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GENERAL

The stability of®He (1968BA48§ 1968ME03 1973FI04 1988AJ0) sets an upper limit to the total
binding energy of‘n, because the dec&ye—*He + “n does not occurl@64GO1B 1964G023. The
most precisely determined mass exces$Hé (1988WA1§ yields B(*n)< 3.1 MeV. Noting that in all
known nuclei the proton binding energy increases when twdrors are added1964VL1A) show that
B(*n)< —Q, whereQ is the decay energy fortH — H + 2n. SinceQ > 0 (1988AJ0), “n must be
unbound.

If bound *n exists, a = 2 state should be found itHe (seel968MEO03 1973F109 at26 < Fy < 29
MeV. Also a7 = 2 resonance should occur irHa3H at6 < E.,, < 9 MeV. Resonances have been found
in n+ 3H (see*H), but there is no evidence to support a suggesti@b8AR0§ of 7' = 2. No low-lying
T = 2 states of'He have been found (séele); systematics giv&, (T = 2) ~ 34 MeV (1963FR1%, > 32
MeV (Kurath, quoted inl963SC3%and F, > 50 MeV based on shell-model calculations BPE6KR0G
1970S7031972S707. All experimental searches fén have failed [seel@65BA1A) and recent work on
reaction 2 belowl].

Variational calculations of the energy of tha system, in which the trial wave function assumes a
relative s-wave motion of two di-neutron clusters fail t@guce either a bound state or a low-lying reso-
nance {965TA14 1970TH132, although a similar theoretical technique successf@produces the binding
energies ofH, 3He and*He (1965TA19 and the?H(d, dH differential cross sectionlQ70TH1). A
K-harmonic approach also finds that thestate is absentl@68BA20. A hyperspherical-basis study of
A = 3 — 8 multineutron systemsl@89GO1§ indicates that these systems have no bound states. However
a similar theoretical studyl@89GU1§ reports that'n has a resonance state because of the existence of a
kinematical barrier.

Arguments based on pairing-energy systemati@(G0361960ZE03 would require the stability of
4n, if 3n is stable {965TA19, but see {968KA35. Suspicion of the stability ofn (1965AJ03 has not
been confirmed (seER68KA35and1968MEO3 1975FI08 1987TI07).

In the following reactions@-values have been computed assumi(gn)=0.

1. *He(y, 27)*n Qm ~ —310.0 not observed

The previous compilationl@73F109 notes one experimental search for neutrons from the alsae r
tion with negative resultsr < 1.7ub.

2. *He(—, 77)'n Qm ~ —30.9 not observed

Measurements of théHe(r—, 71)*n reaction carried out in search of evidence forand extending
from E_- = 100 — 215 MeV are summarized in the previous compilatid®{3FI04. Neither bound nor
unbound*n was detected in this early work. More recently, t(iemomentum spectrum from the double-
charge-exchange reaction/&t- = 165 MeV was measuredlP84UNO03 in a search fofn, and an upper
limit of 22 nb/sr was set for the cross section. Note, howetreat the theoretical study ofl986KE2(
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reports that the final-state interaction in the four-neusgstem is so strong that the tetraneutron could not
have been observed in the kinematic region exploredl@84UN0J. Pion spectra were also measured
(1986KI120 for incident pion energies of 180 and 240 MeV and found to balitatively consistent with
two sequential single-charge-exchange processes. Nermédorin was obtained. Total cross sections for
pion double-charge exchange at 180 and 240 MeV were meaandecompared with a phenomenological
model in which successive charge-exchange processes etemyth quasi-free scattering were included.
A very recent search for the tetraneutron was carried oitt.at = 80 MeV and@,.+ (lab) = 50° — 100°
(1989GO17 and set an upper limi#(6) < 13 nb/sr. Several theoretical studies of pion double-charge
exchange orfiHe have been reported. 18977G104 cross sections were calculated f6r= 0 — 500 MeV

in a model in which two single pn charge-exchange scatteraugur. In the work of{980J103 1981J109

the reaction was studied in the framework of a four-body hyjpleerical basis method.

3. 7Li(7—, 3He)'n Qum ~ —106.8 not observed

The previous compilation1©73FI09 includes only two experiments involving this reaction amal
indication of the formation ofn. Since that time the only investigation reportd®{7BA47 utilized a
nuclear emulsion loaded withLi. An upper limit of 1.2 x 10~3 was determined for the relative probability
of forming ®n and*n compared to all other~ + "Li reactions.

4. 7Li("Li, 19C)*n Qm ~ —18.2 not observed

A measurementl©@88AL11) carried out aby,, = 10° for 82 MeV "Li ions found no*n resonances. An
upper limit of 4 nb/sr for the cross section was determined.

5. 7Li(°Be, 12N)*n Qum ~ —23.4 not observed

A measurementl©@88BE03 of the spectrum of outgoing nuclei for incidehiti energies of 72—-90 MeV
found no evidence of a bound state of the four-neutron sydteiran upper limit was reported.

6. "Li('B, M0)*n Qum ~ —16.7 not observed

Incident”Li energies ofi8 — 71 MeV were used{988BE03 to study this reaction. No evidence bf
was observed. See alstB6BE44 1987B0O40).

7.°Be(Be,10)*'n Qm ~ —17.6 not observed
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This reaction was studied 88BE03 for incident’Be energies of2 — 90 MeV. No evidence for bound
or quasi-stationary states 4 was obtained.

4H

GENERAL

The stability of the first excited state ifi against decay intéHe + *H (1988AJ0) sets an upper limit
for B(*H)< 3.53 MeV (1965BA1A). This also sets a lower limit to thé~ decay energyH—*He of 17.06
MeV. The upper limit of the3~ decay energy would be 20.60 MeV# is stable against decay intél +n.
(1965BA1A) give estimates for the expected half-life of the beta deday™(*H)=0—,1—, 2™, 712 > 10
min; if JT(*H)= 0", 17, 712 > 0.03 sec. Experimentally there is no evidence for ahydecay of'H (see
reaction 1), nor has particle-stadlel been observed (see reactions 2—19). Evidence for a pauidtable
state of'H has been obtained fiLi(7~, t)>H + n (See reaction 16) &t+- 3 MeV above the unbountH + n
mass with a widtl™ < 4 MeV. See also reaction 17. For other theoretical work §6&§JA24 1983VA3],
1985BA39 1989G023.

The level structure ofH presented here is obtained from a charge-symmetric ngitect the R-matrix
parameters fotLi (seeLi, GENERAL) after shifting all the p2He E,’s by the internal Coulomb energy
difference AEc = —0.86 MeV. The parameters then account well for measurementseoht#H total
cross section1(980PHO) and coherent scattering length985RA33, as is reported in1O90HA23. The
BW resonance parameters from that analysis for channalgsagdi = 4.9 fm are given in Tablet.1 and
are shown in Fig. 1. The levels are located substantiallyetaw energy than they were in the previous
compilation (1973F109, as will be true for all theél’ = 1 levels of theA = 4 systems. ThéLi analysis
unambiguously determined the lowkT level to be predominantlyP; and the upper one to be mairllp;;
that order is preserved, of course, in i levels. In addition to the levels given in Tallel, the analysis
predicts very broad positive-parity states at excitatinargies in the range 14-22 MeV, havihg> F.,
as well as antibound P-wave states approximately 13 MeMib#le 2~ ground state. Parameters were not
given for these states in the table because there is no dligi@nee for them in the data.

The structure given by th&-matrix poles is quite different, however. The P-wave resmes occur in
a different order, and the positive-parity levels (esggcfar 0™ and1') are much narrower and lower in
energy. Itis possible that these differences inShmatrix andKr-matrix pole structures, which are not yet
fully understood, could explain the puzzling differenckattoccur when these resonances are observed in
the spectra of multi-body final states (S&é¢, GENERAL).

Fig. 1: The enrgy levels ofH are plotted on a vertical scale giving the c.m. energy, i'vMelative to the mass

of ®H + n. Horizontal lines representing the levels are labeledheylével energies and values of total angular
momentum and parityJ™). Other horizontal lines mark the threshold energies of tidicated multi-particle sub-
systems. A typical thin-target excitation function for’ki-scattering is shown at the right side of the figure, labeled
along the vertical axis by laboratory energy (but plottethat corresponding c.m. values). Numbers at the tops of
the vertical arrows indicate laboratory energies (usufikyhighest) at which the reaction leading to formation of an
A = 4 nucleus has been studied.

Table4.1 contains further information on the levels illustrated;limding total widths.
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Table 4.1: Energy levels dH defined for channel radiug, = 4.9 fm.
All energies and widths are in the cm system.

E, (MeV) JT T [' (MeV) | Decay| Reactions
g.s.? 2 1 5.42 n3H | 1,11
0.31 1~ 1 6.73" | n,?H | 11,12
2.08 0~ 1 8.92 n,*H
2.83 1~ 1 12.99° | n,*H | 11,12

2 3.19 MeV above the B *H mass.
b Primarily *P;.
° Primarily 'P;.

1.*H(57)*He Qum ~ 20.6 not observed

As noted in the previous compilation{73FI09, all searches for the beta decay‘sf have yielded
negative results. No new work has been reported.

2.3H(n, v)*H Qm ~0 not observed

The previous compilatiorll@73F104 notes that this reaction has not been observed, but cites s@rk
yielding upper limits for the cross section. No new work hastbreported.

3.3H(n, nPH

Measurements of cross sections, polarization, and amaglymwer for>H(n, n’H are summarized in
Table4.2 Earlier work is reviewed in the previous compilatiotO73FI109. See alsoX972SE23} for a
summary of early data on this reaction.

A review of progress in four-body scattering and breakugtiea calculations in the integral equation
approach is presented ih987F103. Calculations ofH(n, n) scattering carried out in this approach are de-
scribed in (976F0131976KHO01, 1976TJ011978KR01 1983LE22 1986FO0O07. An R-matrix prediction
of n—-*H cross sections and scattering lengths frorfHe-scattering data is described i®QOHA23. A mi-
croscopic calculation for theéH and“Li continuum in which structure and reactions were treatedmmequal
footing was done by1977BE4(. *H and“Li level positions and widths were calculated. ID79FO0$
a soluble model of the four-nucleon system was developeadjusnonrelativistic field theoretic formalism.
A four-body calculation of the 4N system was carried dlg§4FOO083 to describe low energy phase shifts
and cross sections. The pseudostate method in the respgatinp formulation was used $86SH12 to
study distortion effects of the three-nucleon cluster in nand p+ He. See alsol@89PO23.



Table 4.2: Measurements and summaries (S) of cross seeti@hsanalyzing powerA(d) and
polarizationsP(6), for the3H(n, ny’H reaction

E, (MeV) Measurement | 6., (deg) Description Refs.
6.0, 9.0, 18.0, o(E,0), P, 32 — 149 | Liquid ®H target. 1972SE28S)
19.5, 21.0, 23.0
14 —15 o(E,0) 0,1, 67, 96| Reviewed, compared 1976PA23S)

existing data. Measured
in energy interval to
study anomaly.
14.1 o(E,0) 4 —40 Measured absolute cross | 1976SH20
sections. Optical model and
Faddeev calculations.
0.06 — 80 o(E) Gas target. Compared with| 1980PH01
p +3He data.
0.06 — 1.2 o(E) Measuredr(F) at low 1980SE02
energy, extrapolated to zero
energy. Inferred scattering
lengths.
Low energy bound scattering Used neutron interferometer1981HA36
lengthb, Deduced singlet and triplet
scattering lengthsg, o.
Low energy bound scattering Remeasured bwith skew- | 1985RA32
lengthb, symmetric neutron-
interferometer. Deducedl,,
o




4.3H(n, d)2n Qm = —6.257

The previous compilation1@73FI109 lists several measurements of thé(n, d)2n reaction and notes
that forward-angle deuteron spectra are sharply peakddlaehergy indicating a strong final-state interac-
tion between two neutrons.

More recently only one additional measurement has beemtsgpdDifferential cross section measure-
ments atk,, = 14.1 MeV were carried outl976SH2() for deuteron angles$°, 10°, 20°, 30°, and40°. The
measured energy spectra were represented satisfactprdyFbddeev calculation which took into account
the nn final-state interaction.

A soluble model involving four interacting particles andiging a field theoretic formalism was dis-
cussed in 1976F013. Total cross sections fotH(n, d)2n were calculated. A calculation described in
(1982WU0J considered quasi-free scattering and d + n cluster streicund deduced reaction kinematics
and cutoff radius effects.

5.3H(n, p)3n Qm = —8.482

Measurements of proton energy spectra are summarized prekimus compilationi973FI09. In the
only measurement reported since, polarized thermal nesitneere used1©80BOZH, and the measured
asymmetry was used to determine the upper limit offfhedd asymmetry coefficient. See also the review
of resonances in three-particle nucl&989M0O29.

6.3H(d, pPH +n Qm = —2.225

A summary of early measurements of fié(d, p) reaction is given in the previous compilatid®{3F10J.
Proton spectra show no evidence of formatiorfldf Observed structure in the proton spectra is attributed
to final-state interactions in théH + n system. Upper limits for a bound state are discussed. Hewtbe
recent work of {990BL14 on a kinematically-complete measurement of the equiva&ld(t, tp)n reaction
for E; = 35 MeV finds evidence for 8H ground state withF,.; = 3.1 MeV, v? = 2.3 MeV. This work in-
cludes a review ofHe ground-state parameters from recent experiments. Se€¢ a73SL031977WE03
1981SE111982SE081985FR011986BE351987G0251989GR221990AMO04, 1990BL14 1990BR14
1990BR17. Since the previous compilatiolg73FI09, measurements of vector and tensor analyzing
power atEy = 3 — 6 MeV and anR-matrix analysis were reported980CL1A 1980DE1A. At T ~ 300
K, thermonuclear reaction rates f4f(d, p) and several other reactions of interest to astrapsysere cal-
culated (989SC2%. The distribution of relative velocities between padiivas described by the Maxwell-
Boltzmann distribution. Results were compared with piigds experimental results.

7.3H(t, dPH +n Qm = —6.257



The previous compilatioril©@73FI09 cites measurements in which structure was observed iretitecbn
spectra from théH(t, d) reaction, but the structure was attributed to firatesinteractions in théHe + n
system. Other experiments noted i®{3FI104 have determined upper limits for the cross section. No new
measurements on this reaction have been reported.

8. (@)*He(y, 77)*H +n Qm = —160.7
(b) *He(y, 7°)*H +p Qm = —154.8
(c) *He(y, p)*H Qm = —19.81

Measurements of reaction (a) cited in the previous conipilatl973FI09 show some evidence for a
3H + n final-state interaction, but other explanations are péssNo new work has been reported. Angular
distribution measurementd489GL 0§ of reaction (b) were analyzed in terms of quasi-free, ergbaand
guasi-elastic reaction mechanisms. Measurements of tmenastry in angular distributions for reaction
(c) induced by polarized photons of energies 40 MeV and 125-NeV were reported in1088GA29
1989VI105. A theoretical investigation of structure effects in ti&dEoss section for reaction (c) is described
in (1989BEOQ7}. See also the analysis dfY88TE04 1989VO0)).

9.%He@ ™, v)*H+n Qm = —20.596

The previous compilation1@73FI04 cites one calculation, but no measurements on this reachio
new work has been reported.

10. *He(@mt)3H +n Qm = 118.460

The previous compilation1@73FI09 cites one measurement, but no evidence foar n final-state
interaction. No new work has been reported.

11. (@)*He(r—, y)*H* Qm = 115.6
(b) *He(r—, m~ ) H* Qm = —163.5
(c) *He(x—, n)*H Qm = 118.5
(d) *He(r—, 2ny¥H Qm = 112.2
(e)*He(r—, 3n)'H m = 110.0

The previous compilation1@73FI04 discusses measurement®(2BI109 of the energy spectrum of
~-rays fromz~ capture which show structure attributed to capture t6fa= 2=, £ = 3.4 MeV state
(apparent g.s. ofH) and two strongly mixed ~ levels atF, = 5.1 and 7.5 MeV. No newHe(r~, v)*H*
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measurements have been reported. A review of recent datdicagt in determining the characteristics
of the (r—, =) reaction on light nuclei was presented P82GMO03. A calculation of the total radiative
capture rate fromiHe pionic atoms is described i6tg88WEOQ).

Early experimental and theoretical work on reaction (c)usisarized in {973FI09. More recently,
measurements of differential cross sections were repaittétt = 100, 200, 290 MeV [978KA0Y), and
at £, = 285, 428, 525, 575 MeVX9810R0119820R0§. Therw~ absorption was found to proceed by a
two-nucleon mechanism with an energy dependence conssiitrnformation of aJ = % resonance in the
intermediate state. Measurements of the energy spectiaghé seutrons, protons, and deuterons following
absorption of stopped~ in “He were reported inl@81CEO0). An analysis of théHe(r~, v)*H reaction at
290 MeV utilizing the effective channel approach was presgbin (1981REQ). The reaction was studied
in the resonance region within the framework aAehole model {983HI11J).

No new measurements of reactions (d) or (e) have been repdrewever, a cluster-model study of
4He(r~, 2nPH was reported in986GE0$, and in (L987GE0§ it was suggested that measurements carried
out for pionic capture at rest could yield information on Bstate of*He.

12.*He(n, pfH +n Qm = —19.814

Experimental work cited in the previous compilatidr®{3FI09 showed structure in the proton spectra
from the*He(n, pfH + n reaction that was interpreted as indicating an excitaifdhe giant resonance™
states in*H. It was noted that the— ground state ofH does not appear to be populated appreciably. No
new work on this reaction has been reported.

13.5Li(y, 2pPH +n Qm = —23.514

The previous compilation1@73FI09 cites no reported measurements, but notes upper limitthéor
production cross section 6H in earlier reviews. No new work has been reported.

14. (@)°Li(7—, d*H +n Qm = 117.0
(b) SLi(7—, npPH +n Qm = 114.8

Measurements of coincident charged-particle spectraisigd in the previous compilatioh73F104
show structure which has been interpreted either in ternadiofl-state interaction itH -+ n or in terms of
levels in*H. The yield for reaction (a) is stated to b0 4 0.5) x 10~* of all possibler~ + SLi reactions.
Early measurements of neutron-proton energy-summed ideimicspectra and n—p angular distributions
from reaction (b) are also cited ing73FI104. More recently, measurements of energy spectra versus ang
for reactions (a) and (b) were carried oL®83HE 17 for stopped pions. The quasi-deuteron mechanism was
found to be the dominant process in the reaction. Other measnts for reactions (a) and (b) with stopped
pions were reported inLP85D019 and the results discussed in terms of sequential reactexhamisms
as well as cluster absorption. Angular correlations of tfesg section for reaction (b) were measured
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(1986Y009 at E, = 70 MeV, and the components of the two-nucleon absorption csestion were
extracted. See alsd987K0O47.

A calculation of the energy spectra and angular correlatairsingle and correlated spectra for absorp-
tion of stopped pions was described if981CHO3J.

15.7Li(~y, 2pH +n Qm ~ —33.582 not observed

The previous compilation1©73FI09 lists no observations of theLi(~, 2p)*H + n reaction, but cites
experimental work in which upper limits for the productiomss section ofHe were set as revealed by its
beta decay. No new measurements have been reported.

16.7Li(7—, t)*H +n Qm = 116.0

The previous compilation1©73FI09 states that no evidence for a particle-stable statéHdfias been
found, but notes that charged-particle spectrarfoicapture at rest indicate structure which is interpreted as
a?H + n final-state interaction. Other measurements are citetlpesposed states in the unbouttd + n
system are discussed. More recently the charged particdes the breakup ofLi following 7~ capture
have been identified in coincidenc&979ME13, and strong evidence for a particle-unstabié state is
obtained. The energy of the resonance was found ®-b& MeV above the unbountH + n mass with a
width T < 4 MeV. A review of previous experimental searches for pastishstable'H is included.

17.7Li(n, a)3H +n Qm = —2.468

No evidence for a particle-stable state had been obtairted dine of the previous compilatioag73F104.
Upper limits ¢ < 2.2 mb) were quoted. A recent measuremeri§6KN0§ of the “He production cross
section for an average neutron energy of 14.95 MeV gave(0.336 + 0.016) b. Measurements of coinci-
dent energy spectra of alpha particles were reporte@d9686MI11, 1986MI14) for E, = 14.6 MeV, and it
was suggested that the observed structure might be agmibatstates ofH. See also the measurements of
(1986SH33.

18.9Be("Li, *H)'?C Qum ~ 3.233 not observed

The previous compilation1@73FI09 notes one particle-identification measurement on thisti@a
with no *H particle groups detected. No new work has been reported.

19. 10B(7Li, 13N)*H Qum ~ —1.409 not observed

The previous compilation1@73FI0) cites one measurement which determines an upper limit®n th
cross section and concludes tiit'H)< 0.16 MeV. No new work has been reported.
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4He

GENERAL

Ground state. Due to non-central forces, the wave function for fife= 0* ground state ofHe can be
a positive-parity mixture of thre&s,, six >P,, and five?D, orthogonal stateslP67BE7J. Of course, the
symmetric S-wave component is the dominant part of the wiation, with significant D-wave and almost
negligible P-wave contributions. Since the D-state adumn&xican be inferred from measurements such as
the tensor analyzing powers fid(d, v)*He (reaction 1), it has been the subject of much experimenizl
theoretical attention since the previous compilatib@73F109, despite confusion stemming from the fact
that in some cases the results refer to only part of the fudtdde probability as calculated i6g88CA19
1990CHO06 1991AR0).

Recent variational and Green function Monte Carlo (GFMQgwdations [(L988CAL9, (1991CA35]
using realistic nucleon-nucleon potentials have beengliccessful in reproducing the ground-state prop-
erties of light nuclei. These calculations féde give D-state probabilities ranging from 15-17.5%, de-
pending on the potential model (including three-body fejagesed, and P-wave probabilities that are much
smaller & 1%). Other theoretical and experimental estimates of théal»gercentage are considerably
lower, but these inferences can be complicated by the presd@nmore than one multipole and other D-state
effects (see the discussion for reaction 1).

