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Introduction

The present evaluation summarizes the research that hagpbbkkshed on thel = 3 systems
since the previous evaluations)(75FI08 1987TI07. There are fourd = 3 systems to consider:
3n, 3H, 3*He and®Li. Of these, only’H and®He are known with certainty to possess bound states.
Studies of the reactiolH(°He, a)*H reported in {994AL54 2003RO13 have suggested the pos-
sibility of a resonance ifH at about 7 MeV above the ground state; Sdeeaction 2. In the two
previous evaluations, the material was presented in timeeinsork of a discussion of the energy
levels of theA = 3 systems. This same approach has proven to be a useful mepresehting
large amounts of data fot > 3 systems. Also, the desire to discover and study resonarees h
motivated both experimental and theoretical researcheanith 3 systems. The same approach is
followed in this review.

Except in rare instances, references to papers publisi@d@and included in either the 1975
or the 1987 evaluation are not included here. The preseigwerncludes material that appeared in
the National Nuclear Data Centédl]{DC) Nuclear Science Referencd$SR) database through
December 31, 2009. In a few instances, references to artideappearing in the Nuclear Sci-
ence References are included. A few references with a 20dcption date have been included;
however, systematic searches later than 2009 have not lee®nped.

As in earlier reviews ford = 3, data tabulations and/or graphs of scattering and reactass
sections have not been included in this evaluation. ThebdatikE XFOR/CSISRSontains a vast
collection of experimental reaction data for incident means, charged particles and photons.

The material is separated into the four systerrs:*H, *He, 3Li. The ordering of the reac-
tions follows that of the previous evaluations, for the muestt. For historical reasons associated
with Evaluated Nuclear Structure Data FilENSDB, in the®He section, the beta decay process
3H(57)3Heis given first.

Theoretical topics relevant to the A = 3 systems

1) Basic issues:

(a) The Gerasimov-Drell-Hearn (GDH) sum rule relates angygneveighted integral over the
spin-dependent photoabsorption cross sections of a lgartiagts ground state anomalous mag-
netic moment; see the review8004DR12 2008DR1A. It is derived using basic principles of
invariance, causality and unitarity and relates a statip@rty of a particle’s ground state with
aspects of its dynamical spectrum. The GDH sum rule was @issetl experimentally for protons
(2000THO4 2001AH03 2004DU17. However, by using polarizetHe targets, it has become
possible to test this sum rule - as well as a generalized fbhanallows for virtual photons - for
3He and the neutror2001GI06 2001WEO07 2002AMO08§. See the’!He sectionfor more on the
GDH sum rule, anomalous magnetic moments and polafidedargets. Related to the GDH sum
rule is the forward spin polarizabilityy. In this case, however, the integrand contains the photon
energy to the inverse third power rather than to the inversegdower as in the GDH sum rule; see
(2009WE1A and references therein. Calculations of both the GDH sumand~, for 2H are
reported in R004CH582004J103.


http://www.nndc.bnl.gov/
http://www.nndc.bnl.gov/nsr/
http://www.nndc.bnl.gov/exfor/exfor.htm
http://www.nndc.bnl.gov/ensdf/

(b) Charge symmetry breaking (CSB), or isospin violatia¢carrently understood, is due to
the down quark having a slightly greater mass than the upkcurad to electromagnetic effects;
see Tables 1.1 and 1.2 in9q90MI1D) as well as 2006MI133 and references therein. Recent
advances in effective field theory have been used to inclu& iGto NN and NNN interactions;
see ROOOVA26 2003FR202005FR022006MI133. More references on effective field theory are
given below. CSB shows up in the binding energy differencé-bind®He; the binding energy
of 3H is greater than that ofHe by almost 764 keV of which about 85% is due to the effect of
the Coulomb interaction between the two protonskte. See 2005FR02 2006MI33 and the
introduction of the’He sectiorfor more details on the origins of the remaining 15%. CSB lss a
been studied in the context of elastic scatteringofand=~ from *H and®He; see 2002BR49
2002KU39 and references therein. Details on these reactions aresdisd in'H reaction 10and
3He reaction 13More general than charge symmetry and charge symmetriihgeia the subject
of charge independence and charge independence breakB)g £Cstudy of CIB and the role of
mixing of T' = % states withl" = % states in'H and related reactions is reported i®@1WI106.

2) Realistic NN potentials:

Several phenomenological NN interactions have been deedlthat include the correct long
range one pion exchange tail, yield essentially perfectrijgsons of pp and np phase shifts and
the properties of the deuteron and in some cases includgedapendent aspects. Some that are
frequently used il = 3 applications are: Ay, (1984WI05, Nijml, Nijmll, Reid93 (all three are
presented in994ST0§), AV 5 (1995WI029 and CD-Bonn {996MA09 2001MAQ7). Details of
various NN interactions along with comparisons of cal@daesults can be found ihg98CA29.
Calculations using these potentials fér= 3 systems are in1093FR112000VI05 2003NO01
2004KU1). However, when the binding energy @fi and*He are calculated using these NN
interactions, it is found that the predictions underbinestinnuclei by about 10%. This result has
been known for some time and is illustrated #002GL1F. However, this discrepancy is not as
bad as it first sounds. Since the binding energytbfor *He is the sum of the kinetic energy of
around 40 MeV and a negative potential energy of about -48,Me\érror of only 1 or 2 % in the
potential energies can give an error of 10% in the bindingges.

3) Patrtially non-local NN potential:

Both many-body and relativistic effects can introduce faoal aspects into NN interactions,
especially at short distances. There have been severastwtiich treat the long range part of
the NN interaction as local and the short range part as ncaid-I@he CD-Bonn interaction men-
tioned above falls into this category to a certain extentaddition, see{996MAQ09 1998D013
1999D0352000D0232003D0O052004D0O052008DO0S.

4) Non-local, separable potential from inverse scattemeghods:

Using J-matrix inverse scattering techniques, a separable, ocal-hucleon-nucleon interac-
tion, called JISP, has been obtained and used in calcutatedaited to the structure of light nuclei,
including mass 3; se€2(04SH41 2009MA02 2009SHO2 and references therein. Note: The
reference Z004SH4) was reproduced and updated #D08AL1Q. Calculations of the binding
energies ofH and3He using various interactions, including JISP, are contharg2005SH33.
See alsoZ007SH272009MA02. The JISP interaction was used RDQ6BA57) to calculate the
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photoabsorption cross sections’#f, *H, 3He and*He.

5) Dressed bag model of the NN interaction:

This approach treats the short and intermediate parts dfithenteraction as a six-quark bag
surrounded by one or more meson fields; s#€#(KU14 2001KU1§. For applications to scat-
tering phase shifts and deuteron properties, 3884KU14 and for an application to n-p radiative
capture, see2Q03KA5H.

6) NNN potentials:

Three-body forces have been studied for decades. A briefiskson of the physical origin of
these interactions is given in998CA29. The referencel(©99FR02 contains a listing of several
of these forces with original references. Two of these NNfgriactions that have continued to be
used in recent calculations - sometimes in modified form Uakmna IX ((995PU052003N00)
and Tucson-MelbournelP95ST12 2001C0O13. The*H and?3He binding energy discrepancy
referred to above can be resolved by including a three-baaef This is illustrated irA003NO0)
where the binding energies 8l and®He are calculated using the AVtwo-body interaction and
the Urbana IX three-body interaction. A three-body force Ao been obtained in the dressed-
bag model; see2004KUOQ0Y. For a discussion of the three nucleon force in the contiexéotron-
deuteron and proton-deuteron scattering, SE9TSA38 2007SA59. Section 1 of 2008KI108
contains a discussion and extensive list of references oleow interactions in general and the
three nucleon interaction in particular from a historicatgpective. A comparative study of three
different NNN interactions combined with the AVNN interaction is reported ir2010KI105.

7) Effective field theory:

This topic also goes by the names chiral effective field thewrd chiral perturbation theory
(ChPT). A brief history of this theory along with relevanteeences is given ir?003EN09. Work
reported in this reference shows that calculations of tbegnties of the deuteron using an NN in-
teraction obtained from fourth order ChPT compare favgralith those using Ays and CD-Bonn
NN interactions and with experiment. Third order ChPT haanbesed to produce an NNN inter-
action QO02EP032007NA30Q. A brief introduction to this topic can be found ihg98VA04. A
comprehensive review of the theory can be foun@BORBE9(). See alsol995BE7). Some ref-
erences in which ChPT has been appliedte 3 systems are2002EP022002EP032004GL05
2006PL09 2007HA4). The reference2007NA1§ contains a useful introduction to ChPT and
uses the binding energies ¢l and3He to constrain low energy constants. Low energy con-
stants for the ChPT formulation of the NNN interaction arsoabbtained inZ009GA23, using
3H and®He binding energies and thfé value for the beta decay &f. Chiral symmetry and ChPT
also demonstrated that the Tucson-Melbourne three-bddyaiction needed to be modified; see
(1999FR022001C0O132001KA349. See alsoZ006RA33 for a study of parity violation using
effective field theory. See als@{04CH58 2004J103 for calculations of the GDH sum rule and
spin-dependent polarizabilities using effective fielddtye

See POO9EP1A for a review of the application of effective field theory teetinteraction of
nucleons based on quantum chromodynamics.

8) Renormalization group methods:



Techniques using the Renormalization Group in general hadsimilarity Renormalization
Group in particular have been used to separate lower mometdager range components of the
NN interaction from the higher momentum, shorter range camepts; see2003B0282005SC13
2007B020 2007JE022008BO0O7 and references therein. The revie2d(7JEOY has a discus-
sion of the role of the Renormalization Group in effectivédfitneory applications. The reference
(2008BO07 reports on shell model calculations of light nuclei, irdihg >H, using an NN interac-
tion produced from effective field theory modified by the Sarity Renormalization Group. See
also 0O08DEO0J.

9) Dynamical and structural calculations:

Several methods have been used to calculate bound and wamtistates il = 3 systems.
Some of the best know are described next.

(a) The Faddeev approach has a long history as discussE2Ba\(VU08 1996GL0Y. Both co-
ordinate space and momentum space Faddeev methods anedutl(L998CA29. Both methods
are used and results comparedif90FR13 where i+ d scattering is studied and ihg§95FR1)
where ni-d breakup amplitudes are calculated. 1893FR1), the ground state dH was studied
using the coordinate Faddeev approach and several redlistinteractions. In another Faddeev
approach tdH and3He ground states, the interacting pair is treated in coatdispace and the
spectator particle is treated in momentum space; 58@1(SA04 1993WU0§. Equivalent to the
continuum Faddeev approach is the Alt-Grassberger-San@@S) method; see2008DE1D
2009DEO2 and references therein. Se&#(01CA49 for an application of the AGS approach to
neutron-deuteron scattering. Using the AGS approach, thioGhb interaction can be taken into
account by using a screening technique. SE¥GDE26 2009DE47 for an application of the
AGS method to proton-deuteron scattering. New formulatiohthe Faddeev equations which
contain applications tel = 3 processes are presented2008WI11Q 2010GL0J.

(b) The hyperspherical harmonic basis methb@lEKI02 1994KI14 1995KI11Q 1998CA29
2004KI16 comes in several different forms. It can treat the Couloorbd exactly, produces re-
sults in agreement with Faddeev calculatiohB8Q3NO0) and has been extended to the= 4
systemsZ005VI02 2005VI105. For a detailed discussion of the hyperspherical harmmeithod
including an application to the bound and zero energy stadfstates of three and four nucleon
systems, see2008KI08. See alsoZ009LE1D for a discussion of the method and some applica-
tions to three body systems.

(c) The Green’s function Monte Carlo method has been appiiestly to systems withl > 3.
The method is described iL998CA29 where the results of a binding energy calculation of
3H, both with and without a three-body force, are quoted. Sse @998WI10Q, where calcu-
lations of the ground state properties®¢f are included along with several other light nuclei. In
(2008MA50, the method is applied to calculations of the magnetic mumef®H and3He as
well as the isoscalar and isovector combinations of theskehand to magnetic moments and M1
transitions of other light nuclei.

(d) The no-core shell model approach has been applied teragstithA > 3. A summary
of the method is given in2002BA65 along with results of binding energy calculations3bf
and®He. A calculation of the binding energy éH (and“He) using this method with a three-
body interaction from effective field theory is reported 2007NA3(Q. Recent developments and
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applications of the method are reviewed #DQ9NA13. A variation of the no-core shell model
method is discussed i2(04ZH1) where a calculation of the binding energy*6fis used as a test
case. Related to the no-core shell model is the no-coredafiguration method; se@(Q09MA02)
which includes calculations dH and®He binding energies.

(e) A variational approach using the dressed-bag model NNNIIN interactions as well as
Coulomb and charge symmetry breaking effects has beeneapialicalculations of the ground
states ofH and®He; see 2004KU05 2004KU08.

(f) A totally different approach, called the Lorentz Intagfransform (LIT) method, has been
developed that enables matrix elements involving unbotatdsto be calculated without calculat-
ing the continuum wave functions. Se#(07EF1A for a review of the method antHe reaction
10 for more details. Se€()00EF03 for calculations of the photodisintegrationit and*He and
(2006 GA39 for the photodisintegration dHe using the LIT method.

(9) Additional theoretical studies that usel and®He as test cases are an improved varia-
tional wave function method®2Q09US02 and a global vector representation of the angular motion
method (998VA1R 2008SU1B.

Reviews relevant to the A = 3 systems
(See (L987TIOY) for reviews dated prior to 1987.)

1988GI03 B.F. Gibson and B.H.J. McKeller, The three-body force inttireucleons
1988WE20 H.R. Weller and D.R. Lehman, Manifestations of the D statigint nuclei
1990EI01 A.M. Eiro and F.D. Santos, Non-spherical components oftligiclei

1990LE24 D.R. Lehman, Evidence for and explication of the D state wfeicleon systems
1990MI1D G.A. Miller, B.M.K. Nefkens and I. Slaus, Charge symmetmnyacks and mesons
1992GI04 B.F. Gibson, The trinucleons: physical observables andatmwperties
1993FR11 J.L. Friar et al., Triton calculations with the new Nijmegaotentials

1993FR18 J.L. Friar, Three-nucleon forces and the three-nucleotesys

1993WUO08 Y. Wu, S. Ishikawa and T. Sasakawa, Three-nucleon boundsstdetailed calcula-
tions of*H and3He

1996FR1E J.L. Friar and G.L. Payne, Proton-deuteron scattering aadtions, Chapter 2 in
Coulomb Interactions in Nuclear and Atomic Few-Body Coallisions, edited by Frank
S. Levin and David A. Micha, 1996

1996GL0O5 W. Glockle et al., The three-nucleon continuum: achievasyanallenges and appli-
cations

1998CA29 J. Carlson and R. Schiavilla, Structure and dynamics ofriealeon systems
2000BE39 P.F. Bedaque, H.-W. Hammer and U. van Kolck, Effective thedithe triton
2000FR1C J.L. Friar, Twenty-five years of progress in the three-naicleroblem
2001SI39 I. Sick, Elastic electron scattering from light nuclei
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2002BA15 B.R. Barrett et al., Abinitio large-basis no-core shell ralmhd its application to light
nuclei

2002BA65 B.R. Barrett, P. Navratil and J.P. Vary, Large-basis neahrell model

2002FR21 J.L. Friar, The structure of light nuclei and its effect oegse atomic measurements
2002GL1F W. Glockle, Three-nucleon scattering

2004GL08 W. Glockle et al., Electron scattering 8He - A playground to test nuclear dynamics
2005VIO5 M. Viviani et al., New developments in the study of few-numiesystems

2006HE17 K. Helbing, The Gerasimov-Drell-Hearn sum rule

2006MI33  G.A. Miller, A.K. Opper and E.J. Stephenson, Charge Symyrigteaking and QCD
2006WEQ3 C. Weinheimer, Neutrino mass from triton decay

2007EF1A V.D. Efros, et al., The Lorentz Integral Transform (LIT) rhetl and its applications
to perturbation-induced reactions

2007SA59 H. Sakai, Three-nucleon forces studied by nucleon-dentscattering

2008DE1D A. Deltuva, A.C. Fonseca, and P.U. Sauer, Nuclear many-boditering calculations
with the Coulomb interaction

2008KI08 A. Kievsky et al., A high-precision variational approachttwee- and four-nucleon
bound and zero-energy scattering states

20080T03 E.W. Otten and C. Weinheimer, Neutrino mass limit from anti 3 decay
2009EP1A E. Epelbaum, H.-W. Hammer and UIf-G. MeiBner, Modern theaimuclear forces
2009LE1D W. Leidemann, Few-nucleon physics

Notation
E bombarding energy in the laboratory system; subscripts{psdrefer to protons,
deuterons, tritons, pions, etc.
Eeon energy in the cm system;
Qm reaction energy;

Sn(Sp)  neutron(proton) separation energy;
o(0) differential cross section;

Ttot total cross section;

P(6) polarization;

Ay(0)  vector analyzing power; VAP;

TAP tensor analyzing power;

JT spin and parity;

1 magnetic moment;

1N nuclear magneton;

Qnn neutron-neutron scattering length;
Apn, proton-neutron scattering length;
Gnd neutron-deutron scattering length;



Apd proton-deutron scattering length;

Teh rms charge radius;

T'm rms magnetic radius;

DWBA Distorted Wave Born Approximation;
FSI final state interaction;

QFS quasifree scattering.

If not specified otherwise, energies are given in MeV.

Useful masses (MeV)

actual masses

s 105.658367 (4Y
t 139.57018 (35)
0 134.9766 (6)
n 547.853 (24)
A 1115.683 (6)
mass excesses

n 8.07131710 (53)
IH 7.28897050 (11)
2H 13.13572158 (35)
3H 14.94980600 (231)
3He 14.93121475 (242)
‘He 2.42491565 (6)

& Non-hadronic masses are fro@D08AMO03; atomic mass excesses are fratd(3AU0J.
b The uncertainty in the last few significant figures is givepamentheses.



General

There is no experimental evidence for either bound statesmoow resonances of the three
neutron system. Theoretical studies in thesystem using the Faddeev method and fairly realistic
two-body interactions have been carried out for complexgas looking for evidence of reso-
nances; seel@99wWI08 2002HE?29. The conclusion in each case is that such resonances prob-
ably do not exist close to the physical region. However, alamstudy reported in}996CS0%
concluded that a resonance exists in flie= §+ channel with an energy of 14 MeV and a width
of 13 MeV. A study of aJ™ = %_ subthreshold state in thia system using the hyperspherical
method with simplified NN interactions is reported i997S02}.

To date, there have been two types of experimental appredlchehave been used to look for
bound or resonantn states. One approach is to use negative pions either irafitare reaction
3H(7~, 7)®n, in the double charge exchange reactibie(r—, 7)n, or in knockout reactions such
as*He(r—, p)’nand’Li(7—, “He)’n. The second approach makes use of heavy ion reactions such
as’Li("Li, '*'C)y’nand?H(*C, 3N)n.

1. 2H(*C, BN)°n Qm = —13.4038

In a series of experiments reported iME5BO 10 with £(**C) = 336 MeV, this reaction was
used to look foPn states. None were found.

2.%H(7, 7)%n Qm = 130.3060

There have been no reports of radiative pion capture expetsmon®H since the previous
evaluation. Earlier references for this reaction &1%/0B113 1980MI112 1982GMO03.

A theoretical estimate of the total width of the 1s level ie thi pionic atom is2.2 & 0.4 eV
(1988WEO0). However, the measured total width of the 1s level in3Heionic atom is reported
to be28 + 7 eV see (984SC091995DA18.

3.3H("Li, "Be)’n Qm = —10.1264

This reaction was studied &t("Li) = 65 and 78 MeV (1987AL10. No evidence ofn states
was found.
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4.3He(—, 7)3n Qum = —9.2827

This pionic double charge exchange reactiorfide has been studied with, = 65-295 MeV.
For E,.- =5, 75,120 MeV, seelQ99GR0); see alsol1999GR3} for seven energies between 65
and 120 MeV. Foiy,.- = 120, 180, 210, 240 MeV, sed997YUO0). For £,.- = 140, 200, 295
MeV, see (986ST0Y. In the missing mass spectra, enhancements resembliogamses have
been seen at forward angles. However, it appears that thexq@anation for these enhancements
is that they are due to final state interactions and not dueitoresonances of tha system; see
(1986ST091997YUO0D. The authors off999GR0}) conclude that there is no evidence for either a
bound state or a resonance in thesystem. A discussion of previous pion double charge exggan
work on®He (and‘He) is included in {997YUO0) along with comparisons of experimental results
with model calculations.

A theoretical study of this reaction using the Faddeev netho £, - = 140 MeV is reported
in (19880S03 A similar study is reported inlO89MO2J.

5.He(r—, p)’n Qm = 110.4922

No studies of this specific reaction have been reported shrecerevious evaluation. Studies
of absorption of zero energy negative pions in gasééigsleading to emission of nn, np, nd and
nt pairs are reported il@95DA1H.

6. Li(7—, ‘Heyn 0., = 127.8391

A study of*He emission afterr— capture by’Li is reported in (993MO09, but there is no
mention of possible production éh states. See als&@477BA47.

7.7Li("Li, 'C)*n Qum = —5.0486

This reaction was studied #("Li) = 79.6 MeV and no evidence for either a bound or res-
onance state was found974CEOQ0§. Studies of this reaction have been reportedli®8(/AL1Q
2005AL15; in both reports’Li ions with £("Li) = 82 MeV were used to look for evidence &
states, but none were found.

8. "Li(''B, Oyn Qm = —3.4938

This reaction has been studiediaf'!B) = 88 MeV (1986BE44 1986BE54 1987B040) and
at E(*'B) = 52-76 MeV (1988BE03. No evidence ofn states was found.
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3H

Ground Sate

1+
e]ﬂ— — 5
o= 2.978960 £ 0.000001 pn

Mass Excess, M — A = 14.9498060 £ 0.0000023 MeV
T% = 12.32£0.02y = 4500 £ 8 days

Decay Mode : (7 decay
Binding Energy, EFg = 8.481798 4 0.000002 MeV
Neutron Separation Energy, S, = 6.257233 4+ 0.000002 MeV

General

The ground state wave functions f&d and*He consist mainly of a spatially symmetric S
state (about 90%), a mixed symmetrysate (about 1%), a D state (about 9%) and a small P
state (less than 0.1%). Some references that illustragetki((9861S01 1987ER071993WU08
2002HO09 in addition to those given inlO87TI07). Note: The P state results from two nucle-
ons each having one unit of orbital angular momentum cogpbna total of one unit of angular
momentum and positive parity.

The energy of the ground state #f, —8.482 MeV, results from the difference between two
much larger numbers. For example, Table 21893FR1§ has< 7' > = 45.7 MeV and< V >

= —53.4 MeV, using the A, NN interaction and< 7" > = 41.6 MeV and< V > = —49.3
MeV, using the NIJM NN interaction. When a three-body intti@n is included, the following
values are obtained using the AWNN interaction and the Tucson-Melbourne NNN interaction
(1997NO10): < T > =49.3 MeV, < Vyn > = —56.5 MeV, < Vayny > = —1.3 MeV.

