E,(MeV) | J* | Ty (MeV) | Ec(MeV) | J™ | [ey (MeV)
g.s. 8- 1.25 g.s. 8- 1.23
1.28 1 6.29 149 | 17 6.60
16.86 & 0.25 16.87 | 37 0.27
16.88c | 1T 2.26 2053 | 1F 5.00
17.65%4 | 3~ 2.57 19.28 | 2~ 0.96

19.45 | I7 3.28

& See Tables Il and Il of{999GE19.
b See Tablé.3.

¢ Weak resonance.

4 Above the range of the analysis.
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(1989PA261990QIZ2). See also{990LE3Q 1990WI1L).

It is suggested that at low energiel;[ = 2.2 to 6 MeV] reaction (c) goes primarily via a
J™=3",T = L state of’Li located0.8 & 0.2 MeV above threshold [i.e £, = 18.9 & 0.2 MeV]:
see (979AJ0). Other studies of the breakup have been reportég at 23.08 MeV (1986BR1J
reaction (c)) and 60 MeV1Q850K03 reaction (d)). For the earlier work seE984AJ0). See also
other references cited in988AJ0). For a descriptive list of theoretical work on this reantgee
the General Table foilLi located on our website atfvw.tunl.duke.edu/nucldata/GenerEdbles/

5li.shtml).

5. 3He(d, dfHe E, = 16.66292

In the rangeF,; = 380 to 570 keV, the scattering cross section is consistent witlage for-
mation of theJ™ = §+ state at 16.66 MeV. The excitation curves far = 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 assignmentbf;, or (D, *Dj,, is favored, if only one state is
involved: see 1979AJ0). A phase-shift analysis of the angular distribution andP\véata below
5 MeV suggests several MeV broad stat&;,, ‘D75, “Ds/2, “D3/ and, possibly!D; »»]: see
(1984AJ0). See alsol987KR19.

Angular distributions and analyzing powers have been nredsat many energies t6 =
44 MeV: see ((979AJ011984AJ0) for the earlier work,1982C0ZQ1983COZR E4 = 10 MeV)
and (L987YAZ1 E4 = 29.5 MeV on polarized®He). For d2He correlations seel@87PO0}. See
also “Complex reactions” in théLi General section of {988AJ0). The R-matrix formalism
was used byi990TRO0$ to calculate theS’({r)-wave cross section for ¢ *He, using p+ *He

cross section data andHd®*He analyzing power data from théi (%*) region. See also the work
of (1997BA7). A generalized potential model description¢fe + d scattering is discussed in
(1991NEO). For earlier theoretical work see references cited B88AJ0).

6. 3He(t, nyLi Qm = 10.41

At E(3He) = 14 to 26 MeV>Li*(0, 20.5 & 0.8) are populated: sed 979AJ0). See alsdLi.

7.3He(He, pyLi Qm =11.17

The spectrum of protons & (*He) = 3 to 18 MeV shows a pronounced peak corresponding
to Li, . superposed on a continuum: sé®79AJ0). The angular distribution of, has been
measured ab(*He) = 26 MeV (1983KI1Q polarized target). See aléBe and ((9860S1D).
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8. 3He(a, dyLi O = —T7.18

The contribution of unbountLi nuclear states to deuteron spectra from this reactioncaks
culated by {993GO18.

9. *He(p, pfHe E, = —1.69012

Differential cross sections and polarization measureseate been carried out at many ener-
gies: seel966LA04 1974AJ01 1979AJ01 1984AJ0) for the earlier work. More recent mea-
surements were reportetig88AJ0) at £, = 65 MeV (1986FU0% A,), 100 MeV (L983NAZV,
1985GUZX o(f), Ay) and 495 MeV (988STZJ and att, = 695, 793, 890, 991 MeVI985VE13
o(#)) and 1 GeV {985AL09 o(#)). Cross sections and, at £, = 98.7 and 149.3 MeV for the
continuum were reported byt 985WEQ§. In experimental work reported since the previous re-
view (1988AJ0), differential cross sections were measuredfQr= 695, 793, 890, 991 MeV
by (1989GR20 with phase shift analysis and at 607 Me\ly (1991BA1V). Differential cross
sections and analyzing powers at 71.9 MeV were measi@PBUO) and combined with ex-
isting data forE, = 30-65 MeV for a phase shift analysis. Measurements of anajygower
at £, = 180 MeV were reported bylO90WEZY). Cross sections for the-p *“He interaction at
GeV energies have been measured at 2.7 GEMBIABO7Y), at 8.6 and 13.6 GeV/dP8IBR30
1993GL09, and aty/s = 31.5 GeV (1989AK09. For earlier work at very high energies, see ref-
erences cited in1088AJ0). The previous reviewl©©88AJ0) summarizes the analyses reported
prior to 1988 as follows:

