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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&He! *He+ “n does not occurl@64GO1B 1964G0O25. The
most precisely determined mass exces§Hé (1988WA19 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 fotH ! 3H + 2n. SinceQ > 0 (1988AJ0), “n must be
unbound.

If bound“n exists, al = 2 state should be found ffHe (seel968MEO03 1973F109 at26< E x < 29
MeV. Also aT = 2 resonance should occur inth®H at6 < E ., < 9 MeV. Resonances have been found
in n+ 3H (see*H), but there is no evidence to support a suggesti®@b8AR0G of T = 2. No low-lying
T = 2 states of'He have been found (sékle); systematics givE,(T =2)  34MeV (1963FR13, 32
MeV (Kurath, quoted in963SC3%andEy > 50 MeV based on shell-model calculations BPE6KR0G
1970S2031972SZ07. All experimental searches f6n 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, dFH differential cross sectionl@70TH13. A
K -harmonic approach also nds that thia state is absentl68BA20. A hyperspherical-basis study of
A =3 8 multineutron systemsl@89G0O1§ indicates that these systems have no bound states. However
a similar theoretical studyl@89GU1§ reports thatn has a resonance state because of the existence of a
kinematical barrier.

Arguments based on pairing-energy systemati@(G0361960ZE03 would require the stability of
“n, if 3n is stable {965TA19, but see {968KA35. Suspicion of the stability ofn (1965AJ03 has not
been con rmed (se€968KA35and1968MEO3 1975FI08 1987TI07).

In the following reactionsQ-values have been computed assuningn)=0.

1.%He( ,2 *)*n Om 3100 not observed

The previous compilationl@73F109 notes one experimental search for neutrons from the aleae r
tion with negative results: 1.7 b.

2.%He( , *)*n Om 309 not observed

Measurements of theHe( , *)*n reaction carried out in search of evidence forand extending
fromE =100 215MeV are summarized in the previous compilatid®{3FI09. Neither bound nor
unbound*n was detected in this early work. More recently, (henomentum spectrum from the double-
charge-exchange reactionEt = 165 MeV was measuredl984UNO3J in a search fofn, and an upper
limit of 22 nb/sr was set for the cross section. Note, howetret the theoretical study ofl986KE2(]
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reports that the nal-state interaction in the four-neuatgystem 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. Nermédor*n 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 etemypth quasi-free scattering were included.
A very recent search for the tetraneutron was carried okt at= 80 MeV and - (lab) = 50 100
(1989G0OL17 and set an upper limit( ) 13 nb/sr. Several theoretical studies of pion double-charge
exchange ofiHe have been reported. 108977GI09 cross sections were calculated for=0 500MeV

in a model in which two single pn charge-exchange scattsraugur. In the work of{980J103 1981J1029

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

3.7Li( ,3He)n Om 1068 not observed

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

4. "Li("Li, 1°Cy*n Om 182 not observed

A measurementl©@88AL11) carried out at |5, = 10 for 82 MeV ’Li ions found no*n resonances. An
upper limit of 4 nb/sr for the cross section was determined.

5. ’Li(°Be, 1N)*n Om 234 not observed

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

6. 'Li(*'B, *0)*n Om 167 not observed

Incident’Li energies o8 71 MeV were used{988BE03 to study this reaction. No evidence ‘of
was observed. See alstB6BE44 1987B0O40).

7.°Be(Be, *0)*n Om 17:6 not observed



This reaction was studied 988BE03 for incident®Be energies of2 90 MeV. No evidence for bound
or quasi-stationary states 4 was obtained.

4H

GENERAL

The stability of the rst excited state &Li against decay intéHe+ *H (1988AJ0) sets an upper limit
for B(*H) 3:53MeV (1965BA1A). This also sets a lower limit to the decay energ§H! “He of 17.06
MeV. The upper limit of the  decay energy would be 20.60 MeV*H is stable against decay intél + n.
(1965BA1A) give estimates for the expected half-life of the beta deday (*H)=0 ,1 ,2 , ;- 10
min;ifJ (*H)=0%*,1*, ;-, 0:03sec. Experimentally there is no evidence for anydecay of*H (see
reaction 1), nor has particle-statfilel been observed (see reactions 2—19). Evidence for a gauittable
state of*H has been obtained fiLi( , t)*H+ n (See reaction 16) & 3 MeV above the unbountH + n
mass with a width < 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 rieedf theR-matrix
parameters fofLi (see“Li, GENERAL) after shifting all the p2He E 's by the internal Coulomb energy
difference Ec = 0:86 MeV. The parameters then account well for measurementseohH total
cross section1(980PHO) and coherent scattering length985RA33, as is reported in1O90HA23. The
BW resonance parameters from that analysis for channalgadi = 4:9 fm are given in Tablet.1 and
are shown in Fig. 1. The levels are located substantiallyetow energy than they were in the previous
compilation (L973F109, as will be true for all theT = 1 levels of theA = 4 systems. ThéLi analysis
unambiguously determined the lowkr level to be predominantlyP; and the upper one to be mairfip;;
that order is preserved, of course, in fii¢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, having Ey,
as well as antibound P-wave states approximately 13 MeMab#le2 ground state. Parameters were not
given for these states in the table because there is no dliei@nee for them in the data.

The structure given by th8-matrix poles is quite different, however. The P-wave resmes occur in
a different order, and the positive-parity levels (esdgcfar 0* and1*) are much narrower and lower in
energy. Itis possible that these differences inShmatrix andK g-matrix pole structures, which are not yet
fully understood, could explain the puzzling differenckeattoccur when these resonances are observed in
the spectra of multi-body nal states (séi, GENERAL).

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

of ®H + n. Horizontal lines representing the levels are labeledhgylével energies and values of total angular
momentum and paritgJ ). Other horizontal lines mark the threshold energies of tigéicated multi-particle sub-
systems. A typical thin-target excitation function for’i-scattering is shown at the right side of the gure, 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 (usufidyhighest) at which the reaction leading to formation of an
A = 4 nucleus has been studied.

Table4.1 contains further information on the levels illustrated;lirding total widths.

5



8.481
p+3n
.257 -
33; 6.02 ! n
527 0
3,90 1-
319 2
5 50 4H SH+n

109)
O

0.000



Table 4.1: Energy levels dH de ned for channel radius,, = 4:9 fm.
All energies and widths are in the cm system.

Ex (MeV) J T (MeV) | Decay| Reactions
g.s.2 2 1 5.42 ncH | 1,11
0.31 1 1 6.73 | n,%H | 11,12
2.08 0 1 8.92 n,3H
2.83 1 1 12.99¢ | n,3H | 11,12

23.19 MeV above the i 3H mass.
b Primarily 3P;.
¢ Primarily *P;.

1.4H( )*He Om 206 not observed

As noted in the previous compilatiodg73FI109, all searches for the beta decaysf have yielded
negative results. No new work has been reported.

2.3H(n, )*H Om O not observed

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

3.3H(n, nPH

Measurements of cross sections, polarization, and amgymwer for*H(n, nH 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 1986F0O07. An R-matrix prediction
of n—>H cross sections and scattering lengths frofHe-scattering data is described ifDOOHA23. A mi-
croscopic calculation for théH and*Li continuum in which structure and reactions were treatedmmequal
footing was done by1977BE4(. “*H and“Li level positions and widths were calculated. B79FO0$
a soluble model of the four-nucleon system was developewjusnonrelativistic eld 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 # tand p+ 3He. See alsolQ89PO2}.



Table 4.2: Measurements and summaries (S) of cross sect{ohsanalyzing poweA( ) and
polarizationsP ( ), for the®H(n, n¥*H reaction

E, (MeV)

Measurement

cm (deg)

Description

Refs.

6.0, 9.0, 18.0,
19.5, 21.0, 23.0
14 15

14.1

0:06 80

0:06 1.2

Low energy

Low energy

(E; ); Pn

(E; )

(E; )

(E)

(E)

bound scattering
lengthlky,

bound scattering
lengthlk,

32 149

0,1,67,96

40

Liquid 3H target.

Reviewed, compared
existing data. Measured
in energy interval to
study anomaly.
Measured absolute cross
sections. Optical model ang
Faddeev calculations.

Gas target. Compared with
p +3He data.

Measured (E) at low
energy, extrapolated to zerg
energy. Inferred scattering
lengths.

Used neutron interferomete
Deduced singlet and triplet
scattering lengthssg, .
Remeasureddwith skew-
symmetric neutron-
interferometer. Deduced,,

1972SE28S)

1976PA23S)

1976SH20
)

1980PHO1

1980SE02

D

r1981HA36

1985RA32
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4.3H(n, d)2n Qm= 6257

The previous compilation1©73F109 lists several measurements of theé(n, d)2n reaction and notes
that forward-angle deuteron spectra are sharply peakddlaehergy indicating a strong nal-state interac-
tion between two neutrons.

More recently only one additional measurement has beemtsgpdDifferential cross section measure-
ments aE,, = 14:1 MeV were carried outl976SH2( for deuteron angle$ , 10,20, 30, and40 . The
measured energy spectra were represented satisfactgrédyFbddeev calculation which took into account
the nn nal-state interaction.

A soluble model involving four interacting particles andiging a eld theoretic formalism was dis-
cussed in 1976F013. Total cross sections fotH(n, d)2n were calculated. A calculation described in
(1982WUO0J considered quasi-free scattering and d + n cluster streicund deduced reaction kinematics
and cutoff radius effects.

5.3H(n, p)3n Om= 8482

Measurements of proton energy spectra are summarized prekimus compilation973FI09. In the
only measurement reported since, polarized thermal nesitneere used1©80BOZH, and the measured
asymmetry was used to determine the upper limit ofRhedd asymmetry coef cient. See also the review
of resonances in three-particle nucl&®89M0O29.

6.3H(d, pPH + n Om= 2225

A summary of early measurements of fié(d, p) reaction is given in the previous compilatid®{3F109.
Proton spectra show no evidence of formatiorfléf Observed structure in the proton spectra is attributed
to nal-state interactions in thBH + n system. Upper limits for a bound state are discussed. Hewibe
recent work of {990BL14 on a kinematically-complete measurement of the equiv&ld(t, tp)n reaction
for E; = 35 MeV nds evidence for &H ground state withE s = 3:1 MeV, 2 = 2:3 MeV. This work in-
cludes a review ofHe ground-state parameters from recent experiments. Se€ 873SL031977WEOQ3
1981SE111982SE081985FR011986BE351987G0251989GR221990AMO04, 1990BL14 1990BR14
1990BR17. Since the previous compilatiol473FI09, measurements of vector and tensor analyzing
power atEq =3 6 MeV and anR-matrix analysis were reported480CL1A 1980DE1A. At T 300
K, thermonuclear reaction rates f&(d, p) and several other reactions of interest to astrdpfysere cal-
culated (989SC2%. The distribution of relative velocities between padiivas described by the Maxwell-
Boltzmann distribution. Results were compared with piigles experimental results.

7.3H(t, dPH+ n Qm

6:257



The previous compilatiorl©@73FI09 cites measurements in which structure was observed iretitebn
spectra from théH(t, d) reaction, but the structure was attributed to ntte interactions in théHe + n
system. Other experiments noted i®{3FI109 have determined upper limits for the cross section. No new
measurements on this reaction have been reported.

8. (@*He(, *)*H+n Om= 1607
(b)*He(, 9)*H+p Om= 1548
(c) *“He( , p)*H Om= 1981

Measurements of reaction (a) cited in the previous conipilatl973FI09 show some evidence for a
3H + n nal-state interaction, but other explanations are gussiNo new work has been reported. Angular
distribution measurement&d489GL 0§ of reaction (b) were analyzed in terms of quasi-free, ergbaand
guasi-elastic reaction mechanisms. Measurements of thmenastry in angular distributions for reaction
(c) induced by polarized photons of energies 40 MeV and 125-NleV 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.%Hee , )*H+n Om= 20596

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

10.%He( *)®H+ n Om = 118:460

The previous compilation1@73F104 cites one measurement, but no evidence féiHa n nal-state
interaction. No new work has been reported.

11. (a)*He( , )*H* Qm = 115:6
(b)*He( ,  *)*H* Qm = 1635
(c)*He( , n)*H Om = 118:5
(d)*He( , 2n¥H Om = 112:2
(e)*He( , 3n)H Qm =110:0

The previous compilation1@73FI04 discusses measurement®(2B109 of the energy spectrum of
-rays from  capture which show structure attributed to capture tb a= 2 , Ex = 3:4 MeV state
(apparent g.s. dfH) and two strongly mixed. levels atE, = 5:1 and 7.5 MeV. No newWHe( , )*H*
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measurements have been reported. A review of recent datecsigt in determining the characteristics
of the ( , ) reaction on light nuclei was presented iB82GMO03. A calculation of the total radiative
capture rate fromiHe pionic atoms is described iag88WEOQ).

Early experimental and theoretical work on reaction (c)usisarized in {973FI09. More recently,
measurements of differential cross sections were repaittéd = 100, 200, 290 MeV (978KA0]), and
ate = 285, 428, 525, 575 MeV19810R0119820R0§. The  absorption was found to proceed by a
two-nucleon mechanism with an energy dependence contsigitnformation of aJ = 5 resonance in the
intermediate state. Measurements of the energy spectiaghé :eutrons, protons, and deuterons following
absorption of stopped in “He were reported inlO81CEO0). An analysis of théHe( , )*H reaction at
290 MeV utilizing the effective channel approach was presgtin (1981REOQ). The reaction was studied
in the resonance region within the framework of ehole model {983HI11J).

No new measurements of reactions (d) or (e) have been repdrewever, a cluster-model study of
“He( ,2nyH 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 QOm= 19814

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 excitaifcthe giant resonance
states in*H. It was noted that th@ ground state ofH does not appear to be populated appreciably. No
new work on this reaction has been reported.

13.5Li( ,2pPH+ n Om = 23514

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( ,dPH+ n Om = 117:0
(D) SLI(  ,npPH+ n Om = 114:8

Measurements of coincident charged-particle spectraisiga in the previous compilatioh73F104
show structure which has been interpreted either in termas mdil-state interaction ifH + n or in terms of
levels in*H. The yield for reaction (a) is stated to 20 0:5) 10 “ of all possible  + 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 reacterhamisms
as well as cluster absorption. Angular correlations of ttesg section for reaction (b) were measured
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(1986Y00§ at E = 70 MeV, and the components of the two-nucleon absorption csession 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( ,2pfH+ n Om 33582 not observed

The previous compilation1©73FI09 lists no observations of théLi( , 2pY*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(  ,t3H+ n Qm =116:0

The previous compilation1©73FI09 states that no evidence for a particle-stable statiHdfias been
found, but notes that charged-particle spectra foicapture at rest indicate structure which is interpreted as
a®H + n nal-state interaction. Other measurements are cited,moposed states in the unbouttd + n
system are discussed. More recently the charged particdes the breakup ofLi following capture
have been identi ed in coincidencd 79ME13, 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 < 4 MeV. A review of previous experimental searches for pastishstablé'H is included.

17.7Li(n, )°H+ n Om = 2:468

No evidence for a particle-stable state had been obtairted dine of the previous compilatiod973F104.
Upper limits ( 2:2 mb) were quoted. A recent measuremeri§6KNO0§ of the *He production cross
section for an average neutron energy of 14.95 MeV gawg0:336 0:016) b. Measurements of coinci-
dent energy spectra of alpha particles were reporte@d986MI11, 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.°Be('Li, *H)*2C Om 3:233 not observed

The previous compilation1@73FI09 notes one particle-identi cation measurement on thitiea
with no #H particle groups detected. No new work has been reported.

19. 10B("Li, 13N)*H Om 1:409 not observed

The previous compilation1@73FI0) cites one measurement which determines an upper limit ®n th
cross section and concludes tBst*H) 0:16 MeV. No new work has been reported.
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‘He

GENERAL

Ground state Due to non-central forces, the wave function for fhe= 0* ground state ofHe can be
a positive-parity mixture of thre&Sy, six 3Py, and ve °Dg orthogonal statesl@67BE73. Of course, the
symmetric S-wave component is the dominant part of the weaion, with signi cant D-wave and almost
negligible P-wave contributions. Since the D-state adun&xican be inferred from measurements such as
the tensor analyzing powers fé(d, )*He (reaction 1), it has been the subject of much experimemnizl
theoretical attention since the previous compilatib@713F109, 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 [(L988CA19, (1991CA35]
using realistic nucleon-nucleon potentials have beengliccessful in reproducing the ground-state prop-
erties of light nuclei. These calculations fifle give D-state probabilities ranging from 15-17.5%, de-
pending on the potential model (including three-body feyagsed, and P-wave probabilities that are much
smaller ( 1%). Other theoretical and experimental estimates of theéal»percentage are considerably
lower, but these inferences can be complicated by the presd@hmore 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 (1984WI09, overbinds*He by 0.9 MeV, whereas most variational calculations uniderit by more
than 1 MeV. In both cases, three-body forces contributeastt|8 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 exactlygh to agree with the experimental value,
28.296 MeV. This energy results from a cancellation of lak@getic-energy and two-nucleon potential-
energy terms, so that the three-body forces, though smedirmparison to the two-body forces, make a sig-
ni cant contribution to the binding energy. Since the naléorces are assumed to be charge-independent,
the small amount of repulsive Coulomb energy (0.75 MeV) iegphigh 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 fexagreater than about 4.5 frh, the variational
calculation follows the data somewhat better than does #HRIG 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#iIGFalculations when the experiments are
corrected for the nite energy range of the measured sums.

