





I ntroduction

The purpose of this work is to bring together and organize the large bodysearch on thé = 3
system that has been published since the compilation of Fiarman and Harnahis earlier work it was
decided to present the material in the framework of a discussion of thgyeleels of the system even
though only two levels are presently known. This approach was chassusbe it provided an organized
method for presenting a large volume of data that had become well estalftishiediew of A > 3 nuclei,
and because much of the earlier research had been motivated by atdekgeover and study levels and
resonances of the system. While it is true that the major emphasis of the wiglved here is on un-
derstanding the trinucleon system at a fundamental level and develamiogssful theoretical descriptions
rather than on discovering new levels, it was nevertheless decided ¢haitetbent review should adhere to
the system of organization that had been utilized with great success in tineaRiand Hanna work. As
in that work the information is arranged by nuclear reactions undeAthke 3 system that seems most
appropriate.

Except in rare instances, references that were published prior t# W8 not included since they
would have appeared in the previous compilation. The present revievd@xaaterial that appeared in the
NNDC Nuclear Structure References through June 1, 1987.

In accordance with the approach of the previous compilation, the materiedasiaed into four sys-
tems;3n, 3H, 3He, 3Li. Under each system the reactions are presented such that firstgeg then the
bombarding particle, and finally the product particle are ordered aiogptd the sequencey, e, 4, T, . ..

, n, IH, and then byZ with increasingA. Following the convention of Fiarman and Hanna and earlier
reviews, the3-decay proces$H(B~)3He is given first.

Recent review articlesrelevant tothe A = 3 system

H.W. Baer, K.M. Crowe, and P. Tdl, Radiative pion capture in nuclei977BA2A)

C. Ciofi degli Atti, Electromagnetic and hadronic interactions with the few-bmdtems at
intermediate energied 977CI2A

H.W. Fearing, Pion production in nuclei: Things known and unknoW@8(FE2A

J.L. Friar, B.F. Gibson and G.L. Payne, Recent progress in unddistatninucleon properties
(1984FR2A

B.F. Gibson, The three-body force in the three-nucleon sysi&®6GI124A

M. Gmitro, H.R. Kissener and P. Tolj Basic mechanisms of radiative capture of pidt832GMO03

A.N. Gorbunov, Nuclear photoeffect at helium isotopE816GO2A

B. Hoistad, Pion production in proton-nucleus collisioh8{9HO2A

G. lgo, Elastic and inelastic scattering of pod.,. . . on nuclei (9821G2A

B. Kuhn, Measurement of the neutron-neutron scattering length andigstion of the charge
dependence of nuclear forcd9{5KU25

H. Kumpf, J. Mosner, K. Moller and G. Schmidt, Deuteron breakup bygm®and neutrons
(1978KU13

D.F. Measday and G.A. Miller, Hopes and realities for them(preaction (979ME24A

B.M.K. Nefkens, Meson induced reactions in the three- and two- nuciestaras {978NE2B

A.C. Phillips, Three-body systems in nuclear physic$7(7PH2A

E.l. Sharapov, Radiative capture of neutrons by the lightest nud&ilSH2%
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I. Sick, Lepton scatteringl@78S125

J.E. Simmons, Some topics concerning n-n and n-d experiments at mediues@&g5S12A
I. Slaus, Quasifree processes and few-body systéa&iSL0S

I. Slaus, Neutron induced reactions on very light and light nudle@r6SL2A

I. Slaus, Experiments in few-body researé818SL2A

B. Sundqvist, Low-energy three- and four-nucleon scattering @xpais (978SU2A

E.L. Tomusiak, Present status of photonuclear reactions in light nd€@b{r 024

M.S. Weiss, Photonuclear studies in the few-nucleon syst&ms\WE2A

Notation

bombarding energy in the laboratory system; subscripts pridefer to protons,
deuterons, tritons, pions, etc.

energy in the cm system;

excitation energy;

reaction energy;

separation energy;

full widths at half maximum of a resonance or level;
resonance energy;

angle in the labpratory or cm systems;

angle in cm system;

differential cross section;

total cross section;

polarization;

analyzing power;

spin and parity;

magnetic moment;

scattering length;

effective range;

four-momentum transfer squared (infg).

If not specified otherwise, energies are given in MeV.



Useful masses (Me\A

= 105.65916 (30%
e 139.5685 (10)
m° 134.9642 (38)
A 1115.60 (5)
In 8.071369 (13)
1H 7.289030 (11)
2H 13.135824 (22)
3H 14.94991 A3)
3He 14.93132 (3)
“He 2.42492 (5)
5He 11.390 (50)
SHe 17.5923 (10)
6Lj 14.0856 (7)
6Be 18.374 (5)

2 Non-hadronic masses are from ref. (2); atomic mass excemse$rom
ref. (3).
b The uncertainty in the last few significant figures is givepamentheses.
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3n
(not illustrated)

GENERAL:

The weight of experimental evidence reviewed in the previous compilatidriasfman and Hanna
(1975FI109 is strongly against the existence of a bound state of the three-neustamsyand only con-
troversial evidence ofn resonances was cited. Several experiments carried out more rewamlgtrength-
ened the evidence against the bound trineutron and have failed to diseswaance structure that cannot
be otherwise explained. The most suggestive work istthe ) double charge-exchange experiment of
(1975SPOp(see reaction 2 below), the result of which could be interpreted as timical = % resonance
around 12 MeV excitation. This observation was supported by moretrgceym™) measurements reported
in (1986STO0Y.

Some of the contradictory aspeci9{5FI08 1977PH1X of calculations on bound states % have
been clarified. 1979LI119 showed that disagreements between Faddeev calculations (whichtgdedalic
bound trineutron) and variational calculations (which did not), arosa fitte potentials used in the Fad-
deev calculations. 1078GL07 has calculated th8-matrix pole trajectory in a three-neutron model and
concluded that its pattern rules out the possibility of a low-energy resendn (L19790F0) a study using
the Reid potential found that the interaction potential must be enhanced4to bind®n near zero energy,
indicating that a low energy resonance is extremely unlikely. The trineutratinyg energy was calculated
(1980BE232 using an interaction which reproducéd, He, *H, “He, and*Li ground states. The model
suggests thatn is unbound. A Faddeev calculatioh980SUO03 with a realistic nucleon-nucleon interac-
tion in coordinate space indicated tRatstates with% <J< % of either parity are unbound for the Reid
soft core potential. A method for finding the lower estimates of energieseafifapstates is proposed by
(1981KA39. They investigate four varieties of potentials with the super-soft codetla® Reid potential.
The method indicates that orily = 3 is allowed forA = 3 and forbids states ¢f or3Li.

1.3H(m—, y)°n not observed

Measurementsl@76BI105 1979BI13 for m— momentump = 200 MeV/c with a high-resolution pair
spectrometer gave no evidence for bodng but could not rule out resonance struture in the excitation
region from 7 to 16 MeV. (See also the review &0 7BA2A). An improved experimentl@80MI12 gave
an upper limit on the branching ratio (bound state width)/(total radiative captigith) of4 x 10~2 and an
upper limit on the branching ratio to resonances with width MeV was determined to b&x 10~2. These
results along with other radiative pion capture experiments are review&8&2GMO03J.

In recent work by {985WEO03, the 1sn— absorption width foPH(1t—, y)3n is predicted to b&.25 +
0.55 eV on the basis of the isospin dependence of the two-nucleon pion #bsarperator.

2.3He(m—, m*)%n not observed

At E, = 140 MeV andn™ detection angle betwe@0° and40° (1975SP0pmeasured an enhancement
in them™ distribution near threshold which can be interpreted eitherfas=a3 three-nucleon resonance or
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a resonance of the nucleons in fiiée nucleus. They obtain an upper limit@f2 pb/sr for the production
cross section of a bound state®f. A theoretical study by1984J10) using the method of hyperspherical
functions in the coordinate representation showed that the resonaadeehlavior of the differential cross
section observed in the experiment is reproduced by the inclusion of Histate interaction, and therefore

it is unlikely that it proves the formation of #n resonance state. More recently a measurement of the
differential cross sectioo(E,.-, E,.+, 8) for the3He(n—, n*) reaction at 140, 200, and 295 MeV was
reported in {986ST0Y. The missing-mass plot showed a strong enhancement resembling 8bmoalkkon
resonance.

3.4He(m~, p)°*n not observed

Pion absorption studies have been carried out by several groupsonPspectra were measured at
E. = 60, 100, 200 MeV and = 45° and90° (1977JA1Y; atE, = 100, 160, 220 MeV and between
30° and150° (1981MC09; atE, = 50 — 300 MeV andf = 20° (1981KA41); atE, = 400, 475 MeV
andf = 30° (1981KA43; atE, = 50, 100, 150, 200, 250 MeV argl= 20° and40° (1983KA14). The
breakup of*He bym— was studied by 981RAZV, 1981RAZ2). Proton energy spectra from the capture at
rest ofi~ by *He were measured 981CEOQ). No evidence was reported fdn bound states in any of the
pion absorption experiments.

4.7Li(n—, *Hey’n not observed

A search for*He recoils corresponding ttn formation was carried outl77BA47 with ”Li loaded
emulsions. An upper limit for the branching ratio bf formation to all other channels was found to be
< 1.2 x 1073 at the 90% confidence level.

5. 7Li("Li, 11C)®n not observed

Particle identification spectra were obtainé8T4CE0$ at a’Li bombarding energy of 79.6 MeV. The
11¢C energy distribution was well fit by four-body phase-space preditién upper limit of 70 nb/sr fotn
bound state production was obtained. No resonant structure was teviden



3H
(not illustrated)

GENERAL:
Ground Sate
4
yo=l
Mo = 2.978960 + 0.000001 nm

M —A = 14.94991 + 0.00003 MeV

The wave function for the triton bound state is calculated to be mostly S-state9(%) with S'-
state (=~ 1%) and D-state (= 9%) admixtures depending on the potentials use#BEIS06 1979SA1Y.
See also1983FR191984MU23 1980HALQ 1984CI105 1984CI09 1980L0O09. The measured magnetic
moment forPH is u = 2.978960+0.000001 nm (1978LEZA). Calculations which include both impulse and
pion exchange contributions are in fairly good agreement with the measimedeon magnetic moments
(1985T0O2). Recent calculation with a six-quark bag moded$6BHO0Y are also compatible with the data
for 3H and®He. See alsol(982W0031983BUO7.

The rms charge and magnetic radii fof determined from electron scattering (see reaction 8(a)) are
Yims = 1.63 + 0.03 fm andy/h, = 1.72 £+ 0.06 fm. In general two-body force calculations give values
of yrms Which are ~ 10% too large (986GI2A). This discrepancy has not yet been fully resolved by the
addition of three-body forces although there are calculatid®8gIS0¢ which, when extrapolated to give
the correct triton binding energies, are in resonable agreemeny/fyithexp). (However, the form factor
problem remains1986GI24). See also1985FR12 1985SA2A which examine the way in which the
triton bound state observables scale with binding energy.

The binding energy ofH is 8.481855 + 0.000013 MeV (1985WA0J). Many calculations have been
done to predict the binding energy #fl and3He (see the reviews df986FR2[) 1986GI2A 1984FR2A
and references given below. It is observedi886GI2A that two-body force calculations with realistic
forces underbindH by ~ 1 MeV whereas calculations with three-body forces give binding enetgees
large by ~ 0.5 MeV, although it is pointed out iNO86SA2A that three-body force calculations can give
correct biding energies if the cut-off mass is taken to be 700 MeV.

Charge and magnetic form factors fitl have been determined from electron scattering experiments
(see sect. 8(a)). Measurements dérfrom 23 to 31fm~2 are reported in{985JU0). The available data
indicate that the magnetic form factor is similar to that¥srwhich has a diffraction minimum at a higher
value ofq than predicted by impulse approximation calculations. The isobar mod&R8BGT1) with
meson-exchange currents satisfactorily accounts for the differeriSeg also {986SA07 1986SA09.)
Calculations of the charge form factor with two-body potentials are in segagreement with experi-
ment for3He in that the theoretical momentum transfer at the first minimum is too high, arfebityet of
the second maximum is too low. (See also sect. 8(a).) However it is pointéd (@87ST091987PL2A
that the*H charge form factor is well described by theory if the correct psscaar vector coupling for the
pion-nucleon vertex is used in the calculation of the exchange curratritagtions. For other recent calcu-
lations see986KI17, 1986FR151986L109 1986SA07 1986SA08 1986HA12 1985B044 1985MA24
1986CI05. The addition of a three-body force increases the calculated value ahtérge form factor in
the region of the second maximum by 50%, but a factor of three is ne&éd88@G12A). The very recent
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work of (1987BE3() reporting on measurements tf and3He isoscalar and isovector form factors also
reviews the extent of agreement between current theories and experime

The review of (986FR2D) notes that calculational techniques for the trinucleon system havegssegt
to the point where critical examinations of three-nucleon forces, relitidffects of nucleon motion, and
explicit non-nuclear degrees of freedom such as pions, isobaagkgjatc. can be made with some confi-
dence.

A great deal of work has been done to explore three-body foreetsffSee for example the conference
proceedings {986BE2A 1984FA2A) and summarieslO@86FR20 1986 TO2A 1986CA2A 1986CH2C
1986GI2A and the reviewl984FR2A. See also recent calculations @987NA02 1987ST091984C0O18
19790S081983WI105 1983ME14 1985R0021983C0171981C0O2B1982C0041984UE011982DA19
1982DA25 1982DA2(Q 1982DA0G 1982GL05 1983CA1Q1981CA1419841S041983MU0G 1982MU13
1984WI11219827A01 1981L0O0§ 1985CH171985CH221986CH131986SA081979YA03 1976HA4Q
1977HE23.

Relativistic effects in the trinucleon bound state are consideretblidgGL01 1981GA15 1981K0O02
1980MA22 1979HA36 1977BA29. The effects of including tensor forces in three-body calculations are
discussed in9860S0419860S0Y.

The quark structure of the trinucleon and the effect of quark clustergsoground state properties
have been studied byl 986KI117 1986GU12 19860E021986CH22 1986BH05 1985VE15 1986SA02
1986AB02 1985MA67 1985MA3Q 1985MA24 1985FA0] 1985K02A 1984SU031984GR181983BE0S
1983NE121983NEO0S.

Trinucleon asymptotic normalization constants have been calculaté®8gIS0]1 1984FR2A 1982B0O22
1982FR071980SA231980HA03 1979GI2B 1979KI03 1976LEO).