“Phase shifts belo,, = 18 MeV have been determined byq77D0O0) based on all the avail-
able cross-section and polarization measurements, usifigraatrix analysis program. The; ,
phase shift shows a pronounced resonance correspondihg,to while the P,/ shift changes
slowly over a range of several MeV, suggesting that the fixsited state is very broad and lo-
cated 5-10 MeV above the ground state. The reduced widthed?iwave resonance states are
nearly the same. ThBs,,, D3/», F7/» andF5/, phase shifts become greater thamt £, ~ 11,

13, 14 and 16 MeV, respectivel §77D00). (1986TH1C prelim.) have measured, for
11 < E, <215MeV: A, = 1for E, = 1.89 MeV, 0, = 87.0°.”

‘A phase-shift analysis for, = 21.8 to 55 MeV is presented byl@78HOL17 [see also
analyzing-power contour diagram fé,, = 20 to 65 MeV]. A striking anomaly is seen in the
analyzing power af;,, = 23 MeV and the’D;,, phase shift clearly shows t@+ state atF), =
16.7 MeV [see also [979AJ0)]. The other phase shiftS /5, *Ps/2, *P1/2, ?Ds /2, *F7/2, 2F5)2,
Gy /> and?Gy/, are smooth functions of energy. Both the;, and?P,, inelastic parameters
show a somewhat anomalous behaviorigt~ 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™ = %_ andg_ at F, ~ 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 ay level aroundE), = 29 MeV [E; =~ 21 MeV]. The G-waves are necessary to fit the detailed
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shape of the angular distributions féf, = 20 to 55 MeV (1978HO17. For a contour diagram
of the analyzing power fofE,, = 130 to 1800 MeV seel980MO09. For a measurement of the
spin rotation parameter, at £, = 500 MeV see (983MOO0). See alsol986SA1] prelim.;
E, =65 MeV).

Theory and analyses reported since the previous revie88AJ0) include: theS-matrix stud-
ies of resonances in thé = 5 system of {998CSO0Z%, the S-matrix andR-matrix determination of
the2™ and?™ states ofLi of (1997CS0); and the study of thé " levels of’Li on He based on
conventionalR-matrix parametersl@97BA729. See also the study of the cluster potential model
(1997DU1Y, and the calculation of interaction potentials by invensof scattering phase shifts
(1996AL0J). See alsoX996CO20.

Other theoretical work reported since the previous revie988AJ0) includes calculations for
p-a potentials derived from phase shifts b < 23 MeV (1991CO0% and atE, = 64.9 MeV
(1989C0O1). Multichannel resonating group calculations are pressimt (L989KA39 1990BL02J.
The resonating group method was applied in the redipr= 50-120 MeV by (993KA47). See
also the dynamic microscopic model calculation reportedI®@3CS02. Glauber theory calcu-
lations of cross sections at intermediate energies wertexpby (993MA47). Other theoretical
work related ta*He + p scattering is included in the descriptive list in the Gah&able for>Li
located on our website atvivw.tunl.duke.edu/nucldata/ Genertdbles/5li.shtm)l