Excited states

The unbound excited-state level structure presented kebagsed on the comprehensive, Coulomb-
corrected, charge-independdmatrix 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 differenceEc = 0:64 IMIe_V and the p2H and n2He reduced-width ampli-

tudes scaled by the isospin Clebsch-Gordan coef cier%t. The isospin-0 parameters are then varied to t

the experimental data for the reactions among the two-bbdgiels p- *H, n+ 3He, and & ?H, at energies
corresponding to excitations file below approximately 29 MeV. In this t, th& = 0 nucleon-trinucleon
reduced-width amplitudes are constrained by the isosjatioa
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(T=0) _ (T=0)
n3He p3H

and a small amount of internal Coulomb isospin mixing isddtrced by allowing
(T=1)
60,

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

Although the*He analysis is not yet complete, the predicted levels areisufly stable that we feel it
is worthwhile to report them as preliminary results. The B&anance parameters at channel raglii=
ap3pe = 4:9fm andagg = 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 degete [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
signi cant isospin mixing in those states. In addition, sl newT = 0 levels that have essentially+dd
character appear, some of which were anticipated by a pi@uiof Sergeyevi972SEQOX

The rst threeT = 0 excited statesQt , 0 , 2 ) of Table4.3 are in reasonable agreement with those
of Table 3.0.2 (which were fairly well established) tB3FI09. Above about 22 MeV excitation energy,
differences begin to occur. There is no evidence in the aisabf the*He-system reactions for a separate
0" or1*, T =0 level atE, = 25:5 MeV as has been seen in thet “He* nal states of reactions 28
and 32. It is possible that the anomaly seen in these readsodue to a shadow pole associated with the
0" excited state aE, = 20:21 MeV, or that the true position of th@* 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 rang&x = 23 26 MeV (which
were at least 3 MeV higher irl@73FI09) isanewl ,T =0 level atEy = 24:25MeV that has important
effects on the & d reactions at low energies. Isospin mixing between thie stad the’P;, T = 1 level
atE, = 23:64 MeV causes signi cant differences in the p-wave part of the d reactions, as have been
observed in muon-catalyzed984BA1W) and polarized 1981AD07) 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
proposed” level atEy = 24:6 MeV was found by {989HA2A) in tting their measurements.

The remainingl = 0 levels atEx = 27 30 MeV are primarily d+ d states, except for thE level
atEy = 28:31 MeV. The®S; level atEy, = 27:42 MeV is interesting on two accounts: it marks the rst
appearance of a state from the [20] representation, andbgpty corresponds to a resonance that had been
seen by {966LE1A) in 6Li(d, )*He* spectra, but was later withdrawn b}968BA2Q when they failed to
see itin d+ d elastic scattering measurements. The effect of the besamhance can be seen i d elastic
scattering excitation functions measured bh9g9WI01), however. Because of its width, this state causes
the®S, transitions of the @ 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 thetii
d+ d S-waves.

The series ofP; levels concentrated ne&i, = 28:5 MeV are clearly the ones from the [15] repre-
sentation predicted byl@72SEQO). These broad levels are not apparent in the data, but tieeseguired
primarily by the cross-section and analyzing-power mezaments for dr d elastic scattering. The level
in this sequence has been seen in the decéief in the nal states of reactions 25, 28, and 32. Fiie
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Table 4.3: Energy levels dHe de ned for channel rad, = a, = 4:9fm, ag = 7:0fm. All energies
and widths are in the c.m. system.

E, J T b n d Decay Reactions
(MeV) (MeV) | (MeV) | (MeV) | (MeV)
g.s. (0 0
20.21 0 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 3.442 | 2.762 | 0.00 6.20 | p,n, ()
24.25 1 0 3.082 | 2.872| 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 6.52° | 6.14° | 0.00 | 12.66 | p,n, 7
27.42 2 0 0.25 0.23 8.21¢°| 8.69 | p,n,d | 6,28,32
28.31 1* 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 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 2 0 0.00 0.00 3.789 | 3.78 d, 6, 21
29.89 2 0 0.04 0.04 9.64¢| 9.72 | (p,n),d| 28

a Primarily 3P;.
b Primarily 1P;.
¢ Primarily °S,.
d Primarily1D5.
€ Primarily °D5.
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resonance that was previously thought to be at 33 MeV B,at 28:67 MeV, and anotheR™ resonance,
primarily in the®D, d+ d channel, gives a second [20] stat€Egt= 29:89 MeV.

Estimated uncertainties on the parameters giverf'fte 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 , T = 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 8fthatrix. A signi cant difference between these
parameters and the BW parameters of TabRis in the position of thé* state. TheS-matrix poles are
located at least 3 MeV higher in excitation energy than ispgble of Kr, meaning that th@" state is
no longer the rst excited state dfHe. This might explain the great dif culty shell-model calations
(1977BE02 1988CEO03 have in obtaining the excitation energy of tbe 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, pesjiiarity, T = 1 levels.

Experimental work not discussed explicit{f973AN26 1973AY02, 1973BR201973DE171973EL04
1973GA171973G0381973HE06§1973HE261973JA211973KA08 1973MI120, 1973N0O07 19735008
1973T0O06 1973TR04 1974BA94 1974GE101974G0151974GR021974HE171974L11Q 1974MI10,
1974RU06 1974T0O031975BI08 1975GE121975GL08 1975KA05 1975SC311976AR11 1976BA57,
1976B0O051976BU19 1976DA24 1976HA17 1976JA1719760H021976SC261976SH231976SK02
1976SU061976TA1]1, 1976WA12 1976ZA11,1977B0221977CA051977G0O161977KA02 1977KA1Q
1977LA13 1977LE021977MI113 1977NO101977R0O181978AR051978AR21 1978BA751978C0O16
1978FA061978GE121978HA42 1978L.U05 1978ZA06 1979AB14 1979BA27 1979BA33 1979BA66G
1979DR10Q1979EG011979H0O041979JU021979KA03 1979SK051979SU141979WA02 1980BA17,
1980G0211980KA17 1980MA2Q 1980NE1119800R051980R0O031980WA1Q 1981EG031981FA02
1981FA07 1981G0O031981LA07, 1981NE0§1981SM04 1981 VA0S 1981WA15 1981WI11,1981YUO0],
1982BA16 1982ER0619821S06 1982KE1Q 1982L.A09 1982LA11, 1982LA20 1983AN02 1983AR05
1983C0091983RI101 1983WA09Q 1983YO01 1984AR17 1984F0181984GM01 1984HO01 1984KA33
1984KR121984KR23 1984LA19 1984LA32 1984MAT71,1984TS011984TU02 1984VO05 1984WA18
1985BE631985BL05 1985CE131985CE161985CH371985TA13 1985TA18 1986BA68 1986BU0S
1986CA29 1986EN051986FA13 1986HE161986KE01 1986KL04 1986LA26 1986SM041986S003
1986WA11,1986WH01 1987AL09 1987BA69 1987HU13 1987LA25 1987ME01 1987ME18 1987QA01
1987WA25 1987ZA07 1988AR2(0 1988DY01, 1988LA11, 1988ME11 1988RA31 1988S1141988ST06
1989AB1Q 1989AR08 1989AR16 1989AR2(0 1989BA23 1989CL01 1989C0141989CR051989DM02
1989GL031989SH171989S7021989TA19 1989Y0O03 1990AB11, 1990BA58 1990GE121990LU1Q
1990NI01, 1990SM04 1990YA11, 1991DE02 1991SC051991WE0§.

Level calculations not discussed 973CA161973GE1]11973KU02 1973MA48 1973NA19 1973PE05
1974LE3Q 1974NA03 1974NA18 1974SA05 1974S1051974YAL1L 1976BEO1 1977HI09 1977SC18
1977VEOQ9 1978AT01, 1978DE16 1979BE15 1979BE42 1979TA23 1981CE021981SA32 1981SC09
1981VA23 1982A701 1982AZ02 1982BE391983BE521983GE131983GR241983H0221983KU2Q
1983MA44 1983VAO0S 19837ZE061984BA41,1984KU13 1984L101, 1984MA03 1984SU071984VA0G
1985BE61 1985CA4(Q 1985CE061985D020 1985DU05 1985L109 1985P0221986AY01, 1986BES5]
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1986DA04 1986DU1Q 1986KA02Z 1986KNO§ 1986RO031986ST131987BL18 1987CA1Q1987CEO]
1987HO071987KR07 1987RE041988ZH03 1988ZH05 1988ZH07 1990CE061990KHO01 19900K03

1990VA14 1990WO09 1990ZH1Q.

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

Eq (MeV) Measurement (deg) Description Refs.
4 125 () 0 132 | Fitto () indicated E2 transition 1973P001
lDz! lSO
0.163 (E) Compared with plasma thermal dig- 1984CE03
tribution calculations.
376 () 73,91 | Compared to*He( , d) measure{ 1984SI01
ments.
9.7 (), T2 45 140 | Measuredr,q as*He D-state signai 1984WE14
ture.
0:05 0:160 =5 0 180 | Compared with direct-capture cal- 1985WI108
culations.
10 (). Ay, Ay 25 155 Found evidence for non-E2 radia-1986ME02
tion.
10 (1),iT11, T2, To1, T22 | 25 155 | Model-independent analysis, ex-1986ME16
tracted speci cT -matrix elements.
0:7 149 (E, ) 40 140 Looked for D-state effects in (d,) | 1986WEQ7
at low energies.
0:05 0:500 (), (B) 0 90 | DeterminedS(E), and implied evi-| 1987BA58
dence foPS, ! ° Dy amplitude.
1.2 (), Ay, Ay 55 140 | Model calculation used to study ey- 1988LA14
idence for E2, E1, M2 radiation.
2.5 (1),iT11, Too, T22 25 155 | Studied role of odd-parity multiy 1987MEZV
poles interfering with E2.
0:3 30 Ay, Ay 130 Compared data to result of resonat-1988WE15
ing group calculations.
95 (), Ay, Ay 55 149 | Results indicate reaction dominated 1989P106
by htD,jE2j'Ssi transition to*He
S-state.
1.2,14.7,
Eq 08 (), Ay, Ay, Tao 30 14 | Transition matrix analysis. Com- 1990LA16
pared to MCRGM.
54 147 Ay, Ay 130 Studied*He D-state. 1990LA16

Other theoretical work(1973AV03 1973B0341973BU01 1973DE191973DU1Q 19731001 1973K0O26
1973KU03 1973LE24 1973LI114 1973MA1Q 1973MA20 1973NA26 1973PA171973PA191973RA27
1973WE141973ZA03 1973ZA11 1974BE151974DE411974DH03 1974D0101974DZ03 1974F104
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1974F1131974GR031974KA35 1974KH02 1974KO03 1974MA21, 1974PA111974SA181974SA29
1974SA301974SA311974S0131974ST141974TE051974TO08§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 1976 TO07 1976UL02 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 1980BE171980CH371980DE011980DUOG
1980F0141980FU051980GR011980HAS54 1980KA18 1980KH01, 1980KO04 1980LA2Q 1980LI109
1980MA3(Q 1980MEO7 1980SA161980TO111980ZN01 1981BA41 1981BE011981BE241981BE39
1981BE631981BL0G 1981CA141981CH031981DE271981DE341981D0011981D0021981DR11
1981DU08§1981DU191981DZ01 1981F00]11981F0111981FR201981G0091981GU10Q1981JA07
1981JE011981JI05 1981KA12 1981KA39 1981K0O37 1981LE22 1981L.0O08§ 1981NAO4 1981NI0S
1981N0O04 1981PA161981PL031981SA14 1981SH071981ST1919817A01 1981ZA02 1981ZA05
1982AT01 1982AV08 1982BA73 1982BL05 1982B0O08§1982DA03 1982DA19 1982DE121982DE35
1982DE511982FR111982FR141982GR181982HU11 1982KA06 1982KA11, 1982KH01, 1982KHO05
1982LA07, 1982LA16 1982LA19 1982MU13 1982NI102 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 1984L0O09 1984MA04 1984MA11, 1984M0O24 19840R011984PR091984RE091984SHO7
1985AL12 1985AN11 1985AR05 1985BA45 1985B0021985BU02 1985BU0G 1985CH011985DE37
1985FA02 1985FR091985HE19 1985KA30 1985K0O03 1985KR12 1985KW02 1985MA3Q 1985PA10
1985PR021985SA32 1985S0061985SP051985THO04 1985T10§ 1985T0O19 1985TR03 1986AB02
1986AN08 1986AN09 1986AN35 1986BA15 1986BA69 1986B101, 1986CA28 1986DE111986DU0OG
1986GR021986HA45 1986H0O331986J101 1986KE07 1986KH02 1986KH0G 1986KU11, 1986LE22
1986NA05 1986PA08 1986PA15 1986RA21 1986SA02 1986 TA07, 1987AR11 1987BA49 1987BI122
1987B0O091987BU021987BU04 1987CA131987CA171987CA271987CA291987GI101 1987GMO02
1987GM04 1987K031, 1987KU03 1987KU12 1987L134 1987MA61, 1987MO33 1987NE0§1987PA13
19870QI01 1987SA15 1987SC251987SH09 1987S0041987TA0G 1987TA27 1987TR0O7 1987VAOS
1987VA29 1987VA36G 198772001 1988AL12 1988AN1§ 1988BA63 1988BA74 1988B0O04 1988B0O40Q
1988CH161988C0151988DI11Q 1988D0171988DU04 1988FO081988FR021988G0101988GU0O7
1988KA23 1988K032 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 1990CI01 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, )*He Om = 23:847 Ep = 23:847

The previous compilation1©73F109 reported measurements of thid(d, )*He reaction fromEq4 =
0:8 482MeV. Measurements and summaries since 1973 are preseriiatle?.4.

The early measurements dfq73P0O0) atEy4 = 6:05, 8.96, and 11.67 MeV gave( ) sin®2 , and
it was concluded that the process proceeded through an Edtioa by'D, | 1S,. Measurements at 376
MeV (1984SI10), however, corroborate deviations reported in the invegaetion by {976AR0Y from the
sin?2 angular dependence. The cross section results are consiste time-reversal invariance.

A measurementl®84WE14 of tensor analyzing powér,g atEq = 9:7 MeV gave a non-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 functiofttéé. 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, )*He analyzing powers foE4 < 20 MeV, and led to the conclusion
that the tensor analyzing powers depend linearly on the ptio D/S ratio . Using wave functions with
phase shifts obtained from resonating group calculatithes; found good agreement with tfgy data of
(1984WE1j for 05< < 0:4. These large values ofwere superseded by later, more detailed cal-
culations (see below). Measurements of vector and tensdyzng powers aEyq = 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-statexadlenin “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 agreewidnthe results of {986 ME02 1986ME16
using*He wave functions which were obtained from variational aktions ((986SC03 and which indi-
cated a value for thHe D-state parametef986TO1) D,  0:2 fm2. The energy dependence of vector
and tensor analyzing powers 50 from 0.3 to 50 MeV (988WE1} indicates tha#y (130 ) is sensi-
tive to *“He D-state components and has its maximum value Bgar 30 MeV. Some of these results are
reviewed in (987GRO0$.

A recent measurement989PI10§ of cross sections and analyzing powers at intermediategiigq =
95 MeV) indicated the dominance of theéD,jE2j1Syi transition involving the S-state component*éfe.