Also shown in ((997NO10 are graphs of the two nucleon correlation function fer for
various NN interactions. This function gives the probaypilhat a pair of nucleons is separated by
a distance'. The calculated correlation functions all peak at sepamatof about = 1 fm and
drop to a tenth of the peak value at about 3 fm. When the NNN interaction is included, the
effect on the correlation function is to increase its valaanthe peak. The NN interactions that are
more repulsive at short range have smaller correlationegdior- < 1 fm, for the NN interactions
that are less repulsive at short range, the correlationegatue larger for small. In turn, the
strength of the NNN interaction required to give the corrddtbinding depends on correlation
values for small- in that the NN interactions that are less repulsive for sma#quire smaller
NNN strength factors; see Table 3 and Fig. 2189¢7NO1(. These authors also calculated the
probability of a nucleon being a distanedrom the center of mass with and without the NNN
interaction. They found that the addition of the NNN intéi@c increased the probability slightly
for r < 1, especially around = 0.5 fm.

In an asymptotic sense, the ground statétbtan be considered to be composed of a spin 1
deuteron and a spib neutron bound with an energy ef6.257 MeV. The total spin and relative
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angular momentum of these two clusters could be either % L =0,0rS8 = % L = 2and

still form J™ = %Jr. These two states are referred to as asymptotic S and D ,staspgctively.
Given that the energy and angular momenta of these statésane, the mathematical forms of
the asymptotic radial functions are known. The only unkn®ware the normalization constants
of the asymptotic S and D stateSy and Cp. The ratioCp/Cy is called the triton asymptotic
ratio, ;. There are several ways by whighcan be experimentally determined. One such method
is illustrated in (992DA0], 1993GE04 1994K029. In these works, neutron pick-up reactions
using polarized deuterons at sub-Coulomb energies arerpetl on medium weight nuclei; an
example from {992DA0]) is ''9Sn(, t)!'¥Sn,, with E; = 6 MeV, which is 33% below the
Coulomb batrrier. Differential cross sections and TAP’severeasured and analyzed using finite
range DWBA. The calculated analyzing powers are quite fea$o changes im;, which makes

it possible to obtain reasonably accurate values; ofThe weighted average of the results fpr
from (1993GEO0OJ who obtained), = —0.0431 + 0.0025 and from (994K0O29 who obtained

7, = —0.0411 + 0.0018 is n(ave.) = —0.0418 + 0.0015; the weights used were the inverse of
the squares of the errors. Earlier experimental values,forcluding values obtained by different
techniques are given ii988WE20 1990E101 1993GEO0J. An early calculation of this ratio for
several models using the Faddeev method is reportetPid3\WU0g. See alsol997KI17). The
analogous case itH hasny = 0.0256; see Table | in {998CA29. In (1990EI0), the authors
discuss the physical origin of the opposite signs)pfandr,. They also discuss the possible
presence of an additional phase factor which giyes positive sign in some formalisms.

For the relationship betweep and the analogous quantityinle, seehe section on the ground
state properties ofHe.

Seereaction 2where evidence of an excited state’k at about 7 MeV excitation energy is
reported.

A theoretical study of virtuall™ = %Jr states in*H and®He is reported in1999CS0). The
authors obtain such statesAt= —1.62 MeV in 3H relative to the d+ n threshold andZ =
(—0.434140.56) MeV in 3He relative to the g p threshold. The authors also report an unpublished
preliminary analysis of scattering data with approximatbee same results.

1.3H(8")3He Qum = 18.5912 keV

Half-life measurements for the decay’sf are reviewed in]975F108 1978RA2A 1990HO28
1991BU132000CH012000LU1%. The half-life value reported irRQO0LU17 is 4500 + 8 days
or 12.32 4+ 0.02 years. The latter value is chosen by Audi, et &03AU0). The authors of
(2000LU17) recommend expressing the tritium half-life &0 + 8 days since the day unit is
exactly defined in terms of the second. The value reporteddA@LU17 is the average of about
a dozen measurements using different techniques.

The @ value for this decay as given ir2Z03AU03 is 18.591 + 0.001 keV. In reference
(1993VA04, the 3H-*He mass difference is given a8.5901 4 0.0017 keV as measured using
the Penning trap mass spectrometer. This is the value usdtklyainz Neutrino project from
which the endpoint energy of th& spectrum is obtained; se2Q05KR03J. Table Il in reference
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(1993VA09 contains results of measurements of thie*He mass difference with references and
measurement methods. For more on ¢healue of*H decay and the measurement of neutrino
masses, se(060T02.

It was during the time period covered by this evaluation thatquestion of the existence of
an electron anti-neutrino with a mass of 17 keV arose. Fiecay of*H played a major role
in these studies. It is now generally considered that no antkneutrino exists, but many useful
experimental and theoretical studies came about as a m&sthie question being raised. The
complete story is told inI995FR27.

On-going precision studies of the endpoint region of thespectrum from?H decay have
been carried out with the goal of either measuring the masisecélectron anti-neutrino or at least
setting upper limits on the mass. The revid@@8RO2) gives an overview of the status of these
experiments as of 1988. The value of the upper limit of theted@ anti-neutrino mass continues
to get smaller as the experimental techniques undergoegregfinement. For example, the Los
Alamos group, who used gaseous molecular tritium, lowenedupper limit from 27 eV in 1987
to 9.3 eV in 1991; seelP87WI07 1991RO0J. Two experimental groups that have continued
to pursue these studies are the Mainz Neutrino project andrbitsk nu-mass experiment. The
Mainz project uses a cold, thin film of molecular tritium; theoitsk experiment uses tritium gas.
For details about the Mainz experiment, se@q5KR0J and references therein and, for the Troitsk
experiment, see€2002L0O11 2003LO10Q and references therein. Recent values of the upper limit
of this mass from both groups are just over 2 eV; sE¥BLO10 2005KR03 2008CA1Q.

The reference005KR03 gives a brief historical account of laboratory studies etitnino
masses and mass differences of neutrino flavors obtained stadies of neutrino oscillations.
The same reference also refers to a study using cosmolagatalthat suggests that the actual
mass of neutrinos is around 0.2 eV. The Mainz and Troitsk exy@ats are not able to reach this
level of sensitivity. In the reference8q03L0O10 2005KR03, a plannedH(3~) decay experiment
called KATRIN is described which is expected to be sensiineugh to explore this mass range
for the electron anti-neutrino. For more on neutrino massgeneral and the KATRIN experiment
in particular, see4006BI113 20080T03.

Two different approaches to determining the mass of theadatitron neutrino emitted in the
beta decay ofH have been proposed i2{10JE1A. In one case, they consider the two-body
decay in which the emitted electron is captured in a bouni sththe®He* ion and the anti-
neutrino mass is determined from a measurement of the sfeabe oecoiling®He atom. In a
second method using ultra-cold tritium, they propose méaguihe momenta of the outgoing
electron andHe* ion from which the mass of the anti-neutrino can be deterthifféhe authors
consider the second method to be the most promising.

Over the years, there have been several studies addrellsiggestion of the extent to which
the environment affects thiél(3~) decay spectrum. The fact that tfevalue for*H decay is only
18.6 keV causes this to be of particular concern; the tygiedd¢cay@-value is larger than this by
a factor of 40 to 100 or more. (A counter example is thdecay of'®"Re, theQ value for which
is 2.47 keV.) The usual treatment f(5~) decay has the electron and the anti-electron neutrino
both produced in continuum states and the resitgldalnucleus recoiling with a maximum kinetic
energy of about 3.4 eV. However, it is possible that, instd#dzking in a continuum state, the elec-
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tron might be bound by the Coulomb field of thide nucleus. For more details se®93HA1Y,
2004AK06 2004AK16 2005AK049 and references therein.

The ratio of the axial-vector to the vector weak interactimupling constantsi7 4 /Gy, can
be obtained from half-life measurements. Fig. 1 in refeeg@004AK0G shows a historical sum-
mary of values obtained for this ratio along with the valu¢agied by these author§,4 /Gy =
—1.2646 + 0.0035. See alsoZ005AK04 where the samé&'4 /Gy ratio is obtained along with the
comparative half-life valugt = 1129.6 + 3.0 s which givedog ft = 3.053 +0.001. This ft value
is used in R009GA23 along with binding energies dH and?He, to determine values for low
energy constants in the chiral perturbation theory fortmteof the NNN interaction.

2. 'H(He, a)*H Qm = 7.5093

With the advent ofHe beams in the 1990s, it became possible to study two-netrrosfer re-
actions {He, ) with select targets, includindd. Mostly such experiments were done with the in-
tent of studying the cluster structureie; see 2005GI107, for example. However, by observing
the outgoingy spectrum, it becomes possible to study possible struatufte iising this reaction.
Two such studies have been reportéf*He) = 19.3 MeV (1994AL54 and £ (°He) = 23.9 MeV
(2003R0O13. The authors of994AL54) reported a peak in the spectrum corresponding to the
3H ground state and a resonance-like structure that woutegpond to dH state af.04-0.3 MeV
excitation energy with a width df.6 & 0.3 MeV. The authors of{994AL54) suggest that thigH
state might be a proton plus di-neutron system in analofiédbeing anv plus di-neutron system.
A theoretical study of such a model was reportedlifa95BB09, in which it was suggested that
the observedH state at 7 MeV is %Jr state. In a similar experiment reported #003R0O13}, a
resonance-like peak was observed at about 6.8 MeV excitatiergy in*H with a width no larger
than 1 MeV. SincéH has a neutron separation energy of 6.25 MeV, such a resewemald be
about 0.8 MeV above the neutron-deuteron separation thickshhus, it would likely be observed
in n-d scattering, but no such resonance has been seen. Tlwrsaaf QO03RO1J suggest that
the observed structure in thespectrum might be a di-neutron state*bf or that it might be due
to three-body final state effects.

It was also reported inlQ94AL59) that the reactiohH(°Li, o)3*He was studied witl&Z (°Li) =
30 MeV. A peak corresponding to the ground statéldé was observed, but there was no higher-
lying peak analogous to the peak seen in this reaction.

A theoretical study of excited states3H and®He is reported in{999CS0}.

3. 2H(n, v)*H Qum = 6.2572

An early review of experimental and theoretical aspecthkisfreaction can be found iA981SH25.
Table 3.1in (1987TI07 lists pre-1987 references for this reaction. Tablein this publication
lists references since 1987. A compilation of neutron a&ptaactions throughout the periodic
table is given in 2006MUZX). The value of the cross section for thermal neutron cagityréd as
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Table 3.1: References féH(n, v)*H since 1987

References E, (keV) Comments

(1988AL29 Slow n beam; studied asymmetry and parity violatign

(1988KO07%) Thermal n beam; measured-ray polarization, obtained
evidence of meson exchange currents

(1988AB09 Thermal Somewhat expanded version BE8KO07; in-
cludes*He(n,v)*He

(2008F1Z22 Thermal Measured neutron capture cross section for large
number of isotopes; compared with earlier mea-
surements

(1998NA15 2006NA25 | 30.5, 54.2, 531 Measured capture cross section; evaluated astro-
physical aspects

recommended iRD06MUZX) is o ( Eipermal ¥) = 0.508 +0.015 mb. See also2A011FI13) which
contains a list of measurements of the cross section formeaapture byH and which gives an
adopted value 06.549 £ 0.010 mb. Cross sections f@H(n, v)*H and®H(v, n)*H are related by
detailed balance, as is illustrated i®86MI17). See alsGH reaction 8

The importance of this reaction in astrophysical studies leen discussed iL§98NA1S
2002NA32 2006NA25.

It is interesting to compare the cross sections for thermeatnon capture byH and?H, as
done in QOOBPA37. As reported in 2006 MUZX), these cross sections &82.6 + 0.7 mb and
0.508 £+ 0.015 mb, respectively. Capture of thermal s-wave neutrons bi botclei proceeds
primarily by M1 transitions. Because of the orthogonalitytee radial component of the scattering
state in théH + n system with the dominant S component of theground state, neutron capture
takes place through the small @mponent of the H ground state which results in the small
capture cross section value. In contrast, for'tHer n system, as shown i208PA37, the radial
parts of the scatterintH + n state and théH ground state are essentially identical which results
in a large capture cross section. See section IX.C.1@98CA29 for a discussion of this point
with relevant references.

Meson exchange currents (MEC’s) play a significant role i tiieory of neutron capture
by light nuclei; see 1990FR19, for example. Indeed, MEC’s were introduced by Riska and
Brown (1972RI103 to explain the 10% difference between the calculated aperaxental cross
sections for the reactiofH(n, +)?*H. A modern calculation demonstrating this can be found in
(2005MA54). The effect of including MEC's is even more dramatic in tieactionH(n, ~)*H.
Table I1in (1983TO12 shows that the capture cross section is approximatelyldduthen MEC’s
are included. Essentially the same result is shown in Tabla (2005MA54) using more modern
interactions. In the reactiotH(n, ~)*H at low energies where only s-waves need be considered,
there are two channels to considgr:and2 . Itis shown in (983T0121988KO07 2005MA54)

that the MEC's have their major effect in t@ét channel and a relatively small effect in t@é
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channel.

Because of the Coulomb interaction, the mechanism for le@vggnproton capturéH(p, +)3He
is different from that of the low energy neutron captéirn, v)3H. See*He reaction For more
details.

Capture cross sections have also been measurdd,fer 30.5, 54.2 and 531 keV and astro-
physical aspects discussed1908NA15 2006 NA29. As reported in{986MI17) and (L987T1079,
neutron capture cross sections have also been measurdd, fer 6.85-14 MeV. The data in
(1986MI17 are analyzed by assuming that capture at these energiassdnc E1 and E2 tran-
sitions although anomalies are found in forward-backwargranetry values when compared to
proton capture byH which may be due to a larger than expected E2 component inapiire
cross section. As shown id986MI17), cross section data are consistent with comparable photo-
disintegration measurements.

Calculations of capture cross sections using effective fietory for £, = 20-200 keV are
reported in ROO5SA2§. This reference also contains a short history of the stdidy+od radiative
capture with references. See alg0(6SA1N. Additional calculations of the reacticiti(n, v)*H
are reported inA001SC1#%. It is pointed out in bothZ005MA54 and QO06NA25 that calculated
values of the n + d capture cross sections exceed the expaaiwalues by about 10%. The reason
for the difference is uncertain, but may have to do witkexcitation currents.

Parity violation in polarized neutron capture is reviewe@li994KR20Q.

See alsdH reaction 8and*He reaction 3

4.2H(n, nfH

Earlier references relating to this reaction are given inld®2.3.1a, b, ¢ in1975FI0§ and
Tables 3.3and3.4in (1987TI07. References since 1987 or not includedifg7TIO?) are given
in Table3.2

Important parameters for describing low energy n + d sdaatjesre the doublet and quartet
scattering lengthga,, and“a, 4. Frequently quoted experimental values ‘arg; = 0.65 & 0.04
fm and“a,; = 6.35 £ 0.02 fm; see (971DI15 1987TI07 2003WI09. A related quantity is
the coherent scattering length,,. See Eq. (1) inZ003BL07% or Eg. (8) in 003WIO09 for the
relationship between these quantities. A measuremebt, o= 6.6649 4+ 0.0040 fm has been
reported in 2003BL0O7 2003SC12using neutron interferometry techniques. These referafsn
gives a world average of measured values of this quantibyas 6.6683 4+ 0.0030 fm. See also
(2006HU16.

It has been known for many years that calculated valués,gfare correlated with calculated
values of the’H binding energy. This nearly straight line correlation isoln as the Phillips
line; see ROO3WI0§ for references. Using the Faddeev approach with a varieiNoand NNN
interactions, a number of calculated value$wgf;, “a,.q, b and the’H binding energy are reported
in Table | of R003WI09. A striking feature of this table is that, although the \eswf?a,,,; and
the binding energy values have considerable scdttgy,is nearly constant at around 6.34 fm. A
similar observation is discussed iRO03SC12. In this reference, an average calculated value of
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44,4 = 6.346 £ 0.007 fm was used together with their measured valug,pf= 6.6649 + 0.0040
fm to deduce the valuéa,; = 0.645 £ 0.003 (exp.) £0.007 (theor.) fm. This value ofa,
was used as an input parameter to calculate the bindingyené&fd using effective field theory;
see ROO6PL0OY. This value ofa,,; was also used in2010KI05 in their study of various NNN
interactions. There is a proposed experiment reporte@4VA13 for which it is expected
that a measurement 8f,,; with improved accuracy will be achieved. See al26Q7VAZW).
A study of %a,,; and“a,4 using Faddeev methods and several interaction models dstegpin
(1991CH16. Agreement between theory and experiment is reasonalol¢l. gbhe corresponding
calculated values for the p-d scattering lendths and“a,, also reported in991CH1§ differed
significantly from the experimental values. For more dstaée’He reaction 7

Table 3.2: References fotH(n, nfH since 1987 or not included in

ng

of

try

fit

are

U

(1987TI07)
References E, (MeV) Comments

(2003BL0O7 2003SC12 11.1 meV Measured coherent neutron scatter

2006HU16 lengths; deduceda,, and*a,,; compared
with theory

(2006FO04 1.18,5.0,6.88,9.0 0 beam,&target; deduced spin dependence of
Otot; COMpared with theory

(2003NEO) 12,19 1 beam; measured, (#); compared with p
+ d; compared with theory; studied role
magnetic moment interaction with Coulomb
field

(2001GO17 2.0 1i beam; measured, (¢); compared with p-

d and with theory; studied charge-symme
breaking

(1993MC09 3 i beam; measured, (#); compared with rig-
orous calculation using realistic NN interac-
tions; differences found; modification éP;
components of NN interaction improves
[see (991TO051991WI10]

(1994MC05H 3 i beam; measuredi,(¢); compared with
Faddeev calculations where differences
seen; compared# d with p + d scattering

(1991TO0YH 5,6.5,85 1 beam; measuredl,(¢); compared with
Faddeev calculations using realistic NN inter-
actions where large differences are found

(1985MA69 6.5 i beam; measured, ()

(1987BA0S 7.9,22.4 Measuredr ()
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Table 3.2: References foiH(n, nfH since 1987 or not included in
(1987TI07 (continued)

References E, (MeV) Comments

(1994HO33 8-14 Studiedo (0) at back angles

(1988TO0YH 8.5 Measured4, (); calculated peak id, notin
agreement with experiment

(1986TA2Q 8.6 Measuredr(6); compared with Faddeev cgl-
culations

(1987HO09 10-14 MeasuredA, (#); compared with theory

(1989TO06 10,14.1 1 beam; measuredi,(d); compared data
with calculations using NN and NNN inter-
actions

(1987KL0OY) 10-50 Review of neutron scattering experiments

(1991HO26 12 Review of several n+ d scattering experit
ments and comparisons with state-of-theart
calculations

(1988HO13 12 i beam; measuredi,(¢); compared with
Faddeev calculation using realistic NN inter-
action

(1998N102 12 i beam; measured, (#); compared p+ d
withn+d

(1989CU09 13 i beam; measuredi,(¢); compared with
Faddeev calculation

(1990SH3% 13.6, 15.23 Measuredr(6); compared with Faddeev cal-
culation

(1998HE04 15,17,19, 25.8 | i beam; measured polarization transfer co-
efficient atf,,, = 50°, 80°; compared with
Faddeev calculations using NN and NNN in-
teractions

(2002BO62) 16.2 ii beam;d target; measured polarization ob-
servables

(1986D009Y 18-50 i beam; measured|(#) and A, (6); compared
with Faddeev calculation

(2007TO16 19, 21, 22.7 1 beam; measured, (¢); compared with ex4
isting data and theory

(1985CH30 31,61,76 Measuredr(6)
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Table 3.2: References foiH(n, nfH since 1987 or not included in
(1987TI07 (continued)

References E, (MeV) Comments
(1990BR29 67 i beam; measuredi,(¢); compared with
Faddeev calculations using realistic NN inter-
actions
(1991RU0% 67 i beam; measuredi,(¢); compared with

Faddeev calculations using realistic NN inter-
actions with good agreement

(1995BA0H 67 Measuredr(6); compared with Faddeev cal-
culations with good agreement

(2004ME14 2006ME26 95 Measureds (¢); compared with 4 p and

2008MEZW) Faddeev calculations; observe NNN effects

(2000AN1Q 189 1 beam; measured,(#); compared with p

+ d data and with Faddeev calculations with
and without NNN interaction

(2001SA33 2007MA44 248, 250 i beam; measured(f), A,(6); compared
2007MA6)) with Faddeev calculations using NN and
NNN interaction which is low in back angles;
studied relativistic effects; compared with| p
+ d scattering

A common method for describing low energy elastic scattermneffective range theory in
which the quantity kcot{( F)) is expressed in terms of the scattering length and a few piste
rameters. Here, k is the wave number in the center of massmeysid)( £) is the scattering phase
shift. Effective range studies of doublet n-d scatterirggraported inZ000BB05 2006 0R0¥ and
references therein. Figs. 1 and 2 #®0060R03J and the figure inZ000BB0Y show experimental
values of the quantity kcat(£)) and graphs of parameterizations and theoretically deicveves.
Emerging from such studies as these is the notion of a vidaablet state ifH at an energy of
about—0.48 MeV; see Fig. 4 in20060R03, with 2a,; = 0.65 fm. An early discussion of such a
state is given in1979GI1H. Also emerging from effective range studies are valuesyirgtotic
normalization parameters (ANP’s). Values of ANP’s for th¢ ground state and the virtuéH
state are obtained i2(00BB03.

Table3.2indicates that most measurements of this reaction singeréwous evaluation have
made use of polarized neutron beams. Such beams have emgbégleéd measurements to be
made not only of the differential cross section but also efahalyzing powerA,, as functions
of the scattering angle. As NN, NNN interactions and thredybcalculations have gotten more
sophisticated, it was discovered that the three-body nsaghale differential cross sections in good
agreement with experiment, but resulted in a serious discrey between the calculated and ex-
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perimental values of the analyzing powers. This effect reime known as thé, puzzle or

as the analyzing power puzzle. The analyzing power puzsie sthows up in p + d scattering
both as a discrepancy i, for polarized protons and in the VAR?; for polarized deuterons and
in p +3He scattering. SeéHe reaction 7and QO06FI0§ and references therein. The reference
(1996GL0Y contains a number of examples of the effect for both n + d amddpscattering, as
does (998TO07. The reference2007MI26 contains a discussion of the puzzle and of some
attempts to explain its origin. These authors also studitivestic effects that may play a role in
the explaining the puzzle. In referenc8Q3NEO0), it is shown that the difference between the
calculated and measuret], values is essentially independent of the incident neutrargy for

E, = 2-16 MeV. Calculations reported iR(Q01CA44 show that the discrepancy has disappeared
whenE, reaches 30 MeV. Se@(08TO13 for more on the energy dependence of thepuzzle.
These authors attribute the puzzle as being due to a new tyeN interaction. Higher orders of
chiral perturbation theory provide NNN interactions thatynprovide a solution to thd, puzzle;
see PO02EPO32006EPO). However, in a recent calculation using the hypersphehiaemonic
method with the next-to-next-to leading order NNN intei@cf the A, puzzle is still evident; see
(2009MA53 and references therein. S&(08TO20) for a discussion of the history of the ana-
lyzing power puzzle. SetHe reaction Tor more on the analyzing power puzzle in the context of
proton-deuteron scattering.

