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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.

21


http://www.tunl.duke.edu/nucldata/HTML/A=3/03_05_1987.pdf

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