Experiments on théH(d, )*He reactions at low bombarding energi&® (150 keV) relevant to
astrophysical processes were reported B#86WI09. (This reaction had been proposed earli&§4CEO03
as a temperature diagnostic for plasmas). The , ratio was measured, and it was noted that a D-state
component in théHe wave function is a possible explanation for the resulainled. The measured cross
section forEq between 0.7 and 4.5 MeV and angular distributions of crosime 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 otens. In particular it was shown that the
ratio (90 )= (135 ) increased at low energies in such a way as to imply an asyim@eto S-state ratio

= 0:2 0:05 Measurements of(E) and ( ) for Ec.p: =50 500keV (1987BA58 were interpreted
to indicate that theS, ! °Dy amplitude is dominant foE.m,. < 200keV. 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?H(d, )*He reaction based on a microscopic description of the
nuclear wave function reproduce the dataligr < 3 MeV and indicate a 5-7% D-state admixture in the
“He ground state. The study reported1987BL19 nds 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, )*He (1987PI08
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 of  0:4 suggested in1(987PI10§ is too large and should be0:2
as proposed in1086WEQ7J. The dif culty of extracting D-state properties fitHe 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 andnesadatensor analyzing
powers attq = 1:2 MeV to conclude that the cross section consists of nearhalecpntributions of E2,
E1, and M2 radiation, and that the tensor analyzing powerinsgsily due to the large E1/M2 strength. The
results of this calculation are compared with experimeadish onAy andA,y for Eq(lab) =0:3 50MeV.
Good agreement was obtained wilk, , butA, was overpredicted at low energies ( 2 MeV). See also
(1990WEO03. This model predicts a D-state probability of 2.2%*IHe, 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
(1988WE20. It is worth noting that the most recent calculationsIHE8CA19, which use the Green func-
tion Monte Carlo method, indicatetatal D-state probability ifHe ranging from 12 to 17.5%, depending
on the details of the NN interaction assumed. A variationaink@ Carlo calculation1991AR0Y) of the
reaction forEq  500keV indicated that at these energies the reaction procéealisgh the D-states in the
deuteron and the alpha particle, and that the contributionesH or *He D-states can either add to produce
a large cross section or cancel. A recent review of non-gmiezomponents ofHe and other light nuclei
is presented in1990EI0).

2. (@)2H(d, %)*He Qm= 1111
(b) 2H(d, 2 ©)*He Qm = 2461
(©)2H(d, * )*He Qm= 2553

Measurements of the charge-symmetry-breaking reactipneferted in {987BA19 established an
upper limitof () 08 10 ® b/sratEq = 0:8 GeV, cm: 100 . An historical synopsis of ex-
periments and theoretical estimates of reaction (a) is @lesented. An earlier measurement reported in
(1974BA2H gave an upper limit ( ) 1:9 10 ° b/sratEq = 1:89 GeV, c¢m: 79 . See also
(1981EGO03. A theoretical calculation1©982CH27 assuming various charge-symmetry-breaking mecha-
nisms gaved:1 10 © b/srfor () atO in the region of the (3, 3) resonance. More recently )
at0 was estimated1©86C0O0) to be 0:8 10 8 b/sratEy = 1:95 GeV assuming virtual and ©
production and © and ° 9mixing. See alsol976BA1A 1985BA1X). For references to earlier work see
(1973FI109.
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3. 2H(d, nHe Qm = 3:269 Ep, = 23:847

Measurements and summaries of cross sections, polarigagoalyzing powers, and polarization trans-
fer coef cients are presented in Tab#leb. Summaries and discussions of earlier works are given in the
previous compilation973F109. Several experiments which have a bearing on possiblaegikstates in
“He have been reported. Measurements @&, ) at70 150keV (1975P00% indicate no evidence
for a resonance near the dd threshold'lite. Measurements of( ) made at lab energies 800 700
keV (1973Y101) were expanded in even powers of camd indicate some evidence for a statélite at
23.9 MeV, but do not differentiate between suggested assgts of2* or 1 . A measurement dP,( )
(1976TO03 is discussed in relation to possible f-wave admixturesh@2t state in*He at 22.1 MeV.
Measurements of (E, ) between 18 and 26 MeV1980JO0Y and Legendre polynomial ts provide no
evidence of a proposed level thle near 30 MeV.

Several measurements of thé(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 ifl@87KR1§
with windowless gas targets Bt..,: = 2:98 1625 keV extend into the plasma fusion region and deduce
the astrophysical factd8(E) and present polynomial ts. Another measurementSQE) at 125 keV is
reported in {986BR20).

Several experimental studies related to the use of theioeair a source of monoenergetic neutrons
have been carried out and are included in Tdbfe See especially the work reported ifBf8DR0§, which
establishes an absolute scale for) forEq =6 17 MeV. Extensive tables of cross sections and Legendre
coef cients are presented. See alsd®{2DI05 1973SA20 1973WE19 1981PA26¢. Analyzing power
measurements are reported B{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, includfig(d, n), for fusion-related applications.

Measurements of observables for the mirror reactfi@, nPHe and?H(d, p*H and the implica-
tions of possible differences on the question of chargepsgtry violations are described iIAg72GR28
1973Y101, 1975P0041978K0O06 1979DR01 1979K023 1980BI08§ 1981AD04. See also the compila-
tions of (1987FI03 1987GRO0§.

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 fbr & 1 level in*He at 24.1 MeV.

Analyzing powers and polarizations féH(d, nHe and?H(d, p)’H were calculated1980BE2) in a
generalizedr-matrix methodology framework, and the differences priediovere an order of magnitude
smaller than those reported BQ(79DR0). The (d, p) and (d, n) reactions were also studietrgFI10 at
energies below 200 keV, and the relationship betweenRamatrix 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-nucldéamatrix approach is discussed iO85SO0Y. See also
(1976SA032. The parameterization of polarization observables imgeof matrix elements fotH + d reac-
tions is given in {982AD04. The mirror reactiondH(d, nHe and?H(d, p*H were studied {990VA04)
in a multichannel resonating group framework, and the patars ofJ = 0*,0 ,1 , 2 resonances
in “He are established. An analysis of all available data orethaisror fusion reactions was carried out
(1990LE23 to extract reaction matrix elements fBg ~ 500keV. The effect of théH(d, n) reaction rate
on predicted abundances of light isotopes from primordi@lensynthesis is investigated it991RI103.
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Table 4.5: Measurements and summaries (S) of cross sectfoh&nd analyzing
powersA( ) for 2H(d, nfHe

Eq (MeV) Measurement cm: (deg) Description Refs.
11.4 iT11 10 140 Compared witl?H(d, py*H to check| 1972BL02
charge symmetry.
12, 14, 16, 18 (), (En;0) 0 65 Looked for evidence of resonances|in 1972DI05
“He.
10.8 Pn 35 60 1972DU02
10.0, 11.5 iT11, Too, To1, Too 95 156 Looked for excited states ftHe. 1972GR28
16, 18, 20, 22 | P, 45 Discussed usefulness of reaction for 1972HA49
polarized n source.
1:96 6:2 (E, ) 15,0 180 | 2H(d, nPHe, t.o.f. MeasuredH(d, | 1972SC28
3He)n.
0:87 500 | P, 10 150 Compared wititH(d, py*H. 1972SM04
6, 8, 10, 12,14 | P, 10 90 1972SP05
0:3 09 Pn 46 Studied polarimeter errors. 1973DA15
33 149 KZ 0 Studied use ofH(d, R) as reaction 1973SA20
source.
18.6 (Eq, En) 35 32 Studied use of reaction as high intejn- 1973WE19
sity n source.
03 07 (E, Esper ) 20 160 Measured relativéH(d, n),?H(d, p) | 1973YI01
cross sections.
139 1525 (Eg, En, ) 0 130 1975AZ02
1.1 545 Pn 27 105 1975GA07
1 15 K&'o, A, 0 Provided observables needed for use 1975L108
of 2H(d, r) as source reaction.
0:07 015 (E, ) 15 165 No evidence for resonance near gdd 1975P004
threshold.
0:052 0:692 | P, 52 53 Used new type of He recoil polarimeg- 1975SI116
ter.
2.44 Pn 45, 55 Agreed with (975GAQ7. 1976TO03
0:035 0:275 | Py 45 No evidence for resonance at 100 1977AL08
keV.
50 85 () 12.5-45 Measured?H(d, n) and®H(d, p). 1978AL26
6 17 () 0 180 Established absolute scale fof ) | 1978DR0gES)
by calibrated t.o.f. system.
25 115 iT11, Too, To1, Too 20 160 Measured foPH(d, n),2H(d, p). Re-| 1978K006
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Table 4.5: Measurements and summaries (S) of cross sectfoh&nd analyzing

powersA( ) for 2H(d, nPHe (continued)

Eq (MeV) Measurement cm: (deg) Description Refs.
15.5,17.0 Ay, Axx, Ay, Axz 70 130 MeasuredH(d, n) and®H(d, p). 1979BR18
05 55 Az, Ay, Az, Ayz, 0,0 160 Compared With’-H(d, p). Found dif-| 1979DRO01
Axx vy ferences.
0:100 0:500 | P, 45 130 Used improved small angle Mot{- 1979GA05
Schwinger scattering Polarimeter.
13.6, 24.3 () 0 Used gas target proton recoil tele- 1979G021
scope.
4 13 iT11, Too, To1, Too wide range | Measured foPH(d, n),2H(d, p). Re-| 1979K023
port evidence foCS violation.
300 1250 (Eg, ) 0 60 Phenomenological analysis of bary- 1980BI08
onic exchange mechanism.
10 Ky, KX, KZ KX, 0 180 1974SA07
KZ, Ky, Ay, A,
Ayy, Az
0:290 0:460 | P, 245 90 1980GA03
18 26 (Eg, ) 20 90 Detected recaoils. 1980J007
0:06 0485 | Ay, Az, Ay, 20 150 Detected recoils. StudietH(d, n) | 1981AD04
Axx yy and?H(d, p).
3 6 () 0 Used Proton recoil telescope. 1981PA26
8.0 Pn 0 20 MeasuredP,( ) at small angles to 1981TO15
explore properties of reaction for
source of polarized neutrons.
6.4, 8.03 () 0 Reported technique to correct for 1982GR26
background from breakup neutrons.
55 115 Ay 0 150 1983GU03
0.14 (Eq, En) Used high pressuréHe ion chamber,  1984F104
to measure n spectra frothl plasma.
52 Pn, Ay, KQ’O 60 160 1984KL05
11 (Eg, En) Used NE213 and t.o.f. simultane- 1986AN32
ously.
0.125 S(E), anisotropy 1986BR20
versuse
18 Ph 0 854 Used liquid“He as scintillator in | 1987IE02
polarimeter fole, =3 18MeV.
0:0298 0:1625| (E, ) Used windowless gas target. Dp- 1987KR18
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Table 4.5: Measurements and summaries (S) of cross sectfoh&nd analyzing
powersA( ) for 2H(d, nPHe (continued)

Eq (MeV) Measurement cm: (deg) Description Refs.

0:001 19 (En, ) 0, 90 Studied background problems. 1989B0O41

0:02 0:117 (E, ) 20 130 2.0% accuracyR-matrix analysis. 1990BR04
18 Pn 15 75

The?H(d, n*He reaction at very low energi¢g 4(c:m:) < 55keV) 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 caloalén (1990KO2§. The fusion of polarized
deuterons is considered ihg84HO10 and it is argued that a “neutron lean”dH-fusion reactor is unlikely
to actually be so. On the other hand, the DWBA calculation1886ZH05 indicates that such a reactor
may be feasible.

4.2H(d, pPH Om = 4:033 Ep = 23:847

Measurements and summaries of cross sections, polarigagoalyzing powers, and polarization trans-
fer coef cients are given in Tablé.6. Earlier work is reviewed in the previous compilatidi®{3F104. For
a review of recent measurements of polarization obsersdbrethe?H(d, p)*H reaction and a comparison
with model calculations, seé$87GR0$.

Recent measurements at low energiE33(KR 1§ have provided more accurate determinations of the
astrophysical facto8(E). See alsol985JA16 1986BR20).

A considerable number of experiments have examined the sgation and polarization observables for
differences between the charge-symmetric reactiét(g, p*H and?H(d, n’He. Measurements of vector
polarization at 1 MeV 1987K023 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&9Y700K0) 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 differeneéhin uncertainties. On the other hand, mea-
surements of vector and tensor analyzing power&fpr 1:5 155 MeV are interpreted1(979K023 to
indicate strong evidence for charge-symmetry violationreaBurements of these observableE at< 5:5
MeV (1979DR0) and atEq = 2:5 115 MeV (1978K0O06 1978K0O2§ show signi cant 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 MeNM85K02( indicate thaP yo( ) is a slowly varying function
of Eg4, and that thd = 1 barrier penetration factor is suf cient to describe therggedependence. Cross
section measurements betwedh 150keV (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 400keV (1973Y107) indicate the need for a stateirle at 23.9 MeV but do not distinguish between
2" andl . Measurementsl@81GR1§ of the cross section and tensor analyzing poweiifgr=1 13
MeV are tted with Legendre polynomials and give clear evide (L987GR0§for al level at 24.1 MeV
and strong indications of 4" level at 24.6 MeV.

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

Ep (MeV) Measurement cm: (deg) Description Refs.
7.1,9.8 Ay, Alz, AY, 0 Studied reaction mechanism. 1972DU18
30 115 (), 1T11, Too, 75 160 Looked for*He resonance. 1972GR28
T21, T2z
196 6:20 (E, ) 10 150 Sought improved accuracy, abso- 1972SC28
lute
6 15 K&'O,Kﬁ) 0 Compared with (d, n) (six enef- 1973CL0O5
gies).
0:3 07 (E,Ep, ), (E, 20 160 Detected all charged particles. 1973YI01
Eshe, ) Compared with (d, n), looked far
“He state.
10 P KX K, 21 82 | Cooled?H target: He polarimeter. | 1974GR30
K%(O! K))(/X1 K))//;/)!
0 0
K%’Zv K))(/Z
0:09 0:190 | Tensor analyzing Explored anomaly nedeq = 100 | 1974GU22
power versug ¢ keV.
13.6 (Eg, ) 209 146 | Accurate to< 1% error. 1974JA15
12 Ay(Eq, ) Polynomial ts. Explored possible 1974NE13
resonance ifiHe.
12.6 Ay() ComparedAy, Py . 1974ZA06
0:7 0:150 (Eg, ) 15 160 Measured (d, p), (d, n). Looked for 1975P004
“He state.
50 85 (Eg, ) 125 45(lab) | PWBA analysis. 1978AL26
25 115 iT11, Too, T21, T2 20 160 Compared (d, p), (d, n). Possible 1978KO06
CSB.
1978K026
13.39, 15.50, | Ay, Axx, Ayy, Ax 20 150 Explored asymmetry abog0 . 1979BR18
17.00 Measured, compared (d, p), (d, n).
05 55 Az 0 Compared (d, p), (d, n). Explored 1979DR01
possible CSB.
4.0 13 iT11, Too, T21, T2 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 fatH(d, p)*H (continued)

Ep (MeV) Measurement cm: (deg) Description Refs.
13.2 () 12 90 DWBA analysis, compared (d, p), 19790K01
(d, n).
300 1250 “He 0 60 Baryon exchange interpretation. 1980BI108
0:120 05 (Ed, Ep) 90, 135 Information for ion-beam analysis; 1980MOO03
0:6 0:485 Ay, Az, Ay, | 20 150(lab) | Compared (d, p), (d, n). Extrapo- 1981AD04
Axx yy lated to lowE.
1981ADO0O7
1 13 (Eg, ),iT11 5 160(lab) | Found evidence for levels ffHe. 1981GR16
0:.02 0:117 (Eg, ) 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 (Eq, ), T(), Reviewed new pol. observables, gv1987GRO&S)
A() idence for levels iffHe.
0.975 py° 15 100 | Precision measurements. Com- 1987KO22
pared with (d, n) to examine CSB
0:0298 0:1625| (Egq, ) Windowless gas target. Deduced 1987KR18
S(E).
0:02 0:117 (E, ) 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 @yt is presented i1987FI03. Calculations of
this type are reported ii@77BA46 1977PE131982BL15 19830S051984BA17 1984F0O081985S007
1986F0O071989F0131990FO002.

Calculations {980BE2) within the framework of a generalizeld-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 ih981HO04 propose an additional low-lyinfy T = 0 level, but rule out
a d+ d threshold level and nd no evidence forld level around 25.5 MeV. A calculation reported in
(1990VA04) for (d, n) and (d, p) establishes the parameters of resesané¢He withd =0*,0 , 1 ,

2 . An R-matrix approach987K02) used to analyze (d, p) and (d, n) polarization data nds ridexwxe
foral level at 24.1 MeV. Theoretical argumentsOf2SEQY are used to suggest = 0 states infHe.
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 f8H(d, p) is presented ilO89B0O33). 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 tRel(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 out990LE23 to extract reaction matrix elements féiy 500
keV. The effect of théH(d, n) reaction rate on predicted abundances of light jsegdrom primordial
nucleosynthesis is investigated itOQ1RI03.

5. (a)2H(d, npd) Om= 2225 Ep = 23:847
(b) 2H(d, 2n2p) Qm = 4449 Ep = 23:847

Measurements and summaries of particle spectra from ttakinpereactions (a) and (b) reported since
1973 are presented in Takler. Earlier work is reviewed in1973F109.