In earlier work PNC effects were studied via the elasticteciag of 46 MeV longitudinally
polarized protons ofiHe: the longitudinal power, = —(3.3 £ 0.9) x 10~". This was obtained
by measurings™ ando~ for the positive and negative helicity of the incident priL985LA01,
1986LA29: the conclusion reached by the authors from this, and hBroéxperiments, is that
there does not exist any evidence for a non-zero valug, pthe weak isovector coupling con-
stant. See alsd @84AJ0) and (L986ADZT, 1986HA1Q 1988NA1§. Fora + p correlations see
(1987P0O03

In application-related work, a method for precise absobatiébration of polarization effects
is applied to pa scattering at, = 25.68 MeV by (1989CL04. Measurements of recoil cross
sections for particles on protons in connection with depth profiling wergorted at~(*He) =
0.9-3.4 MeV (1989SZ04 and atE(*He) = 1.3-2.1 MeV (L988WA22.

10. (a)*He(p, dfHe Qm = —18.35304 E, = —1.69012
(b) “He(p, pnfHe Qum = —20.57762
(c) “*He(p, 2pfH Qum = —19.81385
(d) “He(p, pdfH Qum = —23.84653

As reported in {988AJ0) angular distributions of deuterons and?®sfe ions (reaction (a))
have been measured fdf, = 27.9 to 770 MeV and att, = 3.98 GeV/c [see (979AJ01
1984AJ0)]. Angular distributions and analyzing powers were meedusit £, = 100 MeV
(1983NAZV), 200 and 400 MeV1986AL01). Excitation functions are reported at several energies
in the rangel,, = 38.5 to 44.6 MeV and 200 to 500 MeV. Continuum yields and analyzioggrs
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have been studied &t, = 98.7 and 149.3 MeV by 1985WEOQ§. For polarization measurements
to 500 MeV see above andg79AJ01 1984AJ01 1988BAZH). More recently, analyzing powers
and differential cross sections were measurefl,at 32, 40, 50 and 52.5 MeV bylQ91SA17.

For reactions (b), (c) and (d) se&74AJ01 1979AJ01 1984AJ0). The breakup ofHe via
reaction (c) has been studied MPE6FUOY: large values ofd, in the FSI region were reported.
In more recent work on reactions (b), (c) and (d), quasi-re@ckout of charged patrticles foHe
was studied aty, = 100 MeV by (1990WHO0). For astrophysics-related theoretical work see
(1989GU28 1990BI0§. For breakup processes at high energies, including piodyation, see
(1988AJ0).

11.*He(, p)*He

In early work, antiproton interactions witlhie were studied byl©84BA6Q 1985BA76 1987BA12
1987BA47 1987BA69. See alsoX983FA16 1984BA74 1984FA14 1986D020Q 1987NA23.
More recently, the production rate tl, 2H, *H in p-*He annihilation was studied between 0—600
MeV/c by (1988BA62, the annihilation cross section near 45 MeWas measuredL@89BA59,
and the cross section for production/ohyperons and&? mesons at 600 MeVAvas measured by
(1989BA9).

Calculations for the knockout and annihilation reactionsey@esented bylO89NA1f, and a
study of the change of the branching ratio of channelg{te annihilation in the nuclear medium
is discussed inlO89NA19.

12. (a)*He(d, nyLi Qm = —3.91
(b) “*He(d, np}He Qm = —2.22457

For reaction (a) see reaction 109He, (1985WI15 and (L987KAZL; E; = 15 MeV; ny).
Early work on reaction (b) reported in§88AJ0) includes measurements&§ = 12to 17 MeV
and atE, = 18.0 to 140 MeV: see 979AJ0] 1984AJ0), °Li and (1985D003 1987KUZI).

More recently, measurements of cross sections and anglpziwers atF; = 7 MeV were
reported by {988GA19. Comparison of data aty = 12 and 17 MeV with predictions of the
three-body model are made biOB88SU12Y. The effects of the internal structure of theparticle
in a three-body description of thetdn reaction are explored byt §90KU27). Multi-configuration
resonating group calculations are discussed @9(FU01 1992FU1J).

13. (a)*He(He, dyLi Qm = —7.18
(b) *He(He, pdfHe Qm = —5.49349
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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
(1982NEQ09 1986YAOQ]). See also{985NEZW).