The latest GFMC calculatiorl91CA35, using a truncated version of the Argonne V14 NN interac-
tion (1984WI109, overbinds'He by 0.9 MeV, whereas most variational calculations uriderit by more
than 1 MeV. In both cases, three-body forces contributeastt 18 MeV to the binding energy. When the
GFMC calculation is corrected perturbatively for the teimthe NN interaction 1984WI109 that could not
be included, the binding energy decreases by almost exawctlygh to agree with the experimental value,
28.296 MeV. This energy results from a cancellation of lakgetic-energy and two-nucleon potential-
energy terms, so that the three-body forces, though smedirmparison to the two-body forces, make a sig-
nificant contribution to the binding energy. Since the nackerces are assumed to be charge-independent,
the small amount of repulsive Coulomb energy (0.75 MeV) iegohigh isotopic purity of th& = 0 ground
state.

Recent calculationsl@91CA35 of the charge density give form factors that are in reasleredreement
with electron-scattering experiments. For momentum feasgyreater than about 4.5 frh the variational
calculation follows the data somewhat better than does H&IG calculation. The Fourier transforms of
the proton-pair distributions have also been calculateticampared with measurements of the Coulomb
sum. The comparison is quite good for both variational an#iGFalculations when the experiments are
corrected for the finite energy range of the measured sums.

Excited states:

The unbound excited-state level structure presented kBebased on the comprehensive, Coulomb-
corrected, charge-independditmatrix analysis of 1989HA2A). This analysis takes its isospin-1 parame-
ters from an analysis of pHe scattering data (sé&i, GENERAL), but with the eigenenergies shifted by
the internal Coulomb energy differencel’ = —0.64 MeV and the p2H and n-3He reduced-width ampli-

tudes scaled by the isospin Clebsch-Gordan coeﬁic\if%t The isospin-0 parameters are then varied to fit

the experimental data for the reactions among the two-bbdgrels p-3H, n+2He, and d-2H, at energies
corresponding to excitations fiHe below approximately 29 MeV. In this fit, ti& = 0 nucleon-trinucleon
reduced-width amplitudes are constrained by the isospatioa
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- _7p3H

and a small amount of internal Coulomb isospin mixing isddtrced by allowing

Ta L #0,

which is necessary to reproduce the differences betweamwthbranches of the ¢ d reaction (reactions 3
and 4).

Although the*He analysis is not yet complete, the predicted levels afecgarftly stable that we feel it
is worthwhile to report them as preliminary results. The B&anance parameters at channel raglii=
apspe = 4.9 fm andagq = 7.0 fm are given in Tablet.3 and are shown in Fig. 2. These states have
relatively pure isospin, except in the cases noted belowthAgrevious compilation1©73FI09 pointed
out, the general features of the level structure at exoitaginergies below 30 MeV can be understood in
terms of Wigner’s supermultiplet theory in which the degate [1] states are lowered and the [15] states
are raised by an attractive particle-hole interaction. Pheave [15] levels having” = 1 andT = 0
are much more interspersed in the present scheme than imghieys compilations, however, leading to
significant isospin mixing in those states. In addition,esalnew’” = 0 levels that have essentially-dd
character appear, some of which were anticipated by a pi@uiof Sergeyevi972SEQOX

The first threel' = 0 excited states)(t, 0—, 27) of Table4.3 are in reasonable agreement with those
of Table 3.0.2 (which were fairly well established) tB{73FI09. Above about 22 MeV excitation energy,
differences begin to occur. There is no evidence in the aisabf the*He-system reactions for a separate
0F or1t, T = 0 level atE, = 25.5 MeV as has been seen in the+ *He* final states of reactions 28
and 32. It is possible that the anomaly seen in these readsodue to a shadow pole associated with the
0T excited state af’, = 20.21 MeV, or that the true position of the" state is several MeV higher, as is
indicated by the position of th&-matrix pole (see discussion below).

Nestled among a series of four negative-pafity= 1 levels in the range’, = 23 — 26 MeV (which
were at least 3 MeV higher il@73FI109) isanewl™, T = 0 level atE, = 24.25 MeV that has important
effects on the d- d reactions at low energies. Isospin mixing between thie stad the’P;, T = 1 level
at £, = 23.64 MeV causes significant differences in the p-wave part of theddreactions, as have been
observed in muon-catalyzed984BA1W) and polarized Y981ADO07) d + d fusion experiments. The,

T = 0 level was seen byl@81GR1§ in their 2H(d, p’H analyzing-power data, but no evidence of their
proposedt™ level atE, = 24.6 MeV was found by {989HA2A) in fitting their measurements.

The remainingl’ = 0 levels atE, = 27 — 30 MeV are primarily d+ d states, except for the" level
at B, = 28.31 MeV. The®S, level atE, = 27.42 MeV is interesting on two accounts: it marks the first
appearance of a state from the [20] representation, andbgpty corresponds to a resonance that had been
seen by {966LE1A) in SLi(d, o)*He* spectra, but was later withdrawn b Q68BA20 when they failed to
see itin dtd elastic scattering measurements. The effect of the besamhance can be seen in-d elastic
scattering excitation functions measured bh9g9WI01), however. Because of its width, this state causes
the®S, transitions of the d-d reactions to be important even near thedithreshold, in contradiction to the
earlier theoretical picture that only th&, transitions were important due to Pauli exclusion of thentgi
d + d S-waves.

The series ofP; levels concentrated nedt, = 28.5 MeV are clearly the ones from the [15] repre-
sentation predicted byl@72SEO). These broad levels are not apparent in the data, but tieeseguired
primarily by the cross-section and analyzing-power meaments for d d elastic scattering. The level
in this sequence has been seen in the decdidef in the final states of reactions 25, 28, and 32. The
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Table 4.3: Energy levels dHe defined for channel radij, = a, = 4.9 fm, aq = 7.0 fm. All energies
and widths are in the c.m. system.

By J" T Iy I, I'q r Decay Reactions
(MeV) (MeV) | (MeV) | (MeV) | (MeV)
g.s. 0* 0
20.21 0t 0 0.50 0.00 0.00 0.50 p 16, 22, 24, 28, 31
21.01 0~ 0 0.64 0.20 0.00 0.84 p, N 24
21.84 2” 0 1.26 0.75 0.00 2.01 p, N 24,29
23.33 2” 1 2.64 2.37 0.00 5.01 p, N
23.64 1~ 1 3.44» 2.76* | 0.00 6.20 | p, N, ()
24.25 1~ 0 3.08? 2.87*| 0.15 6.10 | p,n,d | 3,4
25.28 0~ 1 4,12 3.85 0.00 7.97 p, N
25.95 1~ 1 6.52P 6.14> | 0.00 12.66 | p,n,y |7
27.42 2t 0 0.25 0.23 8.21¢ 8.69 | p,n,d | 6,28,32
28.31 1t 0 4.72 4.66 0.51 9.89 | p,n,d
28.37 1~ 0 0.07 0.08 3.77 3.92 | (p,n),d| (3,4),6, 28
28.39 2” 0 0.02 0.02 8.71 8.75 | (p,n),d| (3,4),6
28.64 0~ 0 0.00 0.00 4.89 4.89 d 6
28.67 2t 0 0.00 0.00 3.784 3.78 d,~ 6, 21
29.89 2t 0 0.04 0.04 9.64° 9.72 | (p,n),d| 28

2 Primarily 3P;.
b Primarily 'P;.
¢ Primarily ®*Ss.
4 Primarily 'Ds.
¢ Primarily °Ds.
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resonance that was previously thought to be at 33 MeV i5.at 28.67 MeV, and anothe2™ resonance,
primarily in the®D, d + d channel, gives a second [20] statdzat= 29.89 MeV.

Estimated uncertainties on the parameters giverifte in Table4.3 are as follows: At excitation
energies below 26 MeV, the positions are uncertain by 20 kelss, except for thel(", T = 0) level at
24.25 MeV, which is uncertain by 150 keV. At excitation enesgoetween 26 and 30 MeV, the uncertainties
in the positions are generally less than 90 keV, with thahef(t—, 7" = 0) level at 28.37 MeV less than 10
keV. The widths of the levels (partial and total) are gergiahown to about 10%.

The uncertainties in the BW resonance parameters are yi$aialéss than the changes that occur when
the resonance parameters are derived from the poles 6Fthatrix. A significant difference between these
parameters and the BW parameters of Tabgis in the position of thé)™ state. TheS-matrix poles are
located at least 3 MeV higher in excitation energy than ispgble of K, meaning that thé@™ state is
no longer the first excited state &He. This might explain the great difficulty shell-model ed#tions
(1977BE02 1988CEO03 have in obtaining the excitation energy of tbie state as low as the “traditional”
position it has occupied between the*pl-and n2He thresholds. Other differences involve the ordering of
the P-wave levels, and the appearance of low-lying, pesjiarity, 7 = 1 levels.

Experimental work not discussed explicitly: (1973AN26 1973AY02, 1973BR2(Q1973DE171973EL04
1973GA171973G0381973HE06 1973HE261973JA21 1973KA08 1973MI20, 1973N0O071973S008
19737006 1973TR04 1974BA%4 1974GE101974G0151974GR021974HE17 1974L110, 1974MI1Q,
1974RU06 1974TO03 1975BI0§ 1975GE121975GL08 1975KA05 1975SC311976AR1] 1976BA57
1976B0051976BU19 1976DA24 1976HA17 1976JA17 19760H021976SC261976SH231976SK02
1976SU061976TAL1 1976WA12 1976ZA11, 1977B0221977CA051977G0161977KA02 1977KA1Q
1977LA13 1977LE021977MI13 1977N0O101977RO181978AR05 1978AR21 1978BA75 1978CO16
1978FA06 1978GE121978HA42 1978LUO5 1978ZA06 1979AB14 1979BA27 1979BA33 1979BA66
1979DR10Q1979EG011979H0041979JU021979KA03 1979SK051979SU141979WA02 1980BA17
1980G0211980KA17, 1980MA20G 1980NE1] 19800R051980RO031980WA1Q 1981EG031981FA02
1981FA07 1981G0O031981LA07, 1981NE081981SM04 1981VAO05 1981WA15 1981WI11, 1981YU0],
1982BA16 1982ER0619821S06 1982KE1Q 1982LA09 1982LA11, 1982LA2Q 1983AN02 1983AR05
1983C0091983RI03, 1983WA09 1983Y001, 1984AR17 1984F0181984GM01 1984HO01 1984KA33
1984KR12 1984KR231984LA19 1984LA32 1984MA71, 1984TS011984TU02 1984V005 1984WA18
1985BE631985BL05 1985CE131985CE161985CH37 1985TA13 1985TALS 1986BA6S 1986BU0S
1986CA29 1986EN051986FA13 1986HE 16 1986KE0] 1986KL04 1986LA26 1986SM041986S003
1986WA11 1986WHO01, 1987AL09 1987BA69 1987HU13 1987LA25 1987ME0] 1987ME18 1987QA0]
1987WA25 1987ZA07 1988AR2(Q 1988DY01, 1988LA11, 1988ME1] 1988RA31 19885114 1988ST06
1989AB1Q 1989AR08 1989AR16 1989AR2Q 1989BA23 1989CL01 1989C0O141989CR051989DMO2
1989GL03 1989SH171989S7021989TA19 1989YO03 1990AB11, 1990BA58 1990GE121990LU1Q
1990N101, 1990SM04 1990YA11, 1991DE02 1991SC051991WEO0§.

Level calculations not discussed: (1973CA161973GE1]11973KU02 1973MA48 1973NA19 1973PEO05
1974LE3Q 1974NA03 1974NA18 1974SA05 19745105 1974YAL1L 1976BEO1 1977HI09 1977SC18
1977VEOQ9 1978AT01, 1978DE16 1979BE15 1979BE42 1979TA23 1981CE021981SA32 1981SC09
1981VA23 1982A701 1982AZ02 1982BE391983BE521983GE131983GR241983H0221983KU2Q
1983MA44 1983VAO0S 1983ZE061984BA41,1984KU13 1984L101, 1984MA03 1984SU071984VA0G
1985BE61 1985CA4(Q 1985CE061985D020 1985DU05 1985L109 1985P0221986AY 01, 1986BES5]
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1986DA04 1986DU1Q 1986KA0Z 1986KN08 1986R0O031986ST131987BL1§ 1987CA1Q 1987CEO]1
1987HO071987KR07 1987RE041988ZH03 1988ZH05 1988ZH07 1990CE061990KH01, 19900K03
1990VA14 1990WO009 1990ZH10.

Table 4.4: Measurements and summaries (S) of cross seetiwhanalyzing powers for
the reactiorfH(d, v)*He

Eq (MeV) Measurement 6., (deg) Description Refs.
4—-12.5 o(0) 0—132 | Fit to o(#) indicated E2 transitio 1973P0O01
1D2—>180
0.163 o(Ey) Compared with plasma thermal dis- 1984CEOQ3
tribution calculations.
376 a(0) 73,91 | Compared to*He(y, d) measure{ 1984SI01
ments.
9.7 a(0), T 45 — 140 | Measuredl,, as*He D-state signa; 1984WE14
ture.
0.05 — 0.160 r,/r, 0 — 180 | Compared with direct-capture cal- 1985WI108
culations.
10 a(0), Ay, Ayy 25 — 155 | Found evidence for non-E2 radia-1986MEO02
tion.
10 a(0),iT11, Tao, To1, T2 | 25 — 155 | Model-independent analysis, ex-1986ME16
tracted specifi@’-matrix elements.
0.7—-14.9 o(E,0) 40 — 140 | Looked for D-state effects in (dy) | 1986WEQ7
at low energies.
0.05 — 0.500 o(8), o(E) 0—90 | DeterminedS(F), and implied evi-| 1987BA58
dence forS, —° Dy amplitude.
1.2 a(0), Ay, Ayy 55 — 140 | Model calculation used to study ey- 1988LA14
idence for E2, E1, M2 radiation.
25 o(0), iT11, Tao, Taa 25 — 155 | Studied role of odd-parity multiy 1987MEZV
poles interfering with E2.
0.3-30 Ay, Ayy 130 Compared data to result of resonat1988WE15
ing group calculations.
95 a(0), Ay, Ayy 55 — 149 | Results indicate reaction dominated 1989P106
by (1Dy|E2|!Sy) transition to*He
S-state.
1.2,14.7,
FE4 <038 o(8), Ay, Ayy, Tao 30 — 14 | Transition matrix analysis. Com- 1990LA16
pared to MCRGM.
5.4 —14.7 Ay, Ayy 130 Studied*He D-state. 1990LA16

Other theoretical work: (1973AV03 1973B0341973BU01 1973DE191973DU1Q 19731001 1973K0O26
1973KU03 1973LE241973L114 1973MA1Q 1973MA2Q 1973NA26 1973PA171973PA191973RA27
1973WE141973ZA03 1973ZA11 1974BE151974DE411974DH03 1974D0101974DZ03 1974FI104
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1974F1131974GR031974KA35 1974KH02 1974KO03 1974MA21, 1974PA111974SA181974SA29
1974SA301974SA311974S0131974ST141974TEO051974TO08§1974WE091974WO0061974ZA01,
19747A07 1974ZA08 1975BA68 1975BA76 1975B0O471975CH221975D004 1975FL02 1975G 004
1975KUO07, 1975LA15 1975LA19 1975L105 1975S0071975TJ01 1975VI08 1975WA3Q 1976BA5],
1976CE01 1976C0O10 1976FL09 1976GA24 1976GI06 1976GI09 1976HEOQ] 1976KI01, 1976KI1G
1976LA07, 1976L120 1976NA1Q 1976TO07 1976ULO2 1976UL04 1977AV0G 1977BA74 1977BEG]
1977BH04 1977BL11,1977B0241977CR011977DU01 1977FR161977HA02 1977HE151977HI1]
1977KI1Q 1977K0O25 1977LA0G 1977LE13 1977LE2Q 19771111, 1977L118 1977L0O18 19770S06
1977S005197750121977TO03 1978BE4]1 1978BES57 1978BI14 1978CA04 1978FA07 1978FEOQ§
1978FR171978FU12 1978GI1Q 1978HO07 1978KI104 1978LA0§ 1978LI10§ 1978LO16 1978MC04
19780S051978S1151978SM02 1978TJ021978UL0Z 1978WA13 1978ZA05 1979AY02 1979BL05
1979BL0OG 1979F101 1979GH011979GU16 1979HE161979HUO02 1979JA09 1979KA0G 1979KA43
1979MAO07, 1979M0O07 19790S091979PE061979RA3Q 1979RI116 1979RU09 1979SA131979SHOT
1979ST021979UE021979WA13 1979WA14 1979YA0G 1980BE171980CH371980DE011980DU0G
1980F0141980FU051980GR011980HAS54 1980KA18 1980KH01, 1980KO04 1980LA2Q 1980LI09
1980MA3(Q 1980MEO7 1980SA161980TO111980ZN01 1981BA41 1981BE011981BE241981BE39
1981BE631981BL0G 1981CA141981CH031981DE271981DE341981D0011981D0021981DR11
1981DU08§1981DU191981DZ01 1981F00]11981F0111981FR201981G0091981GU1Q1981JA07
1981JE011981JI05 1981KA12 1981KA39 1981K0O37 1981LE22 1981L.008§ 1981NAO4 1981NI0S
1981NO04 1981PA161981PL031981SA14 1981SH071981ST1919817A01] 19817ZA02 1981ZA05
1982AT01 1982AV08 1982BA731982BL035 1982B0O0§1982DA03 1982DA19 1982DE121982DE35
1982DE511982FR111982FR141982GR181982HU11 1982KA06 1982KA11, 1982KH01, 1982KHO05
1982LA07, 1982LA16 1982LA19 1982MU13 1982N102 1982SH081982S113 1982S0071982VA15
1982VE12 1982WA07 1982WE0919822A01, 1983AR17 1983BA43 1983CA1Q 1983CH591983DMO0],
1983DR161983EI101 1983FR201983GE121983G0041983KH01, 1983MA31, 1983ME0G 1983NE0O§
1983NE12 1983NI06 1983RI07 1983TE05 1983THO0G 1983WI05 1984BA0G 1984BE17 1984BO08
1984CA241984GA261984GA341984G0011984G0O191984HE211984HUO4 1984KR1Q 1984LA05
19841108 1984L009 1984MA04 1984MA11, 1984M0O24 19840R011984PR091984RE091984SHO7
1985AL12 1985AN11 1985AR05 1985BA45 1985B0021985BU02 1985BU0G 1985CH011985DE37
1985FA02 1985FR091985HE191985KA30 1985K0O03 1985KR12 1985KW02 1985MA3Q 1985PA10Q
1985PR021985SA32 1985S0061985SP051985THO04 1985T10§ 1985T0O19 1985TR03 1986AB02
1986AN08 1986AN09 1986AN35 1986BA15 1986BA69 1986B101, 1986CA28 1986DE111986DU0OG
1986GR021986HA45 1986H0O331986J101 1986KE07 1986KH02 1986KH0G 1986KU11 1986LE22
1986NA03 1986PA08 1986PA15 1986RA21 1986SA02 1986 TA07, 1987AR11 1987BA49 1987BI122
1987B0O091987BU021987BU04 1987CA131987CA171987CA271987CA291987GI1011987GMO02
1987GMO04 1987K031, 1987KU03 1987KU12 1987L134 1987MA61, 1987MO33 1987NE0§1987PA13
19870QI01 1987SA15 1987SC251987SH09 1987S0041987TA0G 1987TA27 1987TR0O7 1987VAOS
1987VA29 1987VA36G 198772001 1988AL12 1988AN18 1988BA63 1988BA74 1988B0O04 1988B0O40Q
1988CH161988C0151988DI11Q 1988D0171988DU04 1988FO081988FR021988G0101988GU0O7
1988KA23 1988K0O32 1988MA33 1988MA56 1988M021 1988MU11 1988VA27, 1988W0O04 1988YA02
1989AK01, 1989AL08 1989AN1Q 1989BA31], 1989B0291989CH491989CI1035 1989CU051989DU0S
1989DZ702 1989F0121989GR151989J107 1989KH0G 1989KR0§ 1989KU0G 1989KU21, 1989LA05
1989LE24 1989MAOG 1989NA1G 1989RA14 1989SA171989SA321989SC151989SC191989SC22
1989TE04 1989UC02 1989US01 1989VAOG 1989ZA07 1990AN23 1990AS06 1990BE14 1990BI0],
1990BI05 1990BR09 1990BU29 1990CA12 1990CI101 1990CI104 1990C0O12 1990FA08 1990GE04
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1990G0091990G0301990GU231990HA07, 1990HE131990J0011990KA06 1990KA07, 1990KA42
1990LE241990L01Q 1990L02Q 1990MA63 1990M0O17 1990M0O25 1990NI113 19900E0]11990SA47
1990SC011990SC201990SC321990SH111990ST171990SZ071990VA0], 1990YU0Z 1991BA16,
1991CA05 1991DEO0§19910E011991SC121991US011991WI05.

1. 2H(d, v)*He Qm = 23.847 By, = 23.847

The previous compilation1©73FI109 reported measurements of the(d, v)*He reaction fromfy =
0.8 — 482 MeV. Measurements and summaries since 1973 are presentatled.4.

The early measurements dfq73P00) at E; = 6.05, 8.96, and 11.67 MeV gave(d) ~ sin’ 26, and
it was concluded that the process proceeded through an Etioa by'D, —'S,. Measurements at 376
MeV (1984SI10), however, corroborate deviations reported in the invezaetion by {976AR0Y from the
sin® 20 angular dependence. The cross section results are consistie time-reversal invariance.

A measurementl@84WE14 of tensor analyzing powéy, at E4 = 9.7 MeV gave a hon-zero isotropic
result which was used in connection with a heuristic mod&utation assuming E2 radiation to imply a
4.8% D-state admixture in the two-deuteron wave functioritbé. Earlier evidence for théHe D-state
was provided in a studyl@75PL0) of phase shifts for p- “He elastic scattering. Calculations reported
in (1985SA02 examined théH(d, v)*He analyzing powers foE,; < 20 MeV, and led to the conclusion
that the tensor analyzing powers depend linearly on the ptio D/S ratiop. Using wave functions with
phase shifts obtained from resonating group calculatithes; found good agreement with ttig, data of
(1984WE13 for —0.5 < p < —0.4. These large values gfwere superseded by later, more detailed cal-
culations (see below). Measurements of vector and tensdyzang powers afvy = 10 MeV reported in
(1986MEO02 1986ME16 indicated the presence of multipoles other than E2, andnaegts are presented
that the reaction cannot be used to determine the D-statexadenin *He unless the deuteron D-state and
other tensor force effects in the entrance channel are fakemccount. Calculations ofi§86TO1) con-
sidered M1, E1, M2, and E2 transitions and obtained agreewidmthe results of {986 ME02 1986ME16
using*He wave functions which were obtained from variational gkttons (986SC0% and which indi-
cated a value for théHe D-state parametet$86TO1) D, ~ 0.2 fm?. The energy dependence of vector
and tensor analyzing powers E0° from 0.3 to 50 MeV (988WE1} indicates thatd,, (130°) is sensi-
tive to *He D-state components and has its maximum value Agar 30 MeV. Some of these results are
reviewed in (987GRO0$.