The dp and dn spectra obtained By =6 13MeV and reported in972VA04 1972VAQH are domi-
nated by a broad peak associated with d-nucleon quasi<¢egeeeng (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 somec@®nce spec-
tra. Quasi-free scattering was analyz&846DJ0) in terms of the modi ed single-impulse approximation
(MSIA). The nal-state interaction (FSI) coincidence spacagreed 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 d4 = 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 @73CHO0Y give no indication of any contribution from the (isospinmden)!Sy
pn nal state. Proton-deuteron coincidence spectra weed us(1972V01J to test the Trieman-Yang cri-
terion. The results indicate that the one-pole graph is anbtient to describe the reaction. Three-body
breakup energy spectra fay = 60 MeV (1982FU1( 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 nal-state interaction was obtainedanBlwave analysis of measurements made at
Eq = 34:7 MeV (1978AL21) under the two-spectator condition gave an experimemyheatio of about
0.14. At 80 MeV (L978LEO0) analysis indicated that, in addition to the double-sgectarocess, the process
of double spin- ip excitation is important. (See alsbOB5K00])). However, good ts to these same data
were obtained {981WA29 by assuming nal-state interactions between both nal rgrg and 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 isgoitesl in (974SL04. See also{973SL04
for a critical analysis of models. Off-energy-shell cotieas to nucleon-deuteron scattering amplitudes are
explored in (972DU12. 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 iAg76RE0§. 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 caldidas for reaction (a) are extendetb@8MDOJ)

to regions where nal state interactions are important.

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

Eq (MeV) | Particle detected (deg) Description Refs.
125 dp, dn coin. n=  d Compared QFS ind 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-body972P0O02

nal state.
10 pn n=0 QFS model analysis. Compared withtpd | 1972VA04
process.
6 13 np, nd, pd coin. 1= 2 Studied dominance of Nd QFS processes.| 1972VA05
20 pd coin. Conditions chosen to enhance nd QFS, te4972V013
Trieman-Yang criterion.
27.5 pn coin. p= n Conditions chosen to enhance np FSI. 1973CHO05
23.15 pp coin. small pp Absolute , 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
p =348
52 pd, nd coin. Studied angular dependence of np FSI, [pd978KL07
and nd QFS.
80 pp coin. symmetric angle pairs, 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
diusrpn.
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 Measurediy . 1989FU12

53 133 n Measured neutron yield. 1990CA36

12 n Measured ( , E). 1990FEZZ
6. 2H(d, dpH Ep =23:847
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Measurements and summaries (S) of cross sections and iagap@vers are presented in Talles.
Summaries and discussions of earlier work can be found iprindous compilationi973FI09. As noted
there, the cross section has no pronounced structure tgjow40 MeV (Ex = 24 44 MeV in “He). In
the very low energy regiorsy = 80 360keV, measurements of the cross sectibdi’lbMA43 1975N106
provided no evidence for a resonance near the dithreshold. Similarly, the cross section measured at
Eq =9:8 36MeV (1985NE0J showed a smooth pattern with no indications of resonaridessurements
of vector and tensor analyzing powerdgt=6 115 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 behavioriseyved, but arguments are made that the sign
change ofT 11 suggests a broad resonance rigar 28 MeV in “He. (See alsol©72ME2Q). At E4 = 50
MeV the vector analyzing power maximum is 0.32 at abqu: = 60 .

Since the earlier compilation on the = 4 system, a considerable amount of theoretical work on
2H(d, dfH elastic scattering has been done. A number of these ctitmsainvolved resonating group
methodologies. A resonating group method (RGM) with imagjrpotential was appliedl@72CH2(Q to d
+ d scattering. Comparison to experiment6& 199 MeV gave good agreement with cross section
data. Calculationsl@75MEZ25 of d + d near threshold with the RGM using exact deuteron wave iingt
evaluated with a Mal iet-Tjon two-nucleon potential wereuind to predict no resonance, in agreement
with experiment {975MA43. Microscopic multichannel calculations fér = 4 from the rst breakup
threshold toE.m: = 10 MeV carried out {981HO04 in the framework of a re ned resonating-group
model gave agreement with the well-established resondnasge, but ruled out a dd threshold resonance.
An additional low-lying broadl T =0 resonance was proposed. The work reported @85XU01) used
single-channel RGM with a central-force NN potential hgvansoft repulsive core. The calculated (d, d)
scattering phase shifts and cross sectionEfpx 20 MeV agree very well with experiment. The ground
and even-parity excited states and the scattering problentse *He system were examined486KA21)
within the framework of the multichannel resonating grouetinod and good agreement with experiment
was obtained. See also the partial amplitude calculatiagtisresonating group methods df9871S06.

A study of d+ 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 (1972PHO07J. 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 problerf7(/BA46, and satisfactory agreement with
experiment is obtained for all reactions exc#g{d, d). Work reported in979FO0$ uses a nonrelativistic
eld theoretic formalism to develop a solvable model of tleeiFnucleon 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 quadijgle states and calculates cross sectionsEgr
between 6.1 and 51.5 MeV for (d, p), (d, n), and (d, d). Gooceagent with experiment is obtained.
In (1984F00§ a two-body separabl€-matrix between pairs is used to solve the four-body eqoatand
one-parameter models are developed to describeEgurase shifts and cross sections for reactions and
scattering. The four-body equations of Alt, Grassberged, Sandhas (AGS) are solvet986FO07, and
contributions of p-wavé3 + 1) subamplitudes to th&He binding energy and scattering observables be-
low the four-body breakup threshold are studied. See alsa@dafculation 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-bodyndism including
Coulomb interactions are reported BEE6AGO3J.
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Table 4.8: Measurements and summaries (S) of cross

sectiofsand analyzing powe

rév( ) for

2H(d, d¥H
Eq (MeV) Measurement cm: (deg) Description Refs.
6.0, 8.0, 10.0, 11.5 | iT11, Tog, To1, 20 625 (lab) Studied results for resonances|inl972GR29
Too 4He.
10.0 iT11, Too, 25 100 Measured recoils in coin. 1972ME20
T21T22
196 6:2 (E, ) 10 150 Accuracyl:7 3:4%. Polyno-| 1972SC28
mial ts.
1690 () small angles Obtained dd scattering ampli-1974DU04
tude. Deducedlyq.
12.305 () 10 100(lab) =0:5 1:.0%. 1974JA15
0:08 0:36 (E) 90 Searched for resonance fiHe | 1975MA43
near dd threshold.
0:045 0:300 (E, ) 68, 90 Searched for resonance fiHe | 1975NI06
near dd threshold.
52 iT11 30 150 Measured (d, d), (d, p). 1977BE44
50 85 (E, ) 125 45,25 steps| PWBA analysis. 1978AL26
13.2 (E, ) 12 90 Optical-model analysis with Mar 19790K01
jorana exchange term.
pg =2:38 12GeVic | Ay 75 120 Momentum transfer 1989AvV02
t =0:005 0:054(GeVi)?.
1650, 2000, 2290 (E, ) small angles Measured missing-mass spectfal984C029
Searched for dibaryonic reso-
nances.
98 36 (E, ) 20 90 Compared with resonating groyp1985NEO4
calculation.
191, 395 iT11, Too, T2 30 150 Discussed applications 10 1986GA18

intermediate-energy

deuteran

polarimeters.
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In (1977BE02 a new model fofHe which treats structure and reaction aspects on an equidan
a dynamicaR-matrix methodology is presented. Results are given fosgieetrum of resonances obtained
within the model and for (d, d) elastic scattering. See alt8B0BE1§ which presents detailed results
obtained with this model. Comparisons are made with dataraesohating group and eld theoretic ap-
proaches, noting that none of these models provides a ctemdscription. A potential description of dd
scattering is presented ia§90DUQY.

Table 4.9: Measurements and summaries (S) of cross secfiopand analyzing power&( ) for

3H(p, )*He
Ep (MeV) Measurement cm: (deg) Description Refs.
6 16(pol) (E, ),A 45 135 | Determined singlet and triplet 1978KIZQ
E1l, E2 amplitudes.
0.46, 0.50, 0.62} (E, ), 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 (E, ) 21 144 | Tabulated , Legendre expan+ 1982MCO03
sion coef cients.
8.34,13.6 (E;90) 90 Compared with otherPH(p, | 1983CA14
), “He( , p), *He( , n) data.
0:045 146 0= Compared with cluster model 1984CEQ8
calculations.
9.0 (pol) ()A 30 150 | E1, E2 analysis. StudietD, | 1985WA28
amplitude.
227,300,375 | (),A 54 118 | Compared with (, p) inverse| 1986THO05
reaction to search for TRI vir
olation.
2 15 (90 ) absolute 90 Examined ( , p) ( , n).| 1990FEO06
Found ratio 1:1.

The work of (L985KU19 applies nuclear collision theory (including many-bodyretations induced
by the short-range repulsion and medium-range attractidimed\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 inedastbss 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 framewfoa Glauber NN multiple-scattering model
is described in1984BA69. See alsoX989ET04. An integral formula for calculating Glauber multiple-
scattering amplitudes is derived ilQQ0TA27). A geometric model is applied to high-energy d collisions
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(1990HU09.

Measurements of cross sections and analyzing powers anaatized in Tablet.9. Summaries and
discussions of earlier work can be found in the previous dlatign (1973FI09. As noted there, the total
cross section is mostly E1 and has a broad peakBgar 4 MeV, but no ne structure in the measured en-
ergy range. The broad peak is attributed to the presenceodf twT = 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

cm: = 3:5MeV. An E1, E2 analysis of the differential cross section andlyzing power measurements
of (1978KIZQ) con rmed the dominant singlet E1 character of the outgaiadiation, but also indicated
an anomalously largéD, contribution to the E2 strength. See ald®$0DE32 1985WA29. However,
measurements 0 89WAO03 showed that the inclusion of a small M1 strengdtb( 1% of the total cap-
ture cross section) in the analysis gave better ts and elitgid the need for a larg®, contribution. The
absolute cross section 3 (p, ) has been studied extensively along with that of the miaction®*He(n,

) to test isospin mixing, and there are many discrepanciggipublished results. Accurate measurements
of the3H(p, )*He cross section at 8.34 and 13.6 MeV are reported983CA14 and earlier published re-
sults are reviewed. However, a new restiRY0FEO0® gives considerably lower cross sections in agreement
with the recent monoenergetiele( , p)*H results of (988BE38. These new results bring the, (p)-to-( ,

n) ratio for*He into agreement with standard model predictions. [Sets.séd and 21.]JThe whole range

of experimental and theoretical evidence bearing on the p)/ ( , n) ratio is summarized in a separate
discussion at the end of sect. 2Measurements of the cross section and analyzing powereatripetiate
energies 227, 300, and 375 MeV were carried A986THOH and compared with the inverse photodisin-
tegration reaction, and no violation of time-reversal naace was found. Analysis of these results with
DWIA methods indicated that meson exchange currents areriamt 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) determing , p)/ ( , n), anditis 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 ofHi{@, ) cross section at intermediate energies were done at
156 MeV by (973BA27 within the framework of a direct reaction peripheral modglculations for ( )
at30 100MeV described in1978GALJ are discussed in terms of information about the effectsedan
exchange currents and NN correlations at forward and backemgles. Calculations at 40 and 140 MeV
are presented inlQ76HE12.

8. 3H(p, nHe Qm= 0764 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 dlatipgn (1973FI09. Legendre polynomial
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Table 4.10: Measurements and summaries (S) of cross sec{ioy) analyzing power#( ), polarizations? ( ), and polarization transfers

K () for the3H(p,

nyHe reaction

Ep (MeV) Measurement om: (deg) Description Refs.
1.5 12(pol) | A 45 Compared wittP? (E, ). 1972HA33
8.94,13.55 | Ky, K;‘o, KX, P 15 120 Compared witfR-matrix calculations. 1972HA36
6 16 () 0 140 Determined relative and absoluté ). 1972MC23
2.238 (En) (®*He)=10 Measured neutron ux foE, = 250 keV. 1972PA41
1.5 50 Pn 5 110(lab) Legendre polynomial expansion, contour map. 1972SMO03
1:3 29 A 30 140 Legendre polynomial expansion, contour map. 1974BR09
4 15 KZ 0,15 100 Compared witfR-matrix calculations. 1974JA03
6.00, 9.96, 13.55% A 0:3 130 Compared withP? ( ) andR-matrix calculations.| 1974JA06
5.97,9.9 KX, KX, KY Py 0 100 Compared wittR-matrix calculations. 1974JA20
9.5 (E, ) 15 135 Measured relative yield. 1975M036
1.7 39 Ay, PY 10 60 ComparedAy, PY. Checked CSB. 1976DO07
6 17 () 0 180 Established absolute scale fof ) by calibrated| 1978DR0g§S)
t.o.f. system.
1245, 1800 () 0:003< jtj < 0:493(GeV/)? | Glauber-model analysis. 1980BI02
175 4.0 Ay 45,20 150 Compared withP (E, ) R-matrix calculations| 1981DO1QS)
EstablishedHe level order.
20 38 Py 45, 15, 50 Compared withA(E, ). Charge symmetry int 1981TO1%S)
terpretation.
318 d /dt 0:01< jtj < 0:06(GeVic)?> | Compared with multiple scattering theory. 1982BL23
9:77 1477 | d® /d dE 0 Studied®H breakup contributions. 1982THO7
0:4 155 (E) 20 140 Described technique for calibrating t.o.f. spec-1985H012
trometer.
1.125 En, n 0 Used 3He(p, n) as neutron source to study 1986TR02
28Al(n, p).
2.05, 3.37 (Ep, En) 0, 90 Studied neutron background. 1989B041




expansions of ( ) andP( ) aregivenfolE, = 1:5 5:0MeVin (1972SM03 and forE, = 1:3 2:9 MeV

in (1974BR09. Contour maps o ( ) are presented. A number of measurements relating to thef dsgm

n) as a source of polarized and unpolarized neutrons haverhade. See especiallyg78DR0§ in which

an absolute scale for( ) is established. Relative and absolute differential cressians forE, =6 16
MeV are given in {972MC23. See also 1972PA4) for measurements of ux density fde, = 250

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

of accelerator-based neutron source reactions incluti(@, n) are reviewed in1Q90DR1(. Neutron
polarizations and polarization transfer coef cients hdeen 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 thosetaethy charge-independeRtmatrix calcula-
tions based on the level parametersI#§8WE14. Similar conclusions were drawn from the polarization-
transfer coef cient measurements presentedli®7/QHA36 1974JA2(). However, remeasurement BY,
and further measurementsAj between 2 and 4 MeV resolved the discrepancl€8{D0101981TO13,
and it was concluded that there are no anomalously largerdiftes betweeld andA outside the uncer-
tainties of predictions of present models. A review of éngptdata and discussions of charge-independent
R-matrix calculations is included iri81D0O1(. The calculations establish the order of the lowest p-wave
T=0levelsin*Heas] =0 ,2 ,1 .

The reported differences between polarization and anmajypbwer were investigated in474AR0)
and related t6P, !  3F, transitions enhanced in the region of the state. They were also calculated
(1977BE2§ within the framework of a generalize®l-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 methad®{5RA31 1976RA13 1977D0O03 1980RA17Y, by aK -matrix ap-
proach (977BA49, and within the framework1©80BE18 of a dynamicalR-matrix formalism. Excited
states of‘He are discussed as are comparisons Wit{p, n) and other reaction data. See also the 3N]
cluster-model study ofi081FUQ0§. Calculations of elastic scattering and charge exchahgaeamediate
energies using Glauber multiple scattering theory arertegdorE, = 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 il @90DU1).

9. 3H(p, pPH Ep, = 19:814

Measurements of cross sections and analyzing poweréHip, pPH are summarized in Tabl.11
Summaries and discussions of earlier work including a @dsiom of the general behavior of the cross
section and analyzing power as a function of energy can hadfouthe previous compilatiorl@73FI109.

Several multichannel resonating group calculations haealsarried outl(981FU081981HO041982HO05
1983FI14 1986KA21). The BN + 1] cluster model is found1(981FUQ§ to explain the general properties
of the *He excited states. Using microscopic multichannel catmra, the investigation ofl981HO03
nds the well-established resonance structure, rulestmitit threshold resonance, and predicts a low-lying
J =1 ,T =0 resonance. However, no evidence fdr aor 1" state neaE, = 25:5 MeV is found. This
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same work identi es the observed differences’i(d, p)°H and?H(d, n)3He as resulting from Coulomb
effects alone, and explains the differences betweedHi(e, p)H polarization data of{976KA12 and the
IH(t,t)'H data of (978HA39 as resulting from the odd spin-orbit component of the mareiaucleon force.
Microscopic calculations of the resonance statefHa were carried out byl@84CA2( using a modi ed
R-matrix method and a variational approach, and 1880BE18 within the framework of a dynamicd®-
matrix methodology. See als@q77BE53. Momentum distributions of single nucleon, two-nucleduster
relative motion, etc. were reported ih988MO09. Scattering and reactions in tlhe= 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 anomalies3H(p, p)*H for Ep =4 12
MeV. All possible couplings of p®H and n-He were considered in a calculation ®matrix elements by
(1972HE1Y. A two-dimensional integral equation solution of the= 4 system was usedl®78KR0)

to calculate thé'He binding energy and iHe and p2H phase shifts. See als@q77PE1} and the re-
view (1987FI103 of four-body scattering in the integral equation approachoss sections for intermediate
energies were calculated by diffraction multiple-scatigitheory by (978PE20 1976LE32, and by the
Glauber formalism 1973NA0G 1976FR12 1979MEQ8 1981BI0g. A generalized potential description
of the p-2H interaction is presented in990DU17). Collective excitations ofHe are included in a study
(1990F10§ of the structure of the continuum spectra it §H scattering at 30 MeV.