Additional studies of relativistic effects in n + d scatteyiare reported ir005WI113 2008WI1032).
Firstly, in (2005WI13, n + d differential cross sections and analyzing powersweaiculated for
E, = 28, 65, 135 and 250 MeV. It was found that relativistic effeceravof increasing importance
as the energy increased and were seen mostly in the diff@remiss sections for angles larger
than 160 degrees. Relativistic effects on the analyzinggpswvere found to be small. Secondly,
in (2008WI032), calculations are reported of, values for n + d scattering for several neutron
energies< 65 MeV. The relativistic effect of primary interest in this gguwas the Wigner spin ro-
tations. It was found that the effect ofy became larger as the, decreased. The net result is that
by including the Wigner rotations thé, discrepancy is increased compared to the nonrelativistic
calculations. The authors observe that this effect is dubdsensitivity ofA, to changes in the
3P; components of the NN interaction. On this same point, $68§TO07 2008DO0§.

5. (a)?H(n, p)nn Qm = —2.2246
(b) 2H(n, nn)H Qm = —2.2246

Table 2.4.1 in {975FI0§ and Table 3.5in (1987TI07 give extensive lists of references of
studies of deuteron breakup by neutrons. T@xBgives references for these reactions since 1987.
For details about the analogous process of deuteron brépkpmtons seéHe reaction 6

In (1996GLO0Y, Fig. 32 gives the total A d breakup cross section as a function of the lab
energy of the neutron. The quoted experiments are from tB@sl@nd 70s. The cross section rises
from zero at thresholdH, (lab) = 3.3 MeV) to about 175 mb at 18 MeV and declines to 100 mb
at E£(lab) = 60 MeV and continues to fall, according to calculations. Fadealculations with
realistic NN interactions give a fairly good descriptiontlé total breakup cross section.
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In kinematically complete three-body breakup experiméntshich the two neutrons are ob-
served, a commonly used way of viewing the coincidence sp@cof the two neutrons makes
use of a three-body kinematical curve. If the observed pnestare arbitrarily labeled,rand 3,
then the energy and emission angle of the unobserved pratobedetermined from energy and
momentum conservation if the neutron energigsand E, , their polar angle$¢;, andé, and the
relative azimuthal angle;,; are measured. For any given set of values of the laborataigs ,

0, and¢, - determined by the locations of the detectors - the alloveddes ofF; andE, lie along

a curve inE;-FE; space calculated using energy conservation. This curvaledcthe three-body
kinematical curve; the arc length along this curve is caBeahd has units of energy. S is set equal
to zero whereF, equals zero. Any pair ofH;, E,) values for coincidence neutrons corresponds
to a point in this space on or near the kinematical curve. Biddlig the S curve into bins, one can
obtain differential cross section3«dd(2, d2,dS as functions of S. Several such curves can be seen
in (2005SEOQY, for example, for different values éf, 0, and¢,.

Table 3.3: References for deuteron breakup reacfibifis, p)nn andH(n,

nn)‘H
References E, (MeV) Comments

(2002BO52 thermal | Detected p; search for evidence of di-neutron

(1993GE0% 10.3 Detected p, n ny; used FSI configuration for n’s;
compared with theory; determineg,,

(1988HO14 12 Detected p and n in FSI and QFS configurations;
measuredi,; compared with theory

(1990HO13 12 n beam; detected n and p in several configurations;
measured n spectrum ang

(1988ST151989ST1) 13 Detected p, n ny in 22 configurations including np

FSI, nn collinear, coplanar and space star; compared
with theory; space-star anomaly observed

(1996SE14 13.0 Detected n, n, in collinear, coplanar-star, space-star

configurations; measured cross sections; compared
other n+ d and p+ d data and theory including NNIN
interaction; space-star anomaly confirmed

(1998HO03 13.0 Detected n, n, in six configurations; compared with
previous data and theory including NNN; space-star
anomaly confirmed

(1998TO06H 13.0 Detected n, n, and p in FSI configurations at four
different angles; determined,,, anda,,; compared
with other data and theory; no NNN effects obseryed
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Table 3.3: References for deuteron breakup reacfibifis, p)nn andH(n,
nn)'H (continued)

References E, (MeV) Comments

(1999G022 13.0 Detected n, n, and p; used FSI configurations; de-
termineda,,, anda,,; compared with previous mea-
surements and theory including NNN

(2005SEO» 13.0 Detected p, ny; measured differential cross sections
at seven configurations; compared with theory |in-
cluding NNN interaction; space-star anomaly con-
firmed

(2006G0O1) 13.0 Expanded version of1099G022%, kinematically
complete study of n-d breakup reaction; determined
ann; compared with other experiments; no evidence
of NNN effects

(2001HUO) 16.6, 25.3| Kinematically complete study of n-d breakup reac-
tion; detection angles chosen to allow model inge-
pendent determination af,, and a,,; compared
with other experiments

(2001ZH09 25 Detected n, ny, in space-star configuration; com-
pared with theory; studied energy dependence of
space-star anomaly

(2002DE50) 25 Detected n, p; deduced n-p scattering length
(2007RU1) 25 Measured n-n scattering cross section in QFS config-
uration for n-d breakup; compared with theory

(2000HU11 2001HU1Q | 25.3,26 | Detected n, p and;nn, pairs in QFS configurations;

2002SI106 compared with Monte Carlo simulations; determined
Anns apn

(1991MA5)) 58 Measured p spectrum; compared with impulse @ap-
proximation calculation

(1989K029 63 Detected p; measured high resolution proton spec-
trum

(1992KI119 67 n beam; detected n and p in both QFS and FSI gon-
figurations; measured,; compared with theory

(1995BA0H 67 Detected n, p in five QFS configurations wit® <

A, < 60°; compared with theory

Some detector configurations have received special aiterifhey are referred to as collinear,
coplanar-star, space-star, FSI (final state interactioth)@FS (quasifree scattering) configurations.
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If the angleg,, is set to180° (thus detecting neutrons scattered in opposite diregtamdd; and

0, are both set t60°, then whenk; = Es, the proton will be at rest in the center of mass system.
This point in E;-E, space is called the collinear point. Since the neutronsdaetical and the
scattering angles are equal, the differential cross seetith be symmetrical around the collinear
point. For other values d@f; andf, with ¢, = 180°, there will also be points at which the proton
is at rest. However, the differential cross sections aresywwimetrical around the collinear point in
those cases. Such configurations which allow for the pdagibf the proton being at rest in the
center of mass system are called collinearity configurati@xamples are shown IRQ05SEQY»
where differential cross sections are shown as functiorth@farc length S and the collinearity
points are labeled. See also Fig. 401996GL0Y.

The star configurations are ones in which the three nuclearthe center of mass system,
are emitted with equal momenta separatediBy’; thus the three momentum vectors form an
equilateral triangle. Any configuration allowing for thierdition to occur at some point on the
S curve is called a star configuration. The plane contairegeuilateral momentum triangle is
called the star plane. By a suitable arrangement of detedtus plane can have any orientation,
but two orientations are of particular interest. When tta ptane lies in the same plane as the
beam, the configuration is referred to as a coplanar-stdigeoation. When the star plane is
perpendicular to the beam, the configuration is called tlaeestar configuration. Differential
cross sections for each of these configurations can be se@V5SEO}, for example. This
reference also contains a histograntin £, space, Fig. 8, for the space-star configuration.

The QFS configuration allows for one of the three nucleonb@final state to remain at rest
in the lab system, as if it were a spectator to the scattenioggss. See2002SI10§ for an example
in which three-body breakup is used to study p and n+ n scattering.

The FSI configuration allows for two nucleons to be emittethvapproximately equal mo-
menta and only a small relative momentum. In this case, ttezdation of the two co-moving
nucleons will be emphasized. In n + d breakup reactionsctiméiguration has made the study of
the interaction of two neutrons possible. Se@qQ0HU1) and 001HUO) as examples of where
studies using the FSI configuration are reported.

In connection with the space-star configuration, it has deend that the calculated differen-
tial cross section using realistic NN and NNN interactionigi disagreement with experimental
results. This discrepancy is called the space-star anoi8aly/(988ST151989ST151996SE14
1998HO08 2001ZH09 2005SEO%. The origin of this anomaly isn’t completely understoodt b
the authors ofZ005SEO%suggest that some aspect of the three-body force mayetitlibsing in
the calculations.

Kinematically complete neutron-deuteron breakup reastibave been used to measure the
neutron-neutron scattering length,,; see (996WI2) for a theoretical discussion of such reac-
tions. Experiments were performed at two laboratories taiok,,,,; see R001HU01 2006GO1)
and references therein. The resulting values,@f obtained from the two laboratories were in-
consistent. The reason for the inconsistency remains anckee 2009GA1D for an extensive
discussion of these matters.
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Table 3.4: References féH(p, 7+)*H

References E, (MeV) Comments
(2000KL1D) 263, 295, 328 | Simultaneous measurement W (p, 7=*)*H
and?H(p, 7°)3He reactions; measuret ),
Otot
(2001MB03 2003AB1§ 263-470 Summary of 2001BE3% and RO03AB02
(2000BE152001BE35 263, 295, 328 | Simultaneous measurement W (p, 7)*H
and?H(p, 7°)*He reactions; measured6);
studied isospin symmetry
(2003AB02 2003AB30 | 362, 397, 433, 470 Continuation of 2001BE3) to A excitation
region
(1989AB09 425, 450, 475, 500 p beam; measured analyzing powers and |an-

gular distributions of outgoingr™ at back-
ward angles; compared with theory

(2003AB2Q 2006RO27 882-1003 Simultaneous measurement W (p, 7)*H
and?H(p, 7°)*He reactions; measured?);
studied isospin symmetry breaking effects

6. 2H(p, 7)*H Qm = —134.0953

References for this reaction are listed in Takk This reaction is often studied in conjunction
with the reactiorfH(p, 7°)*He. See*He reaction For additional discussion. There are no reports
of the reactiortH(d, 7*)*H where the target and projectile are reversed.

7.3H(y, 7~)*He Qm = —139.5516

There are four pion photoproduction reactions relafingand *He, namely*H(vy, 7=~)3He,
3He(y, 71)3H, 3H(v, 7°)3H and3He(y, 7Y)3*He. References for the first of these are listed here.
References for the second are listedhte reaction 9References for the third and fourth are listed
in *He reaction 8

Only two references for this reaction have appeared sireprvious evaluatiorl@87TI0F.
For £, = 250-450 MeV, studies of the two reactiorisi(y, 7~)*He and®*He(y, 7)*H were
reported in {987BE27). They measured the differential cross section for a rarfgenergies
and for several different values of the square of the mommernitansfer. Comparison with theory
showed poor agreement. Another paper by the same gi®@38BEG) shows some new data for
this reaction as well as the data from refereric®8(BE27 in the context of the development of a
solid state detector.
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Calculations of polarization observables in the photopotidn of 7~ particles from*H (and
from 13C and'°N, as well) are reported il @93CH29.

8. (a)*H(v, nyH Qm = —6.2572
(b) 3H(, d)n QO = —6.2572
(c) *H(v, p)2n Qm = —8.4818
(d) *H(y, 2n)'H QO = —8.4818

Reactions (a) and (b) are two-body photodisintegrationtieas listed separately to indicate
which outgoing particle is observed, the neutron in (a) dreddeuteron in (b). Similarly, reac-
tions (c) and (d) are three-body photodisintegration ieastin which either the proton or the two
neutrons are observed .

There are no reports of measurements related to reactiprib)a(c) or (d) since the previous
evaluation.

In the past, experimental and theoretical studies of theéquhsintegration ofH have often
been carried out in conjunction with the photodisintegmatof *He and of neutron and proton
capture by’H. Hence?H reaction 3and®He reactions Z&ind10should be consulted for additional
information regarding these processes.

A few measurements of reactions (a) and (c) are reviewed 95F10§. Also, reference
(1981FA03J contains a summary of the experimental results up to 198th&photoneutron re-
actions (a) and (d). Figs. 10, 11 and 13 of that reference stoss sections for reactions (a)
and (d) and their sum foE, from threshold to about 28 MeV. For the two-body disinteigrat
reaction (a), the cross section climbs rapidly from thréshe@aches its peak value of around 0.9
mb at about 12 MeV and drops slowly to around 0.2 mb at 26 Me¥.thhee-body disintegration,
reaction (d), rises moderately rapidly from threshold te@akpvalue of around 0.9 mb at about 15
MeV and falls to about 0.4 mb at 26 MeV. As discussedlifidcGI0) and ((987LE04, for £,
from threshold to around 40 MeV, two-body photodisinteigrapf *H (or *He) takes place by an
E1 transition from the spatially symmetric component ofgheund state to the p-wave state with
a deuteron plus a neutron (or proton). The referea®81FA0J also contains a useful overview
of the theoretical work on the photodisintegration’bif and®He prior to 1981. A review of low
energy photonuclear reactions t# and3He is presented inl@87LE0).

A calculation of the photodisintegrationtfl (as well asHe) using the Lorentz Integral Trans-
form method with realistic NN and NNN interactions is regarin @000EFO03. For more on this
approach, see thatroductionandreaction 10 in théHe section A theoretical study of reaction
(d) and the analogous reactiéiHe(y, d)'H using the Faddeev approach with modern interactions
is reported in 2003SK03. Comparisons are made with experimental results andemedes for
the data are given. The role of 3N interactions is studiedasl#erent approaches that include
meson exchange currents. A similar study is reported #98SA14. In both of these studies, itis
observed that there is a correlation between the peak Isepfjthe photodisintegration cross sec-
tion and the binding energy éH; see Fig. 9 in{998SA14. A study of photonuclear reactions on
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3H and3He up to the pion threshold that includAsisobar excitation is presented inQ02YU02
2004DE1).
Integrated moments for the reactions (a), (c) &dd(y, n) are quoted in1981FA031987TI07.

9. (a)*H(e, eyH
(b) *H(e, €n)’H Om = —6.2572
(c) *H(e, €p)2n Qm = —8.4818

There are no reports of new measurements of reaction (& gwecprevious evaluation. See
below for a report of inclusive inelastic scattering of étens by*H.

A brief history of experimental studies of electron scattgroy *H and3He is given in the
Introduction section of{994AMO07). This reference summarizes results from three previous re
ports, namely 1982CA15 1985JU01 1992AM04. Of the three reports, onlyi85JUQ) deals
with reaction (a), a discussion of which was included in thevjpus evaluation1987TI07). The
authors of {994AMO07) combined their data with the world data to obtain charge rmagnetic
form factors for*H and3He for ¢* up to 30 fnT2 and compared with theory and withl and*He
form factors.

It has proven to be of value to study the charge and magneticflactors,F, and F,,,, that can
be obtained from the electron elastic scattering crossosect See 1985JU0), for example, in
the context of obtaining the form factors fii. These quantities are expressed as functions,of
the square of the momentum transferred to the target in titeesing process. Two different units
are used in the literature faf, namely fnr2 and (GeV¢)2. The conversion factor is 1 (Ge¥yf
corresponds to 25.6 frd or 1 fm2 corresponds to 0.0391 (GeY. It should be noted that as a
unit for ¢, (GeVik)? is sometimes written as just (Ge\yps in Q007PE2)and QO07AR1B. The
form factors are defined in such a way that béthand F,, equal 1 at;? equal to zero. Fig. 1 in
(1985JU0) shows both form factors fé'H for ¢ from 0 to about 23 fm? and 31 fn2 for £, and
F,, respectively. The form factors drop rapidly with increagsjt and each has a minimum at about
13 fm=2 for F, and at about 23 fr¥ for F,,. Figs. 6 and 7 in1994AMO07 show the charge and
magnetic form factors for bottH and3He. Similar graphs are shown in Figs. 6-9 #009LE1D).
The*He form factors are qualitatively similar to those fét; the minima occur at slightly different
values ofg%. Since®H and®He form an isospin doublet, it is useful to consider the iatsmcand
isovector combinations of the form factors i and®He; see {992AM04 1994AMO7Y) for the
relationship between the standard form factors and theaasand isovector form factors. As
discussed in}992AM04), meson exchange currents are expected to make a largeibodion to
the isovector form factors than to the isoscalar ones. Toscaar and isovector form factors are
shown in Figs. 12 and 13 01 994AMO07).

Charge and magnetic rms radii values have been obtainedftnomfactors; seel(988KI10,
for example. This reference discusses the methods anduttifs in deducing rms radii values
from form factors and quotes a range of values for the chaadé obtained for*H and3He.
The slopes of the charge and magnetic form factor curveg at 0 are related to the mean
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square radii; see Eq. (9) 01988KI10, for example. Using data from earlier experiments, the
charge and magnetic rms radii tfl are obtained from slopes of form factor curves and reported
in (1994AMO07) to have the values,, = 1.755 + 0.086 fm andr,, = 1.840 + 0.181 fm. The
reference 1994AMO07 also reported the corresponding values®fde to bery, = 1.959 4 0.030

fm andr,, = 1.965 4+ 0.153 fm.

A theoretical study of the correlation between tiebinding energy and the charge radius is
reported in R006PL03, following an earlier calculation reported in485FR13. Averaging two
calculations with different choices of input data, the aushobtained a charge radiust + 0.6
fm.

With regard to reactions (b) and (c), there have been no tepbiany experiments since the
previous evaluation.

There is a study of inclusive inelastic electron scattefiog) >°H (and3He) for low excitation
energies reported inNlP94REOD4. Longitudinal and transverse response functions weraimdd
for six values of the momentum transfer between 0.88'fand 2.87 fn! for excitation energies
less than 18 MeV. The experimental results for the respansgtibns were compared with values
calculated using several different techniques. The ageeéemas better for smaller values of the
momentum transfer and excitation energy than for largeresllt is observed that the longitudinal
response function near threshold is somewhat largefHer than for®H. This effect has been
observed in earlier experiments and has been attributedouébomb monopole transition; see
references inY994RE0J. Inclusive inelastic electron scattering measurement&f and*He are
reported in {988D0O13. Longitudinal response functions were measured for moumetransfers
from 200 MeVE (1.0 fm™!) to 550 MeVE (2.78 fnr!). (Note: Two different units are used for
momentum transfer values, namely fhmand MeVt. The conversions between the two are 100
MeV/c corresponds to 0.506 fm and 1 fnT! corresponds to 198 Me¥J)) Calculations of the
longitudinal response function with the Lorentz Integredisform method using realistic NN and
NNN interactions and comparing theory with the experimedéa of ((988D0O13 1994RE0}
are reported inJ004EFO0).

For more details on inclusive inelastic electron scattgiinthe quasi-elastic region féH and
3He, see’He reaction 11

10. (a)*H(x*, 7%)3H
(b) 3H(x*, 7°)3He Qn = 4.6122
(€) *H(x+, ~)?He Ow — 139.5888

With respect to reaction (a), the referen@@{2BR49 is the last of a series of reports mea-
suring elastic scattering oft and=~ from *H and®He atE, = 142, 180, 220 and 256 MeV. A
major focus of these studies is charge symmetry breakin®)CEhe accompanying theoretical
reportis Q002KU36; the earlier experimental reports are reference@0®2BR49, in the charge
symmetry review1990MI1D) and in*He reaction 13See also{999C0O0§ for an analysis of this
data. The theory repor2(002KU36 contains figures showing experimental and theoreticaliang
lar distributions for the four cases™ + 3He, 7 + 3H, 7~ + 3He, 7~ + 3H at the four energies
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mentioned above. In each case, the diffraction pattern hasienum at a scattering angle of about
80° and is fairly flat at larger angles. Ratios of cross sectiarspeere defined such that - if charge
symmetry held - they would each equal unity at all angles aretgges. Fig. 1 inZ002BR49
summarizes a number of experiments that measure thess. r&to each ratio and each energy,
there are significant deviations from unity, especiallyrriea80° scattering angle. Corresponding
figures in 002KU36§ compare calculations which take into account CSB effedtis the data.
Except for the 142 MeV data, the theoretical results agrdewitd the data.

One source of CSB betweéhl and®He is the repulsive charge of the protons’ite com-
pared to the neutrons itH. This effect leads to slightly different distributionschrms radii of the
neutrons and protons in the two nuclei. The authorsl8®(GI03 conclude that the neutron rms
radius in®He is larger than the proton radiusiH by 0.035 £ 0.007 fm and that the rms proton
radius in3He is larger than the rms neutron radius’h by 0.030 & 0.008 fm. This result was
also discussed ir2002KU36 2007KR1B in a more general context of determining neutron and
proton distributions using pion scattering.

For additional theoretical references related to reagaprsee {987K124 1989BR021991BR33
1995BR351995CH042001BR33.

The only report of a study of the charge exchange reactiors (1P95D0O0§ in which a 142
MeV 7+ beam was used and the recoilittde nucleus was observed. The momentum distribution
and differential cross section of the outgoittge nuclei were measured and compared to theory
and previous measurements. Of interest in the experimentiveacomparison of the spin-flip and
the non-spin-flip contributions to the cross section.

There were no reports of reaction (c) for the time period of évaluation.

11. (2)3H(7")3He Qum = 42.6936
(b) 3 H(z~)*H'H Qum = 37.2001
(€) 3H(r)'H'Hn Qum = 34.9756

Studies of hypernuclei in general and the decay of the hygifmertin particular have been fruit-
ful to both nuclear and particle physics. General refersaeel reviews are listed below.

For completeness, some properties of thand hyperons are listed from the Particle Data
Group publication. Thé\ particle has zero charge, strangeness -1, isospifi G- %Jr, mass=
1115.683 £ 0.006 MeV and mean lifetime= (2.632 + 0.020) x 10~'° s which corresponds to a
decay width of abou2.50 x 10~% eV. The major decay modes are{pr~) at 64% with an energy
release of about 38 MeV and {n=") at 36% with an energy release of 41 MeV.

Closely related to th& hyperons are th& hyperons with strangeness -1, isospin 1 dfid=
%Jr. The neutral member of the thrégs is X0 with a mass 0fl 192.642 4 0.024 MeV which is
about 77 MeV more massive than thelts basic quark structure is the same as that.df decays
almost 100% into\ + ~. It has a mean lifetime of7.4 + 0.7) x 1072 s, which corresponds to a
decay width of about 8.9 keV.

In the early days of hypernuclear physics studies, the hgmar was produced by capturing
a stopped K meson. For example, in®73KE24A), the reactiontHe(K~, 7~ p)iH was used to
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produce hypertritons. More recently, the reactible(e, éK™)3H, with £, = 3.245 GeV, has been
used; seeq001RE09 2001ZE06 2004D0O1§. The reaction{™, K*) with 7+ energy of 1.05
GeV has been used to produced heavier hypernuclei]1$86(HA05 1998BH0Y and references
therein.