A recent measurement489PI106 of cross sections and analyzing powers at intermediatggee, =
95 MeV) indicated the dominance of tHéD,|E2|'Sy) transition involving the S-state componentiéfe.

Experiments on théH(d, v)*He reactions at low bombarding energié® (- 150 keV) relevant to
astrophysical processes were reported #86WI09. (This reaction had been proposed earlig¥§4CE03
as a temperature diagnostic for plasmas). Thel', ratio was measured, and it was noted that a D-state
component in théHe wave function is a possible explanation for the resulainletd. The measured cross
section forEy between 0.7 and 4.5 MeV and angular distributions of crosme atEy = 1.38, 2.05,
9.6 and 15 MeV {986WEOQJ were interpreted to indicate that tHele D-state has large effects on the
energy and angle dependence of the low-energy capture sotens. In particular it was shown that the
ratio 0(90°) /o (135°) increased at low energies in such a way as to imply an asyimfeto S-state ratio
p = —0.2+£0.05. Measurements af(E) ando (6) for E. ,,,, = 50 — 500 keV (1987BA5§ were interpreted
to indicate that theéS, —°D, amplitude is dominant fof, ,,, < 200 keV. The indicated astrophysical
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S-factor (L984FO1A is 32 times larger than previously estimated and may afiféimogeneous big-bang
nucleosynthesis models.

Theoretical studiesl@87AS03 of the 2H(d, v)*He reaction based on a microscopic description of the
nuclear wave function reproduce the data & < 3 MeV and indicate a 5-7% D-state admixture in the
4He ground state. The study reported 1987BL 12 finds that conclusions about D-state components based
on simple potential model analysis of experimental datavarg sensitive to the parametrization of the
nucleus-nucleus potential and may be misleading. The phenological study ofH(d, v)*He (1987PI108
allows for the D-state component of the colliding deuterand concludes that it is important in estimating
the effects of D-state components'ide. However, a more detailed calculation including theseesaffects
(1988AR1) has shown that the value pf~ —0.4 suggested in1987PI10§ is too large and should be0.2
as proposed in1086WEQ7J. The difficulty of extracting D-state properties ihle is demonstrated in the
work of (1988WA02), using a microscopic multi-channel resonating-group eho@ihis model was used by
(1988LA14 1990LA16 in the analysis of measurements of cross sections andnesudatensor analyzing
powers atlly = 1.2 MeV to conclude that the cross section consists of nearhalecpntributions of E2,
E1, and M2 radiation, and that the tensor analyzing powetinsgsily due to the large E1/M2 strength. The
results of this calculation are compared with experimentéd onA, andA,, for £4(lab) = 0.3—50 MeV.
Good agreement was obtained with,, but A, was overpredicted at low energiels{ 2 MeV). See also
(1990WEO03. This model predicts a D-state probability of 2.2%"Ie, but this is only the two-deuteron
part of the D-state.

An extensive review of the manifestations of the D-StatéHie and other light nuclei is presented in
(1988WEZ20. It is worth noting that the most recent calculationsIHE8CA19, which use the Green func-
tion Monte Carlo method, indicatetatal D-state probability irfHe ranging from 12 to 17.5%, depending
on the details of the NN interaction assumed. A variationaink@ Carlo calculation1991AR0Y) of the
reaction forEqy < 500 keV indicated that at these energies the reaction procéeoisgh the D-states in the
deuteron and the alpha particle, and that the contributidinedH or “He D-states can either add to produce
a large cross section or cancel. A recent review of non-gmilezomponents ofHe and other light nuclei
is presented in1(990EI0).

2. (a)?H(d, 7°)*He Qm = —111.1
(b) 2H(d, 27°%)*He Qm = —246.1
(€) 2H(d, 7+ 7~)*He Qum = —255.3

Measurements of the charge-symmetry-breaking reactipneferted in {987BA19 established an
upper limit of () ~ 0.8 x 10~ %ub/sr at B4 = 0.8 GeV, f..,. ~ 100°. An historical synopsis of ex-
periments and theoretical estimates of reaction (a) is @lesented. An earlier measurement reported in
(1974BA2H) gave an upper limitr(6) ~ 1.9 x 10~ °ub/sr at B4 = 1.89 GeV, f..,. ~ 79°. See also
(1981EGO03. A theoretical calculation1©982CH27 assuming various charge-symmetry-breaking mecha-
nisms gave).1 x 10~%ub/sr for o(6) at 0° in the region of theA(3, 3) resonance. More recentty(?)
at 0° was estimated1©86C00) to be~ 0.8 x 10~5ub/sr at By = 1.95 GeV assuming virtuah ands’
production andr’n andz’7’ mixing. See alsol976BA1A 1985BA1X). For references to earlier work see
(1973FI109.
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3. 2H(d, nPHe Qm = 3.269 By, = 23.847

Measurements and summaries of cross sections, polarigaioalyzing powers, and polarization trans-
fer coefficients are presented in Taldles. Summaries and discussions of earlier works are given in the
previous compilation1973F109. Several experiments which have a bearing on possibleegikstates in
“He have been reported. Measurementsr@F, ) at 70 — 150 keV (1975P00% indicate no evidence
for a resonance near the dd threshold'ite. Measurements ef(¢) made at lab energies 600 — 700
keV (1973Y101) were expanded in even powers of éad indicate some evidence for a staté lite at
23.9 MeV, but do not differentiate between suggested assgts of2* or 1-. A measurement of, (6)
(1976TO03J is discussed in relation to possible f-wave admixturesh@t™ state in‘He at 22.1 MeV.
Measurements of (E, 0) between 18 and 26 MeV180JOO0Y and Legendre polynomial fits provide no
evidence of a proposed level tHle near 30 MeV.

Several measurements of the(d, n)*He cross section have been made at low enefgigs< 1 MeV)
that are relevant to plasma physics or astrophysics. (Sele 4&). Recent work reported inl@87KR1§
with windowless gas targets &t ,,, = 2.98 — 162.5 keV extend into the plasma fusion region and deduce
the astrophysical factos(E) and present polynomial fits. Another measurement@f) at 125 keV is
reported in {986BR20).

Several experimental studies related to the use of theioeaftr a source of monoenergetic neutrons
have been carried out and are included in Tdb#e See especially the work reported ifBf8DR0§, which
establishes an absolute scaled¢f) for E4 = 6 — 17 MeV. Extensive tables of cross sections and Legendre
coefficients are presented. See al$672DI05 1973SA20 1973WE19 1981PA26¢. Analyzing power
measurements are reported O{2DU02Z 1972GR28 1972HA49 1972SM04 1972SP05 1974SA07
1975GAQ07 1976TO03 1983GU03. Polarization transfer measurements are described 9M3SA20
1974SA071975L108 1984KL05. See also the recent reviehdO0DR1() of accelerator-based monoener-
getic neutron source reactions, includitg(d, n), for fusion-related applications.

Measurements of observables for the mirror reactida@, nPHe and?H(d, p’H and the implica-
tions of possible differences on the question of chargepsgiry violations are described iIA472GR28
1973Y101, 1975P0041978K0O06 1979DR01 1979K023 1980BI0§ 1981AD04. See also the compila-
tions of (1987FI03 1987GR0§.

Theoretical work described i1972SE021972SE2) concludes that the different anisotropy observed
for the (d, n) and (d, p) angular distributions at low enesgian be explained by new negative-pafiity= 0
levels with small nucleon and single-particle deuterontiasd Analysis {987K0O2) of polarization data
for the (d, p) and (d, n) reactions indicates no evidence 6f a 1~ level in*He at 24.1 MeV.

Analyzing powers and polarizations fo(d, n*He and?H(d, p)*H were calculated1980BE2) in a
generalizedR-matrix methodology framework, and the differences priediavere an order of magnitude
smaller than those reported Q(79DR0). The (d, p) and (d, n) reactions were also studiEtrgFI10 at
energies below 200 keV, and the relationship betweenfamatrix approach” and a “direct approach” to
the reaction were discussed. Soluble four-body models Ibege usedl976F0131979F00819830S0%
to predict the (d, n) cross section. A four-nucleamatrix approach is discussed 985S 0O0}. See also
(1976SA03. The parameterization of polarization observables imgeof matrix elements fotH + d reac-
tions is given in {982AD04. The mirror reactiongH(d, n*He and*H(d, p}*H were studied 1990VA0Y)
in a multichannel resonating group framework, and the patars ofJ™ = 0", 0—, 17, 2~ resonances
in He are established. An analysis of all available data oretingisror fusion reactions was carried out
(1990LE23 to extract reaction matrix elements fBy < 500 keV. The effect of théH(d, n) reaction rate
on predicted abundances of light isotopes from primordi@lepsynthesis is investigated it9Q1RI103.
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Table 4.5: Measurements and summaries (S) of cross seetiénsnd analyzing
powersA(#) for 2H(d, n*He

Eq (MeV) Measurement Oc.m. (deg) Description Refs.
11.4 i1y 10 — 140 Compared witi?H(d, p)*H to check| 1972BL02
charge symmetry.
12,14,16,18 | o(6), o(Ey,0°) 0—65 Looked for evidence of resonances|in 1972DI05
‘He.
10.8 P, 35 — 60 1972DU02
10.0,11.5 iT11, Tao, To1, Tho 95 — 156 Looked for excited states itHe. 1972GR28
16, 18, 20,22 | P, 45 Discussed usefulness of reaction for 1972HA49
polarized n source.
1.96 — 6.2 o(E, ) 0— 15,0 — 180 | 2H(d, nPHe, to.f. MeasuredH(d, | 1972SC28
3He)n.
0.87 — 5.00 P, 10 — 150 Compared witt?H(d, py*H. 1972SM04
6,8, 10, 12,14 | P, 10 —90 1972SP05
0.3—-0.9 P, 46 Studied polarimeter errors. 1973DA15
3.3 —-14.9 K7 0 Studied use oFH(cT, n) as reaction| 1973SA20
source.
18.6 o(Eq, En) 3.5 —32 Studied use of reaction as high inten- 1973WE19
sity n source.
0.3 —0.7 o(E, Espe, 0) 20 — 160 Measured relativéH(d, n),?H(d, p) | 1973YI01
cross sections.
13.9 —15.25 o(Eq4, Ey, 0) 0—130 1975AZ02
1.1 —5.45 P, 27 — 105 1975GA07
1-15 Kyy/, A, 0 Providgd observables needed for yse 1975L108
of 2H(d, @) as source reaction.
0.07 —-0.15 o(E,0) 15 — 165 No evidence for resonance near gdd 1975P004
threshold.
0.052 -0.692 | B, 52 — 53 Used new type of He recoil polarime- 1975S116
ter.
2.44 P, 45, 55 Agreed with (975GAQ7. 1976TO03
0.035 — 0.275 | P, 45 No evidence for resonance at 100 1977AL08
keV.
50 — 85 a(0) 12.5-45 MeasuredH(d, n) and®H(d, p). 1978AL26
6—17 a(0) ~0— 180 Established absolute scale feff) | 1978DROES)
by calibrated t.o.f. system.
2.5 —11.5 iT11, Tag, To1, Too 20 — 160 Measured fofH(d, n),?H(d, p). Re-| 1978KO06
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Table 4.5: Measurements and summaries (S) of cross seetiénsnd analyzing
powersA(#) for 2H(d, ny*He (continued)

Eq (MeV) Measurement Oc.m. (deg) Description Refs.
15.5,17.0 Ay, Axx, Ayy, Axy 70 — 130 Measurec?H(d, n) and?H(d, p). 1979BR18
0.5—5.5 Ay, Ay, Ayyy A, 0,0 — 160 Compared witlPH(d, p). Found dif-| 1979DR01
Agx—yy ferences.
0.100 — 0.500 | P, 45 — 130 Used improved small angle Mott- 1979GA05
Schwinger scattering Polarimeter.
13.6, 24.3 o(0) 0 Used gas target proton recoil telg- 1979G021
scope.
4—-13 iT11, Tog, To1, Tho wide range | Measured foPH(d, n),?H(d, p). Re-| 1979K023
port evidence for’'S violation.
300 — 1250 o(Eq, 0) 0—60 Phenomenological analysis of bary- 1980BI08
onic exchange mechanism.
10 Ky, K¥, K%, K}, 0— 180 1974SA07
K2, Ky, Ay, Axe
Ayy’ Az
0.290 — 0.460 | P, 24.5 —90 1980GA03
18 — 26 o(Eq, 0) 20 —90 Detected recoils. 1980J007
0.06 — 0.485 Ay, Ay Ag, 20 — 150 Detected recoils. StudietH(d, n) | 1981AD04
Axx—yy and?H(d, p).
3—-6 a(0) 0 Used Proton recoil telescope. 1981PA26
8.0 P, 0—20 MeasuredP,(#) at small angles to 1981TO15
explore properties of reaction for
source of polarized neutrons.
6.4, 8.03 a(0) 0 Reported technique to correct for 1982GR26
background from breakup neutrons.
5.5 —11.5 Ay 0—150 1983GU03
0.14 o(Eq, En) Used high pressuréHe ion chamber  1984FI104
to measure n spectra frothl plasma.
52 Py, Ay, Kgl 60 — 160 1984KL05
11 o(Eq, Ey) Used NE213 and t.o.f. simultane- 1986AN32
ously.
0.125 S(E), anisotropy 1986BR20
versusk
18 P, 0—85.4 Used liquid “He as scintillator in n  19871E02
polarimeter forE, = 3 — 18 MeV.
0.0298 — 0.1625 | o(FE, 0) Used windowless gas target. Dg- 1987KR18

24

ducedS(E).




Table 4.5: Measurements and summaries (S) of cross seetiénsnd analyzing
powersA(#) for 2H(d, ny*He (continued)

Eq (MeV) Measurement Oc.m. (deg) Description Refs.
0.001 —19 o(Ey, 0) 0,90 Studied background problems. 1989B0O41
0.02-0.117 | o(E,0) 20 — 130 2.0% accuracyR-matrix analysis. 1990BR04
18 P, 15—-175

The2H(d, n)*He reaction at very low energi¢€; (c.m.) < 55 keV) is calculated in a one-step reaction
model and discussed i1$88AB03. An extended elastic model is applied OEISC251989SC3% to
calculate reaction rates for very low energig@s+ 300 K). Branching ratios in (d, n) and (d, p) reactions
at low energies are estimated in a second-order DWBA caloalan (1990KO2§. The fusion of polarized
deuterons is considered ihg84HO1( and it is argued that a “neutron lean"i#H-fusion reactor is unlikely
to actually be so. On the other hand, the DWBA calculation18B86ZH05 indicates that such a reactor
may be feasible.

4.2H(d, py’H Qm = 4.033 By, = 23.847

Measurements and summaries of cross sections, polarigatioalyzing powers, and polarization trans-
fer coefficients are given in Table6. Earlier work is reviewed in the previous compilatidi®{3F104. For
a review of recent measurements of polarization obsersdblethe?H(d, p)*H reaction and a comparison
with model calculations, seé$87GRO0$.

Recent measurements at low energiE33(KR 18§ have provided more accurate determinations of the
astrophysical factof(E). See also1985JA16 1986BR20).

A considerable number of experiments have examined the seation and polarization observables for
differences between the charge-symmetric reactiét(s, p’H and?H(d, n?He. Measurements of vector
polarization at 1 MeV 1987K02J for both reactions give differences outside of the experital uncer-
tainties. Analyzing power measurements for both reactiongeuteron energies between 60 and 485 keV
(1981AD04 are presented in contour plots which are very similar fertthio reactions. Differential cross
sections measured for (d, p) and (d, n) at 13.2 M&Y700K0) coincide closely. Precision polarization
transfer measurements at 10 MelMA({4GR3() and for energies between 6 and 15 MeNd{3CL0Y are
compared with (d, n) values and show little or no differena@hin uncertainties. On the other hand, mea-
surements of vector and tensor analyzing powergfpoe 1.5 — 15.5 MeV are interpreted1979K023 to
indicate strong evidence for charge-symmetry violatiorealslrements of these observable&at< 5.5
MeV (1979DR0O) and atFy = 2.5 — 11.5 MeV (1978K0O06§ 1978K02§ show significant differences
between the two reactions, while measurements at 13.39°a00 MeV (1979BR1§ indicate smaller dif-
ferences at these higher energies.

Polarization measurements below 1 MeM$5K02() indicate thatP¥' (6) is a slowly varying function
of Eq4, and that thé = 1 barrier penetration factor is sufficient to describe thergneependence. Cross
section measurements betwedn— 150 keV (1975P00% indicate no evidence for a resonance near the
d + d threshold. Tensor analyzing power data measured in the segion are discussed along with other
available data and fail to provide conclusive evidence fi@sanance. Cross section data measured between
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300 — 400 keV (1973Y101) indicate the need for a stateirle at 23.9 MeV but do not distinguish between
2% and1~. Measurementsl@81GR1§ of the cross section and tensor analyzing powerfgr= 1 — 13
MeV are fitted with Legendre polynomials and give clear enae(1987GR0§ for a1~ level at 24.1 MeV
and strong indications of &' level at 24.6 MeV.

Table 4.6: Measurements and summaries (S) of cross sectiolasizations, and
polarization transfers fotH(d, p*H

E, (MeV) Measurement Ocm. (deg) Description Refs.
7.1,9.8 A3, A%, AY, 0 Studied reaction mechanism. 1972DU18
3.0-11.5 o(0), Ty, Tro, 7.5 — 160 Looked for*He resonance. 1972GR28
To1, To
1.96 — 6.20 o(E,0) 10 — 150 Sought improved accuracy, abso- 1972SC28
luteo.
6—15 Kyy’, K;‘Z 0 Compared with (d, n) (six ener- 1973CL05
gies).
0.3-0.7 o(E, Ey, 0), 0(E, 20 — 160 Detected all charged particles. 1973YI01
Espe, 6) Compared with (d, n), looked for
‘He state.
10 Py, K¥, KY, 21 — 82 Cooled?H target; He polarimeter. | 1974GR30
K3, K2,
0.09 — 0.190 Tensor analyzing Explored anomaly neaby = 100 | 1974GU22
power versusiy keV.
13.6 o(Ey,0) 20.9 — 146 Accurate t0<1% error. 1974JA15
12 Ay(Eq,0) Polynomial fits. Explored possible 1974NE13
resonance inHe.
12.6 Ay(0) Compareddy, P;. 1974ZA06
0.7 — 0.150 o(Ey,0) 15 — 160 Measured (d, p), (d, n). Looked for 1975P004
‘He state.
50 — 85 o(Eyq, 0) 12.5 — 45 (lab) | PWBA analysis. 1978AL26
2.5 —11.5 i1, Tog, To1, Tohe 20 — 160 Compared (d, p), (d, n). Possible 1978KO06
CSB.
1978K026
13.39,15.50, | Ay, Axy, Ay, Ak 20 — 150 Explored asymmetry abo9p°. 1979BR18
17.00 Measured, compared (d, p), (d, n).
0.5—5.5 Ay, 0 Compared (d, p), (d, n). Explored 1979DR0O1
possible CSB.
4.0 —-13 111, Too, To1, Toa 5 — 160 Compared (d, p), (d, n). Possible 1979K0O23
CSB.
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Table 4.6: Measurements and summaries (S) of cross sectiolasizations, and
polarization transfers fotH(d, p)*H (continued)

E, (MeV) Measurement Oc.m. (deg) Description Refs.
13.2 o(0) 12 -90 DWBA analysis, compared (d, p), 19790K01
(d, n).
300 — 1250 ‘He 0 — 60 Baryon exchange interpretation. 1980B108
0.120 — 0.5 o(Eq, Ep) 90, 135 Information for ion-beam analysis, 1980MO03
0.6 — 0.485 Ay, Ay, Ax, | 20 —150 (lab) | Compared (d, p), (d, n). Extrapg- 1981AD04
Axx—yy lated to lowF.
1981AD0O7
1—13 o(Eyq, 0),iT1 5 — 160 (lab) | Found evidence for levels itHe. 1981GR16
0.02—-0.117 | o(Eq, 0) ExtractedS(E). 1985JA16
0.250 — 0.975 | PY 15 — 85 (lab) | Analyzed interm of barrier penetra- 1985K020
tion parameters.
0.125 S(E) MeasuredS(E), studied H fusion 1986BR20
reactions.
1-24 o(Eq, 0), T(0), Reviewed new pol. observables, gv1987GRO&S)
A(9) idence for levels irtHe.
0.975 Py 15 — 100 Precision measurements.  Com- 1987K022
pared with (d, n) to examine CSB
0.0298 — 0.1625 | o(Eq,0) Windowless gas target. Deduced 1987KR18
S(E).
0.02 -0.117 | o(E,0) 20 — 130 2.0% accuracyR-matrix analysis. | 1990BR04

A review of recent progress in theoretical studies of footyposcattering and breakup including the (d, p)
and (d, n) reactions focusing on the integral-equation @t is presented i1987FI03. Calculations of
this type are reported ii077BA46 1977PE131982BL15 19830S051984BA17 1984F0O081985S007
1986F0O071989F0131990FO002.

Calculations {980BE2) within the framework of a generalize®-matrix methodology compare the
analyzing powers and polarizations for the (d, p) and (d,eakctions. See alsd977BE0J. A number
of theoretical studies and analyses related to possiblessta*He were carried out. Microscopic multi-
channel calculations reported ih981HOO03 propose an additional low-lyingg~ 7" = 0 level, but rule out
a d+ d threshold level and find no evidence foil & level around 25.5 MeV. A calculation reported in
(1990VA04) for (d, n) and (d, p) establishes the parameters of resesainé¢ He with J© = 0%, 0, 17,
2~. An R-matrix approach987K02) used to analyze (d, p) and (d, n) polarization data finds fieece
for a1~ level at 24.1 MeV. Theoretical arguments972SEO are used to sugge§t = 0 states in*He.