10. 3H(p, dPH Qm= 4033 Ep, = 19:814

Measurements of théH(p, d¥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 théyaimay power for’H(p, d)?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 Hi@, p)3H reaction. Comparisons were made with the
mirror reaction’H(d, n)3He, and good agreement is found when the reactions are cethpaithe same
exit-channel energies. It is concluded that these resiésrp evidence for violations of charge symmetry.
One additional measurement for thid(p, dfH reaction was reported il 974JA15. Differential cross
sections folE, = 13:600MeV for |5, =15 55 were measured with an accuracy better than 1%.

Calculations of differential cross sections for té(p, d¥H reaction were carried out986KA21) in a
multichannel resonating group approximation, and goodemgent with experiment was obtained.

11. (a)3H(d, nf*He Om = 17:589 Ep = 16:696
(b) ®H(d, nHe+ n Om= 2:988
(c) ®H(d, nPH + H Qm = 2225

Measurements of cross sections and analyzing powerdHit, n) reactions are summarized in Table
4.12 Earlier work is reviewed and discussed in the previous délatign (1973FI09. As noted there, the
neutron spectrum from reaction (a) indicates no excite@sia*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 sect{oh, analyzing power®( ), and polarization®?( ), for the

3H(p, p)*H reaction

ory.

E, (MeV) Measurement cm: (deg) Description Refs.
19 57 (),P() 1972DA08
19, 30 (),A(E, ) 20 160 Deduced phase shifts. Compared wjith972DA10
p+ 3He.
94 107,12.013.4,14.7 A 25 160 Uncertainties 0:005 Parametrized 1972HA51
in terms of phase shifts.
6.7,7.4,8.0 A 110 160 Uncertainties 0:005 Parametrized 1972HA51
in terms of phase shifts.
13.6 () 12 50 Uncertainties< 1%. 1974JA15
600 () 0:08< jtj < 0:45(GeV=0? | Deduced reaction mechanism. 1976FA09
4:15 1200 (), A 30 160 Phase-shift analysis. Contour plofsl976KA12
Related td*He levels.
1.245 () 0:045< jtj < 0:686(Ge\c)? | Glauber model interpretation. 1980BI02
318 E; =2.5GeV) () 0:02< jtj < 0:15(GeV=c)?> | Compared to multiple-scattering the-1982BL23




Table 4.12: Measurements and summaries (S) of cross sgct{o), analyzing
powersA( ), and polarization® ( ), for 3H(d, n) reactions

Eq (MeV) Measurement cm: (deg) Description Refs.
32 Pn 30 Measured with He gas scatteref. 1972RY01
1 5 Pn 10 110 Legendre polynomial expansion 1972SM05
of P, Contour map.
5 157 () 0 Obtained absolute ( ). Im-| 1973MC05
proved accuracy.
55 13 (Ep) for SHe(d, p)pt 60 Studied states iA = 5 involving 1974SC04
coupling to0* state in*He.
8 16 ( ,Eq) 0 145(lab) | Polynomial expansion. Conl- 1975MA28
pared with cluster model.
35 128 | A, 0 CalculatedP,0 from A, for use 1976L115
of 3H(d, R) asn source reaction.
0.7 Pn 0 50(lab) | Used liquid He polarimeter. 1978CA13
7 165 () 0 Established absolute scale. Ana- 1978DR08
lyzed new data along with previ-
ous data.
0:24 675 | Ay 0 Measured®H(d, n) along with| 1980DRO01
3He(d, p). Studied charge sym-
metry.
0.333 “He yield 90 Used Si detector to measutdle | 1980GA25
to obtain neutron yield.
3 10 () evaluated 0, 180 Improved evaluation of (0), | 1981DR0JS)
(180) by including*He particle
excitation functions.
37.1 Pn (inferred fromA, for 38.6 Studied TRI and charge symme- 1982SA05
“He(, d)) try.
0:02 0:05| En, (En) 0 MeasuredH energy loss in solid  1984TS09
Ti-T target.
3.0 (En) 85 150 Presented calibration procedure 1985H012
for fast neutron t.o.f. spectrom-
eter.
0 0:275 (d, ) (d,n) 0 Measured branching ratio. Inte- 1986MO05
grated over resonancg@ 275
keV.
1,15,2 (;Eq) 0 150(lab) | Presented Legendre polynomial 1987LI07
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Table 4.12: Measurements and summaries (S) of cross sgct{o), analyzing
powersA( ), and polarization® ( ), for 3H(d, n) reactions (continued)

Eq (MeV) Measurement cm: (deg) Description Refs.

100 200 (Eq) Studied reaction as neutrgn 1989GA21
source.

Experiments bearing on the question of possible chargersstry breaking include théH(d, r)*He
polarization measurements dfq72SM05 and the®*H(d, ny*He and*He(d, p)*He analyzing power mea-
surements of{980DRO0). In the latter work the authors note large differences fiertivo reactions foE 4
below 1.65 and above 4 MeV. Comparisons of the analyzing povee the inverse reactiorfée, d)°H
and*He(p, d)®He are reported inl@82SA0j to be consistent with charge symmetry.

A review of accelerator-based neutron source reactionsdimg 2H(d, n) is presented inlOQ90DR10.
See also1984MA71, 1984TS011989C0141989CR051989SH17.

Relatively few calculations for reaction (a) have beeniedrout. For early work see the previous
compilation (973FI104. More recently, the work described ihg72SE091975SE07 1977SEQY derives
criteria for a simpli ed analysis of measurements with pided deuterons involvingy ( ) in the vicinity
of isolated resonances. See also the multichannel reagraitbup calculations ofLl090BL0§. A nondy-
namical calculation of polarization observables Eqr below 1 MeV in terms ofl( 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 analyZe) for reaction (a) aEq = 15 MeV. See also1990KA22).
Analytical approximations to the cross section for the psgof calculation of resonant thermonuclear re-
action rates are discussed P87GU25. See also th& 300K reaction rate calculations 0£989SC25%
and those of (989AB21).

12. (a)3H(t, n)°He Om = 10:438 Ep = 12:306
(b) 3H(t, 2nY*He Qm =11:332

These reactions are reviewed MP88AJ0). Early measurements of neutron spectra are noted in the
previous compilation}973F104. No new work has been reported on reaction (a). A measureohéme0
differential cross section fotH(t, 2nY*He atE; = 160 keV and angular distributions 86 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. (@)*H( )3H+ H Qm = 35:744
(b)*H( )*He Qm = 34:981
()*H( *)3He+ n Om = 55:559

Early work on three-body decays (a) and (c) was summarizégeiprevious compilationl@73FI09.
More recently, extensive reviews of experimental and thiéoal work on hypernuclei were presented in
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(1975GA1A 1978P0O1A 1990C0O1D 19900S1A. A theoretical studyX985LY 1A) 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 of* H from K absorption at rest on light nuclei. Theoretical studie$ ldfproduc-
tion, structure, and decay are reported 19§2K0O13 1984CO1E 1986DZ1B 1987YAL1M, 1988MAQ9,
1989TA17 1989WA?25. Calculations of Coulomb effects and charge-symmetrakirg forA = 4 hyper-
nuclei are described in@85B0O17. A four-body calculation of th€@" 1" binding energy difference is
reported in {988GI1H. Non-mesonic decays are discussedlif8oTALE 1986SZ1A 1990LY1B). Evi-
dence for the existence of anucleus bound state formed in a (K ) reaction orfHe was reported in
(1989HA39. See alsol990HA08 1990HAL]. The possibility of forming doubly strange hypernuclei
is considered in(983D0O1B.

14.3He(n, )*He Qm = 20:578 Ep = 20:578

Measurements for thtHe(n, )*He reaction made since the previous compilatib®7BF109 are listed
in Table4.13 Measurements of the thermal neutron capture cross sesgoa reported in1973B0O34
1979SU05 1980AL05 1989WO10Q 1991WEO0§. The results are listed in Tabkk14 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@rlo 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 botiie(n,

)*He reaction and the wedkle(p, € , e) reaction {991WEO0§.

Doubly radiative neutron capture cross sections were lzgmliand reported inl@76LE27. Cross sec-
tionsinthe0 70keV region are reported il@79AL25, and are shown to be in general agreement with an
E1 direct capture calculation. At higher energigs, = 6:0 17 MeV) the detailed-balanced cross sections
of (1981WA18 con rmed the reportedHe( , n) cross section (see the section onthke( , n) reaction)
which, when combined with the previously reportédie( , p) cross section, implied a (p)-to-( , 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
(1982WEQ0Y. Calculations carried out within the framework of the récorrected continuum shell model
(1981HA1Q 1983HAZ2]) indicated that standard theoretical assumptions weikalpko account for the re-
ported large (, p)-to-( , n) ratio. On the other hand, the microscopic multichanasbnating 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 medalrservables in the 23-33 MeV excitation
region of*H, excluding the “anomalous” ( p)-to-( , n) ratio. For additional related information see sect. 7
on3H(p, ) and sect. 21 ofiHe( , n),*He( , p). The whole range of experimental and theoretical evidence
bearing on the ( , p)/ ( , n) ratio is summarized in a separate discussion at the esecif 21.

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

The two latest measurements989WO 10 1991WEQ§ are in excellent agreement, but disagree with
the result of {980AL05. It should be noted, however, that the results I&g9WO1( rely heavily upon
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Table 4.13: Measurements and summaries (S) of cross secijo)) analyzing power&( ), and polar-
izationsP ( ), for *He(n, )*He reaction

Discussed Solar HEP-neutrino imp

E, (MeV) Measurement | .. (deg) Description Refs.
Thermal energies n 1973B0O34
0:001 0:070 (En) 45 Compared with direct E1 calculation. 1976LE27
Thermal energies (n, ), (n, ) 45 Measured (n, )/(n, ) ratio. 1979SU05
Thermal energies (n, ) 90 Used pulsed reactor, t.o.f. Estimated980AL05
admixture of*He “mixed- symmetry”
state.
6:0 170 (En, ) 30 140 | Compared detailed-balanced results981WA18
to existing*He( , n) and*He( , p)
cross sections.
9.0 () A 30 140 | Deducedb; coefcients, compared 1982WEQ05
with continuum shell model.
24.5 n Activation measurement. 1989WEO07
Thermal energies n Deduced astrophysical factor. 1989WO010
Thermal, 0.0245 Carried out shell-model calculation

s1991WEO06

cations.

Table 4.14: Measured values for the thermal neutron caghoss

section for theH(n, )*He reaction

Refs. " p)
1973B0O34 60 30
1979SU05 60 12
1980AL05 27 9
1989W010 54 6
1991WE06 55 3
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the 3H(p, )*He cross section &p = 3:82MeV (1970MEQ7}. If the lower value reported for this cross

section in (990FEO§ is used, the ﬁth) cross section becomd® 4 b, which agrees (within error) with
that of (L980AL05.

A neutron-capture cross section at 24.5 keV was measured99i(VEO§ to be , (24.5 keV) =
9:1 0:8 b. The thermal-neutron-capture cross section has beentosestimate the astrophysicat
factor for the®He(p, € )*He reaction {989WO1(Q 1991WEO0§. The results indicate that about 10% of
the solar-neutrino ux in the Davis experiment can be asaito the high-energyHe + p neutrinos. The
double photon decay cross sections are also givehd8qALO0H and (L979SU0Y.

15.3He(n, nfHe Ep = 20:578

Measurements of cross sections, polarizations and anglymwers for théHe(n, nfHe reaction are
summarized in Tabld.15 Earlier work is reviewed in the previous compilatiatB73FI104. More recent
experiments are reviewed ii{78SU1A 1981GR1A. See also the discussions fB83HA2Q 1985KL03
1988JA06 of the experimental and theoretical developments rejdatiiHe(n, nfHe and thed = 4 system.

A variety of theoretical approaches have been used to thesorfHe scattering. At thermal ener-
gies, the complex incoherent scattering length®fde was estimatedl@75SEO0 on the basis of effective
range theory and a Breit-Wigner analysis. Low-energ$He-scattering was studied in the integral equa-
tion approach 1976KHO01, 1976TJ0) and scattering lengths were calculated. Higher energgruobbles
for nucleon reaction channels tihie were calculated by recoil-corrected continuum shell ehtethniques
(1979HA22, and excellent agreement with experiment was reportestoRrand neutron polarization dif-
ferences irtHe@, n)*He and3H(p, p)*H were analyzed1977BE53 in the framework of a dynamical
R-matrix model methodology, and quantitative agreemenh witperiment was obtained. Several reso-
nances are predicted in the vicinity of a narrow resonaneeg = 37 MeV suggested by the phase-shift
analysis of {976L103. TheR-matrix methodology is used to construct a detailed thememodel of*He
(1980BE19§. Scattering results and phase-shift calculations argepted and discussed and are also com-
pared with resonating group and eld-theoretic models. s&ltmodel calculations dfHe excited states
based on (trinucleo nucleon) (9761001 1981FU0J as well as (trinucleor nucleon) and & d clus-
ters (L983F119 have been carried out. Collective and cluster degreeseefibm are included in a study
(1990F109 of the structure of the continuum spectra®sfe in the 30 MeV region. The ground and
even-parity states were examined within the framework ofitialhannel resonating group model approach
(1986KA21), and agreement with the elastic scattering and polanizatbservables was reported. Multi-
channel resonating group calculations for= 4 from the rst 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 usg886KA21) to examine the ground and even-parity excited states
and the scattering problem of tAele system.

16. (a)He(n, pfH Om= 0:764 Ep = 20:578
(b) *He(n, pfH+ n Qm= 51494
(c) 3He(n, p}H + 2n Qm= 7718
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Table 4.15: Measurements and summaries (S) of cross section analyzing poweré( ), and polarizations
P( ), for the®He(n, nfHe reaction

E. (MeV) Measurement .. (deg) Description Refs.
3.0 Pn 40 120 | Measured asymmetry, differential 1972HO04
polarization.

7.9,12.0,13.6,14.4,23)7 (E, ) 26 139 | Deduced g, limits for o, nont 1974DR0O1
npn.  Compared with charge
symmetric reaction.

8.0,12.0,17.1 Pn 47 148 | Compared with®H(p, p). Phasei 1976LI03
shift analysis foHe(n, n) forl <
E < 237 MeV.
2.43, 3.00 Ay() 1977DR05
0:001 0:200 total »  n:n Obtained singlet and triplet scatter- 1981AL09
ing lengths.
1.67, 2.43, 3.0, Ay() 1982DR09
3.4,7.8
1.5 40 (E) Compared with predictions oR- | 1983HA20

matrix analysis.
3:7 100, 15.3,22.0 Ay(E, ) 26 161 | Compared wittfH(n, n),*He(p, p).| 1985KL0JS)

15 50 Ay(E, ) Phase-shift analysis. 1986KL04S)
0:95 20 Ay(E, ) 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'tBgresonance &, = 0:25to 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
nal-state interaction.

A more recent measuremerio75WI104 of the3He(n, p¥H total cross section &, = 3:5MeV gives

total =422 58 mb. The cross section was measured82B0O19 in the energy rangg, = 0:15 150
keV with an accuracy of 2—-3%, and the departure from theldd was investigated. Measurements of
the P-odd asymmetry irfHe(n, pfH were made 1981VEO09, and an upper limit was obtained. Little
theoretical work on reaction (a) has been reported sincprithvéous compilation973FI09. A resonating-
group model calculation was carried oli®761007) involving the groupings # 3He and p- H. 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 itkaMatrix scattering calculation reported in
(1984BA17).
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17. (a)®*He(n, d¥H
(b) *He(n, djH +
(c) ®He(n, 2n2p)

Qm
Qm
Qm

n

3:27
5:494
7:718

Ep =20:578

Reactions (a), (b), and (c) are reviewed in the previous datign (1973FI09. No new work has been

reported.

