3
{

W

v

K& (28

it
Bl

¥ oME W+ %)

¥ HEE B EEHE 12515
S0 EE A H ¥R 4 3 A27HA
FOIRS DR FATHIAIEE 4 458 1 THZY
IR I HUEARFRF B R FWTIER]

(HLRE) FHFmEFEL

Bound States
(ZETFHREREOHE D EE)

5 i 5 R H Detailed Calculations of the Properties of Three-Nucleon

MXEEZR (%)
% OB E N KB #® & BT
% g w I
o X H R

Chapter 1 INTRODUCTION
Chapter 2 FADDEEV EQUATIONS FOR THREE-BODY SYSTEMS
2.1 Faddeev Equations for Three-Body Systems
2.2 Modified Faddeev Equations for Systems with Two Charged Particles
2.3 Faddeev Equations in the Presence of a Three-Body Force
Chapter 3 METHOD OF SOLVING FADDEEV-TYPE EQUATIONS
3.1 Method of Continued Fractions (MCF)
3.2 Application to Faddeev-Type Equations
3.3 Partial Wave Expansion
Chapter 4 TWO-NUCLEON FORCES AND THREE-NUCLEON FORCES

4.1 Realistic Two-Nucleon Forces

- 140 -



4.2 Charge Independence Breaking (CIB) and Charge
Symmetry Breaking (CSB)
4.3 Three-Nucleon Forces
Chapter 5 BINDING ENERGIES OF *H AND 3He
5.1 Effects of Coulomb Force
5.2 Effects of CIB on the Binding Energies of *H and 3He
5.3 Effects of CSB on the Mass Difference of *H and *He
5.4 Effects of p~-Meson Exchange Three-Nucleon Force
Chapter 6 OTHER PROPERTIES OF THREE-NUCLEON SYSTEMS
6.1 Percentages of the Partial Waves
6.2 Asymptotic Normalization Constants
6.3 Charge Form Factors and Charge Radii
Chapter 7 THREE-BODY SYSTEMS WITH DISTINGUISHABLE PARTICLES
7.1 Coupled Faddeev Equations
7.2 Application : Effect of n-p Mass Difference
Chapter 8§ SUMMARY AND CONCLUSIONS
APPENDIX A EXCHANGE INTEGRATIONS
APPENDIX B CIB FORCES
APPENDIX C CSB FORCES
APPENDIX D THREE-NUCLEON FORCES
APPENDIX E j-j COUPLING AND L-S COUPLING
APPENDIX F ASYMPTOTIC NORMALIZATION CONSTANTS
APPENDIX G MESON EXCHANGE CURRENTS

— 141~



M X N B R B

ABSTRACT

The effects of the Coulomb force, charge independence breaking (CIB) and charge
symmetry breaking (CSB) nuclear forces, and =z, zp, and pp exchange three-nucleon
forces on the binding energies of *H and *He are studied in detail by solving Coulomb
-modified Faddeev equations for various realistic NN potentials. 52-channel calculations
are performed for the first time in order to get convergent and reliable results. Our
calculation results may be summarized as follows.

(1] First, we calculated the binding energies of the trinuclei. After 32 case studies, we
found a very good linear relationship between *H and *He binding energies (see Fig. 1),
from which we deduce a model independent value for the Coulomb-energy difference, 648+
4 keV with finite-size proton. As for the effects of CIB and CSB nuclear forces, we found
that the effect of CIB contributes about 0.1-0.2 MeV to the binding energies of trinuclei. On
the other hand, the effect of CSB contributes 75+7 keV to the binding energy difference
(see Fig.1). With other small effects, these reasonably account for the *H-*He binding
energy difference (see TABLE 1).

[2] In addition to 2z exchange three-uncleon forces, we considered also three
-nucleon forces with zp, pp exchange and K.R. term. We found that the binding energies
of *H and *He can be reproduced with some reasonable sets of values of Az, and Ap.
Among them, the set Ax=0.81 GeV and Ap=1.13 GeV yields the triton binding energy of
8.485 MeV (experimentally, 8,482 MeV) and the Gamow-Teller matrix element of 0.955

/3 (experimentally, (0.962+0.002)/ 3) in the triton f-decay.

[3] Using the wave functions obtained from Faddeev partial-wave calculations, we
investigated the bound state properties of trinuclei. For the percentage of the partial
waves, we obtained about 90% of the space symmetric S-state. The D-state caused by fhe
tensor forces in the NN interactions is about 109. The small but nevertheless important
S'-state arised from the spin-and isospin-dependence of the NN interactions is about 1%.
We found that the Coulomb force makes decrease the percentage both for the S-state and
the D-state but does increase the S’-state percentage in *He compared with *H. Because
of the Coulomb force CIB and CSB nuclear forces, the isospin 7°=3/2 component is mixed
in the wave functions of trinuclei. However, its percentage is only about 107°*%, so we can
omit it in most of the calculations.

[4] For asymptotic normalization constants, we got the relation G°=x G, for the S

-wave. However, for the D