Criteria for analysis of polarized deuteron reactions, sigdatures of excited states and level parameters
are derived in 1975SEQ}. See also{974NE13 1982AD04. A method for empirical continuation of
polarization observables féH(d, p) is presented in@89B0O3). See also the study of three-body Coulomb
effects in one-particle transfer reactiod®90KA17). Calculations related to the (d, p) and (d, n) reaction
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at low energies includel@87AS0Y, which examines the effect of electron screening at fusiogrgies. An
elastic model for subbarrier fusion for tAEl(d, n) and®H(d, p) reactions is applied at very low energies in
(1989SC251989SC3®. Branching ratios for these reactions at very low energresestimated in second
order DWBA in (1990K0O2§. See alsoX973FI1Q 1981ADO07. An analysis of all available data on these
mirror fusion reactions was carried out99Q0LE23 to extract reaction matrix elements féi; < 500
keV. The effect of the?H(d, n) reaction rate on predicted abundances of light sofrom primordial
nucleosynthesis is investigated itPQ1RI03.

5. (a)2H(d, npd) Qm = —2.225 By, = 23.847
(b) 2H(d, 2n2p) Qm = —4.449 By, = 23.847

Measurements and summaries of particle spectra from ttakinpereactions (a) and (b) reported since
1973 are presented in Takler. Earlier work is reviewed in1(973F109.

The dp and dn spectra obtained fdy = 6—13 MeV and reported in972VA04 1972VA05 are domi-
nated by a broad peak associated with d-nucleon quasi<¢egeeng (QFS). A simple quasi-free scattering
model predicts general behavior, but not the magnitude efctioss section. Spatial localization effects
were considered inl@73V0O0Q in a phenomenological explanation of the peaks in somecm®@nce spec-
tra. Quasi-free scattering was analyz&846DJ0) in terms of the modified single-impulse approximation
(MSIA). The final-state interaction (FSI) coincidence dpeagreed with the triplet np enhancement factor.
See also 1972BU03. Work reported in 1972AN02 indicates a ratio of peak cross sections for nd and
pd quasi-free scattering that is constant and close to onerglf spectra atly = 12 MeV are explained
(1982JE04 with a superposition of triplet np FSI and QFS. It is repdrie (1978KL07) that the angular
distribution of np pairs with zero relative energy can bedmred absolutely from dd elastic scattering. No
evidence of isospin non-conservation is found. The medsutleand pd angular distributions are identical.
FSI studies reported il @73CHO05 give no indication of any contribution from the (isospindwden)'S,
pn final state. Proton-deuteron coincidence spectra weeing1972V01J to test the Trieman-Yang cri-
terion. The results indicate that the one-pole graph is afficgent to describe the reaction. Three-body
breakup energy spectra féi; = 60 MeV (1982FU10 show large forward-angle enhancements and can be
reproduced by calculations in the single-scattering foaoly model.

Absolute cross sections for the four-body breakup readirwere measuredl®75WAQ9, and ev-
idence for a double final-state interaction was obtainecand2wave analysis of measurements made at
Eq = 34.7 MeV (1978AL21) under the two-spectator condition gave an experimemtheatio of about
0.14. At 80 MeV (L978LEO0) analysis indicated that, in addition to the double-sgecfarocess, the process
of double spin-flip excitation is important. (See ald®85K00J). However, good fits to these same data
were obtained {981WA29 by assuming final-state interactions between both finalaips @nd ignoring
the double-spectator process. Measurements at 15.7 Meképoeted in {987ZH1) and interpreted to
indicate evidence for ZHe resonant state with a breakup energy of 0.45 MeV.

A review of quasi-free processes in few-body systems isgitesl in (974SL04. See also{973SL04
for a critical analysis of models. Off-energy-shell cotieas to nucleon-deuteron scattering amplitudes are
explored in (972DU13. Absolute magnitudes and shapes for QFS processes ioreéa} are correctly
predicted by the use of Eckart cluster-model wave functidngossible explanation of the colinearity effect
involving rescattering is examined ing76RE0§. Calculation of the three-body breakup cross section in
the Alt, Grassberger and Sandhas (AGS) formalism repontét9i86MD02) gives good agreement at low
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energies for the shapes but not the magnitudes. Agreem#nthei magnitudes improves at higher energies.
Coulomb effects in quasi-free scattering are explof€&B{BA27 by the use of exact three-body scattering
theory for Coulomb-like potentials. Four-body AGS caldigdas for reaction (a) are extendetb@8MDOJ)

to regions where final state interactions are important.

Table 4.7: Measurements and summaries (S) of particlerspieom the?H + 2H reaction

Eq (MeV) | Particle detected 0 (deg) Description Refs.
12.5 dp, dn coin. 0, = —0q Compared QFSin g d, p+ d processes. | 1972AN02
27.5 dn coin. 3 angular conditions Studied quasi-free processes, MSIA analysis.972BU03

11.3 (pol) n 0 — 60° (lab) Searched for spin dependent effects in 3-body972P002

final state.
10 pn 0, =0 QFS model analysis. Compared withtpd | 1972VA04
process.
6—13 np, nd, pd coin. | 6; = —6, Studied dominance of Nd QFS processes.| 1972VA05
20 pd coin. Conditions chosen to enhance nd QFS, te4972V013
Trieman-Yang criterion.
27.5 pn coin. Op = 6n Conditions chosen to enhance np FSI. 1973CHO05
23.15 pp coin. small pp Absolutes, looked for double FSI, nn, pp rel- 1975WA09
ative energy spectra.
50 — 85 pd coin. 2 angle pairs Angles chosen to study both QFS and FSI] 1976DJ01
34.7 pp coin. symmetric angle pairs Studied two-spectrum quasi-free processes.1978AL21
0, = 34.8°
52 pd, nd coin. Studied angular dependence of np FSI, [pd978KL07
and nd QFS.
80 pp coin. symmetric angle pairg, Geometry chosen to emphasize double sped978LEO1
tator processes.
60 d, p energy spectra forward angles Compared with single scattering 4-bodyl1982FU10
model.
12 dp coin. 3 dp angle pairs Compared with triplet np FSI and 4-body 1982JE04
model.
108 pp, pn, coin. correlated np pairs Studied two-spectator QFS processes. 1985K001
50 pp, pd coin. several angle pairs Studied use of QFS to measure effective rat987G013
diusryy.
15.7 pp coin. 24.1, 49.7. 19.9, 52.2, Measured resonant-particle spectrum. Det987ZH11
17.8,53.7,15.2,56.3, 12.8duced resonant spectrum of intermediate
state.
60 Measured4, . 1989FU12

53-13.3 n Measured neutron yield. 1990CA36

12 n Measuredr (60, E). 1990FEZZ
6. 2H(d, dPH By, = 23.847

29




Measurements and summaries (S) of cross sections and iagah@vers are presented in Taldles.
Summaries and discussions of earlier work can be found ipriandous compilationi973FI09. As noted
there, the cross section has no pronounced structure deélow 40 MeV (E, = 24 — 44 MeV in *He). In
the very low energy regiorfyy = 80 — 360 keV, measurements of the cross sectibbiilbMA43 1975N109
provided no evidence for a resonance near the dithreshold. Similarly, the cross section measured at
Eq = 9.8—36 MeV (1985NE04 showed a smooth pattern with no indications of resonaridessurements
of vector and tensor analyzing powerskat = 6 — 11.5 MeV (1972GR29 show a vector component which
is small but non-zero and changes sign between 6.0 and 10David tensor components which increase
monotonically with energy. No resonance-like behaviorliseyved, but arguments are made that the sign
change ofT}; suggests a broad resonance ngae= 28 MeV in “He. (See alsol@72ME2Q). At E4 = 50
MeV the vector analyzing power maximum is 0.32 at abiy. = 60°.

Since the earlier compilation on thé = 4 system, a considerable amount of theoretical work on
2H(d, dYH elastic scattering has been done. A number of these ctitmsainvolved resonating group
methodologies. A resonating group method (RGM) with imagjrpotential was appliedl@72CH2( to d
+ d scattering. Comparison to experiment$at— 19.9 MeV gave good agreement with cross section
data. Calculationsl@75ME25 of d + d near threshold with the RGM using exact deuteron wave iomst
evaluated with a Malfliet-Tjon two-nucleon potential wemifid to predict no resonance, in agreement
with experiment {975MA43. Microscopic multichannel calculations fot = 4 from the first breakup
threshold toFE.,,, = 10 MeV carried out {981HO03 in the framework of a refined resonating-group
model gave agreement with the well-established resondngeige, but ruled out a dd threshold resonance.
An additional low-lying broad ~ T' = 0 resonance was proposed. The work reported #85XU0J) used
single-channel RGM with a central-force NN potential hgvansoft repulsive core. The calculated (d, d)
scattering phase shifts and cross sectiongfpr< 20 MeV agree very well with experiment. The ground
and even-parity excited states and the scattering probientse ‘He system were examined486KA21)
within the framework of the multichannel resonating grouetined and good agreement with experiment
was obtained. See also the partial amplitude calculatigtisresonating group methods df9871S06.

A study of d4-d elastic scattering in the helicity formalism for poladZseam is reported il@72LI101)
and includes a phase-shift analysis. A study for the cas®wfconservation of channel spin is reported
in (1972PHO0YJ. Expressions for and P are given in terms of phase shifts. The workl®&76FO13 ap-
plies a solvable model involving four identical particlesA = 4 scattering and reactions. A microscopic
K-matrix approach is applied to the four-nucleon problea7(/BA49, and satisfactory agreement with
experiment is obtained for all reactions exc#ég(d, d). Work reported in979FO08 uses a nonrelativistic
field theoretic formalism to develop a solvable model of therfnucleon system and predicts the correct
shape for the (d, d) cross section, but the magnitude is na@isrmall. The work of 19830S0% uses a
four-body solvable model involving intermediate quadijole states and calculates cross sectionsHgr
between 6.1 and 51.5 MeV for (d, p), (d, n), and (d, d). Gooceagent with experiment is obtained.
In (1984F0O0§ a two-body separablé&-matrix between pairs is used to solve the four-body eqoatand
one-parameter models are developed to describeHgurase shifts and cross sections for reactions and
scattering. The four-body equations of Alt, Grassberged, Sandhas (AGS) are solvet986FO07, and
contributions of p-wave3 + 1) subamplitudes to théHe binding energy and scattering observables be-
low the four-body breakup threshold are studied. See alsadficulation of tensor analyzing powers in
(1989FO013. A review of progress in four-body scattering and breakuphie integral equation approach
is presented in1987FI03. Calculations of (d, d) cross sections with a three-bodynfdism including
Coulomb interactions are reported tBEE6AGO3J.
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Table 4.8: Measurements and summaries (S) of cross secti®nsand analyzing powersi(6) for

2H(d, d¥H
Eq (MeV) Measurement Oc.m. (deg) Description Refs.
6.0, 8.0, 10.0, 11.5 | iTy1, T, Toq, 20 — 62.5 (lab) Studied results for resonances|inl972GR29
Tho 1He.
10.0 T, T30, 25 — 100 Measured recoils in coin. 1972ME20
To1 T
1.96 — 6.2 o(E, ) 10 — 150 Accuracy 1.7 — 3.4%. Polyno-| 1972SC28
mial fits.
1690 o(0) small angles Obtained dd scattering ampli-1974DU04
tude. Deducedyq.
12.305 o(6) 10 — 100 (lab) Ao = 0.5 — 1.0%. 1974JA15
0.08 — 0.36 o(E) 90 Searched for resonance fiHe | 1975MA43
near dd threshold.
0.045 — 0.300 o(E,6) 68, 90 Searched for resonance fiHe | 1975NI06
near dd threshold.
52 1T 30 — 150 Measured (d, d), (d, p). 1977BE44
50 — 85 o(E, ) 12.5 — 45, 2.5° steps| PWBA analysis. 1978AL26
13.2 o(E,0) 12 —-90 Optical-model analysis with Ma- 19790KO01
jorana exchange term.
pa = 2.38 —12GeVic | Ay 75 — 120 Momentum transfer 1989Av02
—t = 0.005 — 0.054 (GeVlc)?.
1650, 2000, 2290 | o(E, 6) small angles Measured missing-mass spectfal984C029
Searched for dibaryonic reso-
nances.
9.8 —36 o(E,6) 20 — 90 Compared with resonating groyp1985NE04
calculation.
191, 395 1111, Tho, Tho 30 — 150 Discussed applications t0 1986GA18
intermediate-energy  deuteran

polarimeters.

31




In (1977BE02 a new model forHe which treats structure and reaction aspects on an equianddn
a dynamicalR-matrix methodology is presented. Results are given fosgieetrum of resonances obtained
within the model and for (d, d) elastic scattering. See alt80BE1§ which presents detailed results
obtained with this model. Comparisons are made with dataresohating group and field theoretic ap-
proaches, noting that none of these models provides a ctemgdscription. A potential description of dd
scattering is presented if§90DUQY.

Table 4.9: Measurements and summaries (S) of cross seeti@hand analyzing powerd(9) for

*H(p, 7)*He
E, (MeV) Measurement O..m. (deg) Description Refs.
6—16 (pol) |o(FE,0), A 45 — 135 Determined singlet and triplet 1978KIZQ
E1l, E2 amplitudes.
0.46, 0.50, 0.62} o(E, 0), 0 — 135 (lab) | Analyzed in terms of E1, M1, 1980DE32
E2.
0.77,0.93 | P,(90°)
17 -31 Fore-aft asymmetry] 55, 125 Fitted with expression includ- 1980MC06
ing 2 resonance.
8 —30 o(E,0) 21 — 144 | Tabulatedr, Legendre expan- 1982MCO03
sion coefficients.
8.34,13.6 | o(F,90°) 90 Compared with otherH(p, | 1983CA14
), *He(, p), *He(y, n) data.
0.045 — 146 1“2 /T Compared with cluster model 1984CE08
calculations.
9.0 (pol) a(f), A 30 — 150 | E1, E2 analysis. Studieth, | 1985WA28
amplitude.
227,300,375 | 0(0), A 54 — 118 | Compared with A, p) inverse| 1986THO5
reaction to search for TRI vi-
olation.
2—15 0(90°) absolute 90 Examined o(~, p)lo(y, n).| 1990FE06
Found ratio~ 1.1.

The work of (L985KU19 applies nuclear collision theory (including many-bodyretations induced
by the short-range repulsion and medium-range attracfidimed\IN interaction) to (d, d) elastic scattering.
Phase shifts are calculated and compared to RGM result$988BEQ§ it is shown that the polarizability
of the deuteron has a negligible effect on the total inadastbss section at very low energies. Collective
excitation of‘He in d + d scattering at energies 30 MeV is studied in {990FI0§. An analysis of (d,
d) scattering data at 1.65, 2.00, and 2.29 GeV in the framewfoat Glauber NN multiple-scattering model
is described in1984BA69. See alsoX989ET04. An integral formula for calculating Glauber multiple-
scattering amplitudes is derived ilQO0TA27). A geometric model is applied to high-energy d collisions
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7. 3H(p,7)4He Qm = 19.814 Ep = 19.814

Measurements of cross sections and analyzing powers anaatzed in Tablet.9. Summaries and
discussions of earlier work can be found in the previous dlatign (1973FI109. As noted there, the total
cross section is mostly E1 and has a broad peak Bgae 4 MeV, but no fine structure in the measured en-
ergy range. The broad peak is attributed to the presencecof twI' = 1 levels in*He. The determination
(1978KIZQ) of the singlet E1 strength distribution indicates thatlthveer of the two levels (at 27.4 MeV)
contains the larger fraction of the singlet E1 strength. 8teementsi980MCO0§ of the fore-aft asymme-
try in the angular distribution were interpreted as pravigevidence for &+ level at 40 MeV in*He with
T'em. = 3.5 MeV. An E1, E2 analysis of the differential cross section andlyzing power measurements
of (1978KIZQ) confirmed the dominant singlet E1 character of the outgoatation, but also indicated
an anomalously largéD, contribution to the E2 strength. See ald®§0DE32 1985WA29. However,
measurements 0 989WAO03 showed that the inclusion of a small M1 strengitb(— 1% of the total cap-
ture cross section) in the analysis gave better fits and mdited the need for a larg®, contribution. The
absolute cross section fo(p, ) has been studied extensively along with that of the miaction®He(n,
~) to test isospin mixing, and there are many discrepancigsipublished results. Accurate measurements
of the3H(p, v)*He cross section at 8.34 and 13.6 MeV are reported98%CA14 and earlier published re-
sults are reviewed. However, a new restiBY0FEO0® gives considerably lower cross sections in agreement
with the recent monoenergetiele(y, p)*H results of (988BE3§. These new results bring the, (p)-to-(y,

n) ratio for*He into agreement with standard model predictions. [Sets.s&éd and 21.]The whole range

of experimental and theoretical evidence bearing on the o (v, p)/o(v, n) ratio is summarized in a separate
discussion at the end of sect. 21. Measurements of the cross section and analyzing powereatrietliate
energies 227, 300, and 375 MeV were carried A986THOH and compared with the inverse photodisin-
tegration reaction, and no violation of time-reversal maace was found. Analysis of these results with
DWIA methods indicated that meson exchange currents areriart at these energies. See also the review
of capture on light nuclei ofl(985CA43).

Theoretical calculations ofl981HA1Q 1983HA2] done within the framework of recoil corrected
continuum shell model (RCCSM) determingy, p)/o(~y, n), and itis concluded that the value near 2 that was
indicated by some experiments cannot be obtained withimdatal theoretical assumptions. However, the
authors of {988WA20 conclude that calculations done within the framework ofierascopic multichannel
resonating group model demonstrated that all types of @rpetal data except for the integrated{hcross
section can be reproduced. Calculations of H{@, ) cross section at intermediate energies were done at
156 MeV by (1973BA27 within the framework of a direct reaction peripheral moda&hlculations fow (0)
at30 — 100 MeV described in1978GA13 are discussed in terms of information about the effectsegon
exchange currents and NN correlations at forward and backemgles. Calculations at 40 and 140 MeV
are presented inlQ76HE12.

8. 3H(p, nPHe Qm = —0.764 E, =19.814

Measurements of cross sections and analyzing powers amauized in Tabled.10 Summaries and
discussions of earlier work can be found in the previous dlatipn (1973FI09. Legendre polynomial
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Table 4.10: Measurements and summaries (S) of cross sgetiéy analyzing powersl(6), polarizationsP(#), and polarization transfers

K (0) for the®H(p,

n)’He reaction

E, (MeV) Measurement O..m. (deg) Description Refs.
1.5—12(pol) | A 45 Compared withP(E, 0). 1972HA33
8.94,13.55 | K7, KX, KX, P 15 —120 Compared withR-matrix calculations. 1972HA36
6— 16 o(0) 0 — 140 Determined relative and absoluté’). 1972MC23
2.238 o(Ey) 6(*He) = 10° Measured neutron flux faf,, = 250 keV. 1972PA41
1.5-5.0 P, 5 — 110 (lab) Legendre polynomial expansion, contour map. 1972SMO03
1.3—-29 A 30 — 140 Legendre polynomial expansion, contour map. 1974BR09
4—15 K7 0,15 — 100 Compared withR-matrix calculations. 1974JA03
6.00, 9.96, 13.55 A 0.3 — 130 Compared withP(¢) and R-matrix calculations.| 1974JA06
5.97,9.9 K¥,K¥,KY P, 0— 100 Compared withR-matrix calculations. 1974JA20
9.5 o(E,0) 15— 135 Measured relative yield. 1975MO36
1.7-3.9 Ay, PY 10 — 60 Comparedd,, P¥. Checked CSB. 1976DO07
6—17 o(6) ~ (0 — 180 Established absolute scale fof?) by calibrated] 1978DROgS)
t.o.f. system.
1245,1800 | o(0) 0.003 < |t| < 0.493 (GeVlc)? | Glauber-model analysis. 1980BI02
1.75—4.0 Ay 45,20 — 150 Compared withP(E, 0) R-matrix calculations| 1981DO1@S)
EstablishedHe level order.
2.0-3.38 PY 45, 15, 50 Compared withA(E, #). Charge symmetry inr 1981TO1%S)
terpretation.
318 do/dt 0.01 < |t| < 0.06 (GeVlc)?> | Compared with multiple scattering theory. 1982BL23
9.77 — 14.77 | dPo/dQdE 0 Studied®H breakup contributions. 1982THO7
0.4 —15.5 o(E) 20 — 140 Described technique for calibrating t.o.f. spec-1985H012
trometer.
1.125 Ey, ¢n 0 Used *He(p, n) as neutron source to stugdy 1986TR02
ZAl(N, p).
2.05, 3.37 o(E,, Ey) 0, 90 Studied neutron background. 1989B041




expansions of (¢) andP(¢) are given fory, = 1.5—5.0 MeV in (1972SM03 and forE,, = 1.3—2.9 MeV

in (1974BR0Y. Contour maps of(9) are presented. A number of measurements relating to thef dskm

n) as a source of polarized and unpolarized neutrons haverbade. See especially978DR0§ in which

an absolute scale fer(f) is established. Relative and absolute differential cressiens forE,, = 6 — 16
MeV are given in {972MC23. See also 1972PA4) for measurements of flux density fdf,, = 250

keV, and (982THO07 1989B04) for measurements of tritium breakup contributions. Recattaspects

of accelerator-based neutron source reactions inclutkt(g, n) are reviewed in1990DR1(. Neutron
polarizations and polarization transfer coefficients hbgen measured over a wide range of angles and
energies 1972HA36 1972SM031974JA03 1974JA20 1976D0O07 1981TO12.

The analyzing power measurements B9 {2HA33 1974JA0§ were compared with neutron polariza-
tion data, and it was found that above 4 MeV the two quantitiese essentially equal, but below 4 MeV the
observed differences in the magnitudes exceeded thoseteetly charge-independeRt-matrix calcula-
tions based on the level parametersI#§8WE14. Similar conclusions were drawn from the polarization-
transfer coefficient measurements presented @72HA36 1974JA20). However, remeasurement &¥,
and further measurements 4§ between 2 and 4 MeV resolved the discrepancl€8{D0101981TO13,
and it was concluded that there are no anomalously largerédiftes betweeR and A outside the uncer-
tainties of predictions of present models. A review of éngptdata and discussions of charge-independent
R-matrix calculations is included i1©81D0O1(). The calculations establish the order of the lowest p-wave
T =0levelsin*HeasJ™ =0-,27, 1 .