Binding energy calculations in addition to those mentioned above have bemdcut by (986HA36
1986PE081987T0O041985EF0119850R0519850R061985AB12 19850R081986HA1Q 1986KEQ07Y
1986BE251986NA1Q 19850R031985RU041984G101 19840R0219830R061980PA121978CH21
1981HA41 1977GL07 1984J105 1982BA58 1982DA24 1980BA2], 1980G0101976DZ01 1980MI19
1978EF011978KI14 1977NU2A 1977HE161976SH161975HE111979SA1519790S021977ELOS
1979HA27 1983HA19 1978GI1Q 1978BI03).

Theoretical papers not mentioned elsewhere E385B0171983ME0G 1983GR241982AT0], 1981K0O37
1981LE22 1981PA051981SA27 1980ZN01 1979PE061979DE131979BE09 1978ST281978HY0],
1977BL11 1977S0051977EM011977BE611977BA2Q 1977AF021975MC171975G0041975AF0).

1.3H(B~)3He Qm = 18.594 keV

Early measurements of the half-life are reviewedlia{5FI0§. A recent evaluation of available ex-
perimental data was carried out by984HO24). The recommended value 1§ , is 12.3 + 0.1 years.
The standard deviation on the recommended value is based on the disagréetmeen the evaluated
measurements. A very recent measurement reporteti9si’S10) gaveT,,=12.32 + 0.03 years. The
Q-value adopted byl©85WAQ02) is 18.594 + 0.008 keV. A recent measurement b¥985SI07 with a tri-
tium implanted Si(Li) detector gavk8.577 + 0.007 KeV for theH end point energy. See also the related
mass-difference measurements 8§1SM02 1984L124 1985L102 1984NI16.

Using the evaluated data for the half life and end-point beta-decayye(®9g8RA2A) obtained a value
for the Gamow-Teller matrix elemeny - ) = 1/3(0.975 4 0.007). This was based on a value of the ratio
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of axial-vector to polar-vector coupling constaf®,/Gy-| = 1.237 + 0.008. On the basis of more recent
data, (982BA2(Q has suggested usinGa/Gy| = 1.259 4+ 0.009. This results in a value for the Gamow-
Teller matrix element ofo - 1) = 1/3(0.958+0.008) which (1982BA2(Q compares with calculated values in
various approximations. The value calculated usingandp~ exchange with point couplings agrees with
this modified value. A calculation @b - T) including axial meson exchange current effe@®34CI0) gave
agreement with experiment. An experiment to measaret ) in a model-independent way is discussed in
(1985BUZ2). The effect of the atomic and molecular environment on the valu@ oft) deduced from
experiment was studied by 983BU13 and found to be significant, and could imply a higher probability of
finding delta isobars in the triton. An analysis B9B84B0O03 of experimental results which includé#
beta decay placed limits on unusual coupling constants.

Measurements of th#H beta spectrum to determine the antineutrino mass were carried dlA®y%118
1983DE47 who determinean, < 65 eV andm, < 50 eV, respectively. The experiment df80KO2A
1980LU2A 1981LU07 on the®H beta spectrum in the valine molecule indicated a finite antineutrino
mass,14 < m, < 46 eV. The effects of molecular structure on the beta spectrum shape were studied
by (1982KA1X, 1983KA33 who determined that the lower limit of 14 eV should be replaced by a higher
value. See alsol@85KA21). However, the experiments o1 §80KO2A 1980LU2A 1981LU0Y) were
re-evaluated by1984SI12B and (L985BEQ) who found that there is no conclusive evidencerfgr > 0.
More recent studies bylp85B034 1985B0O53 with improved apparatus and techniques foamd > 20
eV. Very recently an analysid 987B0O07J of H decay in valine gave a neutrino masSSﬁfS“_“é eV while
measurements of free molecular tritium decay reported @87WI07) gave an upper limit of 27 eV for
m,,. In other work bearing on the antineutrino mass measurements it was fatrilereffects of Coulomb
corrections {983WUQJ) and radiative-spectrum correctioi983RE1} could prove important in the de-
termination of the neutrino mass from thid beta spectrum. The effects of atomic final state interactions
on the neutrino mass-determination problem were studied 83102 and found to be negligible. Two-
step processes were examined h9§4STO09Y and found to be unimportant. See also the recent work of
(1986L108 1987DR03 1986EMO0). An experiment utilizing free atomic and molecular tritium is de-
scribed in (985KNZX). The beta spectrum of the tritium molecule is computedI886FAQY, and it is
shown that molecular effects are crucial in determinations of the neutrine. i'8as also the recent work of
(1986AR07 1986AR18 1986AR19 1987SZ0). Electron energy losses were studied iI8§6GEOJ for
the effect on neutrino mass determinations. A method for determining the reentass by means of the
photon spectrum from radiative beta capturékhis discussed byl©@85PA25 which also contains a review
of neutrino mass determinations. A study of the effects of a possible nentéss ortH longitudinal polar-
ization etc. was reported iL986KEQ9. The possibility of an influence by intense electromagnetic waves
on the beta decay of polarizetiQ83TE04 1983TE06 1984TE02 1984TEO3J or unpolarized {983TEO3
3H has been studied. An experimental test of laser enhanceméht loéta decay(985BE2¢ found no
effect. The possibility of observing recoilless resonant neutrino atisarin3H beta decay was pointed out
(1983KEOQ7}. Other calculations are found ing75BE49.

2. 2H(n, y)3H Qm = 6.257 Ep = 6.257

Measurements of the cross section cited in the previous reView5¢109 included a measurement
at 0.01 eV, six measurements at thermal energies, one at 2.4 MeV and bhd &eV. No information
on gamma angular distributions had been obtained. More recent meastgenaale at thermal energies
(1973I1S081979ALZL, 1982JU0) are listed in Tabl&.1
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Table 3.1:2H(n, y)®H measurements with thermal neutron

a(n,y) (mb) Refs. Method
0.55+0.01 19731S08 activation

0.487 £ 0.024 1979ALZL relative to Cl(ny)

0=2332+05mb

0.476 + 0.020 1980AL31 direct Ge(Li)

0.508 + 0.015 1982JU01 direct Ge(Li)

& The value quoted in the neutron cross section compilation of
(1981MUZQ is o(Ngy, Y) = 0.519 + 0.007 mb.

As noted in (975F109 the calculation of 1973HA30Q which included meson exchange currents gave
a thermal neutron capture cross sectio®.6R 4+ 0.05 mb in good agreement with experiment. See also
(1981SH2% for a review of experimental and theoretical results for this reaction.ecemt calculation
(1983TO13 investigated the role of meson currents along with the use of wave funcimamed from the
Faddeev equations using realistic NN forces as well as the effects efniiaeon forces. The capture of
thermal neutrons by deuterons proceeds predominantly via a magnetic wgwiion into the Sstate of
mixed spatial symmetry ifH (1975FI09. The effects of Sand D state admixtures itH are discussed by
(1973HA3Q 1981SH251983T0O12.

Measurements of doubly radiative thermal neutron capture have beenayngi®77MC05 who found
an upper limita(2y) = 8 £ 15 pb for 700 keV< E, < 5550 keV. See also1979WUO0S. Calculations
with a single-particle direct capture mod&bB(6LE27 gavea(2y) = 21 nb, while a detailed three-particle
calculation (977MC05 gavea(2y) = 26 nb.

An analysis {974MC0§ of parity non-conserving amplitudes fiH(n, y)3H indicates that gamma
circular polarization and asymmetry depends on isoscalar and isovedtgrmmm-conserving interactions
respectively. See alsd986DE24 1986DU14. The asymmetry of the photons from polarized thermal
neutron capture was measured BPE4AV2A) to be (7.8 4 3.4) x 1076, A very recent measurement
is reported in {986AV04). Values of the weak coupling constants from the implied parity violations are
discussed by1(985D002 1985MI110).

At higher neutron energies, measurements of differential cross sea{i@pand analyzing power&(6)
have been made by 986MI17) and are listed in Tablg.2

Absolute values for the angle-integrated cross section after detailecclmgjaare in good agreement
with the inverse reaction (see sectioni(y, n)). The fore-aft asymmetry, defined by

as = [0(f) — a(@)]/[a(f) + a(a)],

where the fore and aft angles are the zerd3,¢6) (approximatelyb5° and125°), indicates an anomalously
large E2 strength in théH(n, y) reaction. By using the (py) asymmetries from1984KI106, the ratio
as(n,y)/as(p,y) is determined to be~ —0.5 in disagreement with the factor 6f0.2 expected from
effective charge arguments. This result is consistent with the resulinedtfrom the inverse reaction
measurements ofl081SKO02.
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Table 3.2:2H(n, y)3H differential cross section and analyz-
ing power measurements by 9q86MI17)

E, (MeV) | Ex (MeV) Biap (deg) | Measurement
6.85 10.8 87.7 a(8)
9.0 12.3 53— 135 a(8), A(B)
10.8 13.5 53 — 135 a(0)
14.0 15.6 65, 125 o(0)
3.2H(n, npH Ep = 6.257

Measurements of total cross sections up to 270 GeV, differential scagttendss sections up to 152
MeV, and polarizations and analyzing powers upt to 35 MeV have begewed in (L975FI0§. More
recently total cross-section measurements were made at 4.2 MeByYCA3(Q and from 0.07 to 20 MeV
by (1980PHO0). References for differential scattering, polarization and analyzowep measurements
reported sincel(975FI0§ are listed in Table8.3and3.4.

The values cited in the neutron cross-section compilatioa@{MUZQ for the two scattering lengths
(35*+1a) for low energy nd scattering(is the channel spin) afe@ = 6.34-£0.02 fm and?a = 0.65+0.03 fm.
(Note however the measurement ®®75CA3( which is in disagreement.) These values are consistent with
theoretical calculations cited in975FI0§ and are well reproduced by the calculation 82PA2) based
on a formulation using zero-energy Faddeev-type equations and theeshvteraction model of Malfliet and
Tjon (1969MA2A). Other calculations ofa and?a were made byX975BA2B 1975WH02 1978AL22,
1980HA4Q 1981BE18 1983PE18and19832A06 1986PEO® The possible effect of the three-nucleon
force on?a has been studied byi984DE2(). For discussions of the correlation between the nd scattering
lengths and the triton binding energy, seetReGeneral section of this compilation.

Phase-shift analyses for cross sections and polarization data levedréed out at 2.45 Me\ML.p74BO04
and1978B02§, and atl5 — 50 MeV (1986KL04).Theoretical predictions of nd phase shifts for energies
below 45 MeV were made bylp74LA16 1975AL07 1975WH02 1978FU0] 1978ST06 1980HA4Q
1982DU2Q and1983KU08 1987TO0J. A phase shift calculation near the deuteron-breakup threshold was
done by (983PO0.

Calculations of elastic scattering cross sectiondgibelow 50 MeV have been made by(75AL07,
1975M0171975ST111976BE1919770R011978AL22 1978ST061980HA4Q 1981Z2A06 1982DU2Q
1983KU08 1986HA39.

Theoretical predictions of polarizations and analyzing powers in nd sicgtteelow 50 MeV have been
made by {974D0O2A 1975ST111976BE191978ST06and1981ZA06 1986HA36. See also{981ZH02
and1983M029. A calculation of differential cross section and deuteron tensor aimalymwer for inci-
dent energies 0.3 to 1 GeV taking into account the contributions of tribag@mnances has been done
by (1981K009. Variational methods with separable potentials were used 8y4BR01 1979ST1Y for
calculating off-shell amplitudes féiH(n, n).

Most of the aforementioned calculations of three-nucleon observablggeaa solution of some version
of the Faddeev equtions or application of various approximation methods frathework of the Faddeev
equations. (See the general discussioftdior more details.)
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Table 3.3: Measurements of differential cross sectiongHgn,

nyH
E. (MeV)(lab) 8 (deg)(cm) Refs.
2.016 104 — 180 1981WE17
2.48, 3.28 47 — 180 1978CH201979CH13
25-30 45 — 180 1983SC15
26.5 90 — 166 1974WA13
200 — 800 180 1977B0O25
794 139 — 179 1978B0O04

Table 3.4: Measurements and summaries (S) of polarizatidraaalyzing

powers for’H(n, nfH

E, (MeV)(lab) 8 (deg)(cm) Refs.
2.2,34,7.8 120 1974MA29(S)
2.45 45 — 100 1978B0O28
10 30 — 145 1982TO06
12 45 — 146 1978TO03(S)
14.1 445 — 161.6 1982BR14
14.1 30 — 153 1983TO06
14.2 50 — 152 1976PR0O4
14.3 445 —145.0 1977FI05
15-50 a 1986KL04
16.8, 21.2 46 — 146 1974MOO07
30 45 — 140 1978D0O10
50 37 —92 1982WAQ9
50 90 — 150 1982R0O03

a Information unavailable at time of review.
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Table 3.5: Measurements and summaries (S) of cross sectiofid(farp)n1n2

En Particles Geometry Description Refs.
(MeV) detected
14.2 Ny, M, p | coplanar Measured nn correlation spectra. Det974BR0O§(S)
(coinc) duced nn scattering length.
18.4 ni, N, p @ | non-coplanar Geometry chosen to study nn and974ZE03
(coinc) pp FSI. Deduced nn scattering length
and effective range.
14.1 Ny, Np coplanar symmetric an- Studied QFS. 1975B0O15
gles
14.1 n, p2 (co-| By, =0 Geometry chosen to obtain data oyet975KE10
inc) large fraction of phase space, includ-
ing FSI region. Deduce@,, and
Ynn.
82—-22 | p?d? integrated spectrum of pMeasured total cross section fprl975PA21
and d pulses from targetbreakup by observing ratio aof
scintillator breakup to elastic scattering.
1398 | p Bp = 16° Used high-resolution magnetic speci977HA20
trometer. Analyzed nn FSI. Deduced
nn scattering length.
14.3,29.6| ny, p 2 (co- | 6, =40 — 150 Measured analyzing power versud978FI2A
inc) neutron angleA(6y,) for n2-p rel en-
ergy< 1 MeV.
120 ni, m, p @ | coplanar Collinear neutron geometry choserl9780N02
(coinc) to enhance nn FSI. Deduced nn scat-
tering length.
215 ny, np (co- | coplanar Measured at several quasifree angle$979S002
inc) Deduced nn scattering length and ef-
fective range.
17 — 27 | n, p (coinc) | coplanar Geometry chosen to give symmetricl979v0O07
nn and np FSI enhancements together
with np QFS in spectrum. Deduced
nn scattering length.
25 ny, nmp (co-| coplanar Kinematic conditions for nn QFS.1980GU11
inc) Deduced nn scattering length and ef-
fective range.
24 ny, np (co- | coplanar Compared relative cross section fod980VO06
inc), n, p nn and np QFS. Deduced nn effective
(coinc) range.
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Table 3.5: Measurements and summaries (S) of cross sectioRsifor p)nin2
(continued)

En Particles Geometry Description Refs.
(MeV) detected
11,25 | p 8p=0 Used mag. spectrometer. Observetl981KU12
proton spectra. Deduced nn scatter-
ing length.