18. (a)3He(d, pfHe

(b) He(d, np§He

(c) *He(d, 2pt)
(d) He(d, p2d)

Qm
Qm
Qm
Qm

18:353
2:225
1:461
5:494

E, = 16:387

Table 4.16: Measurements and summaries (S) of cross sect{oh, analyzing powers
A( ), polarizations ( ), and transfer coef cients fotHe(d, pfHe

Egq (MeV) Measurement c:m: (deg) Description Refs.
11.99,2.81,3.94,6.0 P 5:7 1485 Legendre polynomial ts. Contouf 1973CL13
map.
4 14 Ky KX 0 Compared witfH(d, n) results an®- | 1973HA51
matrix parameterization.
8.0 PY’, KX, KY' KX KY, | 15,30,45,60 | Compared wittfH(d, n) results an&®- | 1973HA51
K )3//; KY, KY matrix parameterization.
12 Left-right asymmetry 20 130 Polarized®He target. 1974BE67
0.344,0.065, 0.727| iT11, Tog, T21, T22 25 160 Polynomial t. Tabulates coef cients.| 1974GA21
10.0 () 120 168(lab) | Accuracy< 1%. 1974JA15
6:6 158 A, 0 Studied reaction a8 polarization ana4{ 1974TR02
lyzer.
0:34 1160 Too 0 Absolute calibration. 1976SC15
9.28 Ayy 23.6 Found maximunAy, =1. 1976GR08
85 105 Ay, Ay 12 32 Found maximunAy, =1. 1976GR10
6.44 iT11 29 Presented absolute standard for d jn- 1977ST06
duced vector analyzing powers.
0:24 6:75 Az 0 Compared,, for *He(d, p),®H(d, n). | 1980DRO1
3 675 Too 0 Discussed consistency of absolute cal-1980GR14
ibration data below 6.75 MeV.
15 40 (),iT1 15 165 Polynomial expansion, DWBA analy- 1981R013
sis.
4 12 P, Py, Described design, calibration and per- 1982GR25
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Table 4.16: Measurements and summaries (S) of cross sect{oh, analyzing powers
A( ), polarizations ( ), and transfers coef cients foHe(d, pfHe (continued)

Eq (MeV) Measurement c:m: (deg) Description Refs.
1 30 (Eq, ), iT11, T20, To1, Reviewed polarization measurement§987GR0O&S)
Taz, Ay, Ay, Axx A=4 6.
15 100 iT11, Too, To1, Too Discussed design construction and c@al- 1987GR30
ibration of high ef ciencyd polarime-
ter.
0:0695 0:1418 (Eg, ) Windowless gas target, deducs(E). 1987KR18
0:0059 0:0416 (Eq) Measured®He(d, p) and®H(®He, p),| 1988ENO03
studied effects of electron screening,
9:25 190 Polarimeter analyzing Developed polarimeter based on 1988SA40
power 3He(d, p).
10 16 Ay, Ay, Az, Az 0,25 Described polarimeter based ¢n 1989AB17
3He(d, p).
0:006 0:042 (Eq) Studied effect of electron screening.| 1989SC10
1 13 iT11, Too, To1, T2 10 170 High-precision measurement. 1990BI13

Reactions (a) to (c) are reviewed WBB8AJ0). Early measurements of single and coincident charged-

particle spectra are summarized i®{3FI09 and a discussion of evidence bearing on excited statédef

is presented. Measurements of cross sections, analyzingrpopolarizations, and polarization transfer
coef cients are summarized in Table16 See also1986HE1§. Polarization observables for tRéle(d,
p)*He reaction and other reactions relatingto= 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 presenteti98(ST1A 1982GR251987GR30).

Distorted-wave calculations for reaction (a) are preskrted discussed inlQ75NEL1). See also
(1989B023. Off-diagonal interaction spin dependence is discusadti975YA12). An estimate of cross
sections for reaction (a) at intermediate energies in tesimthe (p, *) 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, dfHe Qm = 14:320 Ep = 15:796
(b) 3He(t, dfHe+ n Om= 6257
(c) *He(t, dfH + *H Qm= 5494
(d) 3He(t, d)ZH Qm= 9526
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Table 4.17: Measurements and summaries (S) of particlérsgfeemHe + d breakup reactions

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

10.92 p,3He (coin.), p3H (coin.) | , =60, (*He)=30 | Studied FSI, discussed effects pf1972NI02
4He states.

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

23.5c.m. 3H 10 180 Measured absolute energy spectral975RU04
DeducedHe range parameter.

15.0 p, 3He (coin.), p, He 30 Measuredy, Ay, Axx - 1976ME13

(coin.)

Eq = 22:3, 33,| d, d (coin.), p,3H (coin.), 10 65 Studied quasi-free scattering and1977SL04

E(CHe) = 30, | p,d(coin.), p2H (coin.) quasi-free reaction processes.

33.5,52.5

60 d,d 15 64 Measured (E, 1, 1) in QFS re-| 19850K03
gion. Studied multiple scattering ef-
fects. PWIA analysis.

Reactions (a) through (d) are reviewed in the previous clatign (1973FI109. For reaction (a) mea-
surements of analyzing powets ( ) for E; = 9:02, 12.86, and 17.02 MeV at.n: = 16 159 aswell as
measurements &y (E) at90 for E; =9:02 17:27 MeV were reported in{977HA42. Marked devia-
tions from the antisymmetric shape predicted by a simplégbeutransfer model incorporating charge sym-
metry were observed. Possible charge asymmetry effedissingdaction were also discussed 19 {8FEQ7Y
1978FE0§. See alsol988RA3). No new work has been reported on reactions (b) through (d).

20. (a)®HeCHe, 2pfHe Om = 12:86 Ep = 11:489
(b) *HeCHe, 2pfH + 1H Qm= 6954

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.m,: = 16
MeV (1974R0O0). The total cross section was measureddgf,: = 30 150keV (1974DWO0J, and the
astrophysical facto8(E) was measured &cn. =17:9 3425keV.

Total cross section measurementside+ *He at 17.9, 21.7, and 24.0 MeV were reportedlis§7BR03.
See also1985S112.

Calculations to determine the NN scattering parameters fnal-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/@mpilation {973F109.
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21. (@)*He( , 9)*He Qm= 13497
(b) “He( , n)®He Om= 20578
(c) “He( , p)*H Om= 19814
(d)*He( , n 9)3He Qm = 15555
(e)*He( ,p )3He Om= 15885
(f) *He( , dy¥H Qm = 23847
(g) “He( , npfH Om= 26071
(h) *He( , 2p2n) Om= 28296

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 nehtiid are reported iL980AR0G 1981AR1Q
1988AR09, and for energies near the(1232) resonance inLO85AN14. Measurements at GeV ener-
gies in the region of small momentum transfers are repornied982AL09. See also1978AL0Y. A
number of calculations have been made with thésobar 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
(1983TRO2 for energies in the nucleon resonance region.

Reactions (b) and (c) have cross sections which are simrmilahape 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 evidenegithg on the ( ,
p)/ ( ,n)ratio is summarized in a separate discussion at the emli®Eection.The absolute measurement
of () for reaction (c) described in®91J0O0J 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@mwith a great deal of it related to the ques-
tion of the ( , p)/ ( , n) ratio (1974CH50 1974GA1Q 1974GA32 1974ST08 1980BE42 1981AR2]
1981HA1Q 1983BE131983DE31 1983HA21 1984BA73 1984GU181985QU01 1986CA0QY. See also
(1974GA321974N0O101974RA18 1975GU231976FI11 1976NO061977DE261979GU131980AR04
1980B0O13 1980RA17 1986CH05 1988TE04 1989V0O0). A method for estimating the polarization of
nal particles in reactions (b) and (c) is developed 190G U2).

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 tuaimeutron and &He nucleus. No recent
work has been reported on reaction (e). Cross sections wessured in the energy region of thg€1236)
resonancel(@72AR23. An impulse-approximation calculation in terms of quiisie nucleons itHe was
reported in {972LE2).
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Only a few measurements have been done for reaction (f),rese 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 irl974STO§. A low-energy theorem is applied to cross section calauiatin
(1981G0O1H. See also the review presented 1978AR26§. Comparisons of the cross section data with cal-
culations were reported i1 980AR04 1980GU25 to provide evidence for 2" state iffHe atE =30 35
MeV.

Measurements for reaction (g) reported since the previougpdation and listed in Tabld.18 have
been carried out for photon energies fr@&8 400 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 tcE 80 MeV, and it was concluded that the main
mechanism for reaction (g) in this energy region is two-aanlabsorption. Similar measurement8@t 40
MeV (1979BA47) were used to study clustering effects, and the resultsesiigd that the most important
mechanism for reaction (h) is photoabsorption from a qead&ton correlated with another quasi deuteron,
both of which decompose. See also the reviewi8B6HO27. Theoretical calculations of reactions (b), (c),
and (g) utilizing the quasideuteron mechanism are repanéti974NO10Q 1976NO06 1984CH09. See
also (L982AR1)).

Table 4.18: Measurements and summaries (S) of photonumiess sections otHe
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Reaction E (MeV) Description Refs.
‘He(, 9)*He 1500 4500 Developed apparatus. Measurg@E; ). 1978AL08
1 10(above threshold) Measured relative yields faH, °H, *He, *He targets.| 1980AR06
DWBA analysis.
139 153 Analyzed (E, ) data, deduced yields. 1981AR10
1500 4500 Measured ( ) versus momentum, deducedmeson| 1982AL09
trajectory.
450 Measured ( ) for “He recoils versus recoil energy. 1982AN16
Bremsstrahlung beam.
290 Measured ( ) near (1232) resonance. 1984TI104
190 430 Measured ( ) near (1232) resonance. 1985AN14
138 155 Measured pion yields, deducedE), s-wave threshi 1988AR08
old amplitudes.
179 Measured tota) - 1989JA07
“He( , n)*He < 30 Measured (E, E,) at90 . 1972BE06
300 518 Determined (E) for ( , n)and (, p) in same appara- 1972D003
tus (mag. spectrometer).
24 120 Determined (E) for ( , n) and (, p) under same 1973AR07
physical conditions.
Ex =22 37 Measured (E) at98 . Compared results for liquig 1973IR02
and gas targets.
1 10(above threshold) Measured (E, ). Conrmed2* state at 35MeV. 1973MA57
20 120 Measured 1 - Determined energy moments. 1974AR18
35 Measured ( , n) versus beam intensity. 1974IR02
270 400 Measured (E) at90 , 120 inregion of (1236)res-| 1975AR01
onance.




Table 4.18: Measurements and summaries (S) of photonumiess sections ofHe (con-

tinued)
Reaction E (MeV) Description Refs.
27 30 Measured otz and (E, ). Determined E1, E2 amt 1975AR13
plitudes, phases.
22 32 Measured (E, ). Determined E1, E2 contributions, 1975IR01
obtained iota) -
Ewx 150 Determined E1, E2 cross sections. 1976AR17
<Ex =80 Measured g and (E, ) for (, n) and (, p). 1977BA35
Used cloud chamber.
31 51 Measured ( , p)= ( , n)ratio at90 by detecting'H 1979PH04
and3He recoils.
21 47 Measured (E) with gas target. Used monoenergetic 1980BE45
photons. Compared with other measurements.
4He( , n)*He 225 137 Measured cross section verdds. 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 polarized -rays.
100 360 Measured (E, ) for ( , n)and (, p) for60 , 90, 1986SC01
120 . Compared to calculations with MEC contriby-
tions.
40 Measured asymmetry of (n) and ( , p) cross sections  1989VI05
for linearly polarized -rays.
4He( , p)*H 300 518 Determined (E) for ( , n) and (, p) in same appara- 1972D003
tus (mag. spectrometer).
24 120 Determined (E) for ( , n) and (, p) under same 1973AR07
physical conditions.
180 320 Measured (E, ) at ¢m: = 60 120 in spark| 1973KI06
chamber.
20 120 Measured tota) - 1974AR18
190 420 Measured (E) at60, 90 inregion of (1236)res-| 1975AR01
onance.
Ewx 150 Determined E1, E2 cross sections. 1976AR17
<Ex =80 Measured  and (E; ) for ( , n) and (, p). 1977BA35
Used cloud chamber.
4He( , p)*H 200 450 Measured (E, )at30 150 in (1236)resonance 1979AR07
region.
31 51 Measured ( , p)= ( , n)ratio at90 by detecting'H 1979PH04
and3He recoils.
50 140 Analyzed (E, ) data to estimate proton momentum 1982AR17
distribution in*He.
187 427 Measured momentum spectrum of protons3ét. 1984H024
Tagged photons. Deduced pion photo-production
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Table 4.18: Measurements and summaries (S) of photonumiess sections ofHe (con-

tinued)
Reaction E (MeV) Description Refs.
40 Measured asymmetry of (n) and ( , p) cross sections 1985VI07
for linearly polarized -rays.
100 360 Measured (E, ) for ( , n)and (, p) for60, 90, 1986SC01
120 . Compared to calculations with MEC contriby-
tions.
187 427 Measured (Ep) at , = 30 , 60,90, and105 in | 1987HO17
-region.
“He( , p)*H 286 581 Measured absolute(E) with monochromatic photon 1988BE38
beam. Deduced( , p)= ( , n) ratio.
350 Measured polarization of inclusive protons. Compared19882Y01
with quasideuteron mechanisms of photon absorptjon.
120 250 Measured asymmetry versus. Linearly-polarized] 1988GA29
photons.
60, 140, 350 Measured asymmetry ag = 90 . Linearly-polarized] 1988GA25
monochromatic photons.
40 Measured asymmetry of (n) and ( , p) cross sections  1989VI05
for linearly polarized -rays.
63 71 Absolute measurement of ), quasi-monochromatic 1991J004
photons.
4He( ,n 9°He 450 Measured versus , E of recoil ®He. Impulse ap{ 1982AN16
proximation calculation.
450 Measured versus , sne, Espe-deduced pion prot 1984AN02
duction mechanism.
‘“He(,p )°He < 150 Measured cross section nea1236). 1972AR23
350 Measured asymmetry 80 for linearly polarized pho{ 1988GA25
tons.
120 250 Measured asymmetry versusfor linearly polarized| 1988GA29
photons.
4He( ,dyH < 150 Measured ( , E). Bremsstrahlung beam. Diffusion 1972AR21
chamber.
20 120 Measured (E). Determined energy moments, E1, £2 1974AR18
contributions*He radius.
190 380 Measured (E), dd coin. 1976AR05
25 40 Measured (E). Multipole expansion. Deduced level 1978AR23
in “He.
4He( , npYH < 80 Measured (E, )for( ,n),(,p),(.,d),(,np),(,| 1977BA35
2n2p) with diffusion cloud chamber.
28 150 Determined distributions in the Treiman-Yang angle¢. 1979AR15
30 40 Measured (E, )for( ,n),(,p),(,d),(,np),(, 1979BA47

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

tinued)
Reaction E (MeV) Description Refs.
150 Measured quasideuteron momentum distribution. Pe-1982AR17
duced quasideuteron channel radius.
“He( , npYH 40 150 Analyzed data to determingE ) off the mass shell. | 1985AR22
< 450 Analyzed particle spectra to deduce possible free|su1985CH35
perdense deuteron.
200 400 Reviewed measurements of , Ep). 1985HO21S)
75 150 Measured ( , E4). Deduced breakup normalizatign 1986AR16
constant.
not given Measured (Eq, Ep, En). Studied quasideuteron cor- 1986CH15
relations.
130 450 Measured (Egq, Ep, En), spectrometer development. 1990NI11
“He( , 2p2n) < 80 Measured (E, )for( ,n),(,p),(,d),(,np),(, 1977BA35
2n2p) with diffusion cloud chamber.
30 40 Measured (E, )for( ,n),(,p),(,d),(,np),(, 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@4G0131977GR081984K033 1985SA0).

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

The ratio of the two photonuclear cross sectidhse( , p)®H-to-*He( , n)®He, belowE, = 35 MeV
has constituted a long-standing anomaly in low-energygrhatlear physics. A review of the experimental
data (983CAO0§ concluded that the data indicated a p)-to-( , n) ratio which varied slowly from 1.7 to
1.2 in the excitation-energy ran@g =25 35MeV, in substantial disagreement with the ratio predictgd b
conventional isospin-conserving theoretical calcutaioData obtained in recent years change this picture
substantially. Relevant measurements include:

“He( , p)*Hand3H(p, )*He: (1955PE341962GA031962GE041965CL1A 1967DE181970AR24
1970MEQ7 1970WA23 1982MC03 1983CA14 1988BE38 1990FE0Y;

4He( , n)®*He and®He(n, )*He: (1954FE161963ZU031966FE071968G0191971BE431972BE06
1973MA57,1975IR01 1977BA35 1978AR26 1980BE45 1981WA18;

“He( , ")*He: (1986BLOY):;

‘“He(, P),*He(, %): (1990J00%

“He(e, &)3H, “He(e, &)3He: (1989SPOX

“He( , p)®H to “He( , n)®He ratio: (L972D0O031979PH0J.