The reported differences between polarization and armajypower were investigated in474AR0)
and related tdP, «—— 3F, transitions enhanced in the region of thre state. They were also calculated
(1977BE2§ within the framework of a generalizel-matrix method. See also the recoil-corrected contin-
uum shell-model calculations of $83HA27). Microscopic calculations of théHe continuum were carried
out by a coupled-channels methd®{5RA31 1976RA13 1977D0O03 1980RA17Y, by a K-matrix ap-
proach (977BA49, and within the framework1©@80BE1§ of a dynamicalR-matrix formalism. Excited
states of'He are discussed as are comparisons Witfp, n) and other reaction data. See also the §3N]
cluster-model study ofi081FU0§. Calculations of elastic scattering and charge exchahgaeamediate
energies using Glauber multiple scattering theory arertegdor £}, = 156 MeV (1973NA0Q and for 415
and 600 MeV {981BI0§. A microscopic, momentum space optical potential is ugdtie calculations of
(1986LA02. The results are compared with data at 415 and 600 MeV, anddhsitivity to the removal
of meson exchange currents from nuclear densities is disdusA generalized potential description of the
p + 3H interaction is described i90DU1).

Measurements of cross sections and analyzing power&Hw, py’H are summarized in Tabk.11
Summaries and discussions of earlier work including a @siom of the general behavior of the cross
section and analyzing power as a function of energy can badfouthe previous compilatiori@73F109.

Several multichannel resonating group calculations haea lsarried outl(981FU081981HO04 1982HO05
1983FI14 1986KA21). The BN + 1] cluster model is found1(981FUQ§ to explain the general properties
of the “He excited states. Using microscopic multichannel catimra, the investigation ofIl@81HO0)
finds the well-established resonance structure, ruleseutd threshold resonance, and predicts a low-lying
J™ =17, T = 0 resonance. However, no evidence fdraor 17 state neaf’, = 25.5 MeV is found. This
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same work identifies the observed differencesHifd, p)*H and?H(d, ii)*He as resulting from Coulomb
effects alone, and explains the differences betweerHife, p)>*H polarization data of(976KA12) and the
IH(t, t)'H data of 1978HA389 as resulting from the odd spin-orbit component of the mareirucleon force.
Microscopic calculations of the resonance statefHa were carried out byl@84CA2( using a modified
R-matrix method and a variational approach, and B80BE1§ within the framework of a dynamicak-
matrix methodology. See als®q77BE53. Momentum distributions of single nucleon, two-nucleduster
relative motion, etc. were reported ih988MO09. Scattering and reactions in the= 4 systems within
a K-matrix formalism were studiedl@80BA55. A coupled channels treatment was applied to interpret
the positive- {980RA17) and negative-parityl©75RA3) resonances ifiHe. See alsol@78RA0). The
Amado model was used §77AA0)) to investigate D-phase anomalies®H(p, p)’H for £, = 4 — 12
MeV. All possible couplings of pH and nHe were considered in a calculation $matrix elements by
(1972HE1Y. A two-dimensional integral equation solution of tHe= 4 system was usedl®78KR0J)

to calculate the'He binding energy and AHe and p2H phase shifts. See als@q77PE13} and the re-
view (1987FI03 of four-body scattering in the integral equation approachoss sections for intermediate
energies were calculated by diffraction multiple-scatigitheory by (978PE201976LE332, and by the
Glauber formalism 1973NA0G 1976FR12 1979MEQ8 1981BI0g. A generalized potential description
of the p-2H interaction is presented ii990DU1). Collective excitations ofHe are included in a study
(1990F10§ of the structure of the continuum spectra in-pH scattering atc 30 MeV.

10. 3H(p, dY'H Qm = —4.033 B, = 19.814

Measurements of théH(p, dY¥'H reaction published prior to 1972 are reported in the previoom-
pilation (1973FI09, and some possible evidence of time-reversal invariaimation is discussed. More
recently, measurements of angular distributions of théyaimg power for?H(j, dy’H at eight energies from
6.7 to 14.7 MeV were reported ii972HA14 1972HASQ. It is noted that by reciprocity these analyzing
powers are the same as proton polarizations of @, )*H reaction. Comparisons were made with the
mirror reaction’H(d, i)>He, and good agreement is found when the reactions are cethpaithe same
exit-channel energies. It is concluded that these resiMésrp evidence for violations of charge symmetry.
One additional measurement for thid(p, dfH reaction was reported in974JA19. Differential cross
sections forE}, = 13.600 MeV for 6,, = 15 — 55° were measured with an accuracy better than 1%.

Calculations of differential cross sections for thé(p, d¥H reaction were carried ouL986KA21) in a
multichannel resonating group approximation, and goodemgent with experiment was obtained.

11. (a)>H(d, n}*He Qm = 17.589 E, = 16.696
(b) 3H(d, nHe+n Qm = —2.988
(c) >H(d, nPH + 'H Qm = —2.225

Measurements of cross sections and analyzing powerdHr, n) reactions are summarized in Table
4.12 Earlier work is reviewed and discussed in the previous élatign (1973FI09. As noted there, the
neutron spectrum from reaction (a) indicates no excitegsia‘He between 1 and 13 MeV excitation. The
properties of the neutron distributions from reactionsa(tl (c) are also described.
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Table 4.11: Measurements and summaries (S) of cross seet{@ analyzing powers4d(¢), and polarizations”(f), for the

3H(p, p)*H reaction

318 (B, =2.5 GeV)

ory.

E, (MeV) Measurement O..m. (deg) Description Refs.
19 — 57 a(6), P(6) 1972DA08
19, 30 o(0), A(E, 0) 20 — 160 Deduced phase shifts. Compared wjith972DA10
p + *He.
9.4 —10.7,12.0 13.4, 14.7 A 25 — 160 Uncertaintiesx 0.005. Parametrized 1972HA51
in terms of phase shifts.
6.7,7.4,8.0 A 110 — 160 Uncertaintiesc 0.005. Parametrized 1972HA51
in terms of phase shifts.
13.6 o(6) 12 — 50 Uncertainties< 1%. 1974JA15
600 a(0) 0.08 < [t| < 0.45(GeV/c)?> | Deduced reaction mechanism. 1976FAQ9
4.15 —12.00 a(6), A ~ 30 — 160 Phase-shift analysis. Contour plofsl976KA12
Related to'He levels.
1.245 o(6) 0.045 < |t| < 0.686(GeV/c)? | Glauber model interpretation. 1980BI02
o(6) 0.02 < |[t| < 0.15(GeV /c)? | Compared to multiple-scattering the1982BL23




Table 4.12: Measurements and summaries (S) of cross seet{éf, analyzing
powersA(#), and polarizations(#), for 3H(d, n) reactions

Eq (MeV) Measurement Ocm. (deg) Description Refs.
32 P, 30 Measured with He gas scatteref. 1972RY01
1-5 P, 10 — 110 Legendre polynomial expansign 1972SM05
of o P, Contour map.
5—15.7 | o(0) 0 Obtained absoluter(6). Im- | 1973MCO05
proved accuracy.
55— 13 | o(E,) for 3He(d, p)pt 60 Studied states id = 5involving | 1974SCO04
coupling to0™ state in*He.
8 — 16 o(0, Eq) 0 — 145 (lab) | Polynomial expansion. Com- 1975MA28
pared with cluster model.
3.5—-128 | A, 0 CalculatedP,, from A,, for use 1976LI115
of 3H(d, ©i) asi source reaction.
0.7 P, 0 — 50 (lab) | Used liquid He polarimeter. 1978CA13
7—16.5 | o(0) 0 Established absolute scale. Ana- 1978DR08
lyzed new data along with previ-
ous data.
0.24 —6.75 | Ay, 0 Measured3H(d, n) along with| 1980DR01
3He(d, p). Studied charge sym-
metry.
0.333 ‘He yield 90 Used Si detector to measutdle | 1980GA25
to obtain neutron yield.
3—-10 o(0) evaluated 0,180 Improved evaluation ofc(0), | 1981DROYS)
o(180) by including*He particle
excitation functions.
37.1 P, (inferred fromA, for 38.6 Studied TRI and charge symme- 1982SA05
‘He(@, d)) try.
0.02 —0.05 | By, o(Ey) 0 Measured?H energy loss in soli  1984TS09
Ti-T target.
3.0 o(Ey) 85 — 150 Presented calibration procedure 1985HO12
for fast neutron t.o.f. spectrom-
eter.
0—0.275 | o(d,v)lo(d, n) 0 Measured branching ratio. Inte- 1986MO05
grated over resonande — 275
keV.
1,152 | 0(0,Ey) 0 — 150 (lab) | Presented Legendre polynomial 1987LI07
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Table 4.12: Measurements and summaries (S) of cross seet{éf, analyzing
powersA(#), and polarizations(#), for 3H(d, n) reactions (continued)

Eq (MeV) Measurement Ocm. (deg) Description Refs.

100 — 200 | o(Ey) Studied reaction as neutrgn 1989GA21
source.

Experiments bearing on the question of possible chargevstry breaking include théH(d, i)*He
polarization measurements dfq72SMO03 and the3H(d, n)*He and®He(d, p)‘He analyzing power mea-
surements of980DRO0). In the latter work the authors note large differenceslfierttivo reactions foFy
below 1.65 and above 4 MeV. Comparisons of the analyzing po¥ee the inverse reactiorite(@, d)*H
and*He(p, d’He are reported inl@82SA03 to be consistent with charge symmetry.

A review of accelerator-based neutron source reactionsdimg 2H(d, n) is presented inl@90DR10.
See also1984MA71, 1984TS011989C0141989CR051989SH17.

Relatively few calculations for reaction (a) have beeniedrout. For early work see the previous
compilation (973FI104. More recently, the work described ih972SE091975SE07 1977SEQY derives
criteria for a simplified analysis of measurements with ppé&l deuterons involvingly (6) in the vicinity
of isolated resonances. See also the multichannel reagrattbup calculations ofLl090BL0§. A nondy-
namical calculation of polarization observables iy below 1 MeV in terms of [, s, j) matrix elements
is described in1986K02). A new method for determination of the nuclear vertex camist from charged
particle-transfer reactions is used to analyZ@) for reaction (a) atzy = 15 MeV. See also{990KA22).
Analytical approximations to the cross section for the psgof calculation of resonant thermonuclear re-
action rates are discussed P87GU25. See also th&" ~ 300 K reaction rate calculations 0£989SC25%
and those of (989AB21).

12. (a)>H(t, n)°’He Qm = 10.438 E, = 12.306
(b) 3H(t, 2n)*He Qm = 11.332

These reactions are reviewed MPB8AJ0). Early measurements of neutron spectra are noted in the
previous compilation}973F104. No new work has been reported on reaction (a). A measureohéme 0°
differential cross section fofH(t, 2ny'He atE; = 160 keV and angular distributions a6 — 80 keV were
reported in {977SE1). A resonating group method was used to calculate the erdaggndence for the
cross section and astrophysical factorifg§9VA20.

13. (@4 H(7)*H + 'H Qum = 35.744
(b) AH(7~)*He Qm = 34.981
(©) AH(7")3He+n Qum = 55.559

Early work on three-body decays (a) and (c) was summarizégeiprevious compilationl@73FI09.
More recently, extensive reviews of experimental and thizal work on hypernuclei were presented in
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(1975GA1A 1978P0O1A 1990C0O1D 19900S1A. A theoretical studyX985LY1A) found that the polar-
ization of the protons and tritons in reaction (a) is largédyermined by the strong interaction in the’lg—
system. The two-body decay (b) was us@8§8TA29 1989TAL1G 1989TA19 in measurements of the
formation probability ofi H from K~ absorption at rest on light nuclei. Theoretical studie léfproduc-
tion, structure, and decay are reported 19§2K0O13 1984CO1E 1986DZ1B 1987YAL1M, 1988MAQ9
1989TA17 1989WA25. Calculations of Coulomb effects and charge-symmetrakirg for A = 4 hyper-
nuclei are described in@85B017. A four-body calculation of th@* — 17 binding energy difference is
reported in {988GI1H. Non-mesonic decays are discussedlif8GTALE 1986SZ1A 1990LY1B). Evi-
dence for the existence of¥nucleus bound state formed in a{Kr ™) reaction or*He was reported in
(1989HA39. See alsol990HA08 1990HAL]. The possibility of forming doubly strange hypernuclei
is considered in(983D0O1B.

14.3He(n,v)*He Qm = 20.578 By, = 20.578

Measurements for thtHe(n,v)*He reaction made since the previous compilatib®7@F109 are listed
in Table4.13 Measurements of the thermal neutron capture cross sesgom reported in1973B0O34
1979SU05 1980AL05 1989WO10Q 1991WEO0§. The results are listed in Tabk14 below. Experi-
mental and theoretical results for neutron radiative aaptun light nuclei including’He are reviewed in
(1981SH2%. Calculations 1981TO03 including meson-exchange currents were able to accotisfaa
torily for the thermal neutron cross section. A recent Mo@&lo variational calculation in which the
scattering-length dependence was deduced was report@€90CA29. The results indicate that the cross
section is almost entirely due to exchange currents.

Shell model calculations including two-body meson excleangrrents are reported for botkie(n,
v)*He reaction and the wealde(p, €, ve) reaction {991WE0§.

Doubly radiative neutron capture cross sections were lzémiand reported ill@76LE27. Cross sec-
tions in thed — 70 keV region are reported il@79AL25, and are shown to be in general agreement with an
E1 direct capture calculation. At higher energiés = 6.0 — 17 MeV) the detailed-balanced cross sections
of (1981WA19 confirmed the reportetiHe(y, n) cross section (see the section onthe(y, n) reaction)
which, when combined with the previously reportédie(y, p) cross section, implied &/ p)-to-(y, n) ratio
of 1.6 to 1.9 in the23 — 33 MeV excitation region of‘H. Additional information on the capture process
in this energy region is provided by the polarized neutroptwa cross sections and analyzing powers of
(1982WEO0Y. Calculations carried out within the framewaork of the riécorrected continuum shell model
(1981HA1Q 1983HAZ2]) indicated that standard theoretical assumptions weikalyko account for the re-
ported large 1, p)-to-(y, n) ratio. On the other hand, the microscopic multichanesbnating group model
calculations of {988WA2Q imply that the effect of the Coulomb force on thresholds tfog two mirror
channels can account for the observed differences in medhalrservables in the 23-33 MeV excitation
region of*H, excluding the “anomalous®( p)-to-(y, n) ratio. For additional related information see sect. 7
on>H(p, ~) and sect. 21 ofiHe(y, n), *He(y, p). The whole range of experimental and theoretical evidence
bearing on the o (v, p)/o(, n) ratio issummarized in a separate discussion at the end of sect. 21.

The measured values for the thermal neutron capture cresisrsef the®He(n, v)*He reaction are
listed in Tabled.14

The two latest measurements989WO10 1991WEQ§ are in excellent agreement, but disagree with
the result of {980AL05. It should be noted, however, that the results Ig9WO1() rely heavily upon
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Table 4.13: Measurements and summaries (S) of cross seetiéf analyzing powers\(#), and polar-
izationsP(#), for *He(n,~)*He reaction

Discussed Solar HEP-neutrino imp

E, (MeV) Measurement | 6., (deg) Description Refs.
Thermal energies Ty 1973B0O34
0.001 — 0.070 o(E,) 45 Compared with direct E1 calculation. 1976LE27
Thermal energies o(n, v), a(n, v7v) 45 Measured (ny~)/(n, ~) ratio. 1979SU05
Thermal energies a(n, ) 90 Used pulsed reactor, t.o.f. Estimated980AL05
admixture of'He “mixed- symmetry”
state.
6.0 —17.0 o(Ey, 0) 30 — 140 | Compared detailed-balanced results981WA18
to existing*He(y, n) and“He(y, p)
Cross sections.
9.0 a(0), Ay 30 — 140 | Deduced b, coefficients, comparefd1982WEQ05
with continuum shell model.
24.5 Ony Activation measurement. 1989WEO07
Thermal energies Ony Deduced astrophysical factor. 1989WO010
Thermal, 0.0245 Ony Carried out shell-model calculations1991WEO06

cations.

Table 4.14: Measured values for the thermal neutron caghoss

section for the!H(n, v)*He reaction

Refs. o (1b)
1973B034 60 & 30
1979SU05 60 & 12
1980AL05 2749
1989WO10 54 4 6
1991WE06 5543
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the 3H(p, v)*He cross section af, = 3.82 MeV (1970MEOQ7. If the lower value reported for this cross

section in (990FEO0§ is used, thefﬁtvh) cross section becomd$ + 4 ub, which agrees (within error) with
that of (L980AL05.

A neutron-capture cross section at 24.5 keV was measured981(VEO§ to beo,, (24.5 keV) =
9.1 £ 0.8 ub. The thermal-neutron-capture cross section has beentosestimate the astrophysicat
factor for the3He(p, € ~)*He reaction {989WO0O10Q 1991WEO0§. The results indicate that about 10% of
the solar-neutrino flux in the Davis experiment can be asdriio the high-energyHe + p neutrinos. The
double photon decay cross sections are also givehd8qALO0S and (L979SU0Y.

15.3He(n, nfHe By, = 20.578

Measurements of cross sections, polarizations and anglymwers for thé He(n, nfHe reaction are
summarized in Tabld.15 Earlier work is reviewed in the previous compilatidt®{3FI04. More recent
experiments are reviewed ih{78SULA 1981GR1A. See also the discussions fB83HA2Q 1985KL03
1988JA06 of the experimental and theoretical developments regjatrfiHe(n, nfHe and thed = 4 system.

A variety of theoretical approaches have been used to teesorfHe scattering. At thermal ener-
gies, the complex incoherent scattering length’*tde was estimatedl@75SEOJ on the basis of effective
range theory and a Breit-Wigner analysis. Low-energyHe-scattering was studied in the integral equa-
tion approach 1976KHO01, 1976TJ0) and scattering lengths were calculated. Higher energgrobbles
for nucleon reaction channels thle were calculated by recoil-corrected continuum shell ehtethniques
(1979HA22, and excellent agreement with experiment was reportestoRrand neutron polarization dif-
ferences irtHe(d, n)*He and?H(p, p)*H were analyzed19Q77BE53 in the framework of a dynamical
R-matrix model methodology, and quantitative agreemenh wikperiment was obtained. Several reso-
nances are predicted in the vicinity of a narrow resonanee Fig = 37 MeV suggested by the phase-shift
analysis of {976L103. The R-matrix methodology is used to construct a detailed themaemodel of‘He
(1980BE19§. Scattering results and phase-shift calculations argeepted and discussed and are also com-
pared with resonating group and field-theoretic models.s@@hmodel calculations diHe excited states
based on (trinucleon- nucleon) (9761001 1981FU0J as well as (trinucleoA- nucleon) and d- d clus-
ters (L983FI19 have been carried out. Collective and cluster degreeseefibm are included in a study
(1990F10§ of the structure of the continuum spectra‘dfe in the~ 30 MeV region. The ground and
even-parity states were examined within the framework ofitiolhannel resonating group model approach
(1986KA21), and agreement with the elastic scattering and polanizatbservables was reported. Multi-
channel resonating group calculations foe= 4 from the first breakup threshold to 10 MeV are presented
(1981HO03, and reported to predict the established resonance wteuahd provide evidence bearing on
other possible states. Multichannel resonating-grouputations, which include distortion effects due to
the coupled deuteron cluster, were usg@886KA21) to examine the ground and even-parity excited states
and the scattering problem of thele system.

16. (a)*He(n, pfH Qm = 0.764 E, = 20.578
(b) 3He(n, pfH +n Qum = —5.494
(c) 2He(n, pJH + 2n Qm = —7.718
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Table 4.15: Measurements and summaries (S) of cross seetin analyzing powers\ (), and polarizations
P(0), for the®He(n, nfHe reaction

E, (MeV) Measurement 6., (deg) Description Refs.
3.0 P, 40 — 120 | Measured asymmetry, differential 1972HO04
polarization.
7.9,12.0,13.6,14.4,23[7 o(FE,0) 26 — 139 | Deducedv, limits for oo, opon+ | 1974DRO1
onpn- Compared with chargeg-
symmetric reaction.
8.0,12.0,17.1 P, 47 — 148 | Compared with®H(p, p). Phase{ 1976LI03
shift analysis foPHe(n, n) forl <
E < 23.7MeV.
2.43, 3.00 A, (0) 1977DR05
0.001 — 0.200 Ttotals Onn Obtained singlet and triplet scatter- 1981AL09
ing lengths.
1.67,2.43, 3.0, Ay (0) 1982DR09
3.4,7.8
1.5 —40 o(E) Compared with predictions of?- | 1983HA20
matrix analysis.
3.7 —10.0, 15.3, 22.0 Ay (E, 0 26 — 161 | Compared witifH(n, n),>He(p, p).| 1985KL0JS)
15 —=50 Ay(E, 6 Phase-shift analysis. 1986KL04S)
0.95—2.0 A (E,0 50 — 160 | Improved precision, phase-sh|ft1988JA04S)
analysis.

Early work on reaction (a) is summarized in the previous atatipn (1973FI04. It is noted there that
the reaction proceeds almost 100% through'tRgresonance af,, = —0.25 to —1.0 MeV, and that the
proton spectra from reactions (b) and (c) reveal no cleacatidn of an n—d, three-nucleon or two-nucleon

final-state interaction.

A more recent measuremerig75WI104 of the3He(n, p¥H total cross section df,, = 3.5 MeV gives
Ototal = 422 £ 58 mb. The cross section was measure8ig2B0O19 in the energy rangé’, = 0.15 — 150
keV with an accuracy of 2—-3%, and the departure from theldW was investigated. Measurements of
the P-odd asymmetry ifHe(n, pfH were made 1981VE0, and an upper limit was obtained. Little
theoretical work on reaction (a) has been reported sincprithéous compilation973FI09. A resonating-
group model calculation was carried oi®761007 involving the groupings # *He and pt3H. Total cross
sections were calculated and compared with experiment3tsl,6, and 14.4 MeV. The contribution of the
triangle diagram for théHe(n, p) reaction was investigated iaMatrix scattering calculation reported in

(1984BA17.
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17. (a)*He(n, d¥H Qm = —3.27 By, = 20.578
(b) 3He(n, dYH +n Qm = —5.494
(c) 2He(n, 2n2p) Qm = —7.718

Reactions (a), (b), and (c) are reviewed in the previous datign (1973FI109. No new work has been
reported.