& Measured particle recoil energy in target scintillator.

4.2H(n, pfn Qm = —2.225 Ep = 6.257

Measurements and summaries (S) of deuteron breakup by neutron$pdbtism 1974 to the present
are listed in Tabl&.5. Earlier work is reviewed in1975FI09. In a three-particle reaction, five kinematic
variables must be measured to make the experiment kinematically complet&{g.6n1, En2, 6n2, Ep).
Table 3.5 indicates the particles detected and the coincidence requirements. Deteyles @re not given
explicitly, but the type of geometry, the main emphasis of each experiment arréddglon of phase space
explored is indicated.

Some of the experimental difficulties associated with measurements of thejpaaicess are discussed
in (1974TH2A). A system designed for detecting two neutrons is presented, and yavays to reduce the
background are discussed. Measuremants of neutron analyzing jpothe n+ d breakup reaction have
been made at incident neutron energies of 14.3 and 29.6 Me\L9%BFI2A (see Table3.5. No others
have been reported. References to several early reviews ofiegmeal and theoretical wrok on the three-
body breakup reactions are given itB{5FI0§ along with a brief discussion of the general features of the
cross section and particle spectra. For more recent reviewd 8é8gL2A 1978SL2A 1978KU13.

The total cross section for-ad breakup measured b${75PA2) and others (see reviewsq76SL2A
and (1978KU1J) increases almost linearly from zero at threshold (3.34 MeV) to a maximfur:d80
mb at 12.2 MeV and then decreases slowly4o 100 mb at 47 MeV. The peaks or enhancements in the
proton energy distribution observed in nd breakup are assiciagtbEI0§ with the np and nn final state
interactions (FSI) and the nn and np quasifree scattering (QFS)18éBKU25 1976SL2A 1978KU13
for extensive discussions of these features including the kinematics pidlcesses. Calculations based
on Faddeev formalism and simple NN interactions correctly predict botheshapd magnitudes of the
breakup spectral@76SL2A 1978KUL13. Experimental and theoretical investigations of the QFS portion
of the proton spectra are reviewed and discussed T§SL2Aand 1978KU13. See alsoX975BO15
1977FU051978CA2A 1979S0021980GU11 1980V0O06.

Many measurements of ti&l(n, p¥'n reaction have been carried out for the purpose of extracting the
nn scattering lengthn, and the effective rangg,n. Early work is reviewed inX975FI0§. For more recent
work see references of TakBe5 and the reviews mentioned above. An exhaustive review of experimental
and theoretical methods of determinimg, including discussions of possible charge-symmetry breaking and
violations of charge independence implied by the results is givelBingdKU25. The review of {976SL2A
discusses all aspects of thetnd breakup reaction with emphasis on experimental data and the relative
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accuracy of various methods for extractiag,. It is apparent in these reviews that the values quoted vary
slightly depending on the classes and subclasses of experiments thatladednin the averages and the
type of analysis. An average valueaf, = —16.3 & 0.6 fm is obtained {976SL2A from kinematically
complete?H(n, pfn experiments using Faddeev theory (see 4B03SL2A. For the nn effective range
Ynn, the value obtained byl@85SL2A is ynn = 2.76 + 0.11 fm. It is concluded {975KU25 that the
difference betweennn and the neutron proton scattering lengf provides clearcut evidence for charge
independence violation, but a discrepancy betwagnand the proton-proton scattering lengtf), (after
Coulomb correction) may not necessarily imply breaking of charge symmetiguse of the dependence of
the extracted value @fy, on off-energy-shell deuteron breakup by protons as well as neitro

The effect of three-nucleon forces (i.e. forces which depend inraducible way on the simultane-
ous coordinates of three nucleons when only nucleon degrees dbfreare taken into account) on the
nd breakup process is investigated Ap§4MEQJ, and it is determined that such a force could produce
noticeable effects. In1082SL2A it is suggested that the difference between the accepted valag, of
(—16.3+0.6 fm) and the value obtained from tREl(Tt—, p)’n reaction(—18.6 + 0.48 fm) can be explained
by a three-body force and that the effects of this force are difféoemteutron pickup and proton knock-on
processes in théH(n, p)2n reaction. This suggestion is examined in the review of trinucleopepties
by (1984FR2A, and it is concluded here that evidence for significant three-nuclmoe £ffects is largely
circumstantial, but nontrivial. See also the reviewsl&f§6 TO2A 1986GI24). Itis shown in work reported
in (1984SL02 that corrections arising from the magnetic dipole interactions are relevém discrepancy
in scattering parameters deduced from defferent reactions.

It is suggested1(982SV01 1984FR2A that the triple differential cross sections f(n, p)2n could
be used to test for the presence of tensor force effects. See alsaldhiations of (977ST161979ST0%
which show significant differences in the predictions of breakup reactiservables by different potential
models.

5. 2H(p, T[+)3H Qmn =-1346 Ep = 5.494

Many new experimental and theoretical studies oftH&, m*)3H reaction have been made in the past
few years. Measurements and summaries of differential cross sectidr@nalyzing powers obtained with
polarized proton beams published since the previous compilatirbE10g are listed in Tabls.6.

A survey of experimental and theoretical work on1d,) reactions, including reaction 5, can be found
in (L981FE2A. See also the reviews c1979ME2A 1979HO2A.

The differential cross section for the reaction is forward peakedekample ab°(lab) (1977AS06 has
reportedo(8) = 47, 28, 8ub/sr atE, = 410, 605 and 809 MeV respectively, while at back andl&8® <
B(cm) < 160° the cross section is nearly flat and within the range 0.9 to (it#8r atE,, = 425, 450, 475,
500 MeV (1984AB2A). Analyzing power angular distributions are characteriZEaB¢LO08 1982L0O17%
by a gradual change in shape from a negtive maximum Hgrat 277 MeV to a large positive maximum
near90° at 500 MeV (L981CA0§. Recent data at 650 and 800 MelR84KI2D) show unexpected energy
and back-angle structure in both differential cross section and anglpeiner at 800 MeV, and the authors
speculate that the anomaly is related to the delta-delta component in the degtetiod state. Also, large
structure were seen in the 0.6-1.5 GeV back angle dated8E5BE46, who suggest possible baryonic delta
excitations in the intermediate state.

Experimental and theoretical interest in the 1fJ,) reaction on light nuclei was originally stimulated
by the prospect that the reaction would provide a probe of nucleatsteuat high momentum transfer, but
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Table 3.6: Measurements and summaries (S) of cross sexf@drand analyzing

powersA(6) for 2H(p, m*)3H

Ep (MeV) Measurement 8 (deg)(cm) Refs.
277 A(6) 70 — 130 1984L008(S)
500 137.5, 148.9
305 A(0) 68 — 145.5 1982L017
330
375
400
400 a(6), A(0) 120 — 160 (lab) 1980AU07
425 AB =10
443
470
410 o(6) 5, 15, 25, 43 (lab) 1977AS06
605 5, 15, 25, 32, 45, 65 (lah)

809 5, 10.7, 19 (lab)
425 a(6), A(0) 110 — 160 1984AB2A
450
475
500
470 o(0) 10 — 160
500 o(6) 10 — 160 1981CA08
500 A(B) 70 — 152
470 a(6) 37 — 160 1973D017
590
500 o(6)? ~ 48, 98 1985SI121
585 o(E,,0) 22.5 — 135 (lab) 1980CR03
P(E, 0)° 45 (lab)
600 — 1500 o(6) ~ 180 1985BE46
650, 800 a(8), A(6) ~ 10 — 170 1984KI2D
900, 100, 1000 | A(B) ~ 10 — 170 1986MA59

2 Also measuredH(p, y)*He and formed ratio to compare with isospin invariance ptéatis.
b Asymmetry paramete®® = (a(up) — a(dn))/(c(up) + a(dn)) for proton beam polarized
perpendicular to pion production plane.
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problems with understanding the reaction mechanism have proved to beea tuathis objective. Various
theoretical approaches to the problem (DWBA single-nucleon mechandghres, single-nucleon mecha-
nisms, and two-nucleon models) are reviewedli@81FE2A 1979ME2A 1979HO2A. The theoretical
situation for?H(p, m*)3H is unsatisfactory. No detailed calculations have been sucessful inildegc
both differential cross sections and analyzing pow&g34L00§. Work in development since the previ-
ous review includes the microscopic two-nucleon model calculation$SH#21Q2A) and (L982DI2A) and
the isobar-doorway model work o1 984KE03. Various wave function effects within the coupled chan-
nels delta-isobar model were investigated b9§2SA2Y. A recent calculation of all helicity amplitudes
for 2H(p, %) in the GeV region with the relativistic model is reported i®86L00J. For other recent
theoretical work seel@81BL12 1981KO04 1979LA02 1979GR19 1979GR12 1979GR03 1978IS06
1977GI0§.

6.3H(y, 1~)°He Qm = —139.039

Only one measurement for this reaction has been reported since theusereimpilation {975F10§.
Measurements of neutral and charged pion photoproductidid and3He by bremsstrahlung photons with
Emax = 500 MeV were reported in{984BE0§. See alsGHe reactions 6 and 7 for related information.

7. (8)3H(y, n?H Om = —6.257
(b) *H(y, p)2n Om = —8.482

Only a few measurements of the photodisintegratioAtbhad been done prior to 1974, and they are
listed in the previous compilatiod®75FI0§. More recently, both the two-body reaction (a) and the three-
body reaction (b) photodisintegration cross sections were measured sieaultly from threshold te= 25—

32 MeV (1980FA03 1981FA03. Monoenergetic photons were used and neutrons were detectedal§e
(1981FA03 for a thorough review of experimental work.) For reaction (a) theseextion rises sharply
from threshold to maximum of~ 0.9 mb at 12 MeV, then decreases only slightly to 0.8 mb at 19 MeV.
For reaction (b) the cross section rises sharply from threshold to a maxihur 0.9 mb at 14 MeV
and then falls smoothly to~ 0.4 mb at 26 MeV. The experiments cf§81FA0J included measurements
of the 3He(y, n)2p reaction by the same techniques used for reactions (a) and €bgiled comparisons
of the three reactions measured and of previtiis(y, py’H data (973TI05 1975FI09 were made. The
results were (a) the two-body breakup cross sectiondHand3He have nearly the same shape buf He
cross section is lower in magnitude, (b) the three-body breakup crossrsr He is higher in magnitude,
broader in the peak region, and rises less sharply from thresholddh,fand (c) the differences between
the cross sections for the breakup modes largely compensate in their shiat e total photon absorption
cross section is nearly the same féf and3He. The integrated cross sections and their first and second
moments {981FA0J are listed in Tabl&.7.

Measurements of differential cross sections for reaction (a) at afighei5°—135° at photon energies
of 6.7, 7.6, and 9.0 MeV, and 80° over the energy range from 18-31 MeV were listedi8715FI109.
More recently {981SK02 measured the cross section5at, 90°, and125° over the energy range from
15-36 MeV by detecting the deuterons. From these data and publishetbdatée(y, p) (see section
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Table 3.7: Integrated cross sections and moments r(i@881FAQ0J

Reaction E., max Oint ° 0.,° 0_,°
(MeV) (MeV - mb) (mb) (mb/MeV)
3He(y, n) 30.0 16.4+20 | 0917+0092 | 0.056+ 0.004
3H(y, n) 30.0 154+18 | 00986+0099 | 0.0720.006
SH(y, p) 30.0 136+1.6 | 0.767+0.077 0.047 + 0.004

& Obtained {981FA0J by integrating measurements and extrapolating up to 30.MeV

b Oine = foE7 "o(E)dE,, 0 = oE7 - G(Ev)Ev_ldE% 02 = foE7 e U(EV)EW_QdEw.

on®He(y, p)) the®H fore-aft asymmetry (see section 8H(n, y)) is found not to be-£ that for*He as
predicted by simple effective charge arguments, but (although nepatis@nly about half the magnitude
of that of2He(y, p), and has approximately the same energy dependence. This is aunsiig¢he results
obtained from the inverse reactiohd86MI17) (see section oRH(n, y)).

For reaction (b) measurements of the differential cross section forsafle135° made at a photon
energy of 10.8 MeV, and &0° for photon energies 18-31 MeV are listed i®{5FI0§, No new measure-
ments of theH(y, p)2n differential cross section have been reported.

Many theoretical treatments of the trinucleon photoeffect do not distindpgisheer’H and®He. Thus
the section or*He should be consulted in addition to the work listed here. The previous cdimpila
(1975F109 includes references to a number of calculations of the excitation funaiotH{y, n) as well
as calculations of the integrated and bremsstrahlung-weighted crossseatith discussions of sum rules
for A = 3 photodisintegrations. See also the reviewld{7CI2A and see{981FA03 which contains an
extensive summary of theoretical work for trinucleon photodisintergrafiasalculation by {975GI0) us-
ing a separable-potential Faddeev mode explored the charge deperaehasymmetry effects f(y, n)
and3He(y, p). Agreement with the two-body photodisintegration (reaction a) dataS&1FA0J is fair,
but some details are incorrectly predicted, e.g.3Héy, n) cross section is underestimated at energies be-
low the peak. Electric dipole transitions are calculated1877MY01, 1979MA03 and comparisons with
sum rules are discussed. A recent calculationI877VO11 1981V007 for 2H(y, n) and3H(y, p) total
cross sections used realistic NN potentials and the method of hypersphanitéons with an interpolation
approach. The energy range considered was 10-8 MeV and thenagmewith experiment was satisfactory
over this range, but se@g81FAQ03J for a detailed comparison.