14. *He(q, tyLi Qum = —21.50

Measurements were made it = 120, 160 and 200 MeV X998STO07J. Differential cross
sections were extracted from measured triton energy spelcime shapes of théi ground state
resonance was well reproduced by DWBA calculations.

15. *He(Li, *HeyLi Qm = —11.67

See reaction 12 inHe and (988WO10).

16. 5Li(~, nyLi Qm = —5.39

Available experimental data at energies upHp = 50 MeV are reviewed and analyzed
(1990VAL16H to explore cluster effects and final-state interactions.

17.5Li(7 ™, pyLi Qm = 134.96

In early work, differential cross sections have been messat?,, = 75 and 150 MeV forpy:
see (L984AJ0). More recently cross section measurementg,at= 50, 100, 150 and 200 MeV
were reported byl(992RA0). DWIA calculations presented i1992KH04 provide predictions
of cross sections at, = 115, 165 and 255 MeV.

18. (a)°Li(p, d)°Li Qm = —3.16
(b) ®Li(p, pd)*He Qm = —1.4743
(c) SLi(p, pn)’Li Qm = —5.39

Angular distributions have been measuredzgt= 18.6 to 185 MeV. At the highest energy,
the spectra are characterized by a broad asymmetric pesdsponding tOLi, s, @ narrow peak
[°Li* (16.7)] and a broad peak &, ~ 20 MeV. DWBA analysis leads t6?S = 0.64 and 0.57
for °Li*(0, 16.7). The first excited state 6L.i is also reported to be populated: sé884AJ0).
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Reaction (b) has been studied /a4 = 9 to 50 MeV: the pa 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 4 0.5 MeV
(1985BE3(01985D01§. See alsol985PA03 E,, = 70 MeV).

19. (a)°Li(d, t)°Li O = 0.87
(b) SLi(d, pt)*He O = 2.5583

In early work, angular distributions of thg group were measured At; = 15 and 20 MeV: see
(1979AJ0). More recently the production cross section for triton wesasured by radiochemical
methods {997ABZY). Calculations of differential cross sections gy < 30 MeV are described
in (1997HAZK, 1997HAZY). Reaction (b) has been studied/at = 0.12 to 10.5 MeV: see
(1984AJ0). See alsdBe in (1988AJ0).

20. (a)°Li(*He, a)’Li Qu = 15.19
(b) SLi(®*He, pr)*He Qm = 16.8787

In early work reviewed in1988AJ0) at E(*He) = 25.5 MeV, °Li*(0, 16.7) and two broad
peaks atF, ~ 19.8 and 22.7 MeV ['.,, = 2 and 1 MeV] are populated: se@979AJ0). At
E(*He) = 33.3 MeV angular distributions and analyzing powers have beedietl for>Li*(0,
16.7) ' ~ 1.6 and ~ 0.4 MeV]: see (984AJ0). More recently, in experiments &t(*He) = 8,
11, 13 and 14 MeV1989ARZ|, 1990AR17, the°Li state atF, = 16.7 MeV was observed and
the width measured to de= 150 + 40 keV.

In reaction (b) an analysi4 989AR2() of data atFZ(*He) = 2.5 MeV gavel' = 1.55+£0.2 MeV
for °Li, . Measurements a'(*He) = 1.6, 3.5, 7.0 and 9.01092AR2() found the’Li, , width
consistent with {988AJ0) and independent dHe incident energy. Work reported fai(*He) =
1.6 MeV (1991AR25 and E(*He) = 7 and 9 MeV (1993AR1) determined that the ground state
width is independent of detector angle. In early work redvin (L988AJ0) the parameters of
the first excited state are deduced tohe= 5.0 +£ 0.7 MeV, I',,, = 5.7 £ 0.7 MeV (1984AR17
E(*He)= 1.7 and 2.3 MeV),E, = 5.8 £ 0.5 MeV, I'.,, = 5.2 + 0.5 MeV (1987FALt E(*He) =
1.65 MeV). More recently an experiment A(*He) = 2.0 and 2.2 MeV (992DA1K) found values
in line with those measured &(*He) = 1.65 and 1.7 MeV. Measurements B(*He) = 11, 13
and 14 MeV reported bylO89AR0§ determined parameters fék, ~ 18 MeV and found a level
atF, =17.9+ 0.4 MeV, I" = 3.5 + 0.8 MeV. Angular distributions of protons from the decay of
°Li, s are reported byl988BU04 E(*He) = 1.5 MeV). See also references cited tBB8AJ0).