18. (a)>He(d, p}He Qm = 18.353 E, = 16.387
(b) *He(d, npfHe Qm = —2.225
(c) 3He(d, 2pt) Qm = —1.461
(d) 3He(d, p2d) Qm = —5.494

Table 4.16: Measurements and summaries (S) of cross seet{@h, analyzing powers
A(0), polarizationsP(#), and transfer coefficients féHe(d, p)He

Eq (MeV) Measurement O..m. (deg) Description Refs.
11.99,2.81,3.94,6.0 P 5.7 —148.5 Legendre polynomial fits. Contoyr 1973CL13
map.
414 KY', K% 0 Compared witfH(d, n) results ande- | 1973HA51
matrix parameterization.
8.0 Py K¥, Ky, K, Ky, | 15,30,45,60 | Compared witfH(d, n) results and?- | 1973HA51
K;/; Ky, K3, matrix parameterization.
12 Left-right asymmetry 20 — 130 Polarized®He target. 1974BE67
0.344,0.065, 0.727| iT11, To9, 151, To2 25 — 160 Polynomial fit. Tabulates coefficients| 1974GA21
10.0 o(0) 120 — 168 (lab) | Accuracy< 1%. 1974JA15
6.6 —15.8 A,, 0 Studied reaction ad polarization ana{ 1974TR02
lyzer.
0.34 — 11.60 Too 0 Absolute calibration. 1976SC15
9.28 Ayy 23.6 Found maximumi,, = 1. 1976GR08
8.5 —10.5 Ay, Ayy 12 -32 Found maximunmi,, = 1. 1976GR10
6.44 AT 29 Presented absolute standard for d jn- 1977ST06
duced vector analyzing powers.
0.24 — 6.75 A, 0 Comparedd,, for 3He(d, p),>H(d, n). | 1980DRO1
3—6.75 Tog 0 Discussed consistency of absolute cal-1980GR14
ibration data below 6.75 MeV.
15— 40 o(0), iT11 15— 165 Polynomial expansion, DWBA analy- 1981R0O13
sis.
4—12 P, P, Described dgsign, calibration and per- 1982GR25
formance ofd polarimeter.
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Table 4.16: Measurements and summaries (S) of cross seet{@h, analyzing powers
A(0), polarizationsP(#), and transfers coefficients fdHe(d, p}He (continued)

Eq (MeV) Measurement Oc.m. (deg) Description Refs.
1-30 o(Eaq, 0), iTi1, Too, To1, Reviewed polarization measurementd987GR0O&S)
To, Ay, Ayy, Axx A=4-6.
15 — 100 1111, To, To1, Too Discussed design constrliction and cal-1987GR30
ibration of high efficiencyl polarime-
ter.
0.0695 — 0.1418 o(Eq,0) Windowless gas target, deducg&¢F). | 1987KR18
0.0059 — 0.0416 o(Eq) Measured®He(d, p) and®?H(®*He, p),| 1988ENO03
studied effects of electron screening,
9.25 —19.0 Polarimeter analyzing Developed polarimeter based on 1988SA40
power 3He(d, p).
10— 16 Ay, Ayy, Axyy Asy 0,25 Described polarimeter based ¢n 1989AB17
3He(d, p).
0.006 — 0.042 o(Eq) Studied effect of electron screening.| 1989SC10
1-13 1111, Too, To1, T2 10 — 170 High-precision measurement. 1990BI13

Reactions (a) to (c) are reviewed MBB8AJ0). Early measurements of single and coincident charged-

particle spectra are summarized i®73FI0) and a discussion of evidence bearing on excited statbdef

is presented. Measurements of cross sections, analyzingrpopolarizations, and polarization transfer
coefficients are summarized in Tablelé See also{986HE16. Polarization observables for théle(d,
p)*He reaction and other reactions relating4o= 4 — 6 were reviewed in1987GR0§. A considerable
number of measurements of vector and tensor analyzing gdvese demonstrated the suitability of reaction
(a) as an analyzer of deuteron polarizatid®{3HA5], 1973KA08 1974GA21 1974TR02 1976 GR0§
1976GR101976SC151977ST06 1980DR01 1980GR14 1981R0O13 1988SA40 1989AB17. See also
the related theoretical workL§76SE03 1977SEQ9 1978SEOQ). Design and calibration of polarimeters
based on reaction (a) have been presentetidBJST1A 1982GR251987GR30).

Distorted-wave calculations for reaction (a) are preskrted discussed inl@75NEL1). See also
(1989B023. Off-diagonal interaction spin dependence is discussdtid75YA12). An estimate of cross
sections for reaction (a) at intermediate energies in tesfthe (p, 7*) cross section is discussed in
(1980WI102. The single-resonance contribution to the cross sectimhraaction rate at thermonuclear
energies is studied.p87GU2Y, and the effect of electron screening on low-energy fusimss sections is
discussed in(987AS0Y.

Measurements of the breakup reactions (b), (c), and (d)uenengrized in Tabld.17. A discussion of
these reactions is included in the review of quasi-free ggses and few-body systems 8974SL04. Cal-
culations for reaction (c) in the region of small protoriitiin relative energies are presentedif§4DU10.

19. (a)®He(t, dyHe Qum = 14.320 By, = 15.796
(b) 3He(t, dfHe+ n Qm = —6.257
(c) 3He(t, dPH + 'H Qum = —5.494
(d) *He(t, d)2H Qm = —9.526
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Table 4.17: Measurements and summaries (S) of particldérsgieemHe + d breakup reactions

Eq (MeV) Particles detected 0 (deg) Description Refs.

10.92 p,3He (coin.), p2H (coin.) | 6, = 60, 6(*He)= 30 | Studied FSI, discussed effects pf1972NI02
“He states.

27.5 p, n (coin.) 10 — 35 (lab), 6, = 6, | Studied pn FSI. 1973CHO05

23.5c.m. 3H 10 — 180 Measured absolute energy spectral975RU04
Deduced’He range parameter.

15.0 p, *He (coin.), p, *He +30 Measureddy, Ayy, Axsx. 1976ME13

(coin.)

Eq = 22.3, 33, d, d (coin.), p,3H (coin.), 10 —65 Studied quasi-free scattering and1977SL04

E(*He) = 30, | p,d(coin.), p3H (coin.) quasi-free reaction processes.

33.5,52.5

60 d,d 15 — 64 Measureds (E, 604, 01) in QFS re-| 19850K03
gion. Studied multiple scattering ef-
fects. PWIA analysis.

Reactions (a) through (d) are reviewed in the previous clatign (1973FI09. For reaction (a) mea-
surements of analyzing powe#s () for £, = 9.02, 12.86, and 17.02 MeV & ,, = 16°—159° as well as
measurements of, (E) at90° for E; = 9.02 — 17.27 MeV were reported in977HA42). Marked devia-
tions from the antisymmetric shape predicted by a simplégbestransfer model incorporating charge sym-
metry were observed. Possible charge asymmetry effedissingaction were also discussed 19 {8FEQ7Y
1978FE0§. See alsol988RA3]). No new work has been reported on reactions (b) through (d).

20. (a)*He(He, 2p)He Qm = 12.86
(b) 3He(He, 2pfH + 'H Qm = —6.954

By, = 11.489

Measurements on reaction (a) reported since the previaupitation (L973FI09 include spectra and

differential cross sections at beam energies of 9.11, 488,6.9 MeV (972DE4§ and atE.,, = 16

MeV (1974R0O0). The total cross section was measuredApr,. = 30 — 150 keV (1974DWO03, and the

astrophysical factof(£) was measured & ,,, = 17.9 — 342.5 keV.

Total cross section measurements’ided->He at 17.9, 21.7, and 24.0 MeV were reportedlis§7BR03.

See also1985S112.

Calculations to determine the NN scattering parameters fioal-state interactions in reaction (a) were
described in1974DE19. Calculations of a diproton production mechanism in rieacta) were reported
in (1976MC09, and the effects of electron screening on cross sectionkfeenergy fusion reactions,
including reaction (a), were studied ih987AS05 1989BE0§. An extended elastic model was applied to
calculate the reaction rate at astrophysical energie$989SC251990SC1). The astrophysicab-factor
is calculated with the two-channel approximation of the RBNIL989VA20).

Triton spectra from reaction (b) are discussed in the ptes/@mmpilation {973F109.
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21. (a)*He(y, ™)*He Qm = —134.97

(b) “He(y, n)*He Qm = —20.578
(c) *He(y, p)*H Qm = —19.814
(d) *He(y, nt°)3He Qm = —155.55
(e)*He(y, pr~)*He Qm = —158.85
(f) *He(y, dy*H Qm = — 23.847
(9) *He(y, npyH Qm = — 26.071
(h) *He(y, 2p2n) Qm = — 28.296

Measurements of photonuclear cross sections'fte are summarized in Tabe18 Earlier experi-
mental and theoretical work is summarized and discussekeimpitevious compilation1@73FI09. Mea-
surements and analyses of reaction (a) for energies nemhtiid are reported ii980AR0G 1981AR1Q
1988AR0§, and for energies near th&(1232) resonance inLO85AN14. Measurements at GeV ener-
gies in the region of small momentum transfers are reporigd982AL09. See also{978AL0Y. A
number of calculations have been made withAhésobar model 19810S1A 1981SA0] 1983KO02 and
in the distorted wave impulse approximatiat®83GI02 1983LE12 1985KA22 1986LE07 1987CH24
1987LE13. Impulse approximation calculations in the resonanceoregvere reported in1978TRO03
1979GA19. Screening corrections were calculatd®{8ST2). Momentum-dependent terms in the op-
erator and a two-nucleon exchange production mechanisra discussed in1077VEQY, and calcula-
tions near threshold were reported. Rescattering coorectivere calculated inl@760S03 A discussion
and comparison of the various methods of calculating theliardps of partial reactions are presented in
(1983TRO02 for energies in the nucleon resonance region.

Reactions (b) and (c) have cross sections which are simrmlahape at all energies as pointed out in
the previous compilation1@73FI09, but there has been considerable disagreement amongsihiésref
the measurements of eachhe whole range of experimental and theoretical evidence bearing on the (v,
p)/a(~, n) ratio is summarized in a separate discussion at the end of this section. The absolute measurement
of o(0) for reaction (c) described ir91JO0% includes useful evaluative discussions of existing exper
mental and theoretical work. See ald®{8AR1B 1978AR26 1980AR2(Q 1984GU1§. A considerable
amount of theoretical work has been done on reactions (bj@mnith a great deal of it related to the ques-
tion of theo (v, p)lo(y, n) ratio (1974CH50 1974GA1Q 1974GA32 1974ST08 1980BE42 1981AR2]
1981HA1Q 1983BE131983DE3] 1983HA21 1984BA73 1984GU181985QU01 1986CA0QY. See also
(1974GA321974N0O101974RA18 1975GU231976FI11 1976NO061977DE261979GU13 1980AR04
1980B0O13 1980RA17 1986CH05 1988TE04 1989V0O0). A method for estimating the polarization of
final particles in reactions (b) and (c) is developedliig0GU2).

Structure effects in the E3 cross section for reaction (adevievestigated in989BEQ7. A review of
progress on four-body scattering and breakup, in the iateguation approach, is presentedlifg7FI03.

Reaction (d) was studied in two investigations reportedlBB8RAN16 1984AN04. The experimental
results were analyzed satisfactorily by means of impufgaaimation calculations involving a reaction
amplitude described by the sum of two pole diagrams with taaimeutron and &He nucleus. No recent
work has been reported on reaction (e). Cross sections weasured in the energy region of th§1236)
resonancel(@72AR23. An impulse-approximation calculation in terms of quise nucleons ifHe was
reported in {972LE2).
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Only a few measurements have been done for reaction (f),rerse reported since the previous com-
pilation (1973F109 are listed in Tablet.18 Cluster-model calculations for energies of a few MeV above
threshold are reported irl974ST0§. A low-energy theorem is applied to cross section cal@uiatin
(1981G0O1%. See also the review presented 1978AR26§. Comparisons of the cross section data with cal-
culations were reported in 980AR04 1980G U235 to provide evidence for 2 state in*He att, = 30—-35
MeV.

Measurements for reaction (g) reported since the previougpdation and listed in Tabld.18 have
been carried out for photon energies fra® — 400 MeV with cloud chambers and with combinations
of magnetic spectrometers and neutron detectors. Reletdss sections for reactions (b), (c), (f), (9),
and (h) were obtainedl@77BA39 from threshold tof, ~ 80 MeV, and it was concluded that the main
mechanism for reaction (g) in this energy region is two-aanlabsorption. Similar measurement3at 40
MeV (1979BA47) were used to study clustering effects, and the resultsesiigd that the most important
mechanism for reaction (h) is photoabsorption from a qeada&ton correlated with another quasi deuteron,
both of which decompose. See also the reviewil8B6HO27. Theoretical calculations of reactions (b), (c),

and (g) utilizing the quasideuteron mechanism are repanéti974NO10Q 1976NO06 1984CH09. See
also (L982AR11)).

Table 4.18: Measurements and summaries (S) of photonumiess sections otHe

Reaction E, (MeV) Description Refs.
‘He(y, 7%)*He 1500 — 4500 Developed apparatus. Measured®, o). 1978AL08
1 — 10 (above threshold) Measured relative yields fdH, ?H, *He, *He targets.| 1980AR06
DWBA analysis.
139 — 153 Analyzeds (F, ) data, deduced yields. 1981AR10
1500 — 4500 Measuredr(6) versus momentum, deducedmeson| 1982AL09
trajectory.
450 Measureds (#) for “He recoils versus recoil energy. 1982AN16
Bremsstrahlung beam.
290 Measuredr(0) nearA(1232) resonance. 1984T104
190 — 430 Measuredr(0) nearA(1232) resonance. 1985AN14
138 — 155 Measured pion yields, deducedFE), s-wave threshi 1988AR08
old amplitudes.
179 Measuredrioia;- 1989JA07
‘He(y, n)*He < 30 Measuredr(E, E,) at90°. 1972BE06
30.0 — 51.8 Determinedr(E) for (v, n) and ¢, p) in same appara- 1972D0O03
tus (mag. spectrometer).
24 — 120 Determinedo (E) for (v, n) and ¢, p) under same 1973AR07
physical conditions.
E,=22-37 Measureds(E) at 98°. Compared results for liquig 1973IR02
and gas targets.
1 — 10 (above threshold) Measuredr(E, #). Confirmed2* state ate 35 MeV. 1973MA57
20 — 120 Measuredr,t,. Determined energy moments. 1974AR18
35 Measuredr(y, n) versus beam intensity. 1974IR02
270 — 400 Measuredr(E) at90°, 120° in region ofA(1236) res-| 1975AR01
onance.
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Table 4.18: Measurements and summaries (S) of photonumriess sections ofHe (con-

tinued)
Reaction E, (MeV) Description Refs.
27 — 30 Measuredrioia ando(E, 6). Determined E1, E2 am- 1975AR13
plitudes, phases.
22— 32 Measureds(F, ). Determined E1, E2 contributions, 1975IR01
obtainedr -
FEi, — 150 Determined E1, E2 cross sections. 1976AR17
< FE, =280 Measuredoot. and o(E, 6) for (v, n) and ¢, p). 1977BA35
Used cloud chamber.
31 —-51 Measuredr(v, p)/o(v, n) ratio at90° by detecting'H 1979PH04
and3He recoils.
21 —47 Measuredr(E) with gas target. Used monoenergetic 1980BE45
photons. Compared with other measurements.
‘He(y, n)*He 22.5 — 137 Measured cross section verstis. Analyzed by as{ 1981AR23
suming2™ T = 0 levels in*He at 29.6, 35.6 MeV.
40 Measured asymmetry of(n) and €, p) cross sections  1985VI07
for linearly polarizedy-rays.
100 — 360 Measureds(E, 0) for (v, n) and ¢, p) for 60°, 90°, 1986SC01
120°. Compared to calculations with MEC contriby-
tions.
40 Measured asymmetry of (n) and €, p) cross sections  1989VI05
for linearly polarizedy-rays.
“He(y, p)*H 30.0 — 51.8 Determineds(E) for (v, n) and ¢, p) in same appara- 1972D0O03
tus (mag. spectrometer).
24 — 120 Determinedo(E) for (v, n) and ¢, p) under same 1973AR07
physical conditions.
180 — 320 Measureds (F, 0) at 0..,,. = 60° — 120° in spark 1973KI06
chamber.
20 — 120 Measuredroa) - 1974AR18
190 — 420 Measuredr(E) at60°, 90° in region ofA(1236) res-| 1975AR01
onance.
FEi, — 150 Determined E1, E2 cross sections. 1976AR17
< FE, =280 Measuredoota and o(E, 6) for (v, n) and ¢, p). 1977BA35
Used cloud chamber.
‘He(y, p)*H 200 — 450 Measuredr(F, 0) at30° —150° in A(1236) resonanc¢ 1979AR07
region.
31 —-51 Measuredr (v, p)/o(v, n) ratio at90° by detecting'H 1979PH04
and?He recaoils.
50 — 140 Analyzedo(E, 0) data to estimate proton momentym 1982AR17
distribution in‘He.
187 — 427 Measured momentum spectrum of protons3at. 1984H024

Tagged photons. Deduced pion photo-production
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Table 4.18: Measurements and summaries (S) of photonumriess sections ofHe (con-

tinued)
Reaction E, (MeV) Description Refs.
40 Measured asymmetry of(n) and ¢, p) cross sections  1985VI07
for linearly polarizedy-rays.
100 — 360 Measureds(E, 0) for (v, n) and ¢, p) for 60°, 90°, 1986SC01
120°. Compared to calculations with MEC contriby-
tions.
187 — 427 Measureds(E,) atf, = 30°, 60°, 90°, and105° in | 1987HO17
A-region.
4He(y, p)*H 28.6 — 58.1 Measured absolute( E) with monochromatic photon 1988BE38
beam. Deduced(v, p)/o(y, n) ratio.
350 Measured polarization of inclusive protons. Compared19882Y01
with quasideuteron mechanisms of photon absorptjon.
120 — 250 Measured asymmetry versds. Linearly-polarized] 1988GA29
photons.
60, 140, 350 Measured asymmetry 8t = 90°. Linearly-polarized] 1988GA25
monochromatic photons.
40 Measured asymmetry of/(n) and €, p) cross sections  1989VI05
for linearly polarizedy-rays.
63 — 71 Absolute measurement ef#), quasi-monochromatic  1991J004
photons.
“He(y, nt°)3He 450 Measureds versust, E of recoil 3He. Impulse ap{ 1982AN16
proximation calculation.
450 Measuredr versusd,, Osy., Fsy.-deduced pion prot 1984AN02
duction mechanism.
‘He(y, pr~)3He < 150 Measured cross section neaf1236). 1972AR23
350 Measured asymmetry 86° for linearly polarized pho{ 1988GA25
tons.
120 — 250 Measured asymmetry versésfor linearly polarized| 1988GA29
photons.
‘He(y, d)*H < 150 Measuredr (6, E). Bremsstrahlung beam. Diffusion 1972AR21
chamber.
20 — 120 Measuredr(E). Determined energy moments, E1, E2 1974AR18
contributions;*He radius.
190 — 380 Measuredr(E), dd coin. 1976AR05
25 —40 Measuredr(E). Multipole expansion. Deduced level 1978AR23
in 4He.
“He(y, npPH < 80 Measuredr(E, 0) for (v, n), (v, p), ¢y, d), (v, np), ¢y, | 1977BA35
2n2p) with diffusion cloud chamber.
28 — 150 Determined distributions in the Treiman-Yang angle¢. 1979AR15
30 — 40 Measuredrs(E, 6) for (v, n), (v, p), (v, d), (v, np), &y, |  1979BA47

2n2p). Deduced reaction mechanism.
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Table 4.18: Measurements and summaries (S) of photonumriess sections ofHe (con-

tinued)
Reaction E, (MeV) Description Refs.
150 Measured quasideuteron momentum distribution. Pe1982AR17
duced quasideuteron channel radius.
‘He(y, npyH 40 — 150 Analyzed data to determing E) off the mass shell. 1985AR22
< 450 Analyzed particle spectra to deduce possible free|su1985CH35
perdense deuteron.
200 — 400 Reviewed measurementsaoft, E,,). 1985HO2TS)
75 — 150 Measuredr(6, Eq). Deduced breakup normalizatign 1986AR16
constant.
not given Measuredr(Eq, Ep, Ey). Studied quasideuteron cor- 1986CH15
relations.
130 — 450 Measuredr(Eq, Ey, E,), spectrometer development. 1990NI11
‘He(y, 2p2n) < 80 Measuredr(E, 0) for (v, n), (v, p), (v, d), (v, np), ¢y, | 1977BA35
2n2p) with diffusion cloud chamber.
30 — 40 Measuredrs(E, 6) for (v, n), (v, p), (v, d), (v, np), &y, |  1979BA47
2n2p). Deduced reaction mechanism.

Theoretical studies of the total photonuclear absorptrossections by means of sum rules have been
described in 1974F103 1977L112 1980AR2Q 1983EL07. See also the theoretical investigations of the
integrated photonuclear cross sections reported9@4G0131977GR081984K0O33 1985SA0).

The“He(y, p)3H -to-*He(y, n)3He cross section ratio

The ratio of the two photonuclear cross sectichse(y, p)*H-to-*He(y, n)*He, belowE, = 35 MeV
has constituted a long-standing anomaly in low-energygrhatlear physics. A review of the experimental
data ((983CA0§ concluded that the data indicated-a [p)-to-(y, n) ratio which varied slowly from 1.7 to
1.2 in the excitation-energy randé. = 25— 35 MeV, in substantial disagreement with the ratio predictgd b
conventional isospin-conserving theoretical calcutaioData obtained in recent years change this picture
substantially. Relevant measurements include:

4He(y, p)*H and3H(p, v)*He: (1955PE341962GA031962GE041965CL1A 1967DE181970AR24
1970MEQ7 1970WA23 1982MC03 1983CA14 1988BE38 1990FE0Y;

4He(y, n)*He and®He(n,y)*He: (1954FE161963ZU03 1966FE071968G0191971BE431972BE06
1973MA57,1975IR01 1977BA35 1978AR26 1980BE45 1981WA18;

He(r®, 7+)4He: (1986BL0OY);

‘He(r, ©'p), *He(r, ©'n): (1990J00%

1He(e, ép)*H, *He(e, én)3He: (1989SP0OX

‘He(y, p)*H to “He(y, n)*He ratio: ((972D0O031979PH0J.