A discussion of the integrated cross sections and moments of 3akd@d comparison with calculated
sum rules is given in1981FA03. As noted there the value for tHéle integrated total photodisintegra-
tion cross sectiow(int) is 28.2 + 2.8 MeV mb at 30 MeV (obtained by combining data in TaBl& with
published data fofHe(y, p) (L975F108). This comparable to the corredponditig value 0f29.0 + 3.0
MeV mb.These values are aboti% of the strength predicted byl978DR02 for the entire three-body
photodisintegration cross section integrated up to the pion threshold. rAgntef the moments_; and
0_» with sum rules is poorl(981FA03 and raises questions about the adequacy of the calculations and the
principle of charge symmetry.
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Table 3.8: Measurements of cross sectiofHife, efH

9 (fm~2?) E. (MeV) 0. (deg) 0sy (deg) Refs.
0.0477 — 2.96 29.85 — 350 60 — 160 1984BE46
0.29 — 1.00 77 — 147 45 (lab) | 1982BE10
0.3-313 190 — 685 25 — 104, 155 1985JU01
unspecified 200 — 600 unspecified 1984MEZZ
0.09 — 8.4 54,1345 1987BE30
Table 3.9: Measurements of cross sectiofHfe, €) *H
E.(MeV) Be(deqg) B:1(deq) Refs.
100 — 400 (information not available 1986BA17

at time of review)

8. (a)%H(e, efH
(b) ®H(e, én)°H
(c) 3H(e, ép)2n

Qm = —6.257
Qm = —8.482

Measurements of elastic and inelastic electron scattering cross sectiong (foto-momentum squared)
of 8 fm~2 are summarized byl@75FI0§. More recent measurements are listed in TaBi@sand 3.9,
The 3H charge form factor was measured in the radg® < g? < 1 fm~2 by (1982BE1(. Both the
charge and magnetic form factors were measured in the G04é7 < ¢2 < 2.96 fm—2 by (1984BE49.
Measurements of the charge form factor @8 > g°> > 22.9 fm—2 and the magnetic form factor for
3.1 > g% > 31.3 fm~2 were reported in{985JU0). A very recent measurement of the isoscalar and
isovector form factors fofH and®He for momentum transfe:.09 > q? > 8.4 is reported in {987BE3)).
Charge and magnetic radii are quoted b9§4BE4§ asrf,,; = 1.63 £+ 0.03 fm andrh, = 1.72 + 0.06
fm; by (1985JU0}) asrf,s = 1.76 £ 0.04 fm andr,s = 1.72 £ 0.02 fm; and by (986MA2A) as
rems = 1.81 +0.05 fm andr, = 1.80 + 0.09 fm.

Theoretical calculations for thr charge form factor’ef and®He were reviewed in1977CI24), who
came to the conclusion that it is inadequate to use nonrelativistic wave funotisuting from conventional
models of the two-body potentials, and to include only nucleon degreesexfdm in the electron-nucleus
interaction Hamiltonian. A variational calculation with correlated basis functiasscarried out fotH and
compared with the results of other methods b9§5CI09.

The effect of many-body exchange currents on tri-nucleon chargefaictors is to increase the height of
the second maximum hence reducing the discrepancy between calculdteahinical valuesi977RI15.
The effects of the experimental uncertainty of the neutron charge factorfon the charge form factors of
3H and®He have been investigated and are seen to be sizaB#BR2). Analysis of parity-violating
asymmetries in elastic electron-nucleus scattering was madéd81k105. The effect of meson ex-
change currents on the charge and magnetic form factdid wis investigated byl084MA26 1983BE0S
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1983DR121983HA04 1982HA09 1981FR151979GI108 1977RI1151977HA03 1976HA33 1976KL02
1975BA08§. Inclusion of meson exchange currents considerably improves the iengpfgoximation fits

to the experimental data. See also the workl&fg5TO2) on the calculation of trinucleon magnetic mo-
ments. The effect on the charge and magnetic form factors of clusterthg $il nucleus was investigated
by (1976TA0H. Recent calculations reported ih987STO0Y include singleA isobar admixtures in the
three-nucleon wave function. A discussion of electromagnetic formfaofd’H is included in the review

of trinucleon properties byl@84FR2A and in the very recent experimental paper bB8§7BE3). The
upper limit of the probability of the interior six-quark compound statetHrand3®He was calculated from
the electron scattering data bi985K0O2A), and the effect of such states on magnetic moments was inves-
tigated by (984KA25. However (985KI112 find the method used to be unreliable and conclude that the
meson-exchange current efects dominate those of the six-quark cothgiates.

No new experimental data have been published on reactions (b) sincentipélation of (L975F109,
though a preliminary experiment has been reportedl®84FR2B, however, recent data on reaction (c)
at 500, 560 MeV is reported iNLP86BALY. A calculation of threshold two-body electrodisintegration
of 3H and3He within the context of exact three-body theory is reportedli®7fHE2). A theory for
calculating spectral functions and angular distrobutions for electrodigatten processes otH and®He
has been proposed b$q978CI2A 1979CI2A). In (1979CI2A a calculation was made of the quasi-elastic
peak of*H and®He obtained by incoherently summing the cross sections for the two-bodyeseedbody
electrodisintegration processes, after integrating over the energyaddelstion of the ejected nucleon. A
variational three-body wave function is used in the calculations. The imp&taf final state interactions is
pointed out.

9. (@)3H(n*, m*)*H
(b) *H(m*, n%)3He Qm = 4.623
(c) *H(r*, y)*He Om = 139.587

Only a few experiments involving pions on tritium targets have been perforrSea the review of
(1978NE2B which notes elastic scattering measurements at incident energies 132e¥ait angle¥5°—
135°, 25°-60°. Measurements of the charge exchange reaction (B.at= 132-148 MeV and angles
100°-150° and of the capture reaction (c) at 132—-148 MeV and antfdé5§-130° are also listed. More
recent measurements of pion charge exchange on tritium were cartiegt (1980GL0Y) at incident pion
momenta of 232 and 252 MeV/c and compared to theoretical predictions g&hmatependence bounds
were determined from elastic scattering cross sections.

10. (@)3H()3He Om = 43.12
(b) 3H(m™)2H, tH = 137.62
(c) SH(mM™)2tH, n Qm = 35.40

Recent reviews of light hypernuclei are found itO86GI2B 1987SH1H 1986BO1E 1984SHO7
1984B0O2B. For earlier work see the review o1 {75GA2A), and see1977R0O04 1973JU2A and ref-
erences listed in1O75F10§.
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Little new experimental information otH has been published since the previous compilati@7$FI08,
As noted there the ground state spinlis= % and some evidence exists foda= % excited state. The
binding energy o H was measuredL973JU2A to be0.13 + 0.05 MeV. Results of several measurements
of the lifetime off\H are given in {975FI0§. A more recent measurement describedli®/BKE2A) gives
T(GH) = (2.47 +0.62, — 0.41) x 10~1% s for the mean lifetime.

Theoretical calculations of trf?gH binding energy are discussed BB6GI2B 1987SH1H 1986BO1E
1984SH071984B0O2B 1984SU2B1983HA2B 1982VE2A 1981K020 1981TO2B 1980GI12A 1980VE2R
1980GE1X 19800G2A 1977KO2A 1977R0O04 1974BH2A 1974GI2A 1973DA2A). Calculations of
the lifetime and two-body decay mode branching ratios are presentd®T®I(1A2B). Polarization ef-
fects are discussed ing85LY2A), and a method of calculating tig¢H magnetic moment is presented in
(1985NA2A). Considerations of charge-symmetry breaking are discussé®i#rR0O2Band1977GI2B.
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3He

GENERAL
Ground Sate

1+
JT = 5
p = —2.127624 £+ 0.0000011 nm

M —-A = 14.93132 + 0.00003 MeV

General properties of the ground state of he= 3 system are undeiH above. The wave function
is predominantly S-state & 90%) with S'-state (1-2%) and D-state £ 9%) admixtures {975FI08
1980PA121984CI05 1984CI09.

For3He the measured magnetic momentis —2.127624 + 0.0000011 nm (1978LEZA 1978NE13.
Calculations which include both impulse and pion exchange contributi®&5{02) are adequate to ex-
plain magnetic moments dHe and®H. Results obtained with a six-quark bag model are also compatible
with the data according tdl@86BHO05 which includes a discussion of other published calculations. Ex-
change current contributions to tAEle magnetic properties are calculated b9g§3ST1). See also sect.
9(a).

The rms charge and magnetic radiféfe determined from electron scattering (see sect. 9(ay)ate=
1.976 4+ 0.015 fm andy™ . = 1.99 + 0.06 fm. See the discussion und for comparisons with theory.

The binding energy ofHe is 7.718109 + 0.000010 MeV (1985WA02. Calculations of the binding
energy tend to underestimate the experimental results as is also tAk Bee references undéd above.
Many calculations have been performed in an attempt to account féHti#He binding energy differences
( ~ 0.76 MeV) and various methods are reviewed 1986FR20). Most two-body force calculations with
realistic forces underestimate this difference, giving0.64 MeV for the Coulomb energy ofHe and the
problem is not resolved by three-body force calculatidr#86GI2A).

Charge and magnetic form factors fe have been determined in electron scattering experiments (see
sect. 9(a)). ThéHe magnetic form factor has a diffraction minimum at a higher valugtb&n predicted by
impulse approximation calculations484FR2A but the isobar model ofil@83ST1) satisfactorily accounts
for the difference. ThéHe charge form factor has a diffraction minimumedt~ 11 fm—2 and a very
large secondary maximum. The charge densities derived from the datatendicddeep “hole” near the
origin which remains a problem for theorisfi®986FR20). Impulse approximation calculations significantly
underestimate the secondary maximum, and three-body force calculatienisipeioved the predictions but
have not solved the problemi{86GI2A).

References not mentioned above or undertHediscussion, relating to tht#H—He binding energy
difference and other charge asymmetry effects inclUtB88SA17 1981SA04 1980PA13 1978FR17
1976ZA04 1975ZA03 1982YA0], 1981YAO3 1982BA4], 1983SH101982BA41, 1978FR091978FROY
1978S1151978BR03 1975G106 1985BA24 1985BE57 1985BA7(Q 1986SC031985DES6 19860504
1986BE391986CH16 1986FR231986SA021987DRO0J.

1.3H(B")3He Qm = 18.651 keV
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Table 3.10: Measurements and summaries (S) of cross seetimhanalyzing powers féH(p, y)*He

Ep (MeV), Eq (MeV) 0,(deg) Quantity Method Refs.
or Ey (cm) measured
Ex~7-15¢% 90 (lab) 0(90) b 1979SKOLS)
Ex = 8.83,9.83 30 — 140 a(0)
10.83 A(D)
Ex = 6.022H(p, ) 35 — 150 A(6) b 1984KI14
Ex = 6.02H(d,y) 50 — 135 A(D)
E,=63-71° d, p bremsstrahlung cross section 1986BR15
Ep, =6.5—16.0 30 — 150 a(0) b 1983KI11
Ex =9.83-16.122 30 — 150 o(8) b 1984KI06
Ex = 10.83,16.12 A(D)
E, =16 32 — 152 a(8) d 1974MA18(S)
Ex =21, 24.1, 26.8, 34 — 135 a(0) b 1983AN16
295, 32.12 1983AN17
Ep =18 —43
Eq=198¢ ~ 20 — 160 Too d 1985VEQ02
Eq =29.2,45.3°¢ 90(lab) Ay b 1985J0051986J006
Ep, = 99.1, 150.3, ~ 20 — 155 a(0) e 1987P101
200.7 A(D)
Ep = 200 — 500 60, 90 o(8) € 1982AB09
Ep = 200 — 500 15,5 —-15 a(0) € 1984CA23 1985CA42
A(D)
E, = 377,576 90 o(0) € 1976HE2A
462 45 — 135
Ep, = 300, 350, 400 ~ 60 — 90 a(8) € 1985BR23
425, 450, 470, 500
Eq=2376° 84,98, 113
Eq = 600 96, 105
Ep = 450, 550 52 —92 a(0) € 1980NEO3
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@ Authors specified excitation energyihle.

b Detected gammas.

¢ Deuteron bombarding energy used k(d, y) reaction.
d DetectecPHe recoils.

¢ Detected gamma&He coincidences.

See reaction 1 undéH.

2. 2H(p,y)3He Qm =5.494 Ep = 5.494

Measurements of differential cross sections and analyzing poweirsdaut since the previous compi-
lation (L975FI0§ are listed in Tabl&.10

Experimental data ofH(p, y)®He and the inverse reaction prior to 1979 were reviewed 979 TO2A
1979BE2Q. For the®He excitation energy regioEx < 30 MeV the existing data and theory are reviewd
in the experimental papers af§74MA18 1979SK0). These papers also described attempts to resolved
the discrepancies in the published cross section which are subtantial, E,gnear 12 MeV the measured
differential cross sections foiHe(y, p)?H range from 90 to 12Qub/sr. Measurements of.979SK0) at
Ex = 10.83 MeV gavell7 £+ 11 pb/sr andl.07 +0.11 mb respectively for the detailed balanced differential
(6(lab) = 90°) and total cross section. TAematrix analysis of the differential cross sections and analyzing
power data of 1979SK0) gave an E2 cross section @2 + 5)% of the total atEx = 10.83 MeV which
is ~ 10 times the theoretical estimates df9g1AU02 1975FI0g. Measurements and calculations by
(1983KI11]) demonstrated the sensitivity of the extractedangular distribution coefficients in the region
Ep = 6.5-16 MeV to the inclusion of D-state components in fie wave function, and are consistent
with 5-9% D-state probabilities. This effect was incorporated in the angl{/8&4KI106 of an improved
data set (relative tol@79SKO0), and the results are consistent with an E2 strengi2 &f 3)% of the total
cross section gy = 10.8 MeV and ans = % (E1) strength of3 + 5)%, which could arise from the D-
state admixture in thHe ground state. This lower E2 strength is consistent with the electrodisititegr
results of (983SK0). Measurements of the vector analyzing powefkt(p, y)*He and'H(d, y)3He at
very low excitation energiedsy = 6 MeV) (1984KI14) indicated the presence ef= % capture strength
and the results are consistent with an M1 strength amounting to 1-8% of thertmalsection. The tensor
analyzing powerTyo in *H(d, y) was measured1@85VE0) and compared with an effective two-body
direct capture calculation which used the Faddeev-generated grtatedasve functions ofl©84GI0).
The results were in good qualitative agreement although the calcUlgiedas abouR0% too small when
3He wave functions having 5-9% D-state probabilities were assumed. Teege also analyzed to extract
a D/S asymptotic ratio d.035 + 0.01 in the ®He wave function. This results is consistent with the range
(0.038 < n < 0.050) calculated {984GI0) for He D-state probabilities between 5 and 9%. The tensor
analyzing poweAyy was measuredlP85J0051986J00% and compared with a full Faddeev calculation
using the Reid soft-core interaction as a check of*fie D-state component. The comparison shows that
the calculated D-state wave function is about 20% too large (in the 2-5 fonjeg

In the intermediate energy region, measuremenByat 337 and 576 MeV were madd §76HE2A
to compare with measurements of the inverse reaction for a test of time lewweségance. The results
were consistent with no violation but the conclution was a matter of contnpy@880NEO3 because of
discrepancies in existing data féide(y, p)*H. The situation is reviewed inLp81FA2B and most recently
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in (1985BR23. Additional measurements were made h9§ONEO3 1982AB09 1984CA23 1985CA42
1987P10) with none reporting any evidence for time-reversal invariance violati®ee also {982BR12
1983S0O1). The most recent measurements were thos&@ @87PI0) and (L985BR23 which report final
values which supercede the preliminary data I3§0NEO3 and which are in agreement with those of
(1984CA23. The data of {984CA23 1985CA49 were compared with several theoretical calculations
showing that inclusion of meson-exchange current contributions areriambdn reproducing the cross
sections, but the analyzing powers measuregat 500 MeV were not explained by microscopic models.
Comparison of the data ofl§85BR23 wtih calculations showed that the contribution of delta effects is
undramatic but must be included. The recent measuremeai@pandA(8) for E, = 99.1, 150.3, 200.7
MeV (1987P10) were well accounted for by a simple “quasideutero” model. See aBEAME1L]J.