No bound states oft = 2 hypernuclei, such asH, have ever been observed, nor have other
A = 3 hypernuclei such asHe. ForA = 4 hypernuclei, two bound systems are known, namely
41H and}He. It has been pointed out itg89AF1A and (L995GI1§ that, as the lightest bound hy-
pernucleus, the hypertriton plays a similar role in hypetaar physics to that which the deuteron
plays in ordinary nuclear physics. Analogous to the way ifclithe bound state properties of the
deuteron are used to put constraints on models of the nudledeon interaction, the bound state
properties of the hypertriton can be used to constrain tipeton-nucleon interaction.

The hypertriton consists primarily of a weakly bound systefna deuteron and A particle.
Because of the strong coupling between thand theX hyperons, the hypertriton has a small
probability of being a deuteron andaparticle. A recent calculation gives that percentage as
0.15% and 0.23% for two different interactions that give ragpnately the current\ binding
energy; seeq002NE1). An earlier calculation973DA2A) gives theX: component to be 0.36%.
However, in the calculation reported ia973DA2A), the %’L state is more deeply bound than

measurement gives and an unobserved bcgjnsltate is predicted. A Faddeev calculation of the
hypertriton using realistic interactions reported i®95M112 1998GL0J gives 0.5% as th&
component probability.

The hypertriton has/™ = %’L, isospin 0 and theé\ separation energy= 0.13 + 0.05 MeV;,
see Appendix IV in Nuclear Wallet Card&@(05TUZX) and (L995GI1§ and references therein.
A simplified model of the hypertriton as a deuteron pluss discussed in1992CO1A. The
deuteron is treated as a free deuteron anddeuteron potential is developed. The experimental
A separation energy is used as an input to calculaté\tpart of the hypertriton wave function.
The resulting wave function is used to calculate the hypentiifetime and the branching ratio,
R, defined below. The calculated results agree with expetimvghin experimental error, as will
be discussed below.

In addition to ther~ decay processes listed in reactions (a), (b) and (c), thesmondingr’
processes are also possibiet(7°)*H, 3H(x°)?Hn, 3 H(x°)'Hnn. All of theser~ andr” processes
are referred to as mesonic decay modes. In addition, th@afisij non-mesonic decay modes are
possible in principleH — ?H + nandiH — 'H + n+n.

The referencel(973KE2A) gives a measured value (£.4670%7) x 1071 s for the lifetime of
the hypertriton. This is the latest (1973) of several meam@nts. Table 1 in®90CO1D) contains
a list of measured values of lifetimes of light hypernuclacluding the hypertriton. Although
the uncertainty in the measurement of the hypertritonitifetis quite large, it appears that it is
comparable to and possibly somewhat smaller than that ofrélee\ particle. In the simplified
model of the hypertriton in1992CO1A referred to above, the calculated value of this lifetime is
12% smaller than that of the fre®e In the study reported inlQ98KA12), the calculated value of
the hypertriton lifetime is 3% larger than the fradifetime. Since the hypertriton is primarily a
loosely boundA state, it isn’t surprising that its lifetime is comparabdethe freeA. In heavier
hypernuclei where thd binding energy is greater, the measured and calculatedrii#s tend to
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be lower than the fred; see (998BH035.

In hypernuclei heavier than the hypertriton, the major gieoade is the non-mesonic decay
because the mesonic decay modes are suppressed by therPaipig. To see why this occurs,
recall that when thé\ decays into a nucleon and a pion, the energy released is 4badeV.
Most of this energy goes to the pion, leaving only a small amofienergy and momentum for the
nucleon. However, in nuclei heavier than the triton mosheflow energy and momentum states
are full, thus inhibiting this decay mode. For example}?i@ the ratio of ther~ decay rate to the
non-mesonic decay rate is found experimentally t0.6¢5 +0.04; see (989GI1( and references
therein. In the hypertriton, there are empty states availablow energy and the mesonic decay
mode is the active decay mode. Using numbers from Tablel198§KA12, the calculated value
of this ratio forjH is 15.2.

Reaction (a) is a two-body~ decay while (b) and (c) are three- and four-body decays.
The branching ratidz = T'(3H — 7~ + 3He)'(3H — all 7~ modes) has been measured several
times; I is the decay rate. Table 4 ing92CO1A collects the measured values (with references)
and gives an average value for the ratio tobe= 0.35 4+ 0.04. In the simplified model of the
hypertriton in (992CO1A referred to above, the calculated value of this ratiB is 0.33 +0.02,
where the theoretical uncertainty results from an unagstan a parameter of the model. Using
numbers from Table | inl998KA12), the calculated value of this ratio fQH is R = 0.379; see
also (L998GLO).

In studies of the decay of hyperons and hypernuclei, an eécapobservation called thAl =
% rule has received considerable attention. This rule canldmrated in the two-body mesonic
decay of}H, reaction (a). Before decay, the isospin is zero forthand zero for the deuteron.
After decay into an isospi@ triton and an isospin 1 pion, the final isospin could be eiéper %
Thus the change in isospin in the decay process is e}tber%. In (1989GlI10, it is reported that,
experimentally, “...one finds th&/ = % amplitude to be enhanced by an order of magnitude over
the AT = 2 amplitude.” See{989GI1Q for a discussion of the\/ = 1 rule, including examples
and references. This rule was used explicitlyifg8KA12 in the calculation of the decay rates
of the hypertriton. See als@Q00AL27) for a study of theAl = % rule in hypernuclei. See also
(2005SA16 for a possible violation of the&\l = % rule in hypernuclei.

Additional theoretical studies of the hypertriton can berfd in (1989AF1A 1990AF02
1992BEO02 1993MI21, 1995D001 1995MI106 1995MI12 1997G004 1998BL17 1998GL1Q
1998G0061999G019. General reviews of hypernuclear physics can be found@884GA15
1995GI16§ and various measurements Nuclear Physics A 639 (1998) which result from the
1997 Symposium on Hypernuclear and Strange Particle Physic
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3He

Ground Sate
1 +
e]ﬂ— - 5
o= —2.127497718 4+ 0.000000025 pn
Mass Excess, M — A = 14.93121475 £ 0.00000242 MeV
Decay Mode : stable

Binding Energy, By = 7.718043 4 0.000002 MeV
Proton Separation Energy, S, = 5.493478 £ 0.000002 MeV

General

A topic of interest in connection with the mass 3 nuclei isdifeerence in binding energies of
3H and*He and the relationship of this difference to charge symyrtetraking (CSB). The binding
energy of*H is larger than that ofHe by a little less than 764 keV. There are several reasons for
this difference; seel@90MI1D, 2005FR02 2006MI33 and references therein. The two most
obvious differences betweéhl and3He are the presence of the two protons and their associated
Coulomb interaction irfHe and the larger masses of the two neutron$dinAccording to results
presented in Table | iZ005FR02, the Coulomb interaction accounts for about 85% of theibigpd
energy difference and the larger neutron masses produoes @% effect on the binding energy
difference due to the different kinetic energies. Addiéibrelativistic and electro-magnetic (EM)
effects contribute a little less than 4%. Using chiral pdyétion theory and Faddeev methods,
two- and three-body interactions with CSB aspects incliatedound to contribute the remaining
approximately 9% of the binding energy difference. The op#d quark mass difference and EM
effects at the quark level are the sources of the CSB in tbeginteractions005FR02.

In addition to having an effect on thi¢d-*He binding energy difference, CSB should also be
seen in differences of the distributions of neutrons antigm®in these nuclei. If charge symmetry
were exact, the rms radius of the neutroritite should be the same as that of the prototHrand
similarly for the rms radii of two protons ifHe and two neutrons itH. By analyzing the results
of 7+ andn~ elastic scattering fromH and?3He, it is reported in 1991GI0J and discussed in
(2007KR1B that the rms radius of the neutroniHle is larger than that of the proton i by
0.035 £ 0.007 fm. Similarly; it was found that the rms radius of the protamgHe is larger than
that of the neutrons itH by 0.030 4 0.008 fm.

For more on charge symmetry and charge symmetry breakipgcesly as it relates to dif-
ferences in the scattering lengthg, anda,,,, and how that relates to the difference in binding
energies ofH and3He, see 2009GA1D and references therein.

In the discussion of the ground state’sf, it was mentioned that - in an asymptotic sense -
3H can be considered to be a deuteron and a neutron in a mixtame ® and a D state with an
asymptotic ratiaCp/Cy = n,(ave.) equal te-0.0418 4= 0.0015. For the analogous casedHe, the
asymptotic form of the ground state can be considered to bztama of a deuteron and a proton in
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a mixture of S and D states. By studying TAP’s for proton pjzkeactions by polarized deuterons
from ?3Nb, 3 Cu and®Y targets with energies below the Coulomb barrier, a valueHe D state
to S state asymptotic ratipy, = —0.0386 4+ 0.0046 + 0.0012 was reported; sed 995AY03. In
addition, in a study of the TAP for capture of low energy ped deuterons by protons, a value of
e = —0.0399 £0.0091 is reported in {997RI107 1997SC3). An inverse square error weighted
average of these two valuesijs;.(ave.) = —0.0389 4+ 0.0042. See (989VUO0)) for a detailed
comparison of measured and calculated valueg ahdns ..

By measurements of isotope shifts in helium, determinataithe nuclear rms charge radius of
3He are reported to be95064-0.0014 fm (1995SH12 and to bel.9642+0.0011 fm (2006 MO09.
Electron scattering results reported if904AMO7) givery, = 1.959 4+ 0.030 fm.

The magnetic dipole moment éHe is —2.12749772 4 0.00000003 nuclear magnetons; see
(1993FL1B 2000MO34.

A theoretical study of the electric dipole moment of thte nucleus is reported i2(008ST13.

An important experimental advance that has occurred sineeptevious evaluation is the
widespread availability of polarizetHe targets. The techniques for producing polarizdd tar-
gets are discussed in detail in the review artidl@q7WA39 and in 002G0O44 as well as in the
context of scattering of polarized electrons from polatizde targets in{993AN12 1996AN25.
Two methods have been used for producing polaritée targets. See section 4 ¢f002G0O4%
for details.

An important theoretical advance is the ability to include Coulomb interaction in scattering
and break-up reactions such as occur in proton-deuterdtesng. In the hyperspherical har-
monic approach, se@(09MA53 and references therein. In the Faddeev method,X#9(S04
2009WI16 2009WI117) and references therein. In the momentum space Alt-Gragsb8andas
method, seeA008DE1DQ 2009DE47 and references therein.

As was mentioned in the Introduction, the Gerasimov-Difgdlarn (GDH) sum rule relates the
anomalous magnetic moment of a system to an energy weightegral of the photoabsorption
spin asymmetry. References to the original papers in whielstim rule is obtained can be found in
(2008SL0), for example. This sum rule has been tested for proted84DR122008DR1A. Itis
under investigation for the neutron and the deuteron;2@@9F10§ and Q004AR26 2009WE1A
and references therein. The existence of polarittgitargets allows this sum rule to be tested in
this case as well.

The following comment, relevant to the standard notatidateel to the GDH sum rule, is a
private communication from Dr. A.M. Sandorfi, JLab (2009):

The Gerasimov-Drell-Hearn-Hosoda-Yamamoto sum ruldeelan energy-weighted integral
of the total photo-reaction cross sections with photon amget spins parallel and anti-parallel
to the anomalous magnetic moment of the targetw(op — oa)/w = 4S72a(x/M)?. In the
literature, helicity designations have sometimes beed @methe parallel and anti-parallel cross
sections, and this has created some level of confusion. €heitia of a particle or photon is
defined as the dot product of spin and a unit vector in the timeof the momentums' - p/|p|.
The total helicity is only usefully defined in the center ofmentum (CM) frame, since the targetis
stationary in the laboratory. In the CM frame, the photon amget momenta are opposed, so that
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when their spins are parallel, their helicities have opjeosigns. Thus foty + *He reactions, the
parallel-spin cross section is associated with a total weEmelicity of% and similarly anti-parallel
spins correspond to total helicigz

In Sandorfi's comment, the limits on the integral are thedhodd energy for photoabsorption
at the low limit and infinity at the upper limit. The mass of tlaeget is M and must be expressed
in units of inverse length to match the cross section unittheneft-hand side of the integral. Note
that all masses in this discussion are nuclear masses,amicatnasses. The ratio of the nuclear
magnetic moment to the nuclear magneton can be writterias = 2(M,/M)(Q/e+k)S, where
x is the anomalous magnetic moment. Fbie, the measured value faris -2.1275uy, which
leads to a value of = —8.3678.

A second sum rule involving the same photoabsorption cressass is the forward spin po-
larizability, 7o = (—37?) [ dw(op — 0a)/w?. The limits on the integral are the same here as in
the GDH integral. See2008AHO01 2009WE1A for studies of the GDH and, sum rules where
indirect methods were used to obtain experimental valuahéintegrals fofH. No experimental
results have been reported fgyfor He.

For ®He, using the value of presented above, the value of the GDH integral is 49794
For the neutron, the value of the GDH integral is 233.d16 One would expect that, above the
pion threshold, most of the contribution to thide GDH integral would come from the neutron,
since the polarization properties Hfle are primarily due to the neutron file. Thus, much of
the difference of about 265b between the neutron arithe values of the GDH integral must
come from the energy region between flite photoabsorption threshold, 5.49 MeV, and pion
emission threshold, about 135 MeV. Studies of the confdbub the GDH integral near thiHe
photoabsorption threshold using the capture proce$sgs +)*He anle(cT, ) are reported in
(2000WU02 2001WEO07.

Generalizations of the GDH sum rule which make use of virpladtons have been obtained,;
see R00OKO1Q 2001DR1A 2001J102 2008SL0). See’He reaction 1Xor studies related to
these generalized GDH sum rule.

1.3H(3")*He Qm = 18.5912 keV

The decay is to the ground state®¢fe. The half-life is12.32 4 0.02 years o500 £ 8 days.
Thelog ft value is3.053 & 0.001. See’H reaction 1

2. 'H(ELI, )*He Qum = 4.0196

A study of this reaction afZ(°Li) = 30 MeV is reported in {994AL54. A peak in thex
spectrum was observed corresponding to*tHe ground state, but no other structure was seen to
indicate the presence of any excited stated4a. See€’H reaction 2for an analogous study with a
SHe beam andH final state.
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3. (a)?H(p, v)*He

(b) 2H(p, e"e)*He

(C) °H (p! ﬁ’ybrem)2 H
(d) 'H(d, dyprem)'H

Qm = 5.4935
Qum = 4.4715

Shown in Table 3.2.1 ofiO75FI0§ are references for reaction (a) &t = 24 keV-197 MeV
available in 1975Table 3.10n (1987TI07 lists references for the period between 1975 and 1986
for £, = 6-550 MeV. Table3.5 of the present work contains a list of the experimental psfoar
this reaction that have appeared sint@q7TI107). For £, between about 0.1 MeV and 50 MeV,
the angular distribution of the gamma rays showsnd ¢ pattern suggesting a predominant E1
capture process. At higher energies, it has been necessagiude additionally M1, E2 and M2
multipoles to obtain reasonable fits.

Table 3.5: Experimental references fot(p, v)*He and'H(d, +)*He
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References E,, E, or E., (MeV) Comments

(2005BY05H E., =2.7-16.7 keV | Deduced astrophysicéal-factor

(2002CA29§ E, = 4-32 keV Deduced astrophysicatfactor

(2010BY0) E, = 12.1, 13.9, 14.8| Deduced astrophysical-factor

keV

(1996SC1¥ E.m = 26.6 keV 5, d beams; measured VAP and TAP; co
pared with three-body calculations to obse
effects of MEC’s and tensor interaction; evi
uated astrophysica-factor

(2000WU03 E.m = 26.6 keV 7, d beams; obtained low energy contributi
to the GDH sum rule

(1997RI19 E.., = 27,54 keV Measured differential cross section, VAP and
TAP at 27 keV and photon polarization at }
keV; obtained doublet and quartet M1 captt
cross sections

(1997MA0§ E.. = 40-210 keV,| Measured VAP and TAP in 40-210 ke

75, 108, 133, 173 ke range; obtained.;’s and S-factors for 75-

173 keV range; compared-factors with
other measurements and with theory

(1995SC4) E, =80 keV p beam; deduced astrophysicafactor

(1997RIOY E, =80 keV D/S asymptotic states ratio deduced


https://nucldata.tunl.duke.edu/nucldata/HTML/A=3/03_10_1987.pdf

Table 3.5: Experimental references fét(p, v)*He and'H(d, +)*He (con-
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References E,, E, or E, (MeV) Comments

(1997SC311998WEO0§ | E, 4 = 80 keV 7, d beams; measuredl,, 75, polarization of
~-rays; obtained D/S asymptotic ratio; cor
pared with three-body calculations; studied
MEC effects

(1999SM06 E.,, =2 D, d beams: measured cross sections, \
and TAP

(1988VE07 E,=3;E4=6 5, d beams; measured VAP; studied E1,
and M1 capture strengths

(1992G0O04 E.,=5,10 Measured VAP and TAP; deduceeray mul-
tipolarity

(1996BR22 E4=5.25 Measuredly,(90°)

(2001AK08 Eq=175 Measured analyzing powers

(2006KL03 Eq = 29,45 Follow-up of (L998AN12; measured VAR
and TAP; increased angular range; each
ergy expected to emphasize different dyna
ics

(1998AN12 Eq =45 d beam; measured TAR,, in range50° to
160°; compared with theory

(1998J01% E, =98, 176 See Tabl8.7

(1988P10) Eq4=095 Measured cross section, VAP and TAP; ¢
duced asymptotic D/S ratio

(2005ME09 E4 =110, 133,180 | Measured VAP and TAP; compared with th
ory and with QO03YA23

(2003YA23 Eq = 200 Measured cross sectiodd,,, A, Ay, stud-
ied energy dependence 4f, andA,, at90°;
compared with theory

(2000ME16 E, =190 Possible role ofA resonance

(2001VO06 2002BA4) | E, = 190 p beam; measured cross section; compa
with theory

(1988ADO0) E, =800 Measured VAP’s

As will be discussed further below, in the limit as the cemtemass energy approaches zero,
the reactiorfH(p, v)*He proceeds by roughly comparable s-wave and p-wave comfmoatthe
three-body continuum wave function. To a large extent, ihi® due an aspect of the Coulomb
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interaction which gives rise to a non-zero p-wave amplitudide limit as the energy approaches
zero. By contrast, the reactidhi(n, v)>H is 100% s-wave capture in the same energy limit since
the p-wave amplitude goes to zero in this energy limit in theemce of the Coulomb interaction.
Also note that the M1 multipole arises from s-wave captuick the E1 multipole comes from the
p-wave capture.

The low energy behavior of the cross section for the reaétit{p, v)*He has important astro-
physical implications. This reaction is an essential pathe deuterium burning phase of proto-
stellar evolution. At higher stellar temperatures, it Egstwo in the proton-proton chain for burn-
ing hydrogen into helium. For more details and further refiees, seelQ97SC312002CA28
2005DE46. A compilation andR-matrix analysis of nuclear reaction rates involved in Bang
nucleosynthesis was reported B004DE48 2005DE4§. Graph la, page 232, iR(04DE4Y
shows the astrophysical-factor for the reactiortH(p, v)*He for E.,, from near zero up to 10
MeV, compiled from data sets stretching over forty yearse Rhmatrix analysis has the M1 mul-
tipole slightly larger than the E1 multipole fdt,.,, less than 10 keV and E1 being dominant for
energies above 10 keV. The M1 contributiont@¥) is nearly flat from zero energy to around 100
keV. Specifically, as shown in Table 3 Gf{04DE48§, S(0) is found to be).223 + 0.010 eV - b of
which 60% ().134 + 0.006 eV - b) comes from the M1 contribution and 40989 + 0.004 eV - b)
from the E1 contribution. Table Il and Fig. 16 ing97SC3) show the percent M1 contribution
of the capture cross section dropping from about 54% at zezmg to about 16% at 75 keV. The
NACRE collaboration 1999AN35 used a polynomial fit to existing data and obtairt&d) to be
0.20 + 0.07 eV - b. The LUNA collaborationZ002CA2§ obtained cross sections andfactors
for energies below about 20 keV. The results are shown inFaf.that reference and the value
of S(0) is given as0.216 + 0.006 eV - b. However, in {997SC3]) the value ofS(0) is reported
to be0.166 4+ 0.005 eV - b. An analysis of existing data reported RDQ9ARO032 results in a value
of 0.162 + 0.019 eV - b for S(0). Fig. 2 in 2000NE09Y shows theS-factor for £, from near
zero up to 10 MeV. This figure was obtained by combining thalte®f (1997SC3) up to 57 keV
and the world data given inl@99AN3) for higher energies. Proton capture reaction rates calcu-
lated over the same energy range are given in Table 2G85f{QNE09. Low energy cross sections,
S-factors and thermonuclear reaction rates are reporteti9a7(MA0§ and compared to other
measurements and theory. A weighted average of the two moshtr measurementsq97SC31
2002CA29 gives anS(0) value of0.19 + 0.03 eV - b where the uncertainty has been adjusted
to represent the spread in the reported values. Note tratv#hie agrees with that reported in
(1997MAO089. This reference giveS(0) to be 0.191 eVb. In a study of the electromagnetic prop-
erties ofA = 2 and 3 nuclei 2005MA54), the pair-correlated hyperspherical harmonics method
was used with modern two- and three-body interactions ameeits to calculate among other
things theS-factor for low energy pt+ d capture. The results were in agreement with the LUNA
data as well as some older data; the quoted valug©f is 0.219 eV- b. A calculation of the M1
contribution toS(0) is reported to b@.108+0.004 eV-b (1991FR03, where the given uncertainty
is somewhat subjective.

A summary of experimental vales of the astrophysitdéctor for the reactiodH(p, v)*He is
given in Table3.6.
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Table 3.6: Experimental values of astrophysigéfhctor for the reactiodH(p, v)*He at
zero energysS(0), by various methods.

References S(0) (eV-b) Comments
(1997sC3)* 0.166 = 0.006 | Extrapolated from data with,, = 16 to 76 keV
(1999AN35H 0.20 £ 0.07 Polynomial fit to existing data
(2002CA29 0.216 = 0.006 | Extrapolated from data with,, = 2.5 to 20 keV
(2004DE48§ > 0.223 4 0.010 | R-matrix analysis of existing data
(2009AR02 0.162 + 0.019 | Analysis of existing data
0.19 £ 0.03 Average of most recent measurements; see text

2 Obtained M1 percentage 6f0) to be54 + 4 % or0.090 + 0.007 eV - b.
b Obtained M1, E1 contributions t§(0) to be0.134 + 0.006 eV - b and0.089 4+ 0.004 eV - b, respectively.