Theoretical work related to the question include49712GI114 1972L.011 1974CH5Q 1981HA1Q
1983HA21, 1984BA73 1988WA20.
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An examination of all of the~, p) and €, n) data, including inverse reaction studies, led the au-
thors of (L983CAQ0§ to conclude that they( p)-to-(y, n) ratio was substantially greater than 1.0 below
E, = 35 MeV. However, since that time a measurement using monoetienghotons 1988BE3§ indi-
cated that théHe(y, p)*H cross section was substantially smaller belbw = 35 MeV than previously
thought, and was essentially in agreement with the mongetiesphoton results for théHe(y, n)*He
reaction (954FE16 1963ZU03 1966FE07 1968G019 1971BE43 1972BE06 1973MA57, 1975IR01
1977BA35 1978AR26 1980BE4). This (y, p) result has received additional support from a Reip,
v)*He measuremeni.@90FEO0§ which agreed with it. They(, n) results of {980BE45 are also supported
by the capture measurements 8981 WA19. Thus, if we take the most recent,(n), (v, p), (p,~) and (n,

7) cross-section measurements we obtain,Hor= 24 — 31 MeV, a (y, p)-to-(y, n) ratio which is about
1.1, consistent with conventional theoretical predicti@md indicating that no charge-symmetry violation
is required intHe to explain these data.

Additional support for this result is provided by the/r— cross section ratio measurement#86BL07).
The measured ratio df05+0.08 indicated little or no isospin mixing itHe betweerE, ~ 23 —30 MeV. A
recent simultaneous measuremerittéé(e, ép)>H and*He(e, én)>*He cross sectiond 089SP0%gave a ra-
tio less than 1.2, consistent with the predictions of a nsicopic model which assumed a charge-symmetric
nuclear hamiltonianl©@88WA20Q. Unfortunately, previous results which disagree witls #tonclusion have
not been accounted for. The results B882MC03 1983CA14 are especially disturbing. On the theoretical
side, while the “new” data produce a ratio in agreement wsgeatially all calculations, the lower absolute
cross sections, for both/( p) and §, n), disagree with most theoretical results (see espgcEl83HA2],
1988WA20). However, a flaw has been revealed recently in the mannethioh Siegert’s theorem was
used in the calculations 0of 988WA2(Q. The correction brings the absolute cross sections dowhetmwer
values, while keeping the ratio close to 1.1, in agreemettt thie new results. The impact of this correction
on the (e, &) and (e, &) channels remains to be examined, but is expected to bé ssmébrtunately, the
ratio question continues to haunt many workers in the figid,iohas not been unambiguously resolved.

22. (a)*He(e, e}He

(b) *He(e, é>He+n Qm = —20.578
(c)*He(e, é°H +p Qm = —19.814
(d) “He(e, &*H + 2H Qu = —23.847

Experiments and data analysis for elastic electron saagtem ‘He are summarized in Tabk19
Earlier work is described in the previous compilatid®{3FI09. A recent determinationl@850T02 of
the r.m.s. charge radius gaye)'/? = 1.671 4 0.014 fm.

A number of theoretical calculations relating“tde(e, e) elastic scattering have been carried out. The
contribution of two-photon exchange in high-energy laagefe scattering was examinegb72B0O63. The
elastic scattering form factor was computdé®{2CA4Q in the local-density approximation and in the os-
cillator model with short-range correlation$9(/72FI10. Relativistic corrections and their effect on the
diffraction minimum were examined §73FR2). Calculations utilizing self-consistent Brueckner-tiee-
Fock wave functions1974CI02 provided estimates of the effects of center-of-mass epitlyi Charge
form factors were calculated with many-body meson exchapgeators 1977RI115. The effect of short-
range three-nucleon correlations was studiEgli’fBHE19. Elastic and inelastic form factors calculated in
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Table 4.19: Measurements and analyses of cross sectioakafitic electron scattering hle

¢ (fm™?) | E, (MeV) Description Refs.

1—4.4 Used symmetrized Fermi-density distributions. 1972EL11
~ 0.2 — 2.5 | 200 — 500 | Obtained charge density. Model-independent analysis. | 1976SI13

<6.2 170 — 750 | Measured charge form factor. Deduced point-nucleon disttB77MC03
butions from model-independent analysis.

< 800 Obtained elastic structure functions. 1978AR05

0.45—2 | 105 — 320 | Measuredr(E, ). Obtained charge form factors. Deduced9850T02
r.m.s. radii, model-independent analysis.

the method of hyperspherical functions were discusseti98(BU04. A multi-quark cluster effect on the
charge form factor was postulated iB82NA09. The role of tensor and short-range correlations was inves
tigated by (982DE51 19830R0%. An analytic parameterization of the charge form factos weesented in
(1985AG05. The work of ((988M0O33 utilized a quark model and examined symmetry of the grostate
structure of'He. Calculations of electromagnetic form factors sle based on quantum hadrodynamics is
discussed inX989L116). The influence of short-range correlations on the chargilolution is discussed in
(1989L00§. Experimental data on inclusive longitudinal and tramseaesponse functions in the context
of theoretical developments are discussedlBBOPA13. Calculations of the charge form factor using real-
istic variational wave functions and consistent two-boggmators are reported in990SCO). A study of
elastic and inelastic electron scattering’éte with the Monte Carlo method is described 1990PAQ7.
Inelastic scattering experiments are summarized in T4l?@ See also (974G0O15 1980G021
1981G003 1988DY0Y). A review of the status of theoretical methods and prircipaults for elastic
and inelastic scattering of electrons by nuclei was preskimt (L974LUQ9. In (1974VI03 a simple model
of “He is suggested to interpret the details of the charge loligion obtained from the electron scatter-
ing form factors forg> < 20fm~2. A study of the0" state at 20.1 MeV irfHe reported in 19742003
utilized the inelastic form factor and three-body forcesaimyperspherical description. A microscopic
treatment of coupled monopole and quadrupble= 0 vibrations was used inLO75AB049 to calculate
transition strengths and inelastic form factors. Cenfanrass corrections for calculations related to elec-
tron scattering are studied and reported iIR§0DE3(. The effect of final-state interactions in inclusive
electron scattering is discussed BB0HO2§. The method of hyperspherical functions is discussed in
(1981BU0J. Quasi-free peak parameters from calculated ‘jecress sections are related to sum rules in
(1981K01Q. Data for electron scattering froAH, *He, and*He are found 1982B030 to be unified by
a nuclear scaling function. The (€) eross section was calculated using an interaction-tinpgoagma-
tion for dynamic form factors1982K0O2§. The existence afj-scaling for the quasi-elastic cross section
was demonstrated ii983DE13. See also the study 01985K019. A continuum RPA calculation with
finite-range interaction was applietig83DE39 to calculate (e, ¢ cross sections. The role of tensor corre-
lations in inclusive electron scattering processes watiediiand discussed i1 9830R0Y. The location of
the quasi-elastic peak maximum‘kle(e, é) relative to the eN scattering peak was explorg8s6KU02)
on the basis ofHe properties. A calculation based on a quark descriptioth@fuclear ground state is
presented in986DA0). Several different NN interactions are used in a hypemsghleharmonics calcu-
lation of the (e, 8 form factor (L987SA23. The form factor for (e, @ excitation of thed™ resonance in
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Table 4.20: Measurements and analyses of cross sectioimefastic electron scattering hle

¢ (fm™?) |  E. (MeV) Description Refs.
800 — 1200 | Measuredr(E, 0) for § = 16° — 40° near quasielastic max}- 1975DE23
mum. Studied effects of center-of-mass motion.
500 Measured quasielastic scatteringdat= 60°. Compared tq 1976 MCO01
static and Fermi gas models.
(not given) | Measured quasielastic scatteringfat= 42° — 140°. Used| 1984BU18
measured peak position to study NN interaction.
0.8—-24 400 Measuredr (¢, E’) for excitation of0* state at 20.1 MeV in 1983K025
‘He.
730 Measuredr(E, 0) for § = 37.1° for energy transfers. 550 | 19840C01
MeV in region of A-resonance.
808, 988, 1180 Measuredr(F, E, ) in quasielastic region. Obtained scal1988DE41
ing function. Derived momentum distribution of nucleong in
‘He.
130 — 200 Measuredr(F) at180°. Compared with RCCSM. 1988HO11
~ 0.15 183.4 MeasuredH+-p and®*He+n breakup, en, €-p coincidence| 1989SP05
E, =22 — 36 MeV in *He.
279 — 725 Measured double-differential cross section. Comparet wit990vOO01

Coulomb sum rule.

4He is discussed in connection with a collective and clusiedehcalculation 1987VA33 and a symplectic
shell model calculation1®88VA22. More recent work includes a recoil-corrected continuunallsmodel
study of the0™ first excited state in19Q89HA02 1990HAZN), a (0 + 2)Aw model-space calculation 6He
observables in1990WO10, an extrapolation of nucleon-momentum distributionékte using asymptotic
scaling analysis1(990CI03, and a Monte Carlo studyl990PAQ7. See also the discussion of data on longi-
tudinal and transverse response functial#PPA12, the relativistic model investigation of ion-ion optical
potentials {989RE0J, and the microscopic study of the NN interactid®89YA11). “He(e, é) data is
utilized in a determination of a phenomenologigednucleon potential in9900CO0).

23. (a)*He(r*, 7*)*He
(b) *He(r*, 7*)*He

(c) *He(r*,

ﬂi/p)gH

Qum = —19.814

Experiments and data analysis for pion scattering'de are summarized in Tabk.21 See also
(1973AN26 1975B108 1976BA57 1976BU19 1976SH231978FA06 1980BA17 1980KA17, 1982BA16
1984F0181984GM01 1989AR14. These reactions were not included in the previous cotmild1973FI109.
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Table 4.21: Measurements and analyses of cross sectiop®foscattering onHe

E,; (MeV) Measurement Oc.m. (deg) Description Refs.
110 — 260,67 —285 | (n—, 7~ )o(E, 6), | 5—180 Phase shift analysis. 1978BI07
(n~, 7)o (E)
100, 160, 220 | (n*, 7)o (E, 0) 30 — 150 Inclusive measurements ik(3, 3) re- | 1981MC09
gion.
90 — 320 (nt, 7)o (E, 0) 30 — 135 Inclusive measurements. Isobar-hgle982BA19
formalism calculations.
120 — 320 (7%, 7)o (E, 0) 30 — 135 Studied quasi-free scattering. 1982BA65
120 — 320 (7, 7)o (E, 0) 30 — 135 Deduced medium corrections. 1983BA24
100, 160, 220, 300| (7 *, 71" )o(E, ) 30 — 146 Studied systematic properties. 1983LE12
350, 400, 475 (7*, 7*) momen-| 60, 90, 120 Studied quasi-free scattering. Impulsel985B041
tum distribution approximation calculations.
180 (7%, 7)o (E, 0) 20, 30, 40 (lab| Studiedn™ /7~ ratio in region of1l~ | 1986BL07
angles) states of'He to examine CSB.
180 (7%, 7¥p)o(E,0) | 6 = 30 — 80, | Studieds (n*, 7+'p)/o(x~, 7~'p) ra- | 1990J004
—60, =30 — 90 | tio, isospin characteristics 6He.

Much of the work (978BI07 1981MC09 1982BA19 1982BA65 1983LE12 1985B04) is directed to-
ward studies of the properties of the pion-nucleon intevacnd the effects of the nuclear medium. Related
theoretical work includes the DWIA calculations aB(/5HE0§, a coupled channel method in thematrix
approach 1979GMO0J), and the pole extrapolation method for separating strartgedectromagnetic con-
Investigation of medium effects by studying quasi-etastattering is discussed
in (1983S12). The question of isospin mixing itHe and possible charge-symmetry breaking implied by
photonuclear reaction data (see sects. 7, 14, and 21 ofdhipitation) was studied through the” /7~
cross section ratio in1986BL07 and the result implies little isospin mixing in contrasttlwihe earlier
photonuclear results. The calculations ®989HAOQ3J predict no significant deviation from unity of this
ratio for isospin mixing at the 5% level. On the other hand; (7+'p) measurements 0£990J00% found

tributions (L982DA19.

dramatic differences between(, 7+'p) and ¢,

7~ p) in the*He GDR region which, although in sharp

contrast to predicted values, do not provide an unambigimaisation of isospin mixing and probably arise
from the interference of several reaction amplitudes.

24.“He(n, n}He

Ey, = —0.895

This reaction is reviewed i @88AJ0) under the discussion 6He.

25. (a)*He(p, p)He

55

by, = —1.966




(b) *He(p, B)*He+n Qum = —20.578

(c)*He(p, B)°H +p Qum = —19.814
(d) *He(p, B)?H?H Qu = —23.847
(e)*He(p, dfHe Qm = —18.353

Reaction (a) was reviewed by §84AJ0) under the discussion dlLi. Measurements for reactions
(a)—(d) reported since the previods= 4 compilation ((973FI09 are summarized in Tabke22

A great deal of theoretical work has been carried out to deséHe(p, p)He elastic scattering. Much of
this work has involved optical model analysé973CL01 1973SA09 1976AR12 1977AR01 1977DY0],
1978LE231978ME04 1979AL12 1979AR02 1979DY07 1980AR08 1983GR201985K005 1985K007
1985K037 1986BL02 19861S04 1988FR061989TA2Q 1990BE531990DU0S 1990LA17, 1990TA1H.
A distorted-wave impulse approximation calculation of tantinuum analyzing power at 100 MeV is
presented inJ990LA12. Glauber model multiple scattering calculations are gmésd in (974BA38
1974GU211975BL04 1975GU171975NA07 1975WA16 1976AU04 1977AL0G 1977Y0O04 1978AU1],
1979SA09 1980WA06 1981AU07 1981KHO07 1985TE02 1986FR121986SA30 1990L0O13. A multi-
channel cluster model approach is discussed #8{FEO02, and a self-consistent wave function Brueckner-
Hartree-Fock calculation is described B74CI03J. A review of experimental and theoretical advances in
high-energy proton scattering is presentedli®d1WA1A). The effect of coupling between the ground state
and the first excited staté{, 7' = 0) in *He was estimated in @84AHO03 using a breathing-mode model.
Phase-shift analyses and calculations are presentetQifbCA05 1977THO7 1979KAL17, 1979SA35
1985S0081986SA051989C0111991CO0Y, and from a study of experimental phase shift815PL0)
it was concluded that small D-state admixtures to the doniSastate configurations exist in tHele
ground state. For other theoretical studies, 48¢8LA14 1973PL02 1973SI144 1974BA38 1974LY02
1975AH07 1975BA05 1975GI07 1975MA12 1975RU071976DU0G 1976LE22 1976NA04 1976RU04
1977JA121977PH011978MA37, 1980AU09 1981SH041981ZH03 1982P0121982ZH08 1983SA38
1983SH121984BL 21, 1984FI12Q 19840K01 1985FL04 1985KI|11, 1985KR15 1985R0O16 1986AU05
1986DU14 1986KA35 19860K06 1987ZH1Q 1989KA39 1990AU03 1990HUO9 1990L003.

Measurements of proton inelastic scattering and brealagiions (b) and (c) showing evidence for the
lowest0™, 0—, 27, T' = 0 states in*He are discussed in the previous compilati®@73F109. No recent
work has been reported.

A formula to represent amplitudes for three-body break@adtions (b), (c), (d)) is developed and
compared with data inL@87FU10).

26. (a)*He(d, d}He By, = 1.475
(b) “He(d, d)*H + p Qum = —19.814
(c) *He(d, d)*H?*H Qum = —23.847

Reaction (a) was reviewed bg484AJ0) under the discussion 6t.i. Measurements of reactions (a)—
(c) published since the previous = 4 compilation (973FI09 are summarized in Tabk.23 See also
(1973TR04 19821S0§.
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Table 4.22: Measurements and analyses of cross sectiopsofon scattering on

‘He
fc.m. (deg)
E, (MeV) Measurement or Description® Refs.
—t (GeVic)?
1050 o(0) 3 — 47 (lab) Compared with various theoretical calculations. 1974BA14
85 a(0) 10 — 168 Compared with various theoretical calculations. 1974V0O05
580, 720 do/dt —t=0.13 - 0.55 Measured'He recoils. 1975VEQ9
3.47 —8.94 Ay 6 ~ 90 Determined angle forl(E, #) = 0. Phase-shift 1976BR17
analysis.
2.24 —5.90 a(0) 168.8, 104.4 Determined angle forl(E, #) = 0. Phase-shift 1976BR17
analysis.
600 a(0) —t=0.12-0.51 Used Coulomb-nuclear interference to determine  1976FA09
NN amplitudes at 600 MeV.
18 — 48 OR Compared to various calculations. 1976S001
350, 650, 1050, 1150 a(0) —t=0.02-0.71 Studied first diffraction minimum. Theoretical 1977AS01
analyses.
770 o(0) not given (p, p) measurements made for DWBA analysig of 1977BA19
(p, d) cross section.

11 —14 a(0) 19 — 167 R-matrix analysis for dat#& = 0 — 17 MeV. 1977D0O01
11.93, 17.00 Ay 119 — 134, 37 — 157 | Abs. precisiont-0.01. Tabular presentation. 1977HAO06
560 — 1730 a(0) —t=0.006 — 1.2 Studied diffraction minimum. Compared with 1977KL08

other data.

7.3 —11.05 Ay 55 — 135 Tested procedure for polarimeter calibration. 1977MEO6
200, 350, 500 a(8), Ay 3.5—15 Studied dependence on momentum transfer land  1977ST30
energy.

1050 o(0) ~ 180 Studied sharp backward peak. 1978BE30
1750, 2510, 4130 do/dt —t =0.002 — 0.04 Studied proton-nucleon amplitude. 1978DU15
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Table 4.22: Measurements and analyses of cross sectiopsofon scattering on
4He (continued)

fc.m. (deg)
E, (MeV) Measurement or Description® Refs.
—t (GeVie)?
788 do/dt —t=0.11-4.19 Evidence for backward diffraction-like structure. 1978F0O33
20 — 55 a(0) 10-170 Phase-shift analysis. 1978HO17
185 — 500 o(E,0), Ay 144-168 Studied structure in excitation functions. 1978MC06
2680 do/dt —t=10.15—-0.66 Studied shape. 1978NA13
560 — 1730 o(E,0), Ay —t =0.0057 — 1.21 | Compared with theory. 1979C001
205 — 520 Ay 17,15, 24 High-precision calibration standards. 1979GR08
45, 52, 60, 65 o(E,0), Ay 15 — 160 (lab) Obtained data for polarization analyzer. 1979IM01
100 — 700 o(E, ) 180 Explored role of inelastic pion channels at large 1979KA19
momentum transfersHe(p, p) and'He(p,>He).

200, 350, 500 o(E,0), Ay 4 — 168 (lab) Compared with theory. 1980MO09
500 o(E,0), Ay 65, 90, 120, 160 Inclusive scattering measuremeritsle(p, x). 1981R0O03
992 —t =0.0109 — 0.0897 | Deducedr;,, and diffraction cone parameter. 1982VEO03

1000 d?o/dpdQ 156 Plot invariant cross section verspsfor (p, p). 1983AN18
500 R 15 — 50 Measured Wolfenstei® parameter. 1983M0O01
1000 o(E,0) ~ 2 — 60 Analyzed by Glauber-Sitenko theory. 1985AL09
46 A, 30 — 60 Studied parity nonconservation, wealN cou- | 1985LA01, 1986LA29
pling constants.
98.7, 149.3 o(E,0), Ay 17.5 — 60 Measured continuum yields fop(p/) and ¢, d). 1985WE12
700 — 1000 do/dt —t =0.0132 — 0.0799 | Deducedr;,, and diffraction cone parameter. 1985VE13
65 o(Ep, 0p), Ay 20 — 130 Measured for (p,  and (p, pH) breakup. Ob- 1986FU05
served peaks fatHe excited states.
71.9 o(E,0), Ay 25 — 169 Phase-shift analysis of data at 71.9 atd— 72 1989BUO1

MeV.
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Table 4.22: Measurements and analyses of cross sectiopsofon scattering on
4He (continued)

fc.m. (deg)
E, (MeV) Measurement or Description® Refs.
—t (GeVie)?
25.68 Ay 117.5 (lab) Presented new method for precise calibration B89CL04 1989HA28
beam polarization.
695, 793, 890, 991 do/dt —t ~ 0.005 — 0.08 Detected scattered particles and recoils. Phase- 1989GR20
shift analysis.
25.68 Ay 117.5 Developed new method for calibration. 1989HA28 1989CL04
14 — 18 Ay 52 Developed high-efficiency polarimeter. 1988SA41
695, 793, 890, 991 o(bp, 0r) small angles Extracted diffraction slope parameters. 1989GR20
1.5 —2.2 Ay 87 Described design, calibration of polarimeter. 1990PR0O4

& Elastic scattering, except as noted.
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Table 4.23: Measurements and analyses of cross sectiodettgron scattering otHe

E4 (MeV) Measurement Oc.m. (deg) Description Refs.
or
—t (GeVic)?
11.5 —17 AT 51.8 — 158.9 Shows dex scattering is a convenient analyzer for d vector po- 1973CH35
larization.
12,14,17 0(0), Axx, Ayy, 30 — 145 Obtained abs. precision &f0.01. 19730H01
4.8.-9.0 A K 27 — 66 (lab) Measured 4 analyzing tensors and14 pol. transfer coeffi-| 19730H02
cients.
29.8,32.3,34.8,37.8,39.8 0(0, E) 16 — 159 Avg. rel. error2%. 1974WI13
4—5,10 —12.5 Ayy 20 — 180 Investigated analyzing power maxima. 1975GR10
2.38 — 13.60 111 37.5, 45 (lab) Absolute calibration. 1976SC15
6.04 — 7.05 (7 energies) | o(0), iT11, Too, T21, To2 11 — 165 Deduced phase shiftéLi resonance parameters. 1977HA34
0.870 — 1.430 (0, E) 38 — 125 Obtained resonance parameters. 1979BA30
12 — 17 o(0), Ay, Axx Emphasis on backward angles. Phase-shift analysis. 1979GR13
1.8 Ay 01 = 71°107, 02 = 39°22, 02 = 46°40’ | Measured left-right asymmetry for double!the scattering. 1980BA60
20 0(0), Ay, Axx, Ayy, Axz 30 — 150 Optical model analysis. Needed tensor term. 1980FRO1
17.0 — 42.8 (7 energies) | Ay, Ayy, Axx 30 — 160 Compared with RGM and Faddeev calculations. 1980GR03
17 — 45 (7 energies) 0(0), Ayy, Axx 30 — 160 Used rapid spin-flip to reduce exp. errors. 1980ST01
8,9,10,11,12,13 0(0),iT11, T20, To1, To2 ~ 10 — 160 Phase-shift analysis. Deduced level$ in. 1983JE03
3—43 Tij, Aij Phase-shift analysis used to investigate states of maxipmim  1985JE04
larization.
56 0(0), Ay, Axx, Ayy, Axz 12 — 160 Deduced optical model parameters. 1985N101
8 — 56 a(0), Ay, Axx, AxzAyy, 10 — 165 Reviewed polarization measurements, analyses. 1987GRO08S)
1111, T20, T21, Th2
11.9 K 55.1 Measured six polarization transfer coefficients. Deduead-s| 1988ELO01

tering amplitudes.