A recent theoretical studyL@96FAQY of the properties of resonance scattering in two fragment
systems calculates parameters for the= 16.66 MeV states formed in reaction (b).
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21. SLi(5Li, "Li)5Li Qu = 1.86

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

22.5Li(13C, CYLi Qu = 2.79

See reaction 12 irHe and (988WO10).

23. (a)"Li(p, t)°Li Qm = —4.16
(b) "Li(p, nd)Li Qm = —10.41

At E, = 43.7 MeV, a triton group is observed fii, ;. (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 betwégn= 2 and 5 MeV.°Li*(16.7, 20.0) were not observed.
The formation of Li*(16.7)(*Ss/2) would beS-forbidden: the absence 6Ei*(20.0) would indi-
cate that this state(s) is also of quartet character [sextioaa23 in°He]. Weak, broad states at
E, =22.0+0.5MeV and25.0 + 0.5 MeV and possibly 34 MeV are reported in a coincidence ex-
periment in which three- and four-particle breakup wasyaed: see979AJ0). Measurements
of angular distributions and differential cross section&a= 29.1 and 35 MeV are reported in
(1989BA89. See alsol988BAZH). For reaction (b) at, = 670 MeV see (984AJ0). See also
(1985NEZW).

24.7Li(3He, dtyLi Qm = —9.65

A kinematically complete experiment is reportedfzfHe) = 120 MeV. The missing mass
spectrum shows the ground-state peak and a 4 MeV wide bufpat34 MeV, and some slight
indication of a small bump &2.0 + 0.5 MeV (1985FRO0).

25, 7Li(5Li, SLi)°Li Qm = —3.36
See (984K023.
26.9Be(a, 5Li)°Li Qm = —18.58
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Table 5.7: Mirror states ial = 5 nuclei?

*He oL
E.(MeV) | J™ | E, (MeV) | J™ | AE, (MeV)"

o |¥| o & —
1.27 |37 149 |3~ +0.22
16.84 | 3" | 16.87 |32° +0.03
19.14 |57 1971 |3 | 4057
1926 |37 2542 |3 4616
1931 | IT| 1945 |IT| 404
19.96 | 37| 1928 |3 | —0.68

a As taken from Table§.1and5.3.
b Defined asF, (°Li) — E(°He).

At E, = 90 MeV differential cross sections have been measured forémsitions to'Li, s +

8Liy s : see (984AJ0).

27.198(d, 7Li)°Li

An angular distribution is reported &t; = 13.6 MeV (1983D0O1(). See alsol984SH1BE.

28. 19B(He, 2a)°Li

At E(*He) = 2.3 and 5.0 MeV the reaction is reported to proceed B4(4.9) to °Li, .
(1986AR14. See alsol988AR05 and”B in (1988AJ0).

The absence of any group structure in the neutron spectrutreineaction’He(*He, nyBe
at E(*He) = 18.0 to 26.0 MeV indicates thaBe, ; is at least 4.2 MeV unstable with respect to
3He+2p [(M — A) > 33.7 MeV]. With Coulomb corrections adjusted to match the 16.7 Meates
of >He-’Li, this observation places the first= % level in these nuclei above, = 21.4 MeV: see

(1979AJ0).

Qum = —1.13

O = 10.73

5Be

(Fig. 3)
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Figure 3: Isobar diagram = 5. The diagrams for individual isobars have been shiftedaadly to eliminate
the neutron-proton mass difference and the Coulomb entaiggn asfc = 0.60Z(Z — 1)/AY/3. Energies
in square brackets represent the (approximate) nucleagyerey = M (Z, A) — ZM(H) — NM(n) — Ec,
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SHe +2p

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

are presumed to be isospin multiplets are connected by déisies.
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