There have been two studies of the reaction (b); see TaBleBy observing the energies and
angles of the outgoing electron-positron pairs, the enangiangle of the equivalent virtual photon
is determined. A study reported ing98JO1pusedE, = 98 and 176 MeV. Cross sections for
both?H(p, e"e~)3*He and’H(p, ~)*He reactions at laboratory angles40f and80° of the real and
virtual photons were measured and the ratio compared tolasilens. With 98 MeV protons, it
was found that the experimental results for this ratio edede¢heory by 60% to 75%, depending on
the angle of the outgoing real or virtual photons. Howevélh W76 MeV protons better agreement
was obtained between theory and experiment. The same madelsed for both reactions and the
authors comment that the model is in reasonably good agreesith the?H(p, v)*He data. The
reactior’H(p, e"e~)*He was studied also &, = 190 MeV at four center-of-mass angles between
80° and140°, as reported inA000ME14. Because the available energy is close to the threshold for
pion emission, it was expected that mesonic degrees ofdreethd nucleon excitation might be
of importance. In addition to cross section measurememtsreference reports the determination
of four electromagnetic response functions. The experiaiemrtual photon angular distribution
is in reasonable agreement with calculations based ontavisli@ gauge-invariant model, but the
same is not true for the response functions. The authorsestugjtat virtualA excitation may be
playing an important role in the response functions. Thermhased for comparison is reported in
(1998K060).

The nucleon-nucleon interaction far away from elasticteciaig can be studied by proton-
proton bremsstrahlung and neutron-proton bremsstrahiitighigh energy outgoing (so-called
“hard”) photons; see, for exampl2{01VO06 2004MA71, 2005L133 and references therein. A
feature of proton-proton bremsstrahlung is that symmetndaions forbid E1 photons and first
order meson exchange currents; SEE98MA44), for example. In neutron-proton bremsstrahlung,
however, first order effects are dominant; s&892CL02 2004VO07j where references to the
few existing neutron-proton bremsstrahlung experimergggaven. At intermediate energies, the
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Table 3.7: References féH(p, ee™)*He

Reference | E, (MeV) Comments

(1998J0O1% | 98,176 | Detected outgoingeand e ; determined equivalent virtual pho-
ton; measured cross section for two virtual photon angles,
and80°; compared to real photon cross section at same angles;
also compared with previous measurements and to theory

(2000ME14) 190 Measured cross section for four virtual photon between CM an
gles of80° and140°; determined EM response functions; com-
pared with theory

neutron-proton bremsstrahlung cross section is about der @f magnitude larger than that for
proton-proton bremsstrahlung@03VvO04. Thus the study of proton-deuteron bremsstrahlung be-
comes important for several reasoh892CL03J. It leads to a better understanding of the neutron-
proton bremsstrahlung process since that is the dominaoéps in proton-deuteron bremsstrahlung.
Also, proton-deuteron bremsstrahlung is an intermediategss between proton-neutron bremsstrahlung
and proton-nucleus bremsstrahlung and ultimately to msefeicleus bremsstrahlung for which it

is usually assumed that proton-neutron bremsstrahlurigeidasic process; se€992CL03J and
references therein.

Experiments from the current evaluation period involviegations (c) and (d) are listed in
Table3.8 Studies from the 1960s reporting proton-deuteron breatdsing are referenced and
briefly discussed inl(990P1151992CL03. As shown in Tabl&.8, proton-deuteron bremsstrahlung
studies reported during the period of this evaluation haenkperformed ak.,, from about 97
MeV to 186 MeV. In the experiment reported ibO02GRO0OY, the energies are above the pion pro-
duction threshold. These authors conclude that most (abauthirds) of the photon production
in their experiment comes from the neutron-proton intéoadi the presence of a spectator pro-
ton. With this interpretation, they obtain total cross getd that slowly increase from abou®
at £.,, = 145 MeV to about 18ub at £, = 186 MeV. The same experimental group reported
deuteron-proton reactions at the same energies resuitintj and =+ production R000GR3).
Since the primary decay mode of th& is into two y-rays, it is of interest to compare the cross
section forr® production with that of bremsstrahlung at the same enerdiesording to authors
of (2000GR3}, the cross section fat’ production grows from about 08 at £, = 145 MeV
to about 9Qub atE,,, = 186 MeV.

In the experiment performed at Kernfysisch Versnellerntast (KVI) and reported inf003VO04,

a 190 MeV polarized proton beam was scattered from a deutadrget and the outgoing proton,
deuteron and photon were detected in a coplanar geometigh atows for the differential cross
section and the analyzing powdr, to be measured. The results were compared with what the
authors call a soft photon model, based ®893LI11X). The model fits the data rather well. In a
related KVI experiment with the same beam and target, stsusfie¢he four-body final state were
reported in 2004VOO07 in which the two protons, the neutron and the photon werdetkcted.

39



Table 3.8: References foH(p, Pyprem)’H andH(d, dyprem)H

References E, or E4 (MeV) Comments

(1992CL03 E, = 145,195 | Measured photon energy spectrum and angular
distribution; compared with previous measure-
ments and theory

(2001006 2003vV0O04 E, =190 p beam; detected outgoing p, d anday; mea-
sured differential cross section and analyzijng
powers in coplanar geometry; compared with
theory

(2004VO07}) E, =190 Continuation of 2003VO04 to deuteron
breakup channelsg; beam; detected outgoing,p
p2, N andy-ray; compared quasifree and freeypp
cross sections; measured quasifreey mmoss
sections; compared with theory

(1990PI15 E, =200 Measured photon energy spectrum and angular
distribution; compared with previous measure-
ments and theory

(2002GR0O% Eq = 437-559 | Kinematically complete experiment; measured
cross sections; studied quasifree case with spec-
tator proton

The emphasis was on the geometries in which either the meatrone of the protons was essen-
tially a spectator, i.e., the quasifree geometries. Phpaeesconsiderations were used to obtain
equivalent three-body final states for these cases. Thasjfgee proton-proton bremsstrahlung or
guasifree proton-neutron bremsstrahlung results werairedd. As long as the spectator neutron
was at low energy, the quasifree proton-proton bremssinghtross sections agree in shape with
the free proton-proton bremsstrahlung cross section®meh$y well, but the magnitude of the
quasifree cross section was 2.5 times larger than the foss sections. Using a similar procedure,
including the same scaling factor, the authors obtainesiscsections for quasifree proton-neutron
bremsstrahlung; only coplanar geometry cross sectionsegted in 2004V0O07. These cross
sections are compared with three calculations of free apggroton bremsstrahlung: two soft
photon models based oh993LI1X) and a microscopic two-body modélq92HE06 1992HE1§.
The agreement is reasonably good, particularly with therestopic model. A direct compari-
son of the quasifree proton-neutron bremsstrahlung regont 2004VOO07 with measurements
of proton-neutron bremsstrahlung cross sections is regant007SA14. The role of meson ex-
change currents in proton-neutron bremsstrahlung isestiuidi2008L114 and references therein.
One objective of the experiment reported 1990PI11 was to settle a discrepancy in the total
photon emission cross section reported in two earlier sgjdiee the paper for relevant references.
The authors also compared their results to a calculatiomeaf fieutron-proton bremsstrahlung
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(1989NA09 and they commented that agreement was found to be reasoatldwer photon
energies, but failed at higher energies, possible due tnabkect of the neutron momentum3H
and/or Pauli blocking effects.

4. (a)’H(p + p, v + p)*He Qm = 5.4935
(b) 2H(p + 11, 11)*He O = 5.4935

Muon catalyzed fusion of a proton and a deuteron is a probegsias been studied for many
years. The process is believed to proceed as folld®81FR0J. When au~ particle enters liquid
hydrogen which contains a small amount of deuterium, itjgwaed by a proton and quickly settles
into an atomic 1S state. This small, electrically neutrditgrcan travel fairly freely through the
material. If they~ doesn’t decay first, this muonic hydrogen-like atom can anter a deuterium
nucleus. Because of the larger mass of the deuterium arefohethe lower muonic energy levels
(—2.66 keV vs.—2.53 keV,; see ROO3NALB, page 72), the muon is transferred to the deuterium
forming a muonic deuterium atom. The next step is the foromatf a deuteron-proton-muon
molecule with the proton and deuteron ultimately in a re&@a® state with essentially zero energy
and an average p-d separation of about 500 I89QPO1H. Despite the large separation, the
presence of the negatively charged muon can assist thenfagiihe proton with the deuteron to
form a®He nucleus. This can occur in two ways: In reaction (a), wisaladiative muon catalyzed
p-d fusion, a 5.5 MeV gamma ray is emitted and the muon isedt bound state around thee
nucleus. In reaction (b), non-radiative muon catalyze@fusa®He nucleus is formed from fusion
of the proton and deuteron and the muon carries away 5.3 Mé\fray then start another fusion
process. It was the observation of these fixed energy muanlsydrogen bubble chamber reported
in (1957AL32 that was an early experimental indication of muon catalyizesion. The bubble
chamber photograph of this discovery is reproduced #92PE1l. See also1992FR1G which
contains a review and brief history of muon catalyzed fusind (L985B0O2G for additional early
references and more details of the fusion process. Reviemsion catalyzed fusion can be found
in (1989BR1Q and (L998NAZ2). However, both of these references deal primarily withahd
d-t fusion.

Of interest here is the spin dependence of the p-d fusionepsss and the information that
a detailed study of these processes can produce about thenlergy p-d system and thile
bound state. The total spin of the p-d system is eithédoublet) or2 (quartet). The radiative
capture process, reaction (a), is predominantly an M1 itirans The fusion rate from the doublet
state is somewhat larger than that from the quartet statéquid or solid mixtures of ordinary
hydrogen and deuterium, it is possible to vary systemayitiad fusion yield from the quartet state
relative to that of the doublet state by varying the conegittn of deuterium and the temperature.
This process is called the Wolfenstein-Gerstein effeat; (§692PE1EF 2004ESO3 Using this
procedure, the doublet and quartet fusion rates are foube (@35 +0.02) x 10° s~' and(0.11 +
0.01) x 10° s7, respectively {992PE1l. Calculations using the Faddeev method with realistic
NN interactions and including 3N interactions and mesomerus reported in1991FR03J give
(0.37 + 0.01) x 10° s7! for the doublet state fusion rate af@l107 + 0.06) x 10° s~! for the
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guartet. The uncertainty quoted in the calculated fusitesres somewhat subjective. Note that
the doublet and quartet p-d radiative capture M1 cross@estiave been directly determined, as
reported in {997RI15, and found to be in reasonably good agreement with the gireds in
(1991FRO3.

The non-radiative fusion process, reaction (b), is esaynan internal conversion process in-
volving primarily the EO multipole. A calculation of this$ion rate is also reported to b&@062 +
0.002) x 10° s7! (1991FR03 as compared to the experimental valug¢®656 4 0.006) x 105 s71;
see (991FRO3J for references. The same references also compares exgpeainand theoretical
astrophysicab-factors for p-d fusion.

For both reactions (a) and (b), the agreement between expetriand theory is excellent.
Since these zero energy fusion processes are compliméatiwe usual bound state and scattering
phenomena, they provide additional tests of three-bodwhycs.

5. (@)*H(p, 7°)’He Qum = —129.4831
(b) 'H(d, 7°)*He Qum = —129.4831
(c) *H(p, 7*)*H Qm = —134.0953
(d) 'H(d, 7*)*H Qum = —134.0953
() *H(p, pr°)*H Qm = —134.9766
(f) *H(p, 27°)*He Qum = —264.4597
(9) *H(p, 7*7~)’He Qum = —273.6469
(h) *H(p, 7)'H'H'H Qum = —141.0124
(i) *H(p, *He) Qum = —542.35952

Reaction (c) is the same &l reaction 6 and reaction (d) is the inverse of that reactidrey
are included here because of their relationship to the giloerproduction reactions listed here.

After the NN— NN~ reactions, the next simplest pion production reactionglinag nucleons
are the reactions (a) through (d). The fact that the nuclestems involved #H, 3H, *He - are
reasonably well understood make these reactions of pktioterest. It may also be possible
to see at least the beginnings of the effects of the nuclediumeon the NN— NN reaction
mechanism, effects that may show up in heavier nuclei. T&lksts references for reactions (a),
(b) and (c). There are no reports of reaction (d).

An early theoretical study of the pion production reacti¢aisand (c) is that of{952RU1A),
who introduced the so-called spectator or deuteron modsfin@ments and developments of this
model are referenced and discusse®iDOGCA2Q. This latter reference contains calculations of
the proton analyzing powet, and differential cross sections for the reaction (a) usirglemn
NN interactions and three-body Faddeev methods which arativer good agreement with the
data of (987CA2§ and O03AB03. A study of the spin dependent form of the deuteron model
is reported in {994FA1Q 2000FA0J in which vector and TAP’s are calculated for the reactions
(a) and (b) with polarized beams and comparisons with dataas6NI0q§ are discussed.
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Table 3.9: References féH(p, w°)*He, 'H(d, 7°)*He and?H(p, 7)*H

References

E, or E4 (MeV)

Comments

(1992PI13

(1998GA47 2000KL11
2001BE352001MB03 P
(2001MB03 2003AB1§ ®

(2001BE37]
(2000BE15®

(1987CA26 >
(2003AB02 2003AB3(Q
(1996N10§ ©
(1988B0O33°
(1989AD02)

(2003AB2Q 2006RO2J P

E, near 200

E, = 263, 295, 328

E, = 263-470
E, = 328, 470
E, = 330

E, = 350, 450, 500
E, = 362-470

E4 = 397.3-429.7

Eq = 400.7
E, = 800
E, = 832-1004

p beam; near threshold proton energies; m
suredo (0), Ay (0), oo

Measuredr., o(6); studied isospin symme
try

Measureds(0) and o, in A excitation re-
gion; studied isospin symmetry
Measuredr(#); compared with theory
Measuredo(#); determined ratioo(pd —
SHrM)lo(pd — *Her?)

p beam; measured(¢) and A,(#); poor
agreement with theory

Measureds(0) and oy, in A excitation re-
gion; analyzed reaction mechanism

Near ¥ threshold;:d beam; measured,
o(0) and TAP’s

Nearr° threshold{ beam: measureth,; an-
alyzed production mechanism

p beam; measured, (6); studied role ofA;
discrepancies with theory at back angles

Measuredo (#); deduced isospin symmet

breaking

2 Studied reactioRH(p, 7°)3He only.
b Studied reactiondH(p, 7°)*He and?H(p, 7)3H.
¢ Studied reactiofH(d, 7°)3He only.
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Table 3.10: References foH(p, 27°)*He and?H(p, 7t7~)3He

References E, (MeV) Comments
(1998AN36 2000AN2], 477 Measured cross section for double
2000AN30 pion production and determined ratio

o(ntn; T = Vlo(xTn~; T = 0);
studied pion production mechanism

(1999BE60( 546 Measured differential cross section
for 7"~ reaction
(2006BA29 893 Measuredo(f) and invariant mass

distributions; compared with double
A excitation calculation

Isospin symmetry was studied iBQ01BE3% by measuring simultaneously the two reactions
2H(p, 7#7)*H and?H(p, 7°)3*He. The authors make the point that their experiment fallsniergy
between the pion threshold and theexcitation region. They comment that the ratio of the cross
section for ther™ channel to that for the” channel should equal 2 if isospin symmetry holds. By
measuring the ratio for both total and differential crosstis@s as well as by comparing reaction
matrix elements, the authors concluded that the amounbspia symmetry breaking was small.

Table3.10shows references of experimental studies in which eithera pair or twor’’s are
produced in the formation dHe from the collision of a proton and a deuteron. It was fouat,t
at energies near threshold for two pion production, a lattggen expected production cross section
is observed. The effect was originally observed in the 1960s¢he authors Booth, Abashian
and Crowe and is called the ABC effect; see the reference@UA6BA29. As indicated in
(2006BA29, the explanation for the effect is still unclear. Table 1(200ANZ2]) gives cross
sections at incidenkt, = 477 MeV for both7 = 0 and7" = 1 production of ar "=~ pair and for
the production of twor’s.

Table 3.11 lists references for reaction (e). The threshold protorrggnéor this reaction is
207 MeV. Total cross sections near threshold are reportéti983RO03 1993R0O1%. Fig. 3 in
(1993RO0% shows a comparison of the total cross sections for the iceec{a) and (e) from
(1992P114 and!H(n, 7°)*H from (1990HUO0) for small values of the outgoing pion momentum.
The cross section for reaction (e) is smaller than the otikebty factors ofl 02 to 10° at the lowest
energies. Tabl®.11 also lists references for the related reactitid(d, pr°)?H, for which the
threshold deuteron energy is 414 MeV. In bai®88B0O33 and (L996NI109, polarized deuterons
were used to obtain(0) and TAP’s. Evidence is given iri996NI10§ for significant interference
between the s- and p-wave pion production.

Reaction (e) has also been used to study quasi-free nepitodor reactions such dsi(n,
79)2H by using configurations such that the outgoing proton ismsally a spectator; se2{00BI109
2001BI01, 2004LE33.
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Table 3.11: References fai(p, p°)?H and'H(d, pr°)*H

References E, or E4 (MeV) Comments

(1993RO081993R0O1Y | E, = 208.4-294.6( Measureds,,; near threshold; com
pared with theory

(2000BI109 2001BI0) E, =320 Measured spectator proton spectrum;
compared with theory

(1996NI10§ E4=397-430 | d beam; measured (6), analyzing
powers

>

(1998GR242000GR3) | FE4=437-559 | Kinematically complete study of bot
'H(d, dp)r® and'H(d, d7=)n; mea-
suredoy

(2004LE32 E, = 585 Measured proton spectrum and miss-
ing mass

Then and7® mesons both have spin zero and negative parity and are w@echarhe is more
massive than the®, 547.85 MeV compared to 134.98 MeV. The is part of an isospin triplet
while then has isospin zero. The’ decays primarily into two photons with a mean lifetime of
(8.4 4 0.6) x 1077 s; then decays primarily into either two photons, one photon and piens
or three pions with a mean lifetime of abat06 + 0.27) x 107! s. References for reaction (i)
are listed in Tabl&.12 The threshold energy for this reaction is 892 MeV. Alscelisin the same
table are references for the inverse reactid(d, >He)y, the threshold for which is 1783 MeV and
the inelastic scattering reactiéR(p, gd)n, the threshold for which is 902 MeV.

As shown in Fig. 4 of Z007ME1) and Fig. 1 of R007KH19, the total cross section for
reaction (e) rises rapidly from zero to about 400 nb just alibwveshold and remains nearly flat
for the next 10 MeV or so of excess energy. Of particular ggers the interaction between the
n and the remaining nucleus and whether the system forms adbmuguasi-bound state; see
(1993WI104 1995FA12 2003KH14 2003ST01 2004SI130Q 2004S132 2007UP0). Total cross
sections fo?H(p, *H)n and?H(d, *“He)) are compared inl@97WI11, 2002B102. Cross sections
for reactions (a) and (i) are compared #004SI33.

6. (@)*H(p, n)'H'H Qu = —2.2246
(b) 'H(d, n):H'H Qu = —2.2246
(¢) "H(d, pp)n Qu = —2.2246

Tables 3.4.1in1975FI0§ and3.11in (1987TI07 contain references for these reactions for the
periods covered by those evaluations. In both of theseee@iialuations, the number of references
and the amount of work reviewed is quite extensive. Ta@nl8lists references for these reactions
since 1987.
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Table 3.12: References foH(p, *He)y, H(d, *He); and?H(p, pd)y

References E, or E4 (MeV) Comments

(2007ME1) E, =883-912 | Measureds(¢) and oy.; compared with earlie
data

(1996MA15 E, =892-903 | Measuredr,; studied reaction mechanism a
FSI

(2007AD02J E, =900-964 | Measureds(f) ando.; compared with theory;
also see4007KH19

(2000HI13 E, = 905,909 | Studied?H(p, pd)n; measured,; near thresh;
old; compared witltH(p, *He); and theory

(2002B102 2004BI09 | E, = 930-1100 | Kinematically complete study ofH(p, pd)n;
measured (¢) andoy.; compared with theory

(2000BEO) E, =980 Measuredr; studied reaction mechanism

(1988BE25 Eq4 = 1783-1855| d beam; measured(#) andT»,; compared with

'H(d, 3He)x"

1

In kinematically complete three-body breakup experim@mtshich the two protons are ob-
served, a commonly used way of viewing the coincidence sp@odf the two protons makes use
of a three-body kinematical curve. If the observed protarsagbitrarily labeled pand p, then
the energy and emission angle of the unobserved neutronecdetermined from energy and mo-
mentum conservation if the proton energigsand Es, their polar angles; andf, and the relative
azimuthal angle;, are measured. For any given set of valueg, o, and¢,, - determined by the
locations of the detectors - the allowed value&pfind £, lie along a curve irk; - £, space energy
calculated using energy conservation. This curve is calledhree-body kinematical curve; the
arc length along this curve is called S and has units of en&gg/set equal to zero whefg equals
zero. Any pair of ¢, E>) values for coincidence protons corresponds to a pointimmgbace on
or near the kinematical curve. By dividing the S curve intashione can obtain differential cross
sections do/d(2,d2,dS as functions of S. A number of such curves can be se@®iHK119, for

example, for different values @f, 6, and¢,.