Many theoretical studies dHe(d, dfHe elastic scattering have been reported since the previmus
pilation (1973FI09. Phase-shift analyses have been carried outlBy4SC14 1975GR09 1984BA19
1985JE04 1990KU16G 1991KR03. See also1990KU0§. Resonating group calculations are described
in (1974THOS 1976LE17 1982KA24, 1983A003 1985FI01 1985KA20, and optical model analyses in
(1984FR13. Calculations based on Glauber theof@{8IN02 1986FR12, the orthogonality-condition
model (L980NI07), microscopic coupled-channel mod@BB3SA39, and the three-cluster coupling model
(1986M123 1987MI06 have been carried out. Nucleon-nucleon-alpha Faddeeulatibns were reported
in (1987HA34 1990BL13. Calculations utilizing a three-body formalism with Conib interaction were
described in1986AG03. A geometric model for dd collisions at high energies@ GeV) is described in
(1990HU09. Convergence properties of the pseudo-state method wesstigated in {988KA25. See
also the recent work ofl@90KUO0G 1990KU16 1991KR03J.

Early experimental evidence for levelsiale from reactions (b) and (c) are discussedlifi73FI0).
No new work has been reported.

27.4H(t, t)*He Ey, = 2.468

This reaction is reviewed inLO66LA04).

28.*He(He,*He)'He E, = 1.588

This reaction is reviewed inl@88AJ0).

29. (a)*He(x, a)*He E, = —0.091
(b) *He(a, o/)*He +n Qum = —20.578
(c) *He(a, o/)*H +p Qm = —19.814
(d) “He(o, o/)?H?H Qm = —23.847

Reaction (a) was reviewed b¥488AJ0) under the discussion 8Be. The previoust = 4 compilation
(1973F109 reviews early work on reactions (a)—(d) giving information excited states itHe. More re-
cently, the work reported irl@82F116 studied the effects dHe in the first excited((") state on the elastic
o« scattering. Kinematically complete experiments on reacd) at 119 MeV reported inLR8OKA20)
found structure in the coincidence energy spectra correlipg to excitations irfHe of 25.5, 27.8, 29.7,
31.7, and 35.3 MeV. Angular correlations were used to asgigs: 2+, 21 (17), and2™ to the last three of
these. An investigationl@81BA39 of the excitation spectra dHe nearF, = 20 MeV by means of and,
o’) experiment at 64 MeV used d@-matrix representation to extract level paramet@xs= 20.29 + 0.02
MeV, I'y = 0.89 £ 0.04 MeV for the first excited state.
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30. (a)%Li(7—, 2n)*He Qu = 134.57
(b) SLi(7t, 2p)*He Qm = 137.16

Reactions (a) and (b) are reviewed in the previous compiigfi973FI09 and evidence for the forma-
tion of the ground and excited states'sfe based on the summed neutron and proton spectra fromamescti
(a) and (b), respectively is cited. No new evidencetde levels based on reaction (a) has been reported.
However, the triple-differential cross section measunaismef reaction (b) described ing86RI10J) indicate
strong population of théHe 2~ state at 22.1 MeV excitation. The energy dependence of #uios around
the A(1232) resonance was explored i®90ZHZ2). See also(986WHO01 1987HU13.

31.6Li(n, t)*He Qm = 4.782 Ey, = 7.250

This reaction was reviewed i1988AJ0) under the discussion 6t.i. No work giving information on
levels in*He has been reported. See, howel&8EBA6S 1986CA29 1986FA1J.

32. (a)SLi(p, *He)'He Qm = 4.018 Ey, = 5.607
(b) SLi(p, pd)'He Qum = —1.475

These reactions are reviewed H988AJ0) under the discussion dBe. The previous compilation
(1973FI094 summarizes early experimental and theoretical work osetiheactions that relate to the structure
of *He. More recently, differential cross sections for reactia) (1974SC2)were measured and analyzed
by cluster-model direct reaction formulae, and possiblrdoutions from compound structures within the
3He-4He*(0T) channel involving the first excited state‘dfle at 20.1 MeV were discussed. Measurements
atincident energie& = 1 — 3 MeV are described inlO89ZAZX). See alsoX987ZA07).

In (1974ZH0) an estimate of the contribution of spin-flip knock-out pFsses in reaction (b) is pre-
sented. The distribution of effective numbers of n-p paifidi over the excitation spectrum 6He is given.
Quasi-elastic knockout of exciteédHe clusters by fast protons at large momentum transfersausised in
(1987ZH10Q.The excitation spectrum dHe is calculated.

33.6Li(d, a)*He Qm = 22.372 By, = 22.280

This reaction is reviewed by ©88AJ0) under the discussion &Be. The previous compilatioi®73F109
cites two reported experiments which provide informatiorezcited states diHe. More recently, an exper-
iment (L1978FU03 at E4 = 13.6 MeV involving do angular correlations showed evidence fdrtastate at
25.52 MeV excitation with a width of 2.26 MeV and an odd-pastate at 27.5 MeV. See alsbq75GL0J.
Arecent experiment &y = 18.2—36.8 MeV is reported in {989BA89. See alsol973HE06 1973MI20,
1974MI110Q, 1979WAO02 1981YUOQ] 1990YAL]D. An analysis of tensor-analyzing-power data is described
in (1990SA40.
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34.7Li(p, a)*He Qum = 17.346 Ey, = 17.255

This reaction is reviewed by ©88AJ0) under the discussion &Be. The previous compilatioi973F109
cites two experiments which provide information on exciséates of‘He at 20.06 and 21.2 MeV. A recent
measurement at incident enerfy = 29.1 — 44.6 MeV is reported in {989BA89. See also the analysis of
data at thermonuclear energies I990RA29.

ALi

GENERAL

The stability of*B against particle decayi§88AJ0), in particular against decay intide + 4Li, sets
an upper limit of 1.7 MeV on the separation energy*bi into p + 3He (1952SH4%. The instability of
4H against particle decay (séel, GENERAL) makes the particle stability 8f.i very unlikely, since the
Coulomb energy of'Li is approximately 1.7 MeV larger than that 6H (1963WE1(, and the nuclear
energies should be identical because of charge symmetrgethall decisive tests of the stability Hfi
have failed. Searches for its beta decay have given negaudts (see reaction 1). Indirect proof of the
non-existence ofLi can be provided by a measurement of the solar neutrino fhixlwould be strongly
influenced by the existence 6Ei. See ((968MEQJ. For other theoretical work otLi, see (1974ST14
1979HUO02 1981KA39 1988C0O15.

The level structure ofLi presented here is based on Bamatrix analysis 1983HA1N) that gives a
good representation of all the4p 3He scattering data at proton energies below 20 MeV. BW rasmna
parameters from that analysis are given in Tab®4and shown in Fig. 3. The spin-correlation attde
analyzing-power data included in thepde analysis determined that the lowier level is primarily in the
3p state, while the uppér~ is primarily in the! P state, removing the ambiguities in the earlier phase-shif
solutions, as was discussed in the previous compilati®i3F104.

As in the case of théH levels (see¢'H, GENERAL), which were based on tiei parameters, all the
levels are at least 1 MeV lower than they were1873FI109. The only significant difference between the
4H and’Li levels is in the position of the ground state above the eneitrinucleon threshold, as would be
expected from the simple model used to obtain4Heparameters. Again, the parameters of the analysis
predict very broad, positive-parity; = 1 states in theky, = 15 — 20 MeV range and antibound P-wave
states that cannot yet be identified in the data. The kribwn1 levels in theA = 4 nuclei are summarized
in the isobar diagram of Fig. 4.

The S-matrix poles resulting from the analysis are all far frora thal axis with large decay widths
while their residues are relatively small, leading to smallies of the strengths. Although the connection
is not clear at this point, the small residues for these polag be connected with the anomalously small
widths that have been observed in recent experimé®80BR14 1990BR17 that detect'Li states in the
particle spectra of breakup reactions. It may even be plesiat these experiments are not detectin@2the
and1~ states as they assume, but positive-parity statesaod1') whoseS-matrix poles are much lower
in energy than are th&g-matrix poles.

1. 4Li(B8T)*He Qm ~ 21.7 not observed
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3He + p. See Fig. 1 for details about notation and TabR4for more information about the levels including
total widths.
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Table 4.24: Energy levels 6Li defined for channel radius, = 4.9 fm.
All energies and widths are in the c.m. system.

E, (MeV) JT T ' (MeV) | Decay | Reactions
g.s.? 2- 1 6.03 p, *He 3
0.32 1~ 1 7.35° | p,*He 3
2.08 0~ 1 9.35 p,*He 3
2.85 1~ 1 13.51¢ | p,3He 3

2 4,07 MeV above the p- *He mass.
b Primarily *P;.
° Primarily 'P;.

As noted in the previous compilation473F109, the positron decay ofLi, if it were particle stable,
must lie close to 20 MeV, and all searches*brbeta decay with the expected energy have yielded negative
results. Since the previous compilation, no evidence fisrdecay has been reported.

2. 3He(p,7)Li Qm ~ —2.9 not observed

This reaction has not been observed. Upper limits have drased on the absence of observable beta
decay (973FI0).

3. 3He(p, pyHe

Measurements of cross sections, polarizations and anglyowers reported since the previous com-
pilation (1973FI09 are summarized in Tabk25 and methods of analysis are indicated. No evidence for
narrow levels is reported. A discussion of the general featof the earlier cross section data as it concerns
possible states iflLi is given in (1973F10J.

Recent polarization measurements are reviewed, and asaysl comparisons with model calculations
are presented inlP87GR0Y. Phase-shift analyses are reported iI872BO15 19785206 1985BE39
1985SA232, in addition to those carried out in connection with expents summarized in Tabke25
A considerable amount of theoretical work bearing3¢te(p, pfHe has been carried out. Microscopic
calculations for théLi continuum presented irl@77BE4( include®He(p, p) differential cross sections as
well as*Li and*H level positions and widths. A cluster model study b9 T9FU03 predicts the ordering of
T = 1 negative-parity states iA = 4 to be2—, 1~ (triplet-main),0—, 1~ (singlet-main). In the microscopic
multichannel resonating group calculations B@1HO04 theT = 1 level order is predicted to k&, 1~
(triplet), 1~ (singlet),0~.

In (1987F103 a review of recent progress in four-body scattering andHarp reactions in the integral
equation approach (IEA) is presented. Theoretical studiesed out with various formulations of (IEA) are
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Table 4.25: Measurements and analyses of cross sectiopsofon scattering on

3He
Oc.m. (deg)
E, (MeV) Measurement or Description® Refs.
—t (GeVic)?

13.600 Ay 15 — 165 Precision measurements. Compared witi974JA16
n -+ 3He.

85 o(0) 10 — 168 Compared with various theoretical calcu-1974V0O05
lations.

18.0, 20.0, 22.5, 25.0, o(FE,0) 14 — 165 Phase-shift analysis. Compared to res-975MO15

27.5, 39.0, 35.0, 40.0, onating group predictions.

42.7,45.0, 48.5,57.0

27 a(6), Ps 40 — 160 Polarized®He target. 1975WA08

600 o(0) —t =0.08 —0.45 Chose—t range to study nuclear multiple 1976FAQ09
scattering.

16.2 K¥ KY K¥ 30 — 90 R-Matrix analysis. 1976HAO08

18 — 48 or(E) Beam-attenuation technique. 1976S001

415, 600 o(0) 0p = 136° — 172° Detected®He recoils. 1977FR05

25 A, for 3He 46 — 156 Polarized target. 1978MU14

19.6 —26.5 Ay 135 Phase-shift analysis. 1978MU14

2.30, 3.00, 4.47, 6.80, Ay ~ 45 — 155 Polarized®He target. 19785705

8.80

6.82, 8.82, 10.77 K, Kyy’, KX 43.6,58.9, 76.9, 93.9 | Compared with calculated values fropl978WE16
previous data analyses.

1000 o(0) ~ 20 —45 Studiedo (6) near minimum. Compared 1979AL15
with Glauber model.

1.74 — 4.50 Ay 40 — 150 R-Matrix analysis. Established order pf1979DE04
low-lying 7' = 1 “Li levels.

0.3—-1.0 o(E,0), Ay 52.4 —173.3 Phase-shift analysis. 1980BE06
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Table 4.25: Measurements and analyses of cross sectiopsofon scattering on

3He (continued)

fc.m. (deg)
E, (MeV) Measurement or Description® Refs.
—t (GeVie)?
700 — 1700 o(E,0) 160 — 180 Features i (E, 6) attributed to baryonig 1981BE52
excitation.
1000 o(E, Ep) 156 Studied proton spectra. 1983AN18
21.4 —49.6 Ay 20 — 160 Errors< 0.01. Data compared with fits 1984BI05
from phase shift andR-matrix predic-
tions.
978 do/dt —t =0.03 — 0.15 (GeVlc)? | Results compared with Glauber-Sitenkal984BL07
theory.
19.5 —47.5 o(E,0) 10.1 — 1734 Phase-shift analysis. Compared with rest984MU13
onating group calculation.
1000 () ~ 10 — 40 Analyzed by Glauber-Sitenko theory.1985AL09
Obtained p, n r.m.s. radii difference.
25.0, 30.0, 32.5, 35.0 Ay 39.8 — 152.6 Polarized®He target. Statistical error | 1985MC04
0.05.
200, 300, 415, 515 o(E,0), Ay 15 — 150 Analysis by Glauber multiple scattering1986HA23
theory.

@ Elastic scattering except as noted.




(1976SA02 1977BA46 1985S0O071986F0O07 1987FI03. See alsol980BA55 1982BL15 1983BL15.
Extensive use of the Glauber multiple scattering theory been made to describe the scattering cross
section in the intermediate energy region, for examp8yBNAOG 1976FR121979MEQ8 1981BI10§. See
also (L976LE32 1978PE2). Optical model calculations ofHe(p, p) have been reported ih979SHOG
1984LA20 1984PA09 1985SA22 1986LA02, 1990LA0]). The mechanism of two-nucleon exchange in
backward scattering is explored ih989LA26). The specific distortion effect of the three-nucleon duat

the p+ 3He system was studied in a resonating-group formulationlBg§SH1). A non-relativistic field
theoretic formalism was used$79F008 1984F0O0§ to develop a soluble four-body model and calculate
scattering cross sections. Time-reversal violating &ffeclow-energy’He(p, p) scattering were calculated
and found to be very small77SI11). For other theoretical work related téle(p, pfHe see {972KI113
1973KI07,1974LY02 1975BA05 1975KI11, 1975RU01 1979KA19 1983LY07, 1984LA25 1987AB13.

4.3He(p, dyH'H Qm = —5.494

Early measurements of particle spectra fromtHe(p, dYH'H reaction are tabulated in the previous
compilation ((973F109, and a discussion of information obtained on pp final-sitateractions (FSI) and
pp and pd quasi-free scattering (QFS) processes is presavitere recent experiments diie(p, dyH'H
are summarized in Tabke 26

Measurements of continuum cross sections and analyzingnsawported in(985WE123 were com-
pared with distorted-wave impulse approximation calcoret based on quasi-free nucleon and deuteron
knockout. Results of this comparison clearly indicatedtied for including deuteron knockout. Several ex-
periments orfHe(p, d) have been carried out to investigate the questidibafyonic resonances. A review
of experiments includingHe(p, d) and other reactions was presented 886GA15. Missing mass spectra
reported in {987TAL17 1987TA20Q show narrow structures possibly associated vidth- 2, T = 1 quan-
tum numbers. The structures observed have masses and (iiths 2.24040.005, I'; ;2 ~ 0.016 +0.003
GeV; My = 2.192+0.003, I'; /5 ~ 0.025 £ 0.006 GeV; My = 2.121+£0.003, I'; /5 ~ 0.025+0.002 GeV).

An independent investigation reported tBB8SA33 found narrow structure in the missing-mass depen-
dence of analyzing power that showed significant correspocel with previous reports and predictions of
theory.

5. 3He(p, nYH'H'H Qm = —7.718 not observed

The previous compilation1©73FI109 lists a limited number of measurements of neutron speotira f
3He(p, nyH'H'H and notes there is no evidence for a neutron group belowatirebiody threshold. No
recent work has been reported.

6. 3He(d, n}Li Qm ~ —2.225

As noted in the previous compilatiod473F109 this reaction was reviewed i1974AJ0), and early
work setting an upper limit to the cross section was cited.ns\w measurements have been reported. See,
however, the work on primordial nucleosynthesis discugs€ti991RI03.
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Table 4.26: Measurements and summaries (S) of particldérsgfeem the*He(p, d) reaction

E4 (MeV) Particle 0 (deqg) Description Refs.
detected
98.7,149.3 dp 0q = 17.5,60 Measuredr(f), A,(¢) DWIA | 1985WE12
analysis based on quasi-free d
knockout.

750, 925 d, X 40 (lab) Measuredo (6, E), missing| 1986GA15
mass. Searched for narrgw
dibaryons.

750 d, X 6, 40 (lab) Measuredo (6, E), missing| 1987TAL17
mass. Reported evidence for
narrow B = 2 resonance.

750, 925 d, X |22,32,40 (lab), 30, 40 Measuredo (0, E), missing| 1987TA20
mass. Reported evidence fpr
narrowB = 2, T = 1 struc-
ture.

pp = 1.46 GeVie | d, X 22 (lab) Measuredo (0), A,(f). Evi- | 1988SA33
dence for narrow structure.
7.3He(d, nfHe+ 'H Qm = —2.225 E, = 16.387

This reaction was reviewed in the previous compilati@®73FI04 and by (974AJ0). No evidence
was cited for states diLi. No new work has been reported.

8.3He(He, dfHe + 'H

Qum = —5.494

E, =114

89

This reaction was reviewed in the previous compilatib®/3F109 and by ((974AJ0). Upper limits are
quoted for the cross section. Two experiments in which theyets oPHe(*He, d) reactions were studied
have been reported sinc&9(73FI09. The first of these1977DA1]) searched for high energy deuterons
from 3He(He, dYHe+ e + vat E(®*He) = 15 and 20 MeV in connection with the solar neutrino problem.
The other experiment examined quasi-free processes irhvatileast two of the final-state particles were
charged. Beam energies were 50, 65, and 78 MeV. The kinewmtditions that were chosen favored the
dominance of d3He quasi-free processes over sequential decay modes thtbugy °Li. No evidence for
4Li was observed in either of these experiments.

9. 4He(r~)'H + 3He

Qum = 35.394
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Table 4.27: Measurements and summaries ($)'of- *He reactions

Reaction

E. (MeV)

Description

Refs.

‘He(r ™, p)’He

‘He(r*, 2pfPH

60, 100, 220

50 — 295

50 — 300

400, 475

100, 160, 220

50 — 295

165

65 — 320

Measureds(F, 0) and proton spectr
at 45°, 90° (lab). Studied absorptio
mechanism.

Measuredr(E, 0) at20°, 40°. Yields
nearly proportional to number of ta
get NN pairs.

Measuredr(E, 6) at 20°. Compared
7TNN—Np andr*d—pp.

Measured yields fof, = 30°. Two-
nucleon pion absorption kinematic r
gion emphasized.

Measuredr(E,, 6) and proton spec
tra atd, = 30° — 150°. Observed
quasi-deuteron absorption mode.

Measuredo (E,, E,) at 0, 30°,
40°. Studied pion scattering and a
sorption contributions.

Measuredr(6,,, 6,,). Deduced con;
tribution of 2N +© —2N reactions
where initial 2 nucleons are in a re
ative S-state.

Measured charged-particle multipli

a 1977JA15
n

1980KA37

r

1981KA41

1981KA43
e_

- 1981MCO09

1983KA14

b-

1981AS10

C1990ADZY

ity, 0'(91, 91)

Early work on this reaction was summarized in the previousgtation (1973FI04. More recently,
extensive reviews of experimental and theoretical work gpemuclei were presented iI1975GAL1A
1978P0O1A 1990CO1D 19900S1A. A theoretical study1985LY1A) found that the polarization of the
protons and tritons in the reaction is largely determinethieystrong interaction in the pHe system. The-
oretical analyses of the binding energies of the ground xwoitesl states of}XHe andj‘xH are presented

in (1982K0O13 1987YA1M). See alsoX988MA09. Coulomb effects and charge symmetry breaking are
discussed inJ985B0O17. A four-body calculation of th€™ — 17 binding energy difference is reported
in (1988GI1H. Non-mesonic decays are discussedlifi8cTALE 1986SZ1A 1990C0O1D0D 19900S1A.
Evidence for the existence of¥nucleus bound state formed in a{Kr~) reaction orHe was reported

in (1989HA39. See also1989HA3(Q 1989HA39 1990HA08 1990HAL]). The possibility of forming
doubly-strange=-hypernuclei is considered ii983DO1B. Theoretical discussions &f-hypernuclei are
given in (1990HA1B 1990HA08 1990HA11 19900K03.
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10. (a)*He(r ™, p)*He Qm = 120.28

(b) *He(r T, 2pyYH Qm = 114.79
(c) *He(r ™, 2p)N+ 'H Qm = 112.56
(d) *He(r, 70)ALi* Qum = —14.69

Measurements of cross sections and proton spectra frorareda) reported since the previous com-
pilation (1973FI09 are summarized in Tabk27. The emphasis in these measurements is on the study of
pion scattering and absorption contributions. A reviewha experimental and theoretical situation with
respect to pion absorption in nuclei is presentedli®g86OH09, and an isobar-hole model calculation is
described for'He which takes into account large pion distortion effectd predicts the main features of
the cross section correctly. One experimental study ofti@acb) was reported1©@81AS1(). The relative
absorption ratio of a pion by’ = 0 and7 = 1 pairs was determined. Calculations of this ratio have been
carried out utilizing a standard theory af-isobar excitations1(982TO1§ and by a unitary isobar model
(1984S103. Earlier work reported in1974WI119 obtained amplitudes and cross sections for the, 2p)
reactions in a treatment based on field theory. No new dataamtion (d) have been reported. A calculation
of inelastic pion-nucleus collisions and pion absorpticonf the Boltzmann equation which included the
(= t, 7%) reaction is described il @79HUO0)).
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