Theoretical work related to the question include49712GI114 1972011 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 (L983CAO0§ to conclude that the ( p)-to-( , n) ratio was substantially greater than 1.0 below
Ex = 35 MeV. However, since that time a measurement using monoetienghotons 1988BE39 indi-
cated that théHe( , p)*H cross section was substantially smaller beByw = 35 MeV than previously
thought, and was essentially in agreement with the mongetiesphoton results for théHe( , n)*He
reaction (954FE16 1963ZU03 1966FE07 1968G019 1971BE43 1972BE06 1973MA57, 1975IR01
1977BA35 1978AR26 1980BE45. This ( , p) result has received additional support from a féip,

Y*He measuremeni.@90FE0 which agreed with it. The (, n) results of {980BE45 are also supported
by the capture measurements ®981WA18. Thus, if we take the most recent,(n), ( , p), (p, ) and (n,

) cross-section measurements we obtain,Hor= 24 31 MeV, a ( , p)-to-( , n) ratio which is about
1.1, consistent with conventional theoretical predici@amd indicating that no charge-symmetry violation
is required in*He to explain these data.

Additional support for this result is provided by th&/  cross section ratio measurement86BL07).
The measured ratio df05 0:08indicated little or no isospin mixing ifHe betweerE, 23 30MeV. A
recent simultaneous measuremerttiéé(e, &)3H and*He(e, &h)3He 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 tdnclusion 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 wseatially all calculations, the lower absolute
cross sections, for both {p) and (, n), disagree with most theoretical results (see espgcEl83HA2],
1988WA20). However, a aw has been revealed recently in the mannevhith Siegert's theorem was
used in the calculations 0f 9§88WA2(Q. The correction brings the absolute cross sections dowhetlmwer
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 efd & has not been unambiguously resolved.

22. (a)*He(e, efHe

(b) “He(e, &3He+ n Om= 20578
(c)*He(e, &*H + p Om= 19814
(d) “He(e, &?H + 2H Om= 23847

Experiments and data analysis for elastic electron saajtem “He are summarized in Tabk19
Earlier work is described in the previous compilatid®{3FI09. A recent determination1@850T02 of
the r.m.s. charge radius gale?i 12 = 1:671  0:014fm.

A number of theoretical calculations relatingde(e, e) elastic scattering have been carried out. The
contribution of two-photon exchange in high-energy laagefe scattering was examingb2B0O63. The
elastic scattering form factor was computd®{2CA4Q in the local-density approximation and in the os-
cillator model with short-range correlationd9/2FI1Q. 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 studiEgi’/8BHE19. Elastic and inelastic form factors calculated in
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Table 4.19: Measurements and analyses of cross sectioakafitic electron scattering dhle

o (fm ?) | Ec (MeV) Description Refs.

1 44 Used symmetrized Fermi-density distributions. 1972EL11
0:2 251|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| Measured (E, ). Obtained charge form factors. Deduced9850T02
r.m.s. radii, model-independent analysis.

the method of hyperspherical functions were discusse@981BU04. A multi-quark cluster effect on the
charge form factor was postulated ifB82NA09. 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 factorsfsie based on quantum hadrodynamics is
discussed inX989L116). The in uence of short-range correlations on the charggrithution 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’tte with the Monte Carlo method is described i990PA07.
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 lligion obtained from the electron scatter-
ing form factors forg?  20fm 2. A study of theQ* 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= O vibrations was used inlQ75AB04 to calculate
transition strengths and inelastic form factors. Cenfarass corrections for calculations related to elec-
tron scattering are studied and reported iIR§0DE3(. The effect of nal-state interactions in inclusive
electron scattering is discussed BBOHO2§. The method of hyperspherical functions is discussed in
(1981BU0J. Quasi-free peak parameters from calculated Qegress sections are related to sum rules in
(1981K0O1Q. Data for electron scattering froAH, *He, and*He are found 1982B030 to be uni ed by
a nuclear scaling function. The (€)) eross section was calculated using an interaction-tinpraima-
tion for dynamic form factors1982K0O2§. The existence oy-scaling for the quasi-elastic cross section
was demonstrated ii983DE13. See also the study 01985K019. A continuum RPA calculation with
nite-range interaction was applied 83DE39 to calculate (e, % cross sections. The role of tensor corre-
lations in inclusive electron scattering processes watiediuand discussed i1 9830R0Y. The location of
the quasi-elastic peak maximum4hie(e, & relative to the eN scattering peak was explore@scKU02
on the basis ofHe properties. A calculation based on a quark descriptioth@huclear ground state is
presented in986DA0)). Several different NN interactions are used in a hypemsgaleharmonics calcu-
lation of the (e, & form factor (L987SA23. The form factor for (e, @ excitation of thedD* resonance in
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Table 4.20: Measurements and analyses of cross sectioimefastic electron scattering dhle

o (fm ?) | Ee(MeV) Description Refs.
800 1200 | Measured (E, )for =16 40 near quasielastic max|- 1975DE23
mum. Studied effects of center-of-mass motion.
500 Measured quasielastic scattering at 60 . Compared tq 1976MCO01
static and Fermi gas models.
(not given) | Measured quasielastic scattering at 42 140. Used| 1984BU18
measured peak position to study NN interaction.
08 24 400 Measured ( , E9 for excitation of0* state at 20.1 MeV in 1983K025
“He.
730 Measured (E, ) for =37:1 for energy transfers 550| 19840C01
MeV in region of -resonance.
808, 988, 1180 Measured (E, E, ) in quasielastic region. Obtained scal1988DE41
ing function. Derived momentum distribution of nucleons in
“He.
130 200 | Measured (E) at180. Compared with RCCSM. 1988HO11
0:15 183.4 MeasuredH+ p and®*He+ n breakup, &n, €-p coincidence| 1989SP05
Ex =22 36MeV in“He.
279 725 | Measured double-differential cross section. Compared wit990vVOO01
Coulomb sum rule.

“He is discussed in connection with a collective and clustedehcalculation 1987VA33 and a symplectic
shell model calculation1®88VA22. More recent work includes a recoil-corrected continuumallsmodel
study of the0* rst excited state in {989HA02 1990HAZN), a(0 + 2) ~! model-space calculation 6He
observables in1990WO10, an extrapolation of nucleon-momentum distributionékte using asymptotic
scaling analysis1(990CI03, and a Monte Carlo study990PAQ7. See also the discussion of data on longi-
tudinal and transverse response functial#0PA12, the relativistic model investigation of ion-ion optical
potentials {989REQ0Y, and the microscopic study of the NN interactidi®@9YAL]). *He(e, & data is
utilized in a determination of a phenomenologicalnucleon potential in9900CO0).

23. (a)*He(
(b) “He(
(c) *He(

)*He
“Y4He
°p)*H

Qm= 19814

Experiments and data analysis for pion scattering*lde are summarized in Tabk.21 See also
(1973AN26 1975B108 1976BA57 1976BU19 1976SH231978FA06 1980BA17 1980KA17, 1982BA16
1984F0181984GM01 1989AR16§. These reactions were not included in the previous comimild1973FI109.

54




Table 4.21: Measurements and analyses of cross sectiop®foscattering oAHe

E (MeV) Measurement cm: (deg) Description Refs.
110 260,67 285 ( ) (E, ),|5 180 Phase shift analysis. 1978BI07
( . % ®E
100, 160, 220 ( , 9 (E,) 30 150 Inclusive measurements in(3, 3) re-| 1981MC09
gion.
90 320 ( , 9 (E,) 30 135 Inclusive measurements. Isobar-holed982BA19
formalism calculations.
120 320 ( , 9 (E,) 30 135 Studied quasi-free scattering. 1982BA65
120 320 ( , 9 (E,) 30 135 Deduced medium corrections. 1983BA24
100, 160, 220, 300| ( *, *9 (E, ) 30 146 Studied systematic properties. 1983LE12
350, 400, 475 ( , 0) momen-| 60, 90, 120 Studied quasi-free scattering. Impulsel985B041
tum distribution approximation calculations.
180 ( , 9 (E,) 20, 30, 40 (lab| Studied *= ratio in region ofl 1986BL0O7
angles) states of*He to examine CSB.
180 ( , %) (E,) =30 80, | Studied ( *, *%)=( , %p)ra-| 1990J004
p =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/5HEQ§, a coupled channel method in tKematrix
approach 1979GMO0J, and the pole extrapolation method for separating strartjedectromagnetic con-
tributions (L982DA19. Investigation of medium effects by studying quasi-étastattering is discussed
in (1983S12). The question of isospin mixing ifHe and possible charge-symmetry breaking implied by
photonuclear reaction data (see sects. 7, 14, and 21 ofdhipitation) was studied through the =
cross section ratio in1986BL07 and the result implies little isospin mixing in contrastthwithe earlier
photonuclear results. The calculations ©989HAOQ3J predict no signi cant deviation from unity of this
ratio for isospin mixing at the 5% level. On the other hand, ,( 0p) measurements 01990J0O0% found
0p) in the*He GDR region which, although in sharp

dramatic differences between®(, *°p)and ( ,

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

24.%He(n, nfHe

Ep 0:895

This reaction is reviewed inP88AJ0) under the discussion 6He.

25. (a)*He(p, pfHe
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(b) “He(p, P3He+ n QOm= 20578
(©)*He(p, B)*H + p Qm= 19814
(d) “He(p, B)*H?H Qm = 23847
(e)*He(p, dfHe QOm= 18353

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

A great deal of theoretical work has been carried out to destHe(p, pffHe 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 inX990LA12. Glauber model multiple scattering calculations are gmésd in (974BA38§
1974GU211975BL04 1975GU171975NA07 1975WA16 1976AU04 1977AL0G 1977Y0O04 1978AU1],
1979SA09 1980WA06 1981AU07 1981KHO07 1985TE02 1986FR121986SA30 1990L013. A multi-
channel cluster model approach is discussed ®8{FEO02, and a self-consistent wave function Brueckner-
Hartree-Fock calculation is described iB74CI03J. 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 rst excited statedt , T = 0) in “He was estimated in@84AH03 using a breathing-mode model.
Phase-shift analyses and calculations are presentetQirfbCA05 1977THO7 1979KAL17, 1979SA35
1985S0081986SA051989C0111991CO0Y, and from a study of experimental phase shift815PL0)
it was concluded that small D-state admixtures to the domtifSastate con gurations exist in théHe
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 1984FI2Q 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 ,2 , T = 0 states irfHe 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, dfHe Ep = 1:475
(b) *He(d, d3H + p Om= 19814
(c) *He(d, d)?H?H Qm= 23847

Reaction (a) was reviewed by{84AJ0) under the discussion 8f.i. Measurements of reactions (a)—
(c) published since the previods = 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
cm: (deg)
Ep (MeV) Measurement or Description? Refs.
t (GeVk)?
1050 () 3 47(lab) Compared with various theoretical calculations. 1974BA14
85 () 10 168 Compared with various theoretical calculationg. 1974V005
580, 720 d /dt t=0:13 055 Measured'He recoils. 1975VEQ9
347 894 Ay 90 Determined angle foA(E, ) = 0. Phase-shift 1976BR17
analysis.
2:24  5:90 () 168.8, 104.4 Determined angle foA(E, ) = 0. Phase-shift 1976BR17
analysis.
600 () t=0:12 051 Used Coulomb-nuclear interference to determine  1976FAQ9
NN amplitudes at 600 MeV.
18 48 R Compared to various calculations. 1976S001
350, 650, 1050, 1150 () t=0:02 071 Studied rst diffraction minimum. Theoretical 1977AS01
analyses.
770 () not given (p, p) measurements made for DWBA analysig of 1977BA19
(p, d) cross section.

11 14 () 19 167 R-matrix analysis for dat& =0 17 MeV. 1977D0O01
11.93, 17.00 Ay 119 134,37 157 | Abs. precision 0:01L Tabular presentation. 1977HAO06
560 1730 () t=0:006 1.2 Studied diffraction minimum. Compared with 1977KL08

other data.

7.3 1105 Ay 55 135 Tested procedure for polarimeter calibration. 1977MEO6
200, 350, 500 () Ay 35 15 Studied dependence on momentum transfer and  1977ST30
energy.

1050 () 180 Studied sharp backward peak. 1978BE30

1750, 2510, 4130 d /dt t=0:002 0:04 Studied proton-nucleon amplitude. 1978DU15




8G

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

c:m: (deg)
Ep (MeV) Measurement or Description? Refs.
t (GeVic)?
788 d /dt t=0:11 419 Evidence for backward diffraction-like structure. 1978F0O33
20 55 () 10-170 Phase-shift analysis. 1978HO17
185 500 (E, ), Ay 144-168 Studied structure in excitation functions. 1978MC06
2680 d /dt t=0:15 0:66 Studied shape. 1978NA13
560 1730 (E, ), Ay t =0:0057 1:21 | Compared with theory. 1979C0O01
205 520 Ay 17,15, 24 High-precision calibration standards. 1979GR08
45, 52, 60, 65 (E, ) Ay 15 160(lab) Obtained data for polarization analyzer. 1979IM01
100 700 (E, ) 180 Explored role of inelastic pion channels at large 1979KA19
momentum transfer§He(p, p) and*He(p,3He).

200, 350, 500 (E, ), Ay 4 168 (lab) Compared with theory. 1980MO09
500 (E, ) Ay 65, 90, 120, 160 Inclusive scattering measuremerttsle(p, x). 1981R0O03
992 t =0:0109 0:0897 | Deduced tog and diffraction cone parameter. 1982VEO03

1000 d? /dpd 156 Plot invariant cross section verspsfor (p, ). 1983AN18
500 R 15 50 Measured WolfensteiR parameter. 1983M0O01
1000 (E, ) 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 (E, ) Ay 175 60 Measured continuum yields fop(p% and @, d). 1985WE12
700 1000 d /dt t =0:0132 0:0799 | Deduced oz and diffraction cone parameter. 1985VE13
65 (Ep, p) Ay 20 130 Measured for (p, 9 and (p, gH) breakup. Ob- 1986FU05
served peaks fdtHe excited states.
71.9 (E; ) Ay 25 169 Phase-shift analysis of data at 71.9 &t 72 1989BUO1

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

c:m: (deg)
Ep (MeV) Measurement or Description? Refs.
t (GeVic)?
25.68 Ay 117.5 (lab) Presented new method for precise calibration B89CL04 1989HA28
beam polarization.
695, 793, 890, 991 d /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-ef ciency polarimeter. 1988SA41
695, 793, 890, 991 (prr) small angles Extracted diffraction slope parameters. 1989GR20
15 22 Ay 87 Described design, calibration of polarimeter. 1990PR0O4

a Elastic scattering, except as noted.
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Table 4.23: Measurements and analyses of cross sectiodettgron scattering dtHe
Eq (MeV) Measurement c:m: (deg) Description Refs.
or
t (GeVic)?
11:5 17 iT11 51:8 1589 Shows d- scattering is a convenient analyzer for d vector po- 1973CH35
larization.
12, 14,17 () Axx,Ayy, 30 145 Obtained abs. precision of0:01. 19730H01
4:8: 9.0 A K 27 66 (lab) Measured 4 analyzing tensors and14 pol. transfer coef - 19730H02
cients.
29.8,32.3,34.8,37.8,39.83 ( ,E) 16 159 Avg. rel. error2%. 1974WI113
4 5,10 125 Ayy 20 180 Investigated analyzing power maxima. 1975GR10
2:38 13:60 iT11 37.5, 45 (lab) Absolute calibration. 1976SC15
6:04 7:05 (7 energies) (),iT11,T20,T21,T22 11 165 Deduced phase shiftéLi resonance parameters. 1977HA34
0:870 1:430 (,E) 38 125 Obtained resonance parameters. 1979BA30
12 17 (), Ay, Axx Emphasis on backward angles. Phase-shift analysis. 1979GR13
1.8 Ay 1 =71 10° 5, =39 220 , =46 40° | Measured left-right asymmetry for double*te scattering. 1980BA60
20 () Ay, Axx, Ay, Axz 30 150 Optical model analysis. Needed tensor term. 1980FR01
17:0 42:8 (7 energies) | Ay, Ayy, Axx 30 160 Compared with RGM and Faddeev calculations. 1980GR03
17 45(7 energies) () Ay, Axx 30 160 Used rapid spin- ip to reduce exp. errors. 1980ST01
8,9, 10,11, 12,13 (),iT11,T20,T21,T22 10 160 Phase-shift analysis. Deduced level$ in. 1983JE03
3 43 Tij , Ajj Phase-shift analysis used to investigate states of maxipuin}  1985JE04
larization.
56 () Ay, Axx, Ay, Axz 12 160 Deduced optical model parameters. 1985N101
8 56 (), Ay, A, AxzAyy, 10 165 Reviewed polarization measurements, analyses. 1987GRO08S)
iT11,T20, T21, T2
11.9 K 55.1 Measured six polarization transfer coef cients. Deduceats| 1988ELO1

tering amplitudes.