Theoretical work on théH(p, y)3He reaction and its inverse has focused in large part on the effects
on the cross sections and other observables of D-state components’ietiund state wave function.
In (1973HE2( 3He wave functions generated from Faddeev equations with separailag¥ahi inter-
actions were used in calculating cross sections, and it was concludetth¢higbtropic part of the cross
section was unlikely to yield information on D-state componeniHe and?H. Realistic bound state wave
functions obtained with NN interactions given by the Reid soft-core potengat used in{977CR0) in
calculations over a wide energy region from threshold to 600 MeV. Th@lteindicated substantial con-
tributions of D-state to both total and differential cross sections, but ga@unced structure in the cross
sections in disagreement with experiment. The calculation$3&Y{AU02 used the same physical input as
(1977CRO0) but used different methods and found no distinct signature of D-stag@anents irfHe and
2H for E, < 35 MeV. On the other hand the work 01§83KI11) mentioned above demonstrated the sen-
sitivity of the differential cross section to D-state effefcts. In additiofgudations reported inl984AR07
used the Sasakawa wave function féte and found that the tensor analyzing powers for'tiéd, y)3He
are very sensitive to D-state component$kte. The data were shown to be consistent with an asymptotic
D- to S-state ratio off = —0.029. At intermediate energies dispersion methods were used to calculate
angular distributions for th&H(p, y) reaction (979PR1). Comparisons with data 52.5, 100, and 140 MeV
gave reasonable agreement with angular and energy dependence.

3. (@)%H(p, m°)3He Qm = —129.471 Ep=5.494
(b) 1H(d, 1°)3He

A measurement of differential cross section and tensor-analyzingrpbweat 6., ~ 0°, 180° for
LH(d, m%)3He was reported at 19 energies between 500 MeV and 2.2 GEM@6KE19.

4.2H(p, n)2H Qm = —2.225 Ep = 5.494

Measurements of particle spectra, cross sections, and polarizatiorvaities from experiments on
deuteron breakup by protons published from 1974 to the present e ilisTable3.11 A large body of
earlier work is reviewed in the previous compilatictB75FI0g. A three-particle reaction is completely
determined if five kinematic variables are measured. This requires thatsatweaparticles be detected
in coincidence for kinematically complete experiments, and this is specified inkiteeltg indicating the
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particles detected and coincidence requirements. Detector angles ajieeroexplicitly, but the type of
geometry and the main emphasis of each experiment is indicated along with ible oéghase space

explored.
Table 3.11: Measurements and summaries (S) of cross sections andranpoyz-
ers for?H(p, n)p1p2, 2H(p, pn)p, andH(d, 2p)n
Ep (MeV) Particles Geometry Description? Refs.
detected

3.82,4.02, | p1,p2 coplanar Measured pn correlation spectra 1981SL01

4.49,5.0 (coinc)

Eq = 7.120,

7.263

7.333, 7.405

6.4, 10, P1, P2 coplanar Studied p, n FSI. Measured 9 1978D0O04

15.9, 19.9, | (coinc) angular combinations at each

25.8 Ep. Measured along whole
kinematic curve.

7, 8.5, P1, P2 coplanar, Measured absolute 1975KU13

10 (coinc) non-coplanar Cross section.

Eq=7.2, P1, P2 coplanar 1986NA12

7.5 (coinc)

8—-12 p1, p2 Or coplanar Conditions chosen for near-zero 1976PLO1

AE =05 p, n (coinc) relative np energy to study
np FSI.

8.5 P1, P2 coplanar Conditions chosen for zero relative | 1977GU13
np energy. Studied FSI.

9.5 n 0, =15 — 135° Measured relative neutron 1975M0O36

N8 = 15° yield of 2H(p, n),3H(pn).
10 P1, P2 coplanar and Measured precise absolute 1974EBO1
(coinc) non-coplanar cross sections, to check

form-factor dependence.

10.0,14.1 | p1,p2 coplanar Measureds(8), A(6) 1986RA2A

(coinc) Geometry chosen for FSI and 1985KA08

collinear config. in cm. 1986PA2A
Searched for 3BF effects.

106 —151 | n 0° Measured transverse 1980LI103

15.1 (pol) polarization transfer coefﬁcierh(?,".
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Table 3.11: Measurements and summaries (S) of cross sections andranpby-

ers for?H(p, n)p1p2, 2H(p, pn)p, and-H(d, 2p)n (continued)

Ep (MeV) Particles Geometry Description? Refs.
detected
15 P1, P2 non-coplanar Measured along a kinematical 1978DU11
(coinc) locus sensitive to type of NN
interaction.
16 p fp = 15.0° — 42.5° | MeasuredH(d,p)pn analyzing- 1981CO0O07
(pol d) (lab) powersAy, Axx, Ayy, Ax; Versus
angle and excitation energy
in residual pn system.
20.4 n n = 18° Measured transverse pol. 1975GR24
(pol) transfer coeffKy versusEn.
21 P1, P2 B(lab) = 75° Measured vector analyzing 1978SA2A
power.
22.7 pP1, P2 coplanar symmetric Measured analuzing power. 1980F0O10
(pol) configuration
23 P1, P2 coplanar Measured at several quasifree 1974PEO02
(coinc) angles. Enhances QFS-FSI
interference.
23 pP1, P2 coplanar Conditions chosen for collinearity 1976LA01
(coinc) of p1, p2, in cm system.
23.0 P1, P2 non-coplanar Measured cross sections on 1979B0O19
39.5 (coinc) two types of constant-relative-
energy loci.
25.7 p1, P2 coplanar Chose kinematic conditions 1982SV01
(coinc) far from two-body enhancements
to study sensitivity to higher
partial-wave components.
28.6 pP1, P2 coplanar Made measurements in collinear 1979BI07
and non-collinear geometry.
looked for collinearity
enhancement.
29.4, n 0° Measured® neutron production 1976RO10
39.2, Cross section versus neutron
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Table 3.11: Measurements and summaries (S) of cross sections andranpby-
ers for?H(p, n)p1p2, 2H(p, pn)p, and-H(d, 2p)n (continued)

Ep (MeV) Particles Geometry Description? Refs.
detected
49.5 energy.
39.5 p1, P2 coplanar Measured along const NN 1975MC04
(coinc) relative energy loci.
44.9 P1, P2 non-coplanar Studied dependence of 1974SH02
(coinc) cross section on kinematic
variables of undetected n.
44.9 P1, P2 coplanar Kinematic conditions included 1976HA45
(coinc) non-coplanar QFS region and regions far
from QFS. Studied sensitivity
to on-shell and off-shell
aspects of potential models.
50 n 20°(lab) Measured neutron polarization 1978LE10
versus neutron energy.
50 P1, P2 non-coplanar Used multidetector array to 1981BL09
(coinc) cover 894 of kinematical
phase space. Studied quasi-
two-body reaction mechanisms.
58.5 P1, P2 coplanar Studied off energy-shell 1974DU03
(coinc) effects.
65 P1, P2 coplanar Measured analyzing power 1982SH0O7
(pol) (coinc) A(81,0,). Studied pp
and pn QFS.
65, 85, p1, p2 Or coplanar Angles chosen to enhance 1974CH30
100 p1, n (coinc) pp or pn QFS or pn FSI.
156 p1, p2 Or coplanar Studied genl behavior of 1974DI09
p1, N (coinc) (p. 2p), (p, pn), also pp, pn
QFS and pn FSl or FSI.
156 p1, p2 Of coplanar Kinematic conditions for 1977FUO1L
(coinc) collinearpy, p2, in cm. Also
neighboring kinematic conditions.
156 P1, P2 coplanar Kinematic conditions chosen 1977YU01
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Table 3.11: Measurements and summaries (S) of cross sections andranpby-
ers for?H(p, n)p1p2, 2H(p, pn)p, and-H(d, 2p)n (continued)

Ep (MeV) Particles Geometry Description? Refs.
detected
(coinc) for collinear nucleons in cm.
Also measured for neighboring
kinematic conditions.
400 p1, p2 or coplanar Geometry chosen to study QFS 1979JA20
p1, n (coinc) proton and neutron knockout.
585 P1, P2 coplanar Studied np FSI and QFS, 1975WI29
(coinc) 2H momentum distribution.
585, 800 P1, P2, N coplanar Studied (p, 2p) and (p, pn). 1976FEO5
(coinc) QFS observed over spectator
momentum rangé — 350 MeV/c.
585, 800 P1, P2 coplanar Conditions chosen for small 1977FEQ06
(coinc) np relative momentum. Studied
FSI.
800 n 0° Measured polarization transfer 1981RI06
(pol) coefficientKyn, KiL.
800 n 133°(cm) Measured neutron polarization 1982BH01
to compare with n(poly p
analyzing power. Test of time
reversal invariance.
800 P1, P2; P1, N | coplanar Measured p(pol¥ p and p(pol) 1983BA05
(coinc) + n cross sections and analyzing
powerAy versus angle.

@ FSI denotes final-state interaction, QFS denotes quasit@ttering.

Reviews of three-body breakup reactions are gived@Y8SU2A which includes 3- and 4-body elastic
scattering and breakup and emphasizes the precision of the measuremdrnits(L978KU13 which con-
tains an extensive discussion of three-particle kinematics, experimertaidaes, and the basic theoretical
equations of three-particle scattering as well as a review of existing ddt¢éhaaretical work. See also
(1978SL2A which includes théH(p, n)2p reaction in discussion of few-nucleon experiments and theory
in general.

The?H(p, n) excitation curve d rises from threshold te= 50 mb/sr atEp, = 7 MeV (1975FI0§. The
total cross section for breakup rises from thresholcktd80 mb atE, = 13 MeV and drops off gradually
to ~ 130 mb atE, = 25 MeV. The particle spectra contain structure corresponding to pn andasfcpe
scattering (QFS) and to pn and pp final state interactions (FSI). Théwstus similar to that ofH(n, p)2n.
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As noted in (975FI09, the ratio of the np to pp QFS peaks varied between 2 and 3 dependigian
the region between 4.5-60 MeV and is larger than that of free nucledeamucross sections especially at
low energies. This topic is discussed ID{8KU13 and1981BL09. Empirical rules for the energy behav-
ior of this ratio are proposed irl977FU0Y. Good agreement between the measured ratio with estimates
based on the impulse approximation is obtained 1370JA2(). Agreement of pp and np QFS with the
spectator model is obtainetl{76FE051975WI129 for spectator momenta up te 200 MeV/c, significant
discrepancies are found at higher momenta. The measuremerit88&#JHOY indicate that polarization
effects on the spectator nucleon in pp QFS is quite different from that QffS.

It has been establishedq75FI08 1978KU13 that deuteron breakup measurements with complete
kinematics allow the determination of the two-nucleon scattering parameters withagauracy and that
the np and pp scattering lengths agree with the corresponding free iscgligagths. See also the section of
this review orfH(n, p)2n and the references cited there.

Comparisons with Faddeev calculations show that both the structure aolditebglue of the cross
sections are described very wellQ75FI0§ even if the two-particle interaction is taken as a separable
potential that reproduces the NN data only at low enerdieg§KU13.

A major aim of pd and nd breakup studies is to obtain information about theheff-behavior of
nuclear forces and to explore the role of three-body forces. Mudrétieal efforts has gone into attempt-
ing to separate the two. Numerical solutions of the integral equations of raogtteeory were used by
(1983ZA09 to study the effect of the form of the two-particle interaction on the brealuplitude. The
authors of {981SL03 studied pp correlation spectra at very low kinetic energy with Fadddeulations
which included Coulomb corrections and discuss the possible role of imeieforces. Calculations of
cross sections and polarization observables in the approximation of mbteamgular diagrams reported in
(1980G0O03 gave satisfactory agreement with experimentEgr= 200-340 MeV. Backward inelastic pd
scattering foEE, = ~ 1 GeV was calculated il@78AMOG and attributed primarily to “triangle” diagrams
with single-pion exchange. Observed asymmetry in the angle between tbe promentum transfer and
the direction of the spectator nucleon was explored with the separabldipbiteodel (L977AL04). Calcu-
lations with several separable potentials b9 {6HA39 were done to explore the short-range behavior of
the nuclear force and suggest that FSI angular distributions betweand280 MeV would be useful. See
also (L974ST19 for potential effects. Off-shell and multiple scattering effects werdaerp (1975LH02
in analysis ofE, = 156 MeV data. Realistic potentials were usd@{51S0§ in analysis of QFS data for
Ep between 60 and 160 MeV. See al8875DU13. Differences in pp and pn QFS were stui¢d{5HA03
with an energy-dependent-core model. A general discussion angvrel/guasifree processes in few-body
systems is given inl074SL04. See alsoX974MEQG 1974HAQ7 1974HA3H.

5. (a)?H(p, pyH Ep, = 5.494
(b) 'H(d, d)LH

Measurements of differential cross sections and polarizatiofBl{p, pfH and'H(d, d)'H since the
compilation of (975FI10§ are listed in Table.12 Reviews of the experimental data and theory may be
found in (L1983ZA01 1982IG2A 1981GR1A 1978SI2B 1975SI2A. See also1978DU2B 19810H2A.