Some detector configurations have received special aiterifithe anglep,, is set tol80° and
0, andé, are both set t60°, then whenk;, = F, = %Ecm, the neutron will be at rest in the center
of mass system. For other valuegipfandé,, there will be ¥, E>) points at which the neutron is
at rest. Such configurations which allow for the possibiityhe neutron being at rest in the center
of mass system are called collinearity configurations. @dexamples are shown iIR§94AL2])
where differential cross section and curves are shown as functions of the arc length S and the
collinearity points are labeled.
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Table 3.13: References féH(p, n)*H'H, 'H(d, n) 'H'H and 'H(d, pp)n

since 1987
References E, or Eq (MeV) Comments

(1991RA19 E, =130 p beam; detected;pp.; measured cross sectic
and A, in four configurations; compared with
Faddeev calculations

(1999BE18 E, =158 Detected n's al)°; measured energy spectru
from thick ?H target

(19947A1Q E, =227 Detected p, p.; measured differential cross se
tion for several detector configurations; co
pared with theory

(1995Q103 Eq =521 d beam; detected;pp, in collinear and coplanar
configurations; measured VAP and TAP; co
pared with Faddeev calculations

(1990P109 E,=154,71 | p beam; detected n’s &t; measured n spectrun
polarization and polarization transfer coefficie
compared with other data and impulse apprg
mation calculation with ppS, FSI

(1994AL21, 1996AL34 E, =65 p beam; detectedp p,; measured analyzin

1997ZEQ0) power and differential cross section; compa
with theory; see alsal@96AL1Q 2001BI0g

(1999ZE0Y E, =170 p beam; detected n's; measured polarization
transfer; compared with Faddeev calculation

(2003K12) Eq =130 Observed p, p;; measured differential cross se
tions for three-body breakup in 38 different cg
figurations; compared with several models; ¢
served NNN effects

(2005K119 Eq =130 Continuation of 2003KI21); measured differen
tial cross sections for three-body breakup in
different configurations; compared with seve
models; observed NNN effects

(2006KI113 Eq =130 Continuation of R005KI19; studied effect of
Coulomb force in deuteron-proton breakup

(2006BI03 Eq4=130 d beam; observed;pp, in three configurations;

n

m
c-
m-
m-
1,

nt;
Xi-

red

C_
n_
Db-

72
ral

measured analyzing powers; compared with the-

ory; observed no NNN effects
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Table 3.13: References féH(p, n)*H'H, 'H(d, n) 'H'H and 'H(d, pp)n
since 1987 (continued)

References

E, or E4 (MeV)

Comments

(1996AN16

(1987SA03

(2004VO07
(2008MA52)

(2002PROY}

(1995PA37
(1998AN0O9

(1999CA111999CA15

(2004ME16

(1994SA43

(1992MC0§

(1993ME0§

E, =135

E, = 160

E, = 190
E, =190

E, =197

E, = 200
E, = 200

E, = 200

Eq =270

E, = 300, 400

E, = 305-788

E, = 318, 494

Detected n’s; measured cross section for six
angles from0° to 30°; studied FSI in pp syster
and QFS in np system; compared with impu
approximation and Faddeev calculations

p beam; detected n’s at; measured n spectrun
polarization and polarization transfer coefficie
compared with impulse approximation with [
1S, FSI

Studied p-n bremsstrahlung; detected py-nay;
compared with model

p beam; measured cross section, VAP; compg
with theory

p beam; measured-p n polarization transfer ob
servables at four lab angles in quasifree regi
compared with theory

p beam; detected p and n in coplanar configu
tion; measured cross section and analyzing po

p beam in three spin states; measured n spec
and spin transfer coefficients near QFS peak

p beam; studied QFS for both (p, 2p) and (p, n
measured cross section and analyzing pov
compared with impulse approximation

d beam and target; detected;pand p kinemat-
ically complete; measured analyzing power &

lab

Ise

nt;
pp

red

on;
ra-

wer
rum

p);
ver,

ind

tensor correlation coefficients; compared with

Faddeev calculations; looked for NNN effects

p beam; detected n’s in QFS process; compa
(p, n) reaction ofH with several other targets

p beam; deduced n polarization; measured g
transfer parameter

p beam; detected; measured polarization tran

wred

5pin

5-

fer coefficient

48



Table 3.13: References féH(p, n)*H'H, 'H(d, n) 'H'H and 'H(d, pp)n
since 1987 (continued)

References

E, or E4 (MeV)

Comments

(2004WA12

(1998SA151999WA09

(1992MC09 1993CH13

1994TA15 1994TA29

(1993GL0)

(1994PRO3

(1990AL0H

(1994AL07)

E, = 345

E, = 346

E, = 495

E, = 643,797

E, = 795

E, =1GeV

E, =1GeV

p beam; measured polarization of outgoing 1
differential cross section and polarization para
eters in quasielastic region; deduced longity

'S,
m_
di-

nal and transverse spin functions; compared with

theory

p beam; measured n spectrum and n polarizat
Ay and polarization transfer coefficients, longit

ion,
u_

dinal and transverse spin functions in quasielastic

region
p beam; detected n’s; measured polarizat

ion

transfer coefficients in QFS; studied isovector

spin response

p beam; detected scattered p’s and either re
p or n in QFS configuration; measured analyz
power; compared with free# p scattering

p beam; detected n’s; measured spin observa‘
in A excitation region; deduced cross sectio
compared with theory

Detected pand p in kinematically complete ex
periment; measured cross section and recoil p

larization; compared with impulse approximatipn

Detected either p and n, or p and p in QES
rangement; compared with theory

7. (a)*H(p, pyH
(b) 'H(d, d)'H

coil
ng

bles
ns;

po-

ar-

Table3.14 gives references for the scattering process{p, pfH and'H(d, d}'H since the
previous evaluation. Tables 3.5.1a and 3.5.1b1®76FI0§ and Table 3.12in (1987TI07) list
earlier references for these reactions.
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Table 3.14: References for(p, pfH and'H(d, d)'H

References

E,, Eq, or E. ., (MeV)

Comments

(1999KA4H

(1997KI117)

(1998BR1)

(2001BR13

(2001WO0O062002WO0%

(2001KI103 2001KI122

(1996KI115

(2007DE3)

(1995SH25

(1994SA26

Een =0.163-2

E., = 0.432

Een =043

Een =0.43-2.0

Eern = 0.667

E,=13,E4=56

E, =19-3.0

E,=2-4,E4 =156

E, =218

50

p, d beams; measured cross secti

VAP and TAP; compared with theory;

studied 3N force effects

d beam; measuretl, and Ty, com-
pared with theory; obtained p-d sca
tering lengths and D/S asymptotic 1
tio

p, d beams; measured, andiT};;

compared with theory including 31
force; find discrepancy in both an
lyzing powers

D, d beams; measured, VAP and
TAP, excitation function for:T)y;
compared with theory; observe di
crepancy in analyzing powers

Measured cross sections and anal
ing powers for both?H(p, p) and
'H(d, d) with p, d respectively; de|
duced phase shifts; compared with 2
and 3N model predictions; studied

puzzle

Measured cross section; compat
with theory; studied 3N force effects

D, d beams, determined cross secti
phase shifts, VAP and TAP

Measured differential cross sectio
for lab angles of 151 and 167 d
grees; compared results with earl
measurements

D, d beams:; measured,, 7T, 15,
T59; compared with Faddeev calcul
tion

Used polarized and unpolarized p
measured energy dependence of cr

section andA4,; compared with Fad:

deev calculation

S,
0SS




Table 3.14: References fo(p, pfH and'H(d, d) 'H (continued)

References

E,, Eq, or B, (MeV)

Comments

(1993KN02J

(1987S00%

(1988RA43J

(1993SY01
1998SY0)

(1989CL06
1990GR20)

(2006WI109

(1989KI03

(1987NA0J

(1987AR30

(1993WI25

1994SY01

1990CLO1

Ep:3;Ed:6

Ey =10

E, =10-16.5

E, =19

E, =227

E, =227

E, =43

E, = 65

Eq4 =170

E4 = 75-187

51

D, d beams; measured cross secti
analyzing powers; deduced pha
shift parameters; compared with Fa
deev calculation

d beam; measuredI’;(6), Ty (6),

T51(6), Tha(6); compared with Fad}

deev calculation

p beam; measured cross sections i
analyzing powers especially at fo
ward and back angles; compared w
Faddeev calculations with realist
potentials

p beam; observed polarization of ol
going p’s and d’s; measured analy
ing powers and polarization transf
coefficients; compared with Fadde
calculations with different NN force
and force components

p beam; measured polarization trar
fer coefficients; deduced properties
n-p system; compared with Fadde
calculation

p beam; observed polarization of ol
going p’s or d’s; measured polariz

tion transfer coefficients; compare

with Faddeev calculation

p beam; deduced analyzing powse
looked for parity hon-conservation

p beam; measured depolarization
rameter as function df

d beam; measured cross section @
VAP; compared with Faddeev calc
lation

d beam; measured analyzing powe
compared with Faddeev calculatio
with realistic NN interactions

Se
d-

and

=
1

ith
ic




Table 3.14: References fo(p, pfH and'H(d, d) 'H (continued)

References

E,, Eq, or B, (MeV)

Comments

(2001ER012001ERO02

(2003ER04 2004KAZ28
2005ER032007KA39

(1991CA32
(1990WI12))

(2003KI21,
2007ST29

2005KI119

(2008RA1}

(2007MA23

(2006PR2}

(2005SE2}

(2001SE092002SEO0}

E, = 108-170

E, = 108-190

Ey = 120-150
E, = 120, 200

E4 =130

E, =130, E, = 135

E4 =130, 180

E, = 135,200

E, = 135, B4 = 270

E4 = 140, 200, 270

52

Measured VAP’s; compared with the
ory; deduced no improvement wit
3N force

3%
1

p beam; measured cross section and

VAP; compared with theory; deduced

3N force effects

d beam:; measuredT’;(0), T (0),
T50(0), T51(0)

p beam; measured p-d coinciden
spectra; deduced analyzing power

d beam; measured cross section, VA
TAP; compared with Faddeev ca
culation with modern NN and 3N
forces; 3N force effects seen

p andd beams; measured differential

cross sections; VAP and TAP; con
pared with previous experiments

d beam; measured VAP and TA
compared with theory; difference
found

7 beam andd target; detected bot
outgoing particles; measured crg
section, analyzing powers and sp
correlation coefficients; comparg
with Faddeev theory including 3l
force

Studied both?H(p, p) and'H(d, d);
measured cross section, compa
with previous measurements and tf
ory; deduced 3N force and relativist
effects

d beam; measured cross section, V)
and TAP; compared to Faddeev c
culations with modern NN and 3

ce

\P,
|-

red
ne-
ic

\P
Al-

forces



Table 3.14: References fo(p, pfH and'H(d, d) 'H (continued)

References

E,, Eq, or B, (MeV)

Comments

(2000BI02 2001KA25

(2007AMO03

(2001CA05 2001KI18

(1994BU1)

(1998RO1}

(2002HA43 2003HA4],
2003SH45

(1996SA45

(2000SA24 2001SA14
2001SA33 2003SEO06
2003SE182004SEQY

(2003TA43

(1987RA1}

E, = 150, 190; E4 = 270

Ey =180

E, =197

E, =198.5, 297.6, 456.6

E, =200, 221, 235, 258, 291

E, = 250
Eq = 270
Eq = 270
E, = 392

E, = 500, 800

D, d beams; measured VAP and TA
compared with theory; deduced rg
of 3N force

d beam; measured cross section, V/
TAP, spin-transfer coefficients; con

effects

p beam andd target, measured ai
alyzing powers, spin correlation p
rameters; compared with theory; d
duced 3N force effects

Measured cross section; dedud
scattering length

> Measuredr(#) for center of mass an
gles from11° to 29°; compared with
Faddeev calculations; suspect pos
ble relativistic effects

p beam; measured cross section,

coefficients; compared with Fadde
calculations; deduced 3N force €
fects

d beam; measured(d), VAP and
TAP; compared with Faddeev calc
lation

d beam; measured polarization trar
fer coefficient; compared with mods
calculations

p beam; measured cross secti
VAP; compared with model predic
tions

p beam; measured polarization a
asymmetry of scattered p’s and s
transfer observables; compared w

53

pared with theory; deduced 3N for¢

alyzing power, polarization transfe

ed

relativistic multiple scattering mode



Table 3.14: References fo(p, pfH and'H(d, d) 'H (continued)

References E,, Eq, or B, (MeV) Comments

(1991GU0) E, =641.3,792.7 Measured cross section; compated
with relativistic theory

(1989GR2) E, = 695-991 Compared p #H and p +*He scatter-
ing

(1992GU0) E, =794 5 beam andi target; measured var-
ious spin quantities; compared with
relativistic calculations

(1988ADO02 19881G03 E, =800 p beam andi target; measured ana-
lyzing powers and spin transfer coef-
ficients

(2008JA072008KU19 E4 = 880 d beam; measured VAP and TAP;
compared with theory

(1989AV02 E4=0.9-10 GeV d beam; measured analzing power

(1999BB21 1999DEA47 E, =1.1-2.4GeV p beam and polarized and unpolarized
targets; measured analyzing powers,
spin correlation parameters, polar-
ization transfer quantities; compared
with other data and theory

(1987HA35H E;=12,1.8,2.0GeV |d beam; measured vector and tensor
spin observables; compared to rela-
tivistic multiple scattering theory

(1997LA2) E, =1.25GeV p beam andi target; measured spin
correlation and transfer quantities

(1988DE30) Eq=1.488,1.588GeV |d beam ands target; measured ana-
lyzing powers and spin correlations

(1991GHO0) Eq4=1.6GeV 5 beam andl target; measured many
vector and tensor spin observables;
compared to previous experiments
and to relativistic impulse approxima-
tion

(1997AZ02 1998AZ02 Eq =2.1-4.9 GeV d beam; measured () and Th(6);
studied reaction mechanism

(19890H03 E, =3.5GeV p beam; measured analyzing power;

compared with Glauber theory
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Low energy s-wave proton-deuteron scattering can be ctegized by two quantities, the dou-
blet scattering length?a,,; and the quartet scattering lengthy,,. As stated in*H reaction 4
the corresponding neutron-deuteron quantitiesarg and*a,,4, the frequently quoted values for
which are0.65 4 0.04 fm and6.35 4 0.02 fm respectively. (SeéH reaction 4for references and
more details.) The corresponding quantities for protoutel®n scattering are less well known.
Table 2 in (999BL26 quotes three early experimental determinationsgf that have an average
value of about 1.5 + 0.2 fm while their own analysis givest.7 + 2.3 fm. In Table 1 of the same
reference, three calculated values'af; are quoted all near 13.8 fm. Less certain is the doublet
length. The same two tables ih999BL2§ give experimental values ranging from 1.3 fm to 4.0
fm and calculated values that range froem.1 fm to 0.257 fm. Their own data analysis gives
—0.13 + 0.04 fm. Table 1 and Fig. 1 inA0060RO0Y illustrate the various values obtained for this
guantity. In the opening sentence @0060R07, the authors state, “The problem of determining
the doublet nuclear proton-deuteron scattering leAgghhas yet to be solved conclusively.” For
an early discussion of these matters, sSE880CH10 1990FR1§. In these references it is dis-
cussed that the doublet effective range function has afgignt curvature at low energies. This
makes it difficult to extrapolate to zero energy in order ttedmine the scattering length. A study
of 2a,4 and*a,, using Faddeev methods and several interaction modelsdsteelin ((991CH1§.
These authors present a Phillips line relating calculategvalues as a function of calculatéde
binding energy values. Near the experimental binding gnefg’.72 MeV, the resultinga,, is
approximately zero. Their calculated value fay, for two different two- and three-body interac-
tions arel3.76 + 0.05 fm and13.52 + 0.05 fm (where the quoted errors are somewhat subjective),
respectively. It appears, then, tHat,, is approximately zero anth,,, is approximately 14 fm,
both with significant uncertainties.

Most of the experiments referenced in TaBlé4 make use of either polarized proton or po-
larized deuteron beams. In addition to differential crasstisn measurements, such beams have
enabled detailed measurements to be made of the vectozangppyower,A,, with polarized pro-
ton beams and of vector and tensor analyzing powgis 15, 75, and73, with polarized deuteron
beams. As NN and NNN interactions and three-body calculatilecame more sophisticated, it
was discovered that the three-body models gave diffelerriiss sections in reasonably good
agreement with experiment, but resulted in a serious giscrey between the calculated and ex-
perimental values of certain analyzing powers. This effiest become known as thg puzzle or
more generally as the analyzing power puzzle, since thegfiancy was found to occur not only
in A, but also ini7};. This puzzle occurs also in neutron-deuteron scatterimgjszsissed irfH
reaction 4 The referencesl@96GL05 1998TO07 2008TO12 contain examples of the effect for
both n+ d and p+ d scattering. The energy dependence of the discrepancy-id pcattering is
illustrated in Fig. 5 of 2008TO123 which shows that it is essentially constant fgy up to about
25 MeV, then starts to decrease and goes away at around 409¢etH reaction 4for additional
comments and references concerning the analyzing powelsyits possible origins including rel-
ativistic effects. The referenc€@08TO20) has a discussion of the history of the analyzing power
puzzle. The analyzing power puzzle is still an open questis illustrated by the recent study of
the effects of three-body forces reported20Q9KI1B, 2010KI105. See alsoZ009MA53.
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In the early days of calculations ofyd scattering, the Coulomb interaction was ignored. More
recent calculations that include the Coulomb interactiavetshown that it is important, especially
at low energies and forward angles; se8q2AL18 2006DE262008DE1D. Figs. 2 through 7 in
(2002AL18 show calculations of differential cross sections and \$d&tid TAP’s for a number of
energies with and without the Coulomb interaction.

The influence of the three-body force may be appearing inalddtanalysis of elastic $ d
scattering in what is referred to as the Sagara discrepam¢i©Q94SA29, it was found that a small
discrepancy existed between theory and experiment at tile aere differential cross section is
a minimum. In QO02AL18 20091S04, it is shown that including the Coulomb interaction in the
calculations has an effect on the details of the Sagaraagiaocy, but it does not eliminate it. In
(1998WI123), studies of i+ d scattering show that when the three-body interactionkisrtanto
account, most of the discrepancy is removed.

Table 3.15: References féHe(y, 77)*H and®*He(y, #)X; X = nd and nnp

Reference | £, (MeV) Comments

(1993DH0) | 210-450 | Measured cross sections ik excitation region; analyzed reaction
mechanism; compared with theory

(1987BE2) | 250-450 | Measured cross sections for reaction 9(a) &y, =—)>He; com-
pared with theory and earlier measurements

8. (a)3He(y, °)°He Qum = —134.9766
(b) 3H(y, 7°)3H Qum = —134.9766
(c) *He(y, 77 )X Qum = —279.1404

The only reference relating to reaction (a) since the prevevaluation is{988AR0§ where
previous data on the photoproductiondf on ?H, *He and“*He are reanalyzed using updated
results for cross sections of the photoproduction‘bfrom the proton.

There are no new references for reaction (b).

A study of reaction (c) was first reported ih997WAQ9, in which photons of energies from
380 MeV to 700 MeV were used. Additional studies, some at ériginergies, are reported in
(1998HU10 1998L.0O01 1999KA38 2003HU17. Of interest in these studies is the determination
of the mass of the meson in the nuclear medium.

9. (a)*He(y, 7)*H Qum = —139.5888
(b) 3He(e, ér)*H Qum = —139.5888
(c) 3He(e, éK*+)3H Qum = —675.9408
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References for reaction (a) since the previous evaluat®fisied in Table3.15

In the introductory remarks inLR91KA32, there is a nice discussion of both experimental
and theoretical aspects of reaction (a) for the period pad991. These authors study final state
interaction (FSI) effects in reaction (a) and find that they eonsiderable. They also study the
two-step excitation proces$ie(y, 7°)*He(x’, 7#+)3H and show that it is important in the higher
energy region around th& excitation energy. Calculations of polarization obseleslfor reaction
(a) were reported inl©@92KA31J). Studies of the FSI effects in reaction (a) have also begorted
in (1994CH15. The role of meson exchange currents near Ahexcitation peak in reaction
(a) is studied in 1996G0O37J. This reference also reports studies of polarization nMadxes for
experiments using polarized photons.

Table 3.16: References foke(e, ér™)X; X = *H, n*H and nnp since the previous evaluation

References E. (MeV) Comments
(1996BL2Q 1997BL13 | 555-855 | Measured longitudinal and transverse cross sections;
2001K0232002K01§ compared with theory; studied medium effects; searghed
for A’'s in *He ground state; compared witiHe(e,
em)ppp
(2000HI09 720 & beam andHe target; demonstrate possibility of detect-

ing recoiling®*He and®H from reactionsHe(e, ¢’ He)r"
and3He(e, &H)r*

(2001GA63 2001JA08 | 845-3245| Measured longitudinal and transverse cross sections for
2002GA02) 3He(e, ér*)X for X = 3H, n*H and nnp; compared with
3He(e, ér~)ppp, H(e, &)n and®H(e, éx*)nn

Results of cross section measurementdHs(y, )X for X = 3H, nd and nnp are shown in
(1993DHO0) for several energies near theexcitation region. The results show a narrow peak at
the highest outgoing pion momentum corresponding to the e channel and a broad peak at
lower outgoing pion momenta corresponding to the-Xd and nnp channels. In the same energy
region, cross sections for botkle(y, 7*) and®*H(y, =) are reported in987BE27.

References with measurements related to reaction (b) avensin Table3.16

The cross sections for the two reactidhie(e, ér ™)X and*He(e, ér~)ppp as functions of the
missing mass for the incideif, = 555, 600, 675 and 855 MeV are reported iPE6BL20; see
also (L997BL13. The channel with X= ®H is visible as a narrow peak at zero missing mass. The
cross section for the breakup channels with=Xnd and nnp is about a factor of two larger than
that for ther~ppp channel for most missing mass values. However, sincethd channel has
no equivalent in ther—ppp cross section, there are small differences in the shiathe two cross
sections at low missing mass. In the referend@9®6BL2Q 1997BL13 just mentioned as well as
follow-up studies by the same groupO01KO23 2002KO1§, parallel kinematics (i.e., pion and
virtual photon have same directions) are used and crosesecheasured as functions of virtual
photon polarization which allows transverse and longitaticross sections to be determined. The
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polarization and flux of the virtual photons can be calcwaising kinematics of the scattered
electrons; seel@97BL13 and references therein.

Studies of reaction (b) antHe(e, ér~)ppp atE, = 0.845-3.245 GeV in parallel kinematics
were reported inA001GA63 2001JA08 2002GA03. As in the earlier, lowet, studies men-
tioned above, the™3H channel is separated from thend andr*nnp channels. At larger values
of the missing mass, the yields of theé channels are almost exactly twice that of the chan-
nels and the effect of the*nd channel at intermediate missing mass values is seenjge2 iR
(2001JA08. The reaction (b) results were compared with the analogeartions using H antH
targets in RPOO1GAG3.

Table 3.17: References foHe(y, p)’H

References E, (MeV) Comments

(2006NA1Q 10.2,16.0 Measured cross sections; compared W
earlier measurements and theory

(2003SH182003SH27 10.9,16.5 Measured cross sections; compared W
earlier measurements and theory

(1986BE3% 90-350 ~ beam; measured cross section asymmetry

(1994K0O12 172,185, 197, 208 Taggedy beam; measured differential cross
sections; compared with theory and other
experiments; for three-body breakup study
by same group, seel996K0O45 in Table

ith

ith

3.19

(1985G02% 200 ~ beam; measured polarization of outgoing
protons; studied asymmetry

(19941S05H 200-800 Used tagged photons; detected outgoing p

and d; compared excitation functions with
other experiments; measured differential
cross sections at 30 energies; compared sev-
eral with theory; for three-body breakup
study by same group, se&997AU02 in
Table3.19

In a study reported ir2000HI109, an ultra-thin polarizedHe target is used to detect the recaoil
nuclei in the reaction%ﬁa,)(é’, g3He)r’ and31?e(€, g3H)r .

With regard to reaction (c), studies of the production ofi&by inelastic scattering of elec-
trons from light nuclei, includingHe, has been reported i@q01RE092001ZE06 2004D0O16
2007DO1D. As discussed iAH reaction 113 H is the lightest hypernucleus. There is evidence
for the production of this nucleus in the missing mass plotsas in these references. In all of
these studies, the energy of the electron beams is 3.245@e¥s sections were measured for
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Table 3.18: References foHe(y, pn)'H

Reference | £, (MeV) Comments

(1991KO1§ 45-95 | Measured cross section in a kinematically complete exparim
quasi-deuteron breakup observed; obtained ratio to dmuter
breakup cross section

(1994EMO0) | 145-425 | Used tagged photons to measure cross section in configusatio
in which one proton was essentially a spectator; compar#d|wi
2H(v, p)n data.

(1994TEQY | 235-305 | ¥ beam; measured cross section and asymmetries; compared
(7, pp) with ¢y, pn) results and with theory

2H, 3He,*He and!?C targets and compared withi. The effective proton numbers were obtained,
which turned out to bé.76 + 0.26 for 3He.