Many theoretical studies dHe(d, dffHe 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 (1974THO5 1976LE17 1982KA24, 1983A003 1985FI01 1985KA20), and optical model analyses in
(1984FR14. Calculations based on Glauber theofy@{8IN02 1986FR12, the orthogonality-condition
model (L980NI07), microscopic coupled-channel mod&@b83SA39, 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
(1990HUQ0Y9. Convergence properties of the pseudo-state method wesstigated in {988KA25. See
also the recent work ofl@90KUO0G 1990KU16 1991KR032.

Early experimental evidence for levelsiale from reactions (b) and (c) are discussedlii73F10J.
No new work has been reported.

27.4H(t, t)*He E, = 2:468

This reaction is reviewed inLE66LA04).

28.%HeCHe,3He)*He Ep, = 1:588

This reaction is reviewed inl@88AJ0).

29. (a)*He( , )*He Epb= 0091
(b)*He( , 93He+ n QOm= 20578
(c)*He(, 9H+p Om= 19814
(d)*He( , 92H?H Qm= 23847

Reaction (a) was reviewed b¥9488AJ0) under the discussion 8Be. The previou& = 4 compilation
(1973F109 reviews early work on reactions (a)—(d) giving information excited states ifHe. More re-
cently, the work reported i @82FI16 studied the effects dHe in the rst excited Q") state on the elastic

scattering. Kinematically complete experiments on reacfd) at 119 MeV reported inLRSOKA20
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 askign 2%, 2" (1 ), and2" to the last three of
these. An investigationl@81BA39 of the excitation spectra He nearEy = 20 MeV by means of an

9 experiment at 64 MeV used @matrix representation to extract level parameters= 20:29 0:02
MeV, ¢=0:89 0:04MeV forthe rst excited state.
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30. (a)®Li( , 2n)f'He Qm = 134:57
(b)Li( *, 2pfHe Om = 137:16

Reactions (a) and (b) are reviewed in the previous compiigfi973FI09 and evidence for the forma-
tion of the ground and excited states*tfe based on the summed neutron and proton spectra fromamescti
(a) and (b), respectively is cited. No new evidence*ide levels based on reaction (a) has been reported.
However, the triple-differential cross section measunaimef reaction (b) described iag86RI10J) indicate
strong population of theHe 2 state at 22.1 MeV excitation. The energy dependence of #wios around
the (1232) resonance was explored i®90ZHZ2). See also{986WHO01 1987HU13.

31.5Li(n, t)*He Om =4:782 Ep = 7:250

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

32. (a)®Li(p, *He)*He Qm =4:018 Ep =5:607
(b) SLi(p, pd)*He Om= 1475

These reactions are reviewed B988AJ0) under the discussion dBe. The previous compilation
(1973FI094 summarizes early experimental and theoretical work osetheactions that relate to the structure
of “He. More recently, differential cross sections for reaciia) (L974SC23were measured and analyzed
by cluster-model direct reaction formulae, and possiblrdoutions from compound structures within the
SHe-4He*(0" ) channel involving the rst excited state He at 20.1 MeV were discussed. Measurements
atincident energieE =1 3 MeV are described in1089ZAZX). See alsoX987ZA07).

In (1974ZH0) an estimate of the contribution of spin- ip knock-out pesses in reaction (b) is pre-
sented. The distribution of effective numbers of n-p paifLi over the excitation spectrum 6He is given.
Quasi-elastic knockout of excitédHe clusters by fast protons at large momentum transfersausised in
(1987ZH10.The excitation spectrum dHe is calculated.

33.5Li(d, )*He Qm = 22:372 Ep, = 22:280

This reaction is reviewed byl ©88AJ0) under the discussion 8Be. The previous compilatiorl973FI09)
cites two reported experiments which provide informatiorezcited states diHe. More recently, an exper-
iment (1978FU03 atE4 = 13:6 MeV involving d angular correlations showed evidence fdFastate at
25.52 MeV excitation with a width of 2.26 MeV and an odd-pastate at 27.5 MeV. See alsbq75GL0§.
Arecent experiment &4 = 18:2 36.8 MeV is reported in {989BA8§. See alsoX973HE06 1973MI120Q,
1974MI110Q, 1979WAO02Z 1981YUO0] 1990YAL]D). An analysis of tensor-analyzing-power data is described
in (1990SA40.
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34.7Li(p, )*He Qm = 17:346 Ep = 17:255

This reaction is reviewed by.088AJ0) under the discussion 8Be. The previous compilatiorl973FI09
cites two experiments which provide information on excistates of'He at 20.06 and 21.2 MeV. A recent
measurement at incident enefgy=29:1 44:6 MeV is reported in {989BA89. See also the analysis of
data at thermonuclear energies iI990RA29.

AL

GENERAL

The stability of®B against particle decayl988AJ0), in particular against decay infide + “Li, sets
an upper limit of 1.7 MeV on the separation energy*bf into p + 3He (1952SH4J. The instability of
4H against particle decay (séel, GENERAL) makes the particle stability 6f.i very unlikely, since the
Coulomb energy of'Li is approximately 1.7 MeV larger than that 8H (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 negabudts (see reaction 1). Indirect proof of the
non-existence ofLi can be provided by a measurement of the solar neutrino triclv would be strongly
in uenced by the existence dfLi. See (1968ME03. For other theoretical work ofLi, see (1974ST14
1979HUO02 1981KA39 1988C0O15.

The level structure ofLi presented here is based on Ramatrix analysis 1983HA1N) that gives a
good representation of all the+p 3He scattering data at proton energies below 20 MeV. BW resmna
parameters from that analysis are given in Tah®4and shown in Fig. 3. The spin-correlation attde
analyzing-power data included in the3pde analysis determined that the lowler level is primarily in the
3p state, while the uppdr is primarily in thelP state, removing the ambiguities in the earlier phase-shif
solutions, as was discussed in the previous compilati®i 3F104.

As in the case of théH levels (se¢'H, GENERAL), which were based on ti&i parameters, all the
levels are at least 1 MeV lower than they were1873F109. The only signi cant difference between the
“H and®Li levels is in the position of the ground state above the @nicitrinucleon 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 th&ex = 15 20 MeV range and antibound P-wave
states that cannot yet be identi ed in the data. The kndwn 1 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 tkal 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 experimd®80BR14 1990BR17 that detect'Li states in the
particle spectra of breakup reactions. It may even be plesibt these experiments are not detecting2the
andl states as they assume, but positive-parity st@ffesafid1* ) whoseS-matrix poles are much lower
in energy than are thi€ g-matrix poles.

1.4Li( *)*He Om 217 not observed
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Fig. 3: The energy levels dLi are plotted on a vertical scale giving the c.m. energy, eMyrelative to the mass of
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 6ti de ned for channel radiug, = 4:9fm.
All energies and widths are in the c.m. system.

Ex (MeV) J T (MeV) | Decay | Reactions
g.s.? 2 1 6.03 p, 3He 3
0.32 1 1 7.35° | p,%He 3
2.08 0 1 9.35 p,3He 3
2.85 1 1 13.51° | p,%He 3

2 4.07 MeV above the p 3He mass.
b Primarily 3P;.
¢ Primarily *P;.

As noted in the previous compilation§73F104, the positron decay dfLi, if it were particle stable,
must lie close to 20 MeV, and all searches¥orbeta decay with the expected energy have yielded negative
results. Since the previous compilation, no evidence fisrdhcay has been reported.

2.3He(p, )*Li Om 2:9 not observed

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

3. 3He(p, pfHe

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 ifiLi 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 bearing3te(p, pfHe has been carried out. Microscopic
calculations for théLi continuum presented inl@77BE4() include3He(p, p) differential cross sections as
well as*Li and*H level positions and widths. A cluster model study b9 T9FU0Y predicts the ordering of
T =1 negative-parity states it =4 tobe2 ,1 (triplet-main),0 ,1 (singlet-main). Inthe microscopic
multichannel resonating group calculations 8¥81HO04 theT = 1 level order is predicted to k2 , 1
(triplet), 1 (singlet),0 .

In (1987F103 a review of recent progress in four-body scattering andkarp 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 sectiopsofomn scattering on

SHe
cm: (deg)
Ep (MeV) Measurement or Description? Refs.
t (GeVk)?

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

85 () 10 168 Compared with various theoretical calcu-1974V005
lations.

18.0, 20.0, 22.5, 25.0, (E, ) 14 165 Phase-shift analysis. Compared to res-975M0O15

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

42.7,45.0, 48.5, 57.0

27 (), P3 40 160 Polarized®He target. 1975WA08

600 () t=0:08 045 Chose t range to study nuclear multiple 1976FAQ09
scattering.

16.2 KX KY K 30 90 R-Matrix analysis. 1976HA08

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

415, 600 () p=136 172 Detected®He recoils. 1977FR0O5

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

196 265 Ay 135 Phase-shift analysis. 1978MU14

2.30, 3.00, 4.47, 6.80, Ay 45 155 Polarized®He target. 1978SZ05

8.80

6.82, 8.82, 10.77 K;‘o, K)‘,’O, K§O 43.6, 58.9, 76.9, 93.9 | Compared with calculated values fropl978WE16
previous data analyses.

1000 () 20 45 Studied ( ) near minimum. Compared 1979AL15
with Glauber model.

174 450 Ay 40 150 R-Matrix analysis. Established order pf1979DE04
low-lying T =1 “Li levels.

03 1.0 (E, ) Ay 524 1733 Phase-shift analysis. 1980BEO06




L9

Table 4.25: Measurements and analyses of cross sectiopsofomn scattering on

3He (continued)

cm: (deg)
Ep (MeV) Measurement or Description? Refs.
t (GeVic)?
700 1700 (E, ) 160 180 Featuresin (E, ) attributed to baryonig 1981BE52
excitation.
1000 (E,Ep) 156 Studied proton spectra. 1983AN18
214 496 Ay 20 160 Errors< 0.01. Data compared with t§ 1984BI05
from phase shift andR-matrix predic-
tions.
978 d /dt t=0:03 0:15(GeVi)? | Results compared with Glauber-Sitenkal 984BL07
theory.
195 475 (E, ) 1061 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 398 1526 Polarized®He target. Statistical error | 1985MC04
0:05.
200, 300, 415, 515 (E, ), Ay 15 150 Analysis by Glauber multiple scattering1986HA23
theory.

a Elastic scattering except as noted.




(1976SA02 1977BA46 1985S0O071986FO007 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 examp8BNAOG 1976FR121979MEQ8 1981BI0§. See
also (1976LE32 1978PE2). Optical model calculations cfHe(p, p) have been reported ih79SHOG
1984LA20 1984PA09 1985SA22 1986LA02, 1990LA0TY). The mechanism of two-nucleon exchange in
backward scattering is explored ih989LA26). The speci c distortion effect of the three-nucleon crsn

the p+ 3He system was studied in a resonating-group formulatiorlBg§SH12. A non-relativistic eld
theoretic formalism was used$79F008 1984F00§ to develop a soluble four-body model and calculate
scattering cross sections. Time-reversal violating eéffeclow-energy’He(p, p) scattering were calculated
and found to be very small©77SI1). For other theoretical work related tble(p, pfHe see {972KI13
1973KI07,1974LY02 1975BA05 1975KI11, 1975RU01 1979KA19 1983LY07, 1984LA25 1987AB13.

4.3He(p, d}HH Qm = 5494

Early measurements of particle spectra from 3He(p, d}HH reaction are tabulated in the previous
compilation (973FI109, and a discussion of information obtained on pp nal-stateractions (FSI) and
pp and pd quasi-free scattering (QFS) processes is preseavitare recent experiments die(p, dfHH
are summarized in Tabk 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 @86GA15. Missing mass spectra
reported in {987TAL17 1987TA20Q show narrow structures possibly associated \Bitke 2, T = 1 quan-
tum numbers. The structures observed have masses and (Mtths2:240 0.005 ;- 0:016 0:003
GeV;My =2:192 0:.003 -, 0:025 0:006GeV;My =2:121 0:003 -, 0:025 0:002GeV).

An independent investigation reported itBE8SA33 found narrow structure in the missing-mass depen-
dence of analyzing power that showed signi cant correspoicd with previous reports and predictions of
theory.

5. 3He(p, n}HHH Qm= 7718 not observed

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

6. 3He(d, n¥Li Om 2:225

As noted in the previous compilatiodg73F104 this reaction was reviewed i1974AJ0), and early
work setting an upper limit to the cross section was cited.nB\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 particlérsgfeasm the*He(p, d) reaction

Eq (MeV) Particle (deg) Description Refs.

detected

98.7,149.3 dp ¢ =17:5;60 Measured ( ), Ay( ) DWIA | 1985WE12
analysis based on quasi-free d
knockout.

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

750 d, X 6, 40 (lab) Measured ( , E), missing| 1987TA17

mass. Reported evidence for
narrowB = 2 resonance.

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

Pp =1:46GeVlc | d, X 22 (lab) Measured ( ), Ay( ). Evi-| 1988SA33
dence for narrow structure.

7.3He(d, nfHe+ 1H Om= 2225 Ep, = 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.

8.3HeCHe, dfHe+ H Om= 5494 Ep = 11:489

This reaction was reviewed in the previous compilatib®/3F109 and by ((974AJ0). Upper limits are
quoted for the cross section. Two experiments in which toelyets offHeHe, d) reactions were studied
have been reported sinc&9(73FI09. The rst of these (977DAL1]) searched for high energy deuterons
from *HeCHe, dfHe+ e" + atE(3He)= 15 and 20 MeV in connection with the solar neutrino problem.
The other experiment examined quasi-free processes irhvatiteast two of the nal-state particles were
charged. Beam energies were 50, 65, and 78 MeV. The kinewmiditions that were chosen favored the
dominance of d3He quasi-free processes over sequential decay modes Iftbiugr SLi. No evidence for
4Li was observed in either of these experiments.

9.4He( )H + 3He Qm = 35:394
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Table 4.27: Measurements and summaries (S) of “He reactions

Reaction E (MeV) Description Refs.

“He( *, p)®He | 60, 100, 220| Measured (E, ) and proton spectra 1977JA15
at45, 90 (lab). Studied absorption
mechanism.

50 295 | Measured (E, ) at20,40. Yields| 1980KA37
nearly proportional to number of tar
get NN pairs.

50 300 | Measured (E, ) at20. Compared 1981KA41
“NN! Npand *d' pp.
400, 475 | Measured yields for, = 30 . Two-| 1981KA43

nucleon pion absorption kinematic re-
gion emphasized.

100, 160, 220 Measured (E , ) and proton spec- 1981MCO09
traat , = 30 150. Observed
quasi-deuteron absorption mode.

50 295 | Measured (E , Ep) at , = 30, | 1983KA14
40 . Studied pion scattering and ab-
sorption contributions.

“He( *, 2pyPH 165 Measured ( p,, p,). Deduced con; 1981AS10
tribution of 2N + | 2N reactions
where initial 2 nucleons are in a rel-
ative S-state.
65 320 | Measured charged-particle multipliccL990ADZY
ity, (1, 1)

Early work on this reaction was summarized in the previousmtation (1973FI104. More recently,
extensive reviews of experimental and theoretical work gpeuclei were presented iId975GAL1A
1978P0O1A 1990C0O1D 19900S1A. A theoretical study1985LY1A) found that the polarization of the
protons and tritons in the reaction is largely determinedhieystrong interaction in the pHe system. The-
oretical analyses of the binding energies of the ground awoiteel states of He and*H are presented
in (1982K0O13 1987YA1M). See alsoX988MA09. Coulomb effects and charge symmetry breaking are
discussed ini985B017. A four-body calculation of th&@* 1" binding energy difference is reported
in (1988GI1H. Non-mesonic decays are discussedlifi86TALE 1986SZ1A 1990C0O1D0D 19900S1A.
Evidence for the existence of anucleus bound state formed in a (K ) reaction orfHe was reported
in (1989HA39. See also1989HA3(Q 1989HA39 1990HA08 1990HALY. The possibility of forming
doubly-strange -hypernuclei is considered ii983DO1B. Theoretical discussions of-hypernuclei are
given in (1990HA1B 1990HA08 1990HA11 19900K03.
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10. (a)*He( *, p)®He Qm = 120:28

(b) *He( *, 2pyH Qm = 114:79
(c)*He( *, 2p)N+ *H Qm = 112:56
(d)*He( *, 9)ALi* Om= 1469

Measurements of cross sections and proton spectra frormareda) 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®86OH09, 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 andT = 1 pairs was determined. Calculations of this ratio have been
carried out utilizing a standard theory of-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 eld theory. No new dataaation (d) have been reported. A calculation
of inelastic pion-nucleus collisions and pion absorpticonf the Boltzmann equation which included the
( *, 9 reaction is described in@79HUO0).
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[AA

Fig. 4: Isobar diagram foh = 4. All energies are referred to the ground-state Masswithout taking into account the np mass difference or the
Coulomb energy. Levels belonging to the same isospin nettgze connected by dashed lines. For other notations,igeé.F
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