A phase-shift analysis of pd elastic scattering based on measuremeiffereintial cross section and
proton and deuteron analyzing powers for energies below the bréalaghold was performed$83HUOQ$,
and S- andj-split P-phases including the channel-spin mixing, unsplit D- and F-ghasd SD tensor
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coupling were determined. A phase-shift analysis at the three-bodghtiickusing Faddeev equations in
configuration space was reported tBB0LA19. Doublet phases were extracted al§@{5CH20, and

a phase-shift analysis of combined cross-section and spin-corretittarwas performed. An analysis of
a(total), (8), and spin correlation-parameter data Ey = 1.1-1.7 GeV was reported in@80HA5Q.
Theoretical calculations of phase shifts have been done in a Faddeealifm using different rank-one
separable interactiond §75CH20), or using S-wave NN potentials in which the Coulomb interaction was
incorporated1983HUO0§. Doublet and quartet phase shifts for pd and nd scattering havebkeetated for
nucleon energies between 2 and 10 MeV using a method based on modifeebRalifferential equations in
which the Coulomb interaction is included, and they are found to agree witriengnt (983KUO0§. The-
oretical phase shifts for nd and pd scatterings ir*fhéP,*D and?D states near threshold were calculated
(1977EYO0) with an off-shell model with Coulomb corrections taken into account apprately.

Table 3.12: Measurements and summaries (S) of differential cross seetioh
polarization observables fiH(p, pfH scattering

Ep (MeV) Bp(deg) Quantity measured Refs.
(orEq (MeV)) ? (84(deg))®
04-1 44,5 — 149.2 o(E,8), Ay(E,9) 1983HUO7(S)
25-6.5 15-170 Ay(0) 1979WHO1
3-132 226 —1652 iT11(8), T2q(0) 1979WHO01
3.14,3.74 20 — 150 a(8) 1980LA19
6.8P 29.9 — 120 a(d) 1977B0O40
8.5—-227 30 — 160 o(E,8), Ay(E,0) 1983GR05
8.5, 10, 12, 30 — 160 a(6), A(B) 1978GR23
17, 20, 24 1T11(8), T20(8), T22(0)
10 30 — 120 pol. transfer coefficients 1981SP05
10 92 — 180 pol. transfer coefficients 1982SP03
10 30 — 160 A(B) 1978GR04
11.1 15 — 160 o(E,8), Ay(E,8) 1983SA05
17 — 224 15—-1602 iT11(8), T2q(8)
14.1 30 — 150 Ay(8) 1978DU2B
17 — 4542 30—-1602 iIT11(E, 6), Ay (E,8), Axx(E,8) | 1983GR05
202 30—-1602 iT11(8), T2q(0) 1978GR04
35.0, 46.3 90 — 170 o(6) 1974BR13
48.5P 120 — 140 a(®) 1983GR14
50 10 — 160 Ay(6) 1977K109
60 30 — 104 pol. transfer coefficients 1980SP08
64.8 8 — 169 a(6), A(B) 1982SH13
185P 41-51 o(0) 1974GU25
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Table 3.12: Measurements and summaries (S) of differential cross seetioh
polarization observables fiH(p, pfH scattering (continued)

Ep (MeV) Bp(deg) Quantity measured Refs.
(orEq (MeV))? (84(deg))®
316, 516 100 — 170 Ay(0) 1978AN06(S)
0.4,0.8, 1.0 GeV 155 — 175 Too 19791G02
600° —t=0.003—-0.029¢ | a(b) 1976FAQ09
0.6 — 2.7 GeV 158 — 180 o(E) 1982BE30
630° 80 — 158 a(d) 1978MU16
0.68 — 1.53 GeV 93 — 172 A(D) 1978BI2B
796 4,53 —13.02d a(0), Ay(6) 1983IR03
800 14.1 — 153.6 a(6), Ay(0) 1980WI107(S)
800 224 iT11(8) 1981BR21
800 —t=0.006 -0.46° spim rotation parameters 1983WEZV
1GeV P (0) 1982AL18
1.6 GeVv? —t=0.032 — 1.038 ¢ | deuteron vector and 1981BL13
2 GeVv? —t=0.05-12¢ tensor asymmetries 1979BL08
Py =3.4—6.6GeVLt® 60 — 1752 a(0) 1974DU2C
17.4—-26.12 67.1—121.4 Cxx, Cyy, S 1975CH19

2 Deuteron energies and angles for reactibigd, d)'H.

b Unpolarized protons.

¢ —tis the square of the momentum transfer, (Gy%/

d Laboratory angles.

¢ Incident deuteron momentuRy.

The effective range functions calculated from this mod8I/7EY02) and from a simple on-shell partial
wave dispersion model@77EY02J agree well with each other. The quartet scattering length and effective
range reported inl®77EY0) are“apd =10.9fm and4ypd = 1.3 fm respectively; while the corresponding
guantities obtained inlO77EY03 are“apy = 11 fm, 4y,q = 1.44 fm. The doublet scattering length is
zapd = 1.8 fm, while the parameters of the effective range expansion for the P- estdtBs are listed in a
table in (977EY0). In (1976TI02 an analytic expression is derived for the difference in nd and pdefuar
scattering lengths and a valﬂlepd = 10.4 fm is calculated. In1983FR2) a value of4apd = 14 fm and
Zapd ~ 0 fm is calculated using a configuration space formalism of the Faddeevi@u&cluding the
Coulomb interaction. This paper emphasizes the need for new low-eng apta.

Differential cross sections and polarization data around 800 MeV intg®ton energies have been
analyzed by Glauber theoryt §80WI07 and by non-eikonal approximations to Glauber theory and mul-
tiple scattering theoryl©83IR03 1981BL13 1979BL0§. Non-eikonal corrections are seen to be impor-
tant in explaining tensor asymmetrie980AL20) and proton elastic scattering from polarized deuterons
(1979GU14 1975GU1Y. Data in the Coulomb interference region around 600 MeV are repeadbyg
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taking into account spin effectd$81GA1Y and the virtual-deuteron effecLt$76GA3§ in the Glauber
model.

Low energy Ep ~ 10 MeV) data have been analyzed in the Faddeev formallS8§SA051978GR04
1981SP051982SP031975CH19. The analysis of{981SP0pand the three-body calculation dfJ81K039
show that the data are sensitive to the S-wave part of the deuteron wasteoh, and there is evidence for
NN off-shell effects in nucleon-deuteron scattering. The differanche 3S-2D interactions, which do
not appear in the low-energy pd scattering clearly, appear distinctly &edb (1982K0O39. One set of
low-energy data has been analyzed in terms of Legendre polynorh@i8GROY.

Coulomb effects in pd scattering have been taken into account in the fraknefvmultiple scattering
theory by (975FR13} and in a three-body formalism by 976AL13 1976TI0). See alsol983BL19.

In a first attempt to include an approximation for the Coulomb effects in Fadugeulations, the work of
(1982D0O07 took into account the influence of the asymptotic Coulomb phase shifts indpdiescattering.
See Also {981HA3(. Calculations performed inl@81ZA06 at a few energies between 5 and 15 MeV
predict differences between the nd and pd analyzing powers. Efareptsmall angle shift this was borne
out by experimenti982TO0§. The effect of Coulomb distortion on the proton analyzing powers in elastic
pd scattering is calculated by an effective two-body approximation thatdaslad on-shell information
only, in (1983ZA0). The agreement with the measured analyzing power at 10 MeV is goazhlyufair

at 14 MeV. A rigorous approach for solving the three-body Coulomiblera in configuration space based
on Faddeev differential equations is presentedlB8BKUO0g 1982P0O03 Differential cross sections at 2
MeV and 10 MeV agree well with experiment.

Backward pd elastic scattering in the energy range 0.3—2 GeV has btarsiezly studied. See
(1982IG2A for a review. See also the study a(74NO2A who concluded no convincing evidence for N*
isoscalar exchange or pion-nucleon exchange beyond the uslebnia@nsfer. A phenomenological anal-
ysis made in 1974DU0Y suggests a mechanism in addition to one-nucleon exchange. The ectisss
are roughly reproduced by a calculation in the framework of the pole meohal975KA27). Rescat-
tering corrections to the single-nucleon exchange model were found itogmetant (975LE2). Single
scattering and n-exchange are shown to account for rge-data {976GU2A 1979GU2B 1979GU13.
The deuteron charge form factor is predicted from the extracted twg-form factor. In (976 TE2A
a double-triangle diagram is considered, while 19{9KO2A 1977K04§ it is found sufficient to take
into account re-scattering with the delta-isobar in the intermediate and @hesniexchange. Calculations
based on the model of resonance one-pion exchange producesentiems which agree with experiment
but depend strongly on the deuteron wace functit®/SM04. Absence of a peak in the cross section
for energies greater than 1 GeV is predictedli@{9KO2A) where light-front-dynamics is applied to de-
scribe the scattering. IMP80JE031977SH171974SH2B calculations are performed in the light of the
Kerman-Kisslinger model using a generalized baryon-transfer mechamshe assumption that N*s exist
in the deuteron and that the backward peak is caused by their exch@hgelensor polarization of the
deuteron was calculated on the basis of a triangle diagram without framptars and found to be small
in agreement with experiment$80VEOQO7 1981VE1Y. The contribution of the intermediate delta (1236)
resonance is found to dominate the cross section in the 0.3 to 1 GeV regiv®30TO10 where a two-
loop diagram is evaluated. A double diagram with intermeds{£232) excitation is used ill@81ANO3
to reproduce cross sections at about 600 MeV1BB(LKO09 1981K0O17 it is found necessary to include
tribaryon resonances in addition to quasiresonant contributions frodetteisobar, one-nucleon exchange
and nucleon-deuteron single scattering to explain the data. Elastic pd drackeattering in the energy
range 0.6-2.7 GeV has been measured and discussed in terms of tsmrexchange and one-pion ex-
change mechanism4{82BE3(). The experimental plateau in tH80° excitation function for energies
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> 1 GeV could be explained as excitation of tA¢1950) in the intermediate state. Experimental data
on the sensitivity to the proton polarization and to the deuteron alignment aceilibd in (981KA45
1981KA29. In (1980GU1§ it is shown that it is possible to explain backward pd scattering at intermediate
energies in the framework of multiple scattering theory by searching forgjhigial” approximation for the
formal exact solution of the problem. The analysis also permits an extradtiba deuteron two-body form
factor for values ofj> which far exceed those measured in e, d elastic data. The accuracy‘optimeal”
approximation is studied for a wide range of momentum transfet983LE16.

Cross sections and tensor analyzing powers in dp elastic scattering &&ta=al0 and 20 MeV were
used in a pole extrapolation technique to determine a valgg of 0.027 + 0.005 for the asymptotic D-
to S-ratio of the deuteron wave functioh9/8AM2B). Data at 35 MeV and 45 MeV1Q79C0O12 gave a
valuepp = 0.023 + 0.0013, while an analysis byl980GRO0® of data at ten different deuteron energies
between 5 and 45 MeV gay® = 0.0259 4+ 0.0007. Note however that the method has been criticized
in more recent work as subject to large systematic er#81C0O2C1983L003 1984BE2B 1985PUO).

A different method of pole extrapolation was used 19§6HOOQY to obtain a D/S ratio of 0.0270 with
a statistical error of 2%. The dependencepgfon the asymptotic S-state amplitude was studied and
reported in {982AL04).

Elastic dp scattering data in conjunction with data on pp and np elastic scattetimgdn 10-26 GeV
have been used inl973Z200Y to determine the deuteron form factor. The ratio of pd inelastic/elastic
differential cross sections has been calculated using Glauber theat@7@[U0). Polarization data at
1 GeV have been analyzed in terms of Glauber theory and the spin-oobdnpnucleon amplitude has
been determined inE80AL09. Parity non-conserving effects in low energy pd scattering which mstnife
themselves as an asymmetry in the total pd cross section for longitudinally pdlgmintons have been
examined in {978HE2A 1978HE2B 1979DE271983KL05. The calculations ofi(979DE27 indicate an
asymmetry of about-0.8 x 1077,

6. (@)°He(y, n°)3He Qm = —134.964
(b) 3H(y, m°)*H Qm = —134.964

For reaction 6(a) the previous compilatiob9{5FI0§ cited only one measuremerit969BL10. A
340 MeV bremsstrahlung beam was used, and differential cross seémioooherentt® photoproduction
were obtained by detectintHe recoils at angles of 20, 30, 40, aB@P. The values ranged fromr 2
to 84 ub/sr. Reasonable agreement with impulse-approximation calculations waseobt&lore recently,
measurements of° photoproduction relative yields frofH, 2H, 3He and*He were made in the region 1—
10 MeV above threshold byip80AR06 1981AR1(). Dipole photoproduction amplitudds;” on nucleons
were deduced, but were strongly dependent on the theoreticalgtestof the process. Large rescattering
effects were observed féHe. These data were included in the revi@®79DE2A of pion photoproduction
experiments and theory. Measurements of differential cross sectiem® re 0° in the P33 resonance
region were reported foiHe, Li(nat) and®Be in (1981BE13. The bremsstrahlung beam from a 500 MeV
synchroton was used, and th® was measured by detection of the decay photons.

Measurements on both reactions 6(a) and 6(b) were carried out ireatrexperiment {984BE08
1984BE36 in which m° photproduction on &H target was observed for the first time. Bremsstrahlung
radiation from a 500 MeV electron beam was used, andithand3He recoils were detected. The energy-
averaged differential cross section in f¢1232) resonance region was obtained as a function of momentum
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transfer both foPH(y, n°) and®He(y, n°). The averaged cross section is characterized by: (i) A steep fall-
off for |t| < 5 fm~2 characteristic of a coherent process. The cross section falls fealfi pb/sr at|t| = 3
fm—2 to ~ 1.5 pb/sr at|t| ~ 5 fm~2. (ii) A change in slope aft| ~ 5 fm~2 attributed to the rescattering

of the photoproduced pions. (i) Equal cross sectionsSkee(y, 1°)3He and®H(y, 1°)2H suggesting direct
production on one nucleon without final state interactions. The resultsoanpared with an uncorrected
impulse approximation calculation, and the agreement is goodkffox 5 fm~2. The experiment also
shows that the charge exchange reactida(y, n*)3H is down by about an order of magnitude from ttfe
production.