10. (a)*He(y, py*’H Qm = —5.4935
(b) 3He(y, n)2'H Qum = —7.7180
(c) *He(y, np}‘H Qm = —7.7180
(d) *He(y, pp)n Qum = —7.7180
(e)*He(y, pr*)2n Qum = —148.0706
(f) *He(y, pr~)2'H Qum = —146.5059

Reaction (a) is the only two-body breakup channel possilée photodisintegration 6He.
See Table3.17 for references relative to reaction (a). For discussiorhefthree-body breakup
reaction, it is convenient to indicate which outgoing paes are observed - the neutron only
as indicated in (b), the neutron plus one proton as in (c) ¢ pootons as in (d). There have
been no reports of studies of reaction (b) since the prevavatuation. Seel@88DI0) for a
comprehensive review of photoneutron cross sectionsydimg reaction (b). Table3.18and3.19
contain references for reactions (c) and (d), respectividple3.21lists references for reactions
(e) and (f). Table3.20lists references for the inclusive reactitide(y, p)X, where only a single
outgoing proton is observed.

Many experimental studies of some of these reactions were itldhe 1960s and 1970s. Tables
3.8.1 and 3.8.2 in1(975FI09 contain extensive lists of references up to 19£5 from 5.49 MeV
to near 800 MeV were used for reaction (a) and 7.70 to 170 MeXéfaction (b). In some instances
the outgoing proton or neutron was observed at a siégfleor 90° angle and sometimes angular
distributions of the outgoing particles were measured. W &elditional reaction (b) experiments
were reported inX987TI07. Cross sections for reaction (b) fér, from threshold to about 25
MeV are reported in}981FA03, along with cross sections for tRei(y, n)*H and3H(v, 2n)'H
reactions.
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Table 3.19: Measurements fie(y, pp)n

References

E., (MeV)

Comments

(2003SH182003SH2Y
(1992SA081993SA03

(1996K045

(1989AU04 1991AUO3
1993AU0)
(19980K03

(1994EMO02

(1997AU02

(1994TEO}

(2004NI19

10.9, 16.5

90-250

161-208

200-474

200-480

200-500

200-800

235-305

350-1550

Cross sections measured at these two energie
compared with earlier measurements and the

Observed both protons in kinematics where
fects of 3N forces are expected to be maximiz

Tagged”y beam; measured p-p angular dist
butions; compared with theory; for two-bog
breakup study by same group, sd®44KO1)
in Table3.17

Studied three-body photon absorption with b
low and high outgoing neutron momenta; co
pared to {, np) cross section

Discussion of kinematically complete, thre
body photodisintegration with tagged, polariz
photons

Measured cross section for photon absorptior
the two protons only; deduced cross section
photon absorption by all three particles

Detected both outgoing protons; measured th
body breakup cross section; compared with t
ory and other data; for two-body breakup stu
by same group, se&9941S03 in Table3.17

~ beam; measured cross section and asym
tries; compared~(, pp) with (y, np) results anc
with theory

s are
Dry
ef-
ed

=
[

ly

nth
m_

[ee-
he-
dy

me-

Taggedy beam; detected both protons, measured

cross sections in three kinematic regions; ca
pared with other experiments and with theory
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Table 3.20: References fare(y, p)X

Reference | £, (MeV) Comments
(1989BE32 48.6 Measured cross section withr proton detector

(1988GA25 | 60-350 | ¥ beam; measured asymmetry; also studied
clusive ¢, ) reactions

(1986BE323 | 90-350 | 4 beam; measured asymmetry

(1994RU04 | 195-304 | ¥ beam; measured differential cross section and
photon asymmetry; compared with theory

(1985G02% 200 ~ beam; measured outgoing proton polarizatipn;
deduced asymmetry parameters

(1989DHO0) | 208-338 | Measured outgoing proton spectrum at several
angles and as a function of excitation energy of
undetected n-p pair; compared with theory

(19882Y0)) 350 Measured polarization of outgoing proton; stud-
ied reaction mechanism

(1995Z2Y0) | 200-1000| Measured outgoing proton polarization for three
proton momenta; compared with outgoing proton
polarization fron?H(v, p)n

in-

In the introductory section oflQ92KL032), there is an extensive discussion and reference list
dealing with two-body photodisintegration ¢l and3*He and pd-capture for the period prior to
1992. Also, in (982BR12 1983S0O101985BR23, reaction (a) and its time-reverse pd capture
were compared; se@994K0O1) for additional references and commentary on this point.

Cross sections for reactions (a) and (d) and the sum of theatwoshown in Fig. 12 in
(2006NA1Q for E,, from thresholds up to about 30 MeV; see also Figs. 2, 3 and 2003SH18§.

The authors of Z006NA1Q include results from earlier measurements along withr then. Most
experiments have the cross section for reaction (a) risingughly 0.8 mb foi2, of about 11 MeV,
falling slowly to about 0.25 mb at 30 MeV and continuing td takereafter. There is considerable
scatter in the experimental results around the peak; sed kig1992KL02. Note, however, that
the most recent measurement reporte?BOENALQ has the two-body breakup cross section as
0.77+0.05 mb at 10.2 MeV and.65 4+ 0.05 mb at 16.0 MeV. The same reference shows that these
experimental values fall below calculated values even whercalculations are performed using
realistic NN and NNN interactions. For example, near thekptae experimental cross section is
smaller than theory by about 20%; see Fig. 12(bPIBAENALQ and Fig. 2 in R003SH1§ while

at 10.2 MeV the experimental cross section is less than ter¢tical value by about 30%. As
shown in O07DE4(), when the Coulomb interaction between the protons is dedun the cal-
culation, the theoretical value moves closer to the expamiad value, but a sizable discrepancy is
still present.
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The cross section for reaction (d) rises to about 1 mhkEipof about 15 MeV and decreases
from there; see Graphs 2A and 3A itB88DI02 as well as Fig. 12(b) inA006NA1Q and Fig. 3 in
(2003SH1y. Asinthe reaction (a) case, the theoretical cross seigianger than the experimental
values, especially at, just above threshold, which is 7.72 MeV, and again above 2¥.¥er
example, at about 10 MeV, the measured cross section is ctmlyté of the theoretical value
(2006NA1Q. The sum of the reactions (a) and (d) cross sections haskavpkae of about 2 mb
and occurs at about 15 MeV. Note also that at around 320 MeX&tis a broad peak in the reaction
(d) cross section of about 16, up from 1 to 2ub before and after the resonance; SE¥{7AU0).
This peak is probably due to the excitation of thésobar in the’He ground state.

Extensive theoretical studies of the photodisintegratiof = 3 nuclei are reported inO87K0O19
1987K026 1987LE04 1988LA29 1988LA31, 1990KO23 1990K0O46 1990NE14 1991KO38
1992KL02 1994WI12 1997SC04 1999UMO01, 2000EF03 2000FO11 2000VI05 2001SC16
2002G0242002YU02 2003SK02 2003SK03 2004DE11 2005DE17 2005DE56 2005G026
2005SK0]1 2005SK09. Frequently, in these references, two- and three-bodgkioie of both*H
and®He are studied together as is the capture of either a neutranpooton by*H. Thus, the
relevant sections *He reaction 3and?H reactions 3and8 - should be consulted for additional
information.

Several approaches have been used to calculate photedisition of*H and®He cross sec-
tions. In the Faddeev approach, the bound and continuum fuacéons are obtained by solving
the Faddeev equations and calculating the appropriatéxeéments and response functions from
which the cross section is obtained. S28(03SK02 2003SK03} and references therein where
the Faddeev approach has been used s 3 photodisintegration studies. A method related to
the Faddeev approach makes use of the Alt-Grassbergeh&(WGS) scheme to produce three
particle wave functions. Se@01SC162002YU02 2004DE112005DE172007DE4() and ref-
erences therein for applications of the AGS method te 3 photodisintegration. The role of the
Coulomb interaction between the two protons using a sanggachnique is studied i2005DE17
2007DEA40).

In a totally different approach, called the Lorentz intégransform method, it is not necessary
to calculate the continuum wave functions. A localized hary function related to the bound state
wave function is calculated from which the response fumcisoobtained by inverting an integral
transform. As currently practiced, the bound state andliamxifunctions are obtained using cor-
related hyperspherical harmonics. The Faddeev and Loirgegral transform methods are shown
to give identical results in the context of the photodisjnétion of*H in (2002G02%. Some ad-
ditional references that use the Lorentz integral tramsforethod for photodisintegration studies
are (L997EF0% and QOOOEFO03. For a more general discussion of the method, $68§EF02
2007EF1A and references therein.

A third method for calculating photodisintegration crosstsns is the Laget approach which
uses diagrammatic techniques to evaluate the contritgitbmarious photodisintegration mecha-
nisms. There is a brief explanation of Laget’s approach énittroduction of 2004N11§ which
also contains a list of references. See aB@OELA0J for commentary and for references con-
cerning the Laget approach in the context of electron swadteCalculations of the cross section
for two-body photodisintegration, reaction (a), 6y from threshold to 100 MeV are reported in
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Table 3.21: References foHe(y, pr*)2n and®He(y, pr~)2'H

Reference | £, (MeV) Comments

(1993EMO0J | 380-700 | Taggedy beam; measured yields from baoth
reactions simultaneously; studiéd compo-
nent in®*He

(2000HU13 | 800-1120| Taggedy beam; measured yields from both
reactions simultaneously; studiéd compo-
nent in®*He

(2001SC1 Also shown in this reference are the differential crosstiea at90° for £, from
threshold to 40 MeV and angular distributions 6y = 60 and 100 MeV. Three different inter-
action models were used corresponding to three diffefidetbinding energies. The authors of
(2001SC1pnote that peak heights of the calculated cross sectionsoarelated with calculated
3He binding energies with the lower peak heights correspanth the higher binding energies;
see’H reaction 8 for more on this effect. The calculated crost@es generally follow the trends
of the data, but much of the data - including the most receptrted in Q003SH182006NA1Q

- lies below the calculations as can be seen in Fig. 2O0(SC1§ Fig. 2 in Q003SH1§ and
Fig. 12 in OO6NA1Q, as mentioned above. In a calculation of the angular Bistion of photons
from proton capture byH at £, = 10.93 MeV, it is shown in 001SC1¥that an excellent fit to
the data results from including the E2 component along wighE1 component. The calculation
of the fore-aft asymmetry from threshold to about 35 MeV r&gubin R001SC1¥ agrees well
with the data, although the data has large uncertaintiese Also that the referenc2q01SC1%
contains an extensive set of references for experimenparpaf*H and*He photodisintegration
dating back into the 1960s.

Calculations are reported iR QOOEFO3 for both two- and three-body photodisintegration of
both*H and?He for £, up to 140 MeV. Several interaction models were used and eeof@N
interactions was investigated. It was found that includdiyyforces lowers the calculated peak
height and raises the calculated cross sectidti above 70 MeV. Both the Faddeev method and
the Lorentz integral transform method are used2002G024 2003SK03 2005SK0) to study
the two- and three-body photodisintegrationsidfand®He. Studies of the effects of retardation,
meson exchange currents using the Siegert theorem andét@ roultipoles other than E1 on the
transitions are reported iR(002G024. Note also thatZ002G0O24 contains a brief discussion of
the unretarded E1 transition operator and it is shown theag for £, below about 50 MeV, this
approximation is quite accurate. The role of thesobar excitation 3N interaction in nucleon-
deuteron capture and in the two- and three-body photodigiation ofH and3He is discussed in
(2002YU02 2004DE1). Using the AGS integral equation method and techniquédsdndling the
Coulomb interaction developed IRO5DE17 2005DE21 2005DE39, along with the CD Bonn
NN interaction and including thaA isobar excitation, calculations of the differential cresstion
for reaction (c) are reported i2(Q05DE5§ for £, = 55 and 85 MeV and compared to data from
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(1991K0O1§. It was found that the\ isobar excitation plays only a small role, but including the
Coulomb interaction was essential in obtaining a good aticoithe data.

It is of interest to compare the cross sections for reactiohsnd (d). An experiment that
does this is reported ilL@94TEQY, using polarized photons with energies from 235 MeV to 305
MeV. Fig. 2 of this reference shows that the differentialssrgection for pn pair emission is larger
than that for pp pair emission by factors from about 2 to atfouiThe authors of(994TEQY
state the following: “Two-nucleon absorption dominates fim data, but is suppressed in the pp
data. The pp data require the inclusion of three-nucleoonralien to describe the cross section
and beam asymmetry over all momenta.” The effect that theggremission is larger than the pp
pair emission is even more dramatic when the residual paigcessentially a spectator. In Fig.
3 of (1994EMO03, the total cross section for pp pair emission with a specta¢utron is shown
to drop from about 2:b at £, = 200 MeV to about 1u:b at £, = 400 MeV. By contrast, in Fig.

3 of (1994EMO0), the total cross section for pn pair emission with a spectatoton is shown to
drop from about 6Q:b at 200 MeV to about 2pb at 400 MeV. Both of these reactions have been
studied theoretically as reported il0O4WI112 1995NI07 1995WI11§. The quasi-deuteron model
is used for the np pair emission study reportedli®9q4WI12 1995NI107).

The quasi-deuteron model as a feature of photodisintegraas been around for many years;
see RO02LEQY. The referencel@91KO1§ also contains references to early evidence of the
quasi-deuteron effect. This reference also contains eeglef this effect in the reaction (c) in
which coincident n-p pairs are observed. The authors cdechat the quasi-deuteron model holds
in the three-body photodisintegrationfe for £, at least as low as 55 MeV. That the Coulomb
interaction plays a significant role in reaction (c) can bense the Fig. 14 ofZ005DE56§ where
the calculation of the differential cross section with anithaut the Coulomb is compared with
the data of {991KO1§. In another study of reaction (c) reported BD4EMO) in configura-
tions when one of the protons is essentially a spectatorast faund that the cross section scales
with the 2H(v, p)n cross section, the ratio beii@4 + 0.26. Theoretical studies of the data in
(1994EMO0) using the quasi-deuteron model are reportedl®@dWI129 and (L995NI07). See
also (L999UMO0Y) for an application of the quasi-deuteron model to bothtieas (c) and‘He(y,
pnyH.

Table 3.20 lists several references wherein a single outgoing pratotetected. Fig. 1 of
(1989DHO0) shows a proton spectrum observed at an anglsofor £, = 278 MeV. A narrow
peak is seen in this spectrum at the high proton momentum enmdsponding to reaction (a)
and a broader peak at lower outgoing proton momentum camnekpg to three-body breakup.
Also seen in the results reported it904RUO02 - in which polarized photons are used and both
cross sections and cross section asymmetries are meassrédtht absorption by two nucleons
(the quasi-deuteron effect) is the dominant mechanismarptbton high momentum peak while
absorption by three nucleons is also important in the pratomentum region below the narrow
peak.

The question of the existence df isobars in the ground state of nuclei in general &He
in particular has been around for years; sE@8(/LI1R 1987ST091993EM02 2000HU13 and
references therein. Th& isobars are roughly 300 MeV more massive than nucleons. fiaey
spin and isospin og Their resonance width is around 120 MeV, which means tleat tiecay in
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about5 x 10~2* s and travel no more than a few femtometers before decayimgddminant decay
mode is into a nucleon plus a pion. Two examples &€t — p+7+ andA® — p+7~. Possible
experimental signals indicating the presence\s in the ground state ofHe are discussed in
(1987LI1B. One suggestion is that photons of several hundred Me\ggnerfavorable kinematic
conditions, would produce coincident outgoingrp-pairs rather easily by knocking out a doubly
chargedA** and few or no coincident outgoing#- pairs due to the photon’s reduced ability
to eject an uncharged®. As shown in Table3.21, two photodisintegration experiments have
been carried out looking for p# and ps~ pairs; see 1993EM02 2000HU13. The authors of
(1993EMO03J conclude that theé\ component in the ground state tfie is less than 2% and the
authors of 2000HU13 conclude that it is between aboub + 0.8 % and 2.6%. The authors of
(2000HU13 also note that they were able to identify a kinematicalaagh which p«* pairs
were observed but no - pairs were seen, as predicted i®87LI1P. In a study ofH and®*He
electromagnetic form factord 987ST09 which includes admixtures al’s in the ground state
wave functions, percentages of 2.33 and 2.55 were obtaoretidé A isobar component for two
different models. Also shown in Fig. 5 of this reference & momentum distributions of thi
isobar for the two models.

The highest energy photodisintegration’bfe reported so far is that of referen@04NI119
in which photons of energies from 350 MeV to 1550 MeV were uzed the three-body disin-
tegration, reaction (d), was studied. With the energy oftdgged photon and the energies and
momenta of the outgoing protons all measured, the energynamdentum of the neutron were de-
duced. Different kinematic regions were studied. Studmeplarticular were the star configuration
in which the three particles in the center of mass system bgual energies and their momenta
form a120° triangle and the spectator neutron configuration in whiehrtbutron has a small mo-
mentum. At these energies, the theoretical approach usdidelsg authors is that of Laget; see
(1988LA3J and other references given iA0Q04NI19. As discussed inA004NI19, two-body
photodisintegration is the dominant mechanism in the spe@cheutron configuration up to about
600 MeV and three-body photodisintegration is dominanhagtar configuration as predicted in
(1988LA31).

A property of3He that is obtainable in principle from the photodisintédigma cross section
is the electric polarizabilityng. By a sum rule, the electric polarizability is directly redd to
o_s, Which is the energy integral of the photodisintegratiomssrsection divided by the photon
energy squared; se29q97EF0Y, for example. This result requires that the magnetic jeability
is negligible compared to the electric; se®$3FR0Y. Calculations ofoy for *He using the
sum rule with theoretical cross sections have been reporfted example, in Z007PA1E the
value 0.153 fm is obtained using a realistic modeldfle and in (997EF0% values of 0.143 frh
and 0.151 fm are obtained for two different models ¢ifle. Also reported in1991GO0) are
values ofaz from 0.13 fnf to 0.17 fn? obtained by evaluating_, using different sets of data for
photodisintegration cross sections. By studying deviatiitom Rutherford scattering éHe by
208pp (1991G00), a value).250 £ 0.040 fm?* was obtained for ;. The reason for the difference
between the experimental values tar is unclear; seel@97EF0).

11. (a)*He(e, ejHe
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(b) *He(e, ép)°H
(c) *He(e, én)2'H

Qum = —5.4935
Qum = —7.7180

Table 3.22: References for the processete(e, ejHe (elastic) and
3He(e,éX), i.¢e., inclusive inelastic electron scattering

or

for
S,

ns;

el

ns;

DSS

References E, (MeV) Comments

(1988D0O13 unspecified Obtained longitudinal response functions {
3H and*He; compared with theory

(1994RE03 100-700 Measured inclusive inelastic cross sections
both®*H and®He; obtained response function
compared with theory

(2003HI09 263, 506, 549 Measured inelastic scattering cross sectig
compared with theory

(2001NA22 265-822 Measured elastic scattering; deducéde
magnetic form factor; compared with mod
calculations and other data

(1992AM09 315-640 Measured elastic scattering cross sectig
used world data to obtaifi = 0 and 1 charge
and magnetic form factors; compared w
theory

(1994GA20Q 1995HA08 370 Inclusive scattering of by 31Te); measured

1995J01Y asymmetry; compared with theory; obtained
neutron magnetic form factor

(1987AK03 1987AK0H 538 Measured inclusive inelastic scattering cr(
section; deducetHe structure functions

(1990MI26 1990WO06 574,578 Inclusive scattering of by 31Te); measured

19913006 1991WO002
1992TH031993J00})

(2000DU1Q 2000HA29
2000XU07 2001GA29
2001XI04 2003XU02
2007AN0O9

(2001GI06 2002AMOS
2002ME08 2004AMO1
2004AM13 2005MEQ3
2008SL0)

0.778,1.727 GeV

0.862-5.058 GeV
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asymmetry; compared with theory; studi
neutron electric form factor

Inclusive scattering of by 3ITe>; measured
asymmetry; compared with theory and oth
data; obtained neutron magnetic form factg

Inclusive € by 3ITe; measured cross sectiq
and virtual photon asymmetry; deduced s

rule featuresHe and n spin structure fung

tions, GDH integral for n, generalized GD

ner

=

n

H

integral for*He



Table 3.22: References for the processete(e, ejHe (elastic) and
3He(e,éX), i.¢e., inclusive inelastic electron scattering (continued)

References

E, (MeV)

Comments

(1992ME08 1993MEO0)

(1992KU1Q

(2005KR19

(2004KO69

(2004ZH03 2004ZH43

(2003ME2)

(20022003

(1993AN12 1994PE29
1996AN25

(1997AB18§ 1998PEO?

0.9-4.3 GeV

1.211 GeV

3.465-5.727 GeV

5.7 GeV

5.7 GeV

5.7 GeV

5.7 GeV

19.42, 22.66, 25.51 Ge

48.3 GeV

é
/& beam and®He target; measured cross se

Measured inclusive inelastic scattering cross

section for both*He and*He; deduced ret

sponse functions; studied Coulomb sum ru

e

Measured inclusive inelastic scattering cross

section between quasielastic and resonant

gions

Inclusive scattering of by 3He: deduced neu}

tron spin structure functions

i .
¢ beam and®He target; measured first mo-

re-

ments of n and p spin structure functions of n

and virtual photon asymmetry; compared w|
theory

& beam andHe target; obtained neutron sp

asymmetry and spin structure function rat

for large Bjorken x; compared with theory

Summary of two experiments usirgbeam

_— .
and *He target; measured asymmetries 4
spin structure functions

i .
& beam and’He target; measured scattering

asymmetry; deduced n spin structure funct

tion; deduced neutron asymmetries and st
ture functions; studied sum rules

H
¢ beam and®He target; measured asymme-

th

n
0]

nd

on
IC_
uc-

tries; obtained structure function; tested sum

rules; compared with other data and theory

@ The energy for the accompanying elastic scattering d&&{BE3() is reported in {987TI07 to be 54, 134.5 MeV.

Table 3.22lists references for both elastic electron scattering actlisive inelastic and deep
inelastic scattering (DIS) byHe. Table3.23gives references for the two-body breakup reaction
3He(e, ép)*H and for the three-body breakup reactitte(e, é&)n'H. Table3.24lists references
for the two-body breakup reaction in which the deuteron isenbed:*He(e, éd)'H. Table3.25
lists references in which the three-body breakup reacti@btained.