A number of theoretical investigations of the, (1°) reaction or®H and other few-body targets near
threshold have been carried out. For early work d&8¥%F10§. It is noted in (976K0O049 that whereas
charged pions are produced mainly on the nuclear surface, neutnalqia be produced coherently, arfd
photoproduction is in principle sensitive to the entire nuclear matter distributioaddition, the smalit®
photoproduction cross section for a single nucleen @n order of magnitude smaller than that of charged
pions) suggests a mechanism fof photoproduction in nuclei whereby a charged pion photoproduced on
one nucleon can undergo charge-exchange scattering on anottesmuThis two-nucleon mechanism is
found (1976K004 to be important. For a discussion of these and other aspects of,th®) (process iftH,
2H, 3H, and*He see the review ofl079DE2A. Other calculations of threshotd photoproduction oAHe
and®H are reported in(978B013 1982BE25. Threshold effects im® photoproduction ofH and3He
are treated in¥979LA21). The case oft® photoproduction by linearly polarized photons 3 and3He
has been treated in the impulse approximatiBV@GA1§ for E, = 180-700 MeV, and the asymmetry in
the angular distrinution has been evaluated with the use of multipole amplitudesly,Fam investigation
reported in {984DRO07 included both a calculation af® photoproduction for théH/3He isodoublet in
terms of nucleons, and a calculationrdf photoproduction for nucleons in terms of constituent quarks.

7. (a)%He(y, n*)*H Qm = —140.098
(b) 3He(e, én*)3H Qm = —140.098

Only a few measurements for reaction (a) have been reported sincetti@ysrcompilation{975F109.
Measurements in the energy region of kgl 232) pion nucleon resonance were mad&’@BA15 1975BA59
by using bremsstrahlung photons from an electron beam and detectimijdenices between pions and re-
coil tritons. Differential cross sections were measured at fixed valfifsessquared four-momentug?
for E, between 227 and 453 MeV. Values fo(6) ranged from1.55 + 0.13 pb/sr atE, = 282 MeV,

g% = 3.1 fm~2 t0 0.035 + 0.008 pb/sr at 452 MeVy? = 13 fm~2. At fixed g2 the resonance was shifted
toward low energies relative to the same process for a free nucleorshifh@creased with increasirgf

at a fixed angle. The results are compared with several theoreticalatados, and it was concluded that
pion rescattering is important (especially at large and that this effect as well as the resonance shift is
very sensitive to the S-S and D-state percentages in the wave functions of the mass-3 nuclelisantd

the relative weight of spin-flip and non spin-flip terms in the elementary geoc®ther measurements of
coherentt* andn® photoproduction froniHe in theA 1232 resonance region are reportedli9ag4BE0$.

The differential cross section averaged over the resonance waseatbées a function of momentum transfer.
Charged and neutral pions photoproducedida were distinguished by detection and charge-identification
of the recoil nuclei. A measuremeritq79AR09 of then™ photoproduction cross section frotHe relative

to the cross section for this reaction on a free proton was carried outidémnt photon energies 1-5 MeV
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above threshold. Positrons from thé — p* — e* decay were detected Wyerenkov counters. The
transition matrix element was extracted, and the pide-coupling constant was determined. The results
were discussed in relation to magnetic eletron scattering data and the ppéttie pionicHe atom. A
recent measurement af photoproduction odHe is reported in1986ZA1(Q. The pion-nucleon coupling
constant is deduced. The status of pion production near thresholcewewed in (979DE2A, and both
experimental and theoretical aspects of the process were discussed.

Early theoretical work om™ photoproduction ofHe is reviewed in1975FI09. More recently several
impulse-approximation calculation§473LA39 1975LA12 1980TI01 1983BA12 for incident photon
energies that included the first pion-nucleus resonance have beedaaut. An estimate of rescatter-
ing terms is made in1@73LA39, and in ((975LA12 the contribution of meson exchange effects is ex-
plored. Calculations in impulse approximation of pion photoproduction neastibid have been reported
in (19760CZZ1981TI02 1981TO131983BA12. See also the review 01979DE2A. The effects of pion
momentum, Fermi momentum, and delta resonance terms on the cross sectiomast@idhwere studied
in (1980DR0Y. Realistic wave functions generated from Reid soft-core potentials withabdeev equa-
tions were used in the claculations reportedli@g§1T102 1981 TO13and1983BA12, while in (1980TI0)
account was taken of Fermi motion on the resonance structuré98#DR0O7Y threshold photoproduction
of pions is calculated for nucleons in terms of constituent quarks ariHfand®He, in terms of nucleons.

A determination of thet-*He-*H coupling constant from threshold pion photoproduction data was made
in (1979LEQY, and discussions of various methods for determining the coupling comstapresented in
(1980DU01 1984KLO02.

The related process of electroproduction of pions fidte (reaction (b)) has been studied experimen-
tally and theoretically. In the work reported in978SK0) triton recoil cross sections were measured
at incident electron energies and triton recoil energies correspoialiegcitation energies near 20 MeV
above the pion threshold. Model calculations were reported9@{AS07j. Calculations to describe coin-
cident cross sections for coherent pion electroproduction in the imppjsexmation using realistic wave
functions were reported ii@81TI0J).

8. (a)*He(y, pfH Qm = —5.494
(b) 3He(y, n)2'H Qm = —7.718

Photonuclear cross sections fife measured at photon energies ranging from 5.5-800 MeV were
summarized in 1975F10§. In the most recent measurements includedlia76FI0g, differential cross
sections foPHe(y, p)*H at proton cm angles &0° and90° for photon energies ranging from 170-370 MeV
(1975AR0) were reported. Bremsstrahlung photons were used, and protodgeataions were detected in
coincidence. As noted inl@75F10§ the total cross section rises rapidly from threshold to a peak at 1.0 mb
atE, ~ 11 MeV and falls off smoothly to< 10 pb atE., < 150 MeV. The90° cross section has a similar
shape with a nearly flat peak value ef 100 pb atE, ~ 12 MeV. Differential cross sections measured for
3He(y, d)'H between 150 and 300 MeV &, = 60°, 98° were reported in(982BR12 1983S01) and
compared with the time-reversed reactfét(y, p)*He. No evidence for time-reversal-invariance violation
was found. The photoneutron cross section®de (reaction (b)) was measured from threshold+025
MeV with monoenergetic photond $81FAQJ in an experiment which includetH(y, n), and®H(y, 2n).
For3He(y, n) the cross section rises from threshold at 7.72 Me\&td mb at ~ 13 MeV, remains nearly
flat to ~ 17 MeV, reaches= 1.1 mb at 18 MeV and drops tox~ 0.3 mb near 30 MeV. See the section
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on3H(y, n?H and (L981FA0J for results of comparison diHe and®H photodisintegration cross sections.
See Tabl&.7for integrated cross sections and first and second moments.

Many excellent reviews exist in the literature on the photodisintegratiddeand®H nuclei (1979TO2A
1979BE2C 1977CI2A 1975WE2A 1976 GO2A 1975FI09. Since theoretical calculations are often made
simultaneously for both nuclei, the section 81 should be consulted as well. References to the earliest
theoretical calculations on the photodisintegratiodldé may be found in the compilation af§75FI108.

The two-body breakup reacticitle(y, pyH has been investigated and reportedli{7CR0}. Cross
sections at intermediate energié&s, (< 600 MeV) are calculated using realistic bound state wave functions
obtained with the Reid soft-core potential, but neglecting final state interactlan(1981AU02 an inde-
pendent calculation using the same physical inputl@3 {CRO0} is reported. Considerable differences in
the results are found and discussed in detail. The importance of final statactions and possible me-
son exchange effects is also discussed. Electromagnetic and picamgexbontributions were studied in
calculations forE|;, = 165 and 330 MeV {976FI1). For E, < 40 MeV, cross sections are calculated
(1975GI0) for the two-body photodisintegration 8He and®H in the electric-dipole approximation. The
calculations were performed within the context of exact three-body yheith the two-nucleon interac-
tions represented by s-wave spin-dependent separable potentiasufrterical results indicate: (i) the
3He and®H 90°-photodisintegration cross sections are essentially identical in shapeeiiéty, d)p90°
differential cross section has a peak value of approximate|y#5sr. (See 1981FAQ03 for comparison with
experiment where it is concluded that agreement is not notably good).

In a later work (976G103 the same theory applied earlidiq75GI0) for the two-body breakup foiH
and®He targets was applied to the three-body breakup reagtiety, n)2'H. The numerical results indi-
cate: (1) théHe(y, n)2'H cross section has a peak value of one mb; (2) the neutron specttéeigr, n)2'H
and a proton spectrum féHe(y, p)np peak sharply in the region of the strong pp final state interaction. In
(1976FA12 1975FAQY hyperspherical harmonics were used for continuum three-bodysstatbe cal-
culation of cross sections for E1 transitionside to final isospin% states (trinucleon photoeffect). The
use of a soft-core potential gives fair agreement with calculation$fG103. In (1978FA0) this work
was extented by including an additional grand orbital in the final state adohgimeasonable agreement
with measured total cross sections. The same formalism has been ud8d&hE1) to calculate several
new examples of the trinucleon photoeffect. Agreement with experimenirvggsheral unsatisfactory. The
method of hyperspherical harmonics has also been UgtV{/O1) to calculate three-body photodisinte-
gration cross sections ®He and®H, and good agreement with experiment was obtained. The suppre§sion o
the isospin% three-body photodisintegration 3fle is investigated and explained i79LE03, in which
exact three-body calculations and evaluation of isospin sum rules aresglsrted.

The role of mesonic and isobaric degrees of freedom for electromagmetiesses in light nuclei in-
cluding®He is discussed inO83AR2).

9. (a)®He(e, efHe
(b) *He(e, ép)°H Qm = —5.494
(c) ®He(e, én)2'H Om = —7.718

Measurements of elastic and inelastic electron scattering cross sectiathsicompilation of{975FI109
are summarized in Tablés13 3.14 and3.15
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Table 3.13: Measurements of cross sectiofHé(e, ejHe

9°> (fm=2) Ee. (MeV) 0. (deg) B3 (deg) Refs.
0.20 — 3.7 105 — 320 30 — 135 19850T02
0.88 — 3.2 109 — 214 28 1984REOQ3
0.7-11 85 — 350 160 1983DU01
7—31.6 300 — 689 155 1982CA15
20 — 100 6 — 14 GeV 8 1978AR05
0.032 — 0.34 29 — 95 75 19775202
0.347 — 20 170 — 750 1977MCO03
0.09 -84 54,134.5 1987BE30

Table 3.14: Measurements of cross sectiofHs(e, €)°He

E. (MeV) B (deqg) Refs.

100 — 300 65 — 180 1984K005
120 — 667 2 36, 60, 90, 145 | 1985MA12
16.4 — 16.5 GeV 8 1982R0O16
0.1 -4GeV? 1980MCO01
40 — 61 180 1979J002
2.8 — 14.7 MeV 8 1979DA14
1211 15— 29 1978KU11
500 60 1976MCO01

60 — 110, 120 92.6,127.7 1975KA04 1975KA28
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Table 3.15: Measurements of cross sectiofHte(e, &) °H

E. (MeV) 8. (deg) 6, (deg) Refs.
806, 643 31,28 | 47572554 72| 1983GO01
527.9, 509.3 52.2, 36 53 — 77,55 — 92 1982JA06
806, 643 31,28 | 475-72554—78| 1982GO06
806, 643 31,28 | 47.5-725,54—78 | 1981K0O25
806, 643 1980G009
1200 30 455 725 1978GO17

2 Also measured ep coincidences féte(e, ép)np.
b A preliminary publication detailed version appearsif@§2GO08.

The elastic charge form factor has been measured for a rangé¢fofir-momentum squared) from 0.032
fm~—2 to 100 fnT2. Extension of the data beyond = 20 fm—2 shows the charge form factor continues to
fall until g = 65 fm—2 and then goes up slightl 978AR05. Recent determinations of the rms radius of
the charge density distribution ftle gaveyS,,, = 1.976+0.015 fm (19850T03 andy¢,, = 1.93+0.03 fm
(1985MA12. Earlier evaluations gawg;,,s = 1.877+0.019 fm (1984RE03, 1.935+0.03 fm (1983DUO0),
1.89 + 0.05 fm (1977SZ02 and 1.88 4+ 0.05 (1977MCO03. The elastic magnetic form factor has been
measured fog? = 0.2-31.6 fnT2. The data of {982CA15 define a diffraction minimum in the magnetic
form factor atg? = 18 fm~—2 and a second maximum at 25 ffh See also the very recent measurement of
the isoscalar and isovector form factors f&t and3He for momentum transfers betwees 0.3 and 2.9
fm~—! reported in {987BE3(). Values of the rms radius foHe obtained from the magnetic form factor
measurements are in agreement with one another. The valug§ foare1.93 + 0.07 fm (1985MA132),
1.99 + 0.06 fm (19850T032, 1.935 + 0.04 (1983DU0J and1.95 + 0.11 (1977MCO03.

No theory has yet been successful in reproducing the charge ftarfdata over the entire range
of g2. Inclusion of a six-quark admixture in th#He wave function results in better agreement with ex-
perimental data in the whole region of momentum transfer ug’te= 36 fm~—2 as compared with pure
nuclear models1984BU24 1984BU43. A second diffraction minimum is predicted g&¢ = 50 fm—2
(1984BU24 1982HA09 1978HAQ09. The effects on the calculated charge form factor of the nucleon po-
larization (L982DRO0) and the pair currentl®@83BEO0§ 1983DR13 calculated in the constituent quark
model have been discussed as have multi-quark clusteB5(1A24 1984H022 1982NA09 1985KI12).
The dimensional-scaling quark model is discussed @¥8CH2A. Isobar currents, mesonic exchange cur-
rents and other corrections of relativistic orde@$3A207, 1983G111 1983HA18 1983MA58 1983HA04
1983SA28 1982HA09 1981FI05 1981HAQ7 1981TO08 1979GI08 1979SA39 1978HA09 1978SI15
1977RI15 1977HA03 1976DU05 1976HA33 1976KL02 have been examined. THRele charge density
determined from the charge form factor is seen to exhibit a central si@prewhen the protons are treated as
point chargesi978SI2B. This feature of the charge density is not reproduced by non-rislativaddeev
calculations {978S12B, even when different potentials are usé@§1FR1%. A suggestion 1981NO04
based on a variational calculation using a simple trinucleon wave functidrththeentral depression could
be attributed to a two-pion exchange three-body force, is not bornbyoatmore rigorous Faddeev cal-
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culation in which a two-pion exchange three-body force is added to atrealisleon-nucleon interaction
(1981TO0§. A variational method was employed984HUQ9 to calculate the trinucleon ground state
properties, and it was concluded that the charge form factor is ratbensitive to the addition of different
three-body forces. See alshb986SA08. Inclusion of meson exchnage currents, isobaric processes and
other corrections of relativistic order is able to reproduce the centpakdsion {982HA09 1978HA09.

The bearing of these ingredients on current conservation is discus§EeB6L109. Arguments based on
QCD presented in1986AB02 indicate that the central depression is due to the presence of largenhidde
color components. Ambiguities in the point charge density are discusséd®®2KIA3Q. Errors in the
determination of the charge distribution are discussed#4C0061982B008§1981B0131978B02).

The magnetic form factor data are not theoretically reproduced overntire eange ofg?. Inclu-
sion of meson exchange currents in fiée wave function is essential to explain the diffraction minimum
(1984MA26 1982CA15 1980RI09. The importance of the D-state of the trinucleon and the short-range
behavior of the S- and D-state wave functions in determining the magneticféators of the three-body
system is shown inl@75BA08. The role of the nine-quark state is discussed B86AN13. Parity violat-
ing asymmetries in elastic electron-nucleus scattering are consideE#BibHI05. The effect of clustering
on the electromagnetic form factors Hfle and®H is studied in {976TA0§. A brief review of theories
on elastic electron scattering Bile and®H is contained in the talks reported ih978SI2B 1977CI2A).
See also1977NE2A 1984FR2A 1985B044 for a discussion ofHe electromagnetic form factors. Pio-
nic contributions to very-forward elastic scattering are discussetl98gKA0L). An analysis of inclusive
quasielastic electron scattering data which can be interpreted to imply ansedretne nucleon radius in
3He compared to the free nucleon radius is presentetidBGMCO3J. For other elastic scattering work see
also (1977DI11Q 1974AR09 1977DU01 1982T0O08 1986KI10.

Ininelastic electron scattering experiments, a 2S5—-2S monopole transitioedrastservedl@75KA04
1975KA28 and a possible excited state at 10 MeV has been discu$8€8J0O0). The first experimen-
tal separation of the transverse and longitudinal response functienseas carried out and reported in
(1980MCO0). The structure function has been derived from experimental da&2R0O 1§, while longitu-
dinal and transverse form factors were derived from datd #84KOO05. The inelastic electron scattering
data cover a momentum transfer rari@9 < g° < 1 fm—2 (1975KA28, g = 5 fm—2 (1976MC0),

25 <g? < 7.1fm™2 (1978KU1Y, 4 < g < 4.9 fm~—2 (1979DA19, 20 < g° < 128 fm—2 (1982RO1}
andl < g2 < 2.5 fm~2 (1984K0035.

Theoretical fits to the data are made mainly using the impulse approxima®@&igi01) with wave
functions calculated by the Faddeev technique (&&DI09and the experimental papers). The spec-
tral function is derived 1983MEOQJ in the plane wave impulse approximation. Contributions of meson-
exchange currents and final state interactions to the longitudinal anaddraagesponse functions #fle
are estimated in1085LA04).The effect on inelastic electron scattering frékte of meson exchange cur-
rents ((983BI0Y and quark clusters1981P104 1981PI2B has been studied. Theoretical descriptions
of y-scaling effects in inclusive electron scattering are discussed982B03(0 1983CI14 1983CI11
1986GU1L(). The question of loose quarks in nuclei was raisE@BEOEOZ2 in connection with structure
function calculations. The use of quasi-elastic scattering of polarizett@emn polarizedHe as a probe
of the subdominant components of thee wave function has been explored i®82WO0O05 1984BL0J).

The channels associated with two- and three-particle electrodisintegrafidHe have been separated
using *He(e, ép)?H reactions {983G00] 1982JA06 1982G006 1981K025. The proton momentum
distribution of*He (1983G0011982JA06 1982G00§ and spectral functiorl©82JA06 1980G0O0Y have
been determined and fitted with various theoretical models fotiteewave function and nucleon-nucleon
potential. A theoretical calculation in the framework of the Faddeev fromalismhioh a one-term s-wave
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spin-dependent separable interaction fitted to the two-nucleon scattatmgsdused, is found capable of
explaining two-body electrodisintegration Hfle near threshold and possibly at higher excitation energies
(1977HEO03 1977HE22. High resolution (e, ') experiments are reviewed in9485DE56§ where it is
concluded that (e, d) data of (985KE0Y constitute evidence for direct coupling of the virtual photon with
correlated nucleon pairs.

Sum rules for electron scattering are discussed @8{T0111980MC01 1979J0O02and in other ref-
erences cited inlO75F10§. A recent calculation986EF0}) involving sum rules in analysis of longitudinal
(e, €) spectra gave agreememt with traditional descriptions involving only nuclegrees of freedom. For
other work see alsdl@82B0O3(01983CI14 1978CI2A 1979CI2A.

10. (a)®He@—, v)°H Qm = 105.130
(b) *He@—, v)?H, n Qm = 98.872
(c) 3He@—, v)'H, 2n Qm = 96.648
(d) 3He(, vy)°H Qm = 105.130

No experiments on the above reactions have been reported since the tiompil&1975FI0§. Theo-
retically estimated values of the total capture rate’fde + p— are 2253 st (1978TO0) and 1391-2408
s~1 (1980HA49. Partial capture rates calculated for reaction (a) are 1264(5978T00), 1500 st
(1978HWO0Y, 1433+ 60 s~ 1 (1975PH2A, 1476 s (1975KI2A), and 1375-15378 (1976SA0§. Calcu-
lations were also made and reported iI96CO13. Polarizations and asymmetry parameters for reaction
(a) treating the nuclei as elementary particles are calculated as well 16 EA0§. The elementary particle
method and impulse approximation method are comparetin5PH2A where a capture rate of 414’
for reaction (b) and 2098 for reaction (c) is calculated. The total capture rate is calculat@dgRA25
for the reactiorfHe+ i~ and for reaction (a) as a function of the ratio of the induced pseudoscalaxial
vector coupling constangg/ga). The extracted values fgp/ga lie between 10 and 18.

The photon spectrum for the radiative capture reaction (d) has bémratad (984KL02 1981KL03J3
using the impulse approximation with a realistic function and the elementary partidiee relativistic
calculation made inl(980FE02 disagrees with the calculations df{78HW2B which are based on current
conservation and a special linearity hypothesis. 18801 GMO01 1980G020) 1976BE04 the elementary
particle method is employed to analyze reaction (d).

A review of muon capture byHe is contained in{977PH2A.

11. (a)®He(m*, n*)3He

(b) *He(m—, m°)3H Qm = 4.075

(c) *He(m™, p)2p Qm = 125.855
(d)3He(m—, p)2n Qm = 130.557
(e)3He(m—, n)’H Om = 132.782
(f) He(m—, m*)3n Qm = —10.305
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Table 3.16:
3He(m*, n*)3He

Measurements of cross sections of

E, (MeV) 0. (MeV) Refs.

30 — 65 40 — 145 1984F018
50 — 200 20 — 120 1981KA17
682 25 — 165 1978FA06

68 — 156 ° 25 — 165 1976SH2B
98 — 2082 25 — 165 1976SH2B
143 1984NEZY
180 44 — 96 1984NEO1
145 — 1952 1980FA12
260 — 310° 1980KA17
2954 1980KA17
350, 400, 475 60, 90, 120 1985B041

Measurements of the pion elastic scattering reaction (a), charge excreawjion (b) and pion absorp-
tion reactions (c)—(e) ofHe since the compilation ofl@75F10§ are listed in Table$.16 3.17, 3.18and
3.19respectively.

The angular distributions far* scattering byHe at energies between 260-310 MeV comfirm the fixed
angle @ =~ 75°) minimum seen at lower energies and show a deep minimmat10° (1980KA17). The
data of ((984FO181981KA17 1980FA12 1978FA0G 1976SH2B for reaction (a) are not reproduced at
all energies by optical model calculations. A value of 1.95 fm for the magnadicis of*He is extracted
by the authors of {980FA1J from their data. Estimates of thie"3He-H coupling constant are made in
(1978FA06 1976SH2B, and a theoretical value obtained tR84KL01, 1979LEQ9. The observation of
the violation of charge symmetry i scattering orfH and®He in (1984NE01 1984NEZY) is questioned
by the authors of1984KI13 who comment that the experimental results can be explained as the manifes-
tation of multiquark resonances in interacting hadronic systems. SeelalBoKI09. A theoretical model
for the distribution of matter in theHe->H system {985BA24 is, however, able to explain the observed
charge-symmetry violating effects. Off-shell effects in pitte scattering are examined ih984GMO01
1980MU19. A theoretical optical potential including spin is used I®{5LA15 1975LA19 to analyze
n—-3He data and it is proposed that -*He scattering can provide information on the magnetic form factor
of 3He. A Glauber theory calculation reported iO75G029 examines the effects an-3He scattering
of the details of the nuclear wave function and of a repulsive core. A himded on the use of a simple
pion-nucleus potential proposed ih9B1NIOH has been used to determine the value of the nuclear mass
radius of*He in the region of thé\s3 resonance. Scattering length fo?He are calculated in work reported
in (1985BE561983GE121982MU13 1981BE631979BE2C 1979BE131978L0O16 1978TH2A).

In references reported here all experimental data for reaction ¢bqraalyzed using Glauber theory
which gives good to fair fits. The authors dfq79KA02 19820R0§ have performed optical model cal-
culations as well and get an unsatisfactory fit to their data by both methamwin@nce of spin-flip con-

43



Table 3.17: Measurements of cross sectiondef(t—, n°)3H

E,.- (MeV) 0,0 (deg) Refs.
0@ 1986BA06
200" 0—-90 1982C001
200 0—84 1980BO03
200 — 290 80 — 150 1979KA02
285 — 525 60 — 140 19820R06
285 — 525 70 — 140 1982KA02

2 Measured ratiGHe(n—, n®)/*He(ni—, n) for pions at rest.
b Also measured continuum angular distributions.

Table 3.18: Measurements of cross sectiondHs(n*, p)

E. (MeV) 0, (deg) Refs.
50 — 250, 295 20, 40 1983KA14
50 — 2952 1980KA37
65° 20 —120° 1984M0O03
120 117, 140 1986WE02
165¢ 55 1981AS10
400, 475 30 1981KA43

a3Hem™, p) only.
b 3He(m*, 2p)p and*He(m ™, pn)n reactions studied;, = cm angle.
© Measured relative cross sections for #iee(m™, 2p)p,>He@—, pn)n reactions.
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Table 3.19: Measurements of cross sectiondHsf(t—, ny’H

E, (MeV) 0, (deg) Refs.

0@ 1982G0O04
ob 1986BA06
50 — 295 20 — 150 1981KA26
100 — 290 20 — 150 1978KA01
120 40, 117 1986WEQ02
285 — 575 18 — 134 19820R06

285 — 575 20 — 120 19810R01

2 Reactiongt ~3He — nnp andt~ *He— nd measured with stopped pions.
b Measured ratidHe(n—, n°)/2He(m—, n) for pions at rest.

tributions is suggested by the dai®®82KA02 1982C0011980B0O03. The effective number of nucleons
and Pauli blocking effects are deduced1982C0O0) from measurements reported there of the continuum
angular distributions. Pauli principle effects were also studied @86NAO0S. Optical model calculations
(1982MA26 and Glauber model calculations980GE0® are used to show that the differential cross sec-
tions are insensitive to the magnetic form factor’efe. The importance of spin-flip contributions first
pointed out in {975SP0®in a Glauber calculation was later confirmed D{7L0O13. Both reactions
(a) and (b) are investigated theorectically using coupled@&tihger equationsl@82AV2A), four-particle
equations 1980BES55 1979BE13 modified in the spirit of the impulse approximatioh981BE4§, and
optical potentials {980WAQ9 1977LA0G 1976MAL1). The effect of center-of-mass correlations and in-
termediate states af-3He scattering can be ignoretiqQ81ME14. A review of these relations is contained
in (1978NE2B.

Proton spectra for the reactions (c) and (d) with emphasis on the kinengitio i two-nucleon pion
absorption have been measured and reported 81KA41, 1981KA43 1980KA37) and (L983KA14
which reports measurements of quasifree scattering as well. The isog@ndimce of pion absorption
by nucleon pairs has been studied experimentally in work reportedBLAS10 1984MO03. The strong
suppression of pion absorption by nucleon pairs having isospin equeletoin the resonance region, is
explained by theories based on the delta-isobar intermediate excitatif%I|031982LE18 1982TO18§.

See also19850H09 1986MA21). The same suppression of absorption on isospin-one nucleon pairs fo
low energy s-wave pions has been used to relate the 1s absorption widérpiotic aton?H to that of*He
(1985WEO03. See alsol980SC23.

Reactions (d) and (e) with stopped pions have been measi#@dG 004 and branching ratios deduced
for all observed final states. Theories for pion absorptiodtéa at threshold have been proposed in work
(1978JA02 based on the two-nucleon absorption model, and #80AV2A) in which coupled Sclidinger
equations are solved. The energy dependence of the cross sectiogadtion (e) measured for pion ener-
gies between 50-575 MeV suggests the formation of an isospin eq%rml\tmesonance in the intermediate
state (9820R061981KA26 19810R0}.
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The photon spectrum from radiative and charge exchange capipignsfin®He was measured 974TR2A
and a value of the Panofsky ratRy = 2.68 £ 0.13 was obtained. An impulse approximation calculation
givesP3 = 2.82 (1978GI13. The Panofsky ratio and photopion production crosss section ahtiides
on 3He are investigated in a soft-pion approach to thke-*H weak axial-vector form factor reported in
(1980G0O2D 1978G0O1). See (977BA2A) for a review on radiative pion capture reactions.

Information about the interaction between pions and nuclei at low relativeenta has been ex-
tracted from measurements of X-rays from piothte and reported inl©84SC091983BA39 1982BA43
1980MA2Q 1978MA12 1977AB2A).

For a discussion of reaction (f) s&e reaction 2.

3Li
GENERAL :
The previous compilationl@75FI09 listed a small number of references reporting on the four reactions
discussed below. Only one of the experiments cited contained any evitter@ep resonance, and the
discussion suggested that the observed enhancemére(p, n) was more likely a final state interaction.

In the work reported sincel®75FI0§ and listed below, only1974POZN contains any mention of the
tri-proton, and no evidence for its existence was observed.

1.2H(p, m)3Li not observed

This reaction was studied &, = 24-254 MeV (979DA19 andE, = 585 MeV (1980CR03. No
evidence for a 3p resonance was reported.

2. 3He(p, n¥Li not observed

Spectra obtained &, = 22 and 25 MeV ab,, = 3.5°-40° (1974POZN showed no structure indicative
of formation of the tri-proton.

3.3HeCHe, tPLi not observed

No work was reported on reaction 3.

4.8Li(%He, He)Li not observed

No work was reported on reaction 4.
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