A brief history of experimental studies of electron scaigrby *H and*He is given in the
Introduction section of {994AMO07). Of the two targetsiHe was studied more extensively for
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Table 3.23: References for thEe(e, ép)’H and*He(e,ép)n'H

References

E. (MeV)

Comments

(1987KEOQO})

(1997LEOY

(1999FE1)

(2004K0O5)

(1987JA15

(1999FL02 1999ZH42

(1988MAL1)

(2005AC23

(2003CA09

(2002PE2)

(2004HI103 2005BE12 2005RV0]
2005SA13

390

396, 670

442

495, 630, 810

509, 528

540, 675, 855

560

735

854.5

0.845-4.800 GeV

4.806 GeV

Studied both (e,’p) and (e, &l); measured cros
sections; compared with theory

Detected outgoing e’s and p’s; measured speg
functions; compared with theory

~ beam andHe target; measured spin correlatiq
parameter for both (e/® and (e, &) reactions;
compared with theory

Measured cross section, distorted proton momn
tum distribution and asymmetry; compared w
earlier measurements and calculations; stuq
FSI and MEC effects

Detected outgoing e’'s and p’s; measured cr
section for both two- and three-body breakup;
termined proton density distribution; compar
with other data and theory

Detected outgoing e’'s and p’s; measured cr
section for two- and three-body breakup; det
mined proton momentum distribution; compar
with other data and theory

Detected outgoing e's and p’s; measured cr
section for both two- and three-body breakup;
termined proton density distribution; compar
with other data and theory

& beam andHe target; detected outgoing e af
p with constant energy and momentum trans
measured asymmetries; compared with Fadg
calculations which included final state inters
tions and meson exchange currents

& beam and*He target; measured asymmetrieg
compared with theory; studied final state interi
tion and relativistic effects

Detected outgoing e and p in parallel kinemati
measured cross section; compared with theory

Used fixed momentum and energy transfer; m
sured cross section and asymmetry; compad
with theory; studied final state interactions; g

tral

n

en-
th
lied

0SS
e-
ad

0SS
er-
ed

0SS
e-
ad

nd
er;
eev

duced proton momentum density fide
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Table 3.24: References foHe(e, éd)'H

References E, (MeV) Comments

(1996 TR0O2 265.3, 382.5 Detected outgoing e and d; measured cross
section; deduced structure function ratjo;
studied role of isospin in d production

(1998SP082002SP0OB| 370,576 | Detected outgoing e and d; measured cross
section, deduced structure functions; com-
pared with theory; studied reaction mecha-
nism

(1987KEOQ0} 390 Studied both (e,’p) and (e, &l); measured
cross sections; compared with theory

some time since it is not radioactive.

It has proven to be of value to study the charge and magnetie flactors,F. and F},,, which
can be obtained from the electron elastic scattering cexggss. Seel(985JU0}, for example, in
the context of obtaining the form factors fide. These quantities are expressed as function$ of
the square of the momentum transferred to the target in titeesing process. Two different units
are used in the literature fgf, namely fnT2 and (GeV¢)2. The conversion factor is: 1 (Ge¥yf
corresponds to 25.6 fni or 1 fm~2 corresponds to 0.0391 (GaYi. It should be noted that as
a unit for¢?, (GeVk)? is sometimes written as just (GeV)as in 007PE2) and RO07AR1B.
The form factors are defined in such a way that bigtland £, equal 1 ai? equal to zero. Figs. 6
and 7 in (L994AMO07 show the charge and magnetic form factors for bidttand*He. Both form
factors for*He drop rapidly from 1 as a function @f. The charge form factor has a minimum
nearg? = 11 fm~—2 and the magnetic form factor has a minimum ngas= 19 fm—2. The®H form
factors are qualitatively similar to those fére; the minima occur at slightly different values of
q°. The slopes of the form factors @ = 0 can be used to extract charge and magnetic rms radii.
Table 2 in 994AMO7) gives these values as, = 1.959 + 0.030 fm andr,, = 1.965 4+ 0.153
fm. For3H, the corresponding values were similarly determined tee= 1.755 £ 0.086 fm
andr, = 1.840 £+ 0.181 fm. See (988KI10 for a discussion of the methods and difficulties in
deducing rms radii values from form factors.

Since3H and3He form an isospin doublet, it is useful to consider the iatacand isovector
combinations of the form factors éH and®*He; see {992AM04 1994AMO7) for the relationship
between the standard form factors and the isoscalar anddsmvform factors. As discussed in
(1992AM04, meson exchange currents are expected to make a largeibation to the isovector
form factors than to the isoscalar ones. The isoscalar avedsor form factors are shown in Figs.
12 and 13 of {994AMO07). Since boti¥H and“*He are isoscalar nuclei, it is of value to compare
the A = 3 isoscalar form factor with those &f and*He, as is done inl094AMO07). For example,
the position of the minimum in the three cases is about 1¢fior ‘He, 12 fnr2 for A = 3 and 20
fm~2 for 2H, which reflects the same ordering of the sizes from small&rger of these nuclei.
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Table 3.25: References foHe(e, én)'H'H, 3H(e, épp)n and*He(e, é)n'H

References

E, (MeV)

Comments

(1999FE 1%

(2000HE10

(1999GR291999GR372001GR02

(2000BO12

(1994ME09 1997KL03 1999BE58
1999J019 1999R0O19 20000S02
2003BE39

(2005HO18

(2003WE10 2004WEO03

(2004N10)

(2004ST23

442 MeV

560-585

564

720

854

1.1,2.2,4.4 GeV,

2.2,4.4 GeV

2.261 GeV

4.46 GeV

& beam andHe target; measured spin

correlation parameter for both (e/pg
and (e, é) reactions; compared wit
theory

=

Detected outgoing e and both p’s; mea-
sured cross section; compared with the-

ory; studied short range correlations

Detected outgoing e and both p’s; mea-

sured cross section; compared w
Faddeev calculations; studied reacti
mechanisms

- —
¢ beam and’He target; detected oult

th
on

going e and n; measured asymmetries;

compared with theory

& beam and*He target; detected out
going e and n; measured asymmetri

S,

deduced neutron charge form factor
value; measured target analyzing power

with unpolarized beam; compared with

theory

Detected outgoing e and both p’s; sty
ied short range correlations and cont
uum state interactions

Detected outgoing e and back to ba
p's; measured cross section; stud
correlated np and pp pairs; compar
with theory

Detected outgoing e and both p’s; me
sured cross sections for both pp and
pair production; compared with theor|

Detected outgoing e and two p’s fro

3He, ‘He, 2C and *°Fe targets; der

duced two proton correlation functior
and proton emission source sizes

d-
n-

ck
ed
ed

ha-
np

<

m

1S
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A general review of quasielastic electron scattering theitides a discussion of response func-
tions of*H and3He is reported inZ008BE0DY. Electron scattering biHe has been referred to as
“a playground to test nuclear dynamics”; s@@@4GL08 2010SI1A. For more on the theoretical
description of longitudinal and transverse response fonsf including possible relativistic ef-
fects, meson exchange currents and pion production thicesffects, see004EF012008DE15
2010EF0) and references therein, as well 288(4GL08 2010SI1A.

The GDH sum rule is discussed in thide Introduction section. As originally developed, it
involved the photoabsorption of real photons. Generatinatof this sum rule for virtual photons
that are involved in the scattering of electrons have begaldped; seeJ000KO1Q 2001DR1A
2001J102. Inclusive scattering cross sections of polarized edestiby a polarizedHe target with
E, = 0.862-5.058 GeV were reported ir2Q02AMO08 2005ME03 2008SL0). The generalized
GDH integral and a related Burkhardt-Cottington sum ruleendeduced.

12. (a)*He(u~, v)*H Qm = 105.6398
(b) 3He(u~, v)?H + n Qum = 99.3825
(c)*He( ™, v)'H + 2n Qu = 97.1580
(d) *He(u, v7)*H Qm = 105.6398

Muon capture in general is reviewed iB001ME27; muon capture byHe is also fairly ex-
tensively reviewed there as well. The measured capturdoateaction (a) isl496.0 = 4.0 s!
(1998ACO0). In two theoretical studies of this reaction reportedd@q2MA66 2003V106, calcu-
lated values 0f484 +4 s~! and1486 + 8 s~! were obtained. Different structure models’sfand
3He were used which gave binding energies close to experaheaiues. The theoretical values
are in good agreement with each other and with the experaheaiue. A study of reaction (a) is
reported in {993C0O0%in which a weighted average of early measurements of thieicapate is
1487 £ 36 s~!. Calculated values of the capture rate are reported ingfésance to b&497 + 21
s~! and 1304 s! using the elementary particle method and the impulse appadion, respec-
tively. Calculations of analyzing powers for this reactame reported in{993C0051996C0O30
2002MA66 2003VI0§. Additional studies of reaction (a) are reportedif96C0O012000G0O33
2002HO09.

A measurement of the VAP for reaction (a) using laser potarimuonic®He is reported in
(1998S003

Of the 105.6 MeV released in reaction (a), only 1.9 MeV god$iéarecoiling®H. In contrast,
deuterons produced in reaction (b) and protons in (c) aradda have much higher energies;
see (1992CU01 1994KU19 2004BY0J). In (2004BY0) deuteron energies from reaction (b) are
measured between 13 MeV and 31 MeV. In the same referenceuneeaents of the proton energy
distribution from reaction (c) between 10 MeV and 49 MeV aparted. By extrapolating to the
full range of energies, capture rates for reaction (b) afdue obtained. Two different analysis
methods were used in each case. For reaction (b), capteobtol £+ 125 s~ and497 & 57
s~! were obtained and for reaction (c), rates1sf &+ 11 s™! and 190 + 7 s~! were obtained.
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Averaging, using inverse square error weighting, gites+ 52 s~ for the reaction (b) reaction
rate andl89 4 6 s~! for the reaction (c) reaction rate. An early calculationhege reaction rates
was reported in{975PH2A as 414 s' and 209 s', respectively. A calculation of the sum of
these two reaction rates is reported 1994C0O0% as 650 s'. This compares with the theoretical
value of 623 s! from (1975PH2A and6854-52 s~! obtained by adding the averaged experimental
values from 2004BY0)).

A study of reaction (b) using the Faddeev equations andstealN interactions is reported in
(1999SK03.

A theoretical study of reaction (d) is reported 0OQ2HOQ9 in which two approaches are
compared. In the elementary particle methéide and®H are treated as elementary particles
whose internal structures are contained in experimental factors. In the impulse approximation
method?He and®H are treated microscopically. The photon spectrum obiifirmen both methods
is roughly Gaussian shaped, peaked at around 40 MeV. Whemedraver all photon energies,
the calculated capture rate for reaction (d) is of the orddr®* which is much smaller than the
capture rates for reactions (a), (b) and (c).

Adding the capture rates quoted abo®®@48AC01 2004BY0Y) for reactions (a), (b) and (c)
and neglecting reaction (d) giveés81 + 52 s~! for the total muon capture rate. Of this total,
reaction (a) i$8.6 + 1.6 %, reaction (b) i22.7 + 2.4 % and reaction (c) i8.7 £+ 0.3 %. It is of
interest to note that, from calculations reportedlifi{5PH2A, the corresponding values for these
percentages are approximately 70%, 20% and 10%, respgctiMeese older values, which are
guoted in more recent publicationsB9O8AC01 1999V023 2001ME27 2002MA66G 2003V106
2004BY0) are quite consistent with current experimental results.

Another aspect of interest in muon capture’ble concerns the hyperfine effects. For muonic
3He, the total spinis 0 or 1. Itis reported ik998ACO) that the transition rate between the higher
energy spin 0 state and the lower energy spin 1 state is migglgmall. Hence, when the muonic
3He atom is formed% have spin O an@ have spin 1. A study of the capture rate from each spin
state is reported in©94CO0%. Considering reactions (a), (b) and (c), it was found thata 60%
comes from the spin 0 state and 40% from the spin 1 state. 8iecéle and®*H wave functions
used were fairly simplistic, these results should prob&lelgonsidered only as estimates.

Additionally, reaction (a) has been used to obtain a valuelfe pseudoscalar coupling con-
stant, g. See (996B0541996J0221998AC011999V0232000G0332001BE162002MAGG
2003TRO§.

13. (a)*He(r*, 7*)3He

(b) *He(r—, 7¥)*H Qum = 4.5750

(c) *He(r ", p)'H'H Qm = 132.6345
(d) *He(r—, p)2n Q.. = 131.0698
(e)3He(r—, n)*H Qm = 133.2944
(f) *He(r—, 7#7)3n Qum = —9.2827
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A review of pion reactions withHe and*He and other nuclei can be found 0Q2LE39.

Table3.26gives references related to reaction (a) as well as sontedalzelastic reactions for
the current evaluation period.

In a series of reports, charge symmetry breaking in piortielasattering orfH and®He was
studied by measuring ratios of cross sections - ratios wiwichld equal unity if charge symme-
try held; see 1988P109 1990NEO02 1991PI103 1993BR03 1995BE04 1995MA32 1996DHO01
2002BR49. See’H reaction 10for more discussion of these results.

Table 3.26: References foHe(r*, 7*) and related reactions

References E. (MeV) Comments

(1991LA09 1994LA09 100 Measured cross section and asymmetry
in 7 scattered from polarized target; op-
tained largeA, values near diffraction
minimum; compared with other data and
theory

(1997YU0) 120, 180, 240 Measured inclusive inelastic scatteripg
cross section forr™ and r—; compared
with theory; studied double charge ex-

change
(1988PI09 1990NEO02 142, 180, 220, 256 | Measured cross section ratios far"
1991PI03 1993BRO03 andr~ elastically scattered frorfH and
1995BE04 1995MA32 3He; studied charge symmetry breaking
1996DH01 2002BR49
(1996ES041997ESO» 142, 180, 256 MeasuredA, for 7 scattering at three

energies and~ at 180 MeV from polar-
ized target; compared with theory; stud-
ied role of A(1232) resonance

(1987KL03 1987KL0H 170, 220, 270, 320 | Measured cross sections for inclusive |n-
elastic* cross sections and exclusive
(w, ©'p) cross sections for both*™ and
7w~ ; compared with theory

(1987BO09Y 300, 350, 375, 400, 476Measured cross sections for elastic scat-
tering ofr* andz~ from 3He and*He

When polarizedHe targets became available, asymmetty)(measurements in elastic scat-
tering of pions from polarizedHe were made as reported ih9Q1LA09 1994LA09 1996ES04
1997ESO) Best agreement between theory and experiment is obtathed the pion-nucleon
resonance\(1232) is included in the reaction model. Calculations dffiedential cross sections
and analyzing powers for elastic scattering of bethand~~ by *He for E, = 100, 142, 180
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and 256 MeV are reported inl999ZH14. This reference also displays graphs of differential
cross sections and asymmetries collected from severaliexgets. The agreement with experi-
ment is generally good, except for backward angles. Forgimeetry calculations, it was found
that including a D state in théHe wave function was important fart scattering but not for—
scattering.

The spectra of both* and~~ inelastically scattered biHe shows a large peak near the quasi-
elastic nucleon knock-out energy broadened by nucleon iFaotion; see Figs. 3 through 9 in
(1987KL0§. Distorted wave impulse approximation (DWIA) calculaitsothat assume a single
pion-nucleon interaction are only in qualitative agreemeith data. These authors also studied
the reactiongHe(r ", #'p) and*He(r—, #—'p) and found that the DWIA calculations agree much
better with the data.

A study of reaction (b) is reported in999ZH22. The energy of the~ beam was 200 MeV,
the 3He target was polarized. The outgoin@ywas detected indirectly by measuring the energies
and angles of the two photons into which tHedecays. The recoilingH nucleus was detected in
coincidence with ther®. The scattering asymmetny,, was determined fof.,, = 60°-105° and
found to be large and negative né#&f and large and positive ne&6°. Comparisons are made
with calculations with only qualitative agreement.

Studies of the inelastic processite(r*, 7¥), *He(r ", 7%p), *He(r~, #9), *He(r—, 7°p) are
reported in {995D007. The pion beam energy was 245 MeV. The outgaifigvas detected as
discussed above. The results suggest thatkfegr ", 7'p) reaction occurs primarily by a quasi-
free pion- nucleon process, but tHee(r—, 7°p) involves more than a single nucleon.

The absorption oft* by various nuclei, reaction (c), has been a subject of stodysdme
time; see {993INO0J), section 5 of the review in2002LE39 and references therein. At least two
nucleons must be involved in the absorption process sinaggéedree nucleon cannot absorb a
pion and conserve energy and momentum. As discusseDii2( E39, in the early days of pion
absorption studies, it was expected that this process wariblway of studying NN correlations.
However, the absorption process turned out to involve mioa@ two nucleons to a significant
degree. Studies of " absorption by’He have been carried out to separate the two and three
nucleon absorption processes; SE836AN11 1991WE141996HAQ9, for example. References
for 7+ absorption by'He are given in Tabl8.27.

The totalr™ absorption cross section féil has a broad resonance with a peak value of about
12 mb for £, of about 150 MeV; see Fig. 5 inlP93AR1), or Fig. 4(a) in (998KA17). The
same resonance feature shows up in the totahbsorption cross section of other nuclei as well;
for example, for*He, see Fig. 4(b) in1998KA17 and for!2C, see Fig. 2 of Z002LE39 and
references therein. Presumably, the resonance is due forthation of aA; 7 + N — A; see
(1991GRO0Y, for example. The cross section at the peakHie is about 30 mb and fd#C the
peak cross section is nearly 200 mb. There is a monotonieaserin the absorption cross section
with increasing mass number; see Fig. 320(2LE39 and references therein.

In most of the references in Tab&27, the primary concern has been to separate the two
nucleon absorption mechanism from that involving thredeuarts. Seel(989SMO03, for example,
in which it is shown that the three nucleon absorption paegnof the total cross section increases
from about 30% at an incideiit, = 37 MeV to nearly 50% af, = 500 MeV. Similar results are
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Table 3.27: References foke(r™, p)'H'H and related reactions

NS

u_

2r-
jo-

References E.+ (MeV) Comments

(1996HA09 37 Determined differential cross sectio
for two nucleon and three nucleon ab-
sorption and studied final state interac-
tion effects

(1986AN1) 62.5, 82.8 Compared two nucleon and three n
cleon absorption cross sections

(1989WE1Q1991WE13 64, 119, 162, 206 | Measured angular distributions; dete
mined separate cross sections for ty
and three-body absorption

(1997LE09§ 70, 118, 162, 239, 330 Compared*He(r*, 3p) and*He(r™,

(1994AL28 1996BA32

(1992MA17)

(1991MU0)

(1985BA59

(1989SMO03

118, 162, 239

120, 250

165

260 (p= 220 MeV/c)

350, 500

3p)n cross sections; separated two- &
three-body absorption effects

Measured proton distributions; an
lyzed role of initial and final state in
teractions; measured total absorpti
cross section and separated two- &
three-body components

Measured polarization of protons em
ted by pion absorption; comparedtt
absorption irtH

measured differential cross section 1
two-body absorption; obtained thre
body absorption cross section

configurations

the reaction’He(r ", 2p)'H; separated
two and three nucleon absorption crg
sections

Kinematically complete experiment;

Kinematically complete experiment for

and

on
and

—t
1

Determined cross sections for three nu-
cleon absorption for different counter

SS
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Table 3.28: References féHe(r—, p)2n andHe(r—, n)’H

References E.- (MeV) Comments

(1995G003 0 Studied absorption of stopped by
3He; measured ratio of nnp to nd
channels

(1996HA0H 37.0 See Table8.27

(1986AN1) 62.5, 82.8 See Tabl8.27

(1989WE1Q1991WE13 | 64,119, 162, 206 | See Table3.27

(1994AL28 1996BA3) 118, 162, 239 See Tabl8.27

(1985BA59 260 (p= 220 MeV/c) | See Table.27

(1991MUO0) 165 See Tabl8.27

shown in Fig. 11 in{991MUOQJ and in Fig. 10 in {996HA09.

A measurement of the polarization of the proton emittedfirabsorption byHe is reported in
(1992MA17). The outgoing protons were selected by kinematical camgs to be those resulting
from two nucleon absorption. The results were compared thghtheory of {987NI09 and with
proton polarization fromr* absorption byH. At 120 MeV, the*He and?H results are similar, but
not at 250 MeV. The results differ from theory at both enesgtgee {993AC0) for a comparison
of experimental polarization results for absorption byH, *He and‘He with each other and with
theory. Theoretical work related to angular distributi@msl polarizations of outgoing protons
following pion absorption is reported irRQ03SC1), which also includes references to earlier
work. In both (993AC0) and O03SC1}, it was found that the polarization data were not well
described by a two nucleon absorption mechanism.

The absorption ofr— by 3He, reactions (d) and (e), can be studied using either stbpiosis
or in-flight pions. See Tabl8.28for references. Results from an experiment with stoppedspio
in cold, gaseougHe are reported inlO95GO03. These authors concluded that absorption by two
nucleons coupled to zero isospin is the dominant mecharibeyvaluet.2 + 0.6 was obtained for
the ratio of the three-body final state decay rate, reactipn@ the two-body final state, reaction
(e). An earlier value for this ratio i3.6 £+ 0.6; see (995GO03 for references. These authors also
concluded that final state interactions play a major rol&éédecay process.

Table3.28shows that experiments with in-flight pions often have usati b™ andr— beams.
Fig. 10 and Table IX in1996HA09 shows that both the two nucleon and the three nucteon
absorption cross sections are essentially constant ascadomf £.- = 37-350 MeV in contrast
to 7+ absorption which has a resonance feature around 150 Me$eTdugthors also determined
that, form— absorption, the three nucleon absorption cross sectia@rgeil than the two nucleon
by an essentially constant factor of about four.

See’n reaction 4or more on reaction (f).
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3Li

General

The previousA = 3 evaluations 1975FI08 1987TI07 identified reactions 1 through 4 below
as possible candidates for the observation of a bound onaesastate of three protons. An addi-
tional possibility would be the double charge exchangeti@aéH(x+, 7~)3Li. There is a report
of this reaction 2001PA47, but the pion energy was high, 500 MeV, and the focus of tipeex
ment was on the role of th& component in théH ground state, not on the possible presence of a
resonant three proton state.

A calculation reported in1996CS02 suggests a three proton resonance with= §+ at an
energy of 15 MeV with a width of 14 MeV.

1. 2H(p, 7~ )3Li Qum = —147.8155

A study of the reactiop + d — 7~ + X with E, = 1.45, 2.10 and 2.70 GeV was reported
in (1991AS03. No narrow structure was observed in either the analyzowep or cross section
that could be interpreted as a three-body resonance. Ggfexences reporting similar studies
are: (L988AB05 E, = 1 GeV), (1990BA35 E, = 400 MeV) and (L998DU07 1999HA06
E, = 353, 403, 440 MeV). There were no reports of observation of rasbfti states.

2. He(p, nyLi Qm = —14.5211

A study of this reaction was reported ih998PA23 with 200 MeV polarized protons. Cross
sections and analyzing powers were measured. Comparisenesmaade with distorted wave im-
pulse approximation calculations. No evidencélafresonances was seen in the neutron spec-
trum. Similar studies are reported at the following enexgied references1993BR05 E,, = 220
MeV), (1996MI111, 2002PR04 E,, = 197 MeV) and (1998S009 £, = 100 MeV). None reported
evidence ofLi resonances.

3. 3HeCHe, tfLi Qum = —13.7574

No studies are reported on this reaction.

4. SLi(*He, *He)’Li Qm = —17.2471
No studies are reported on this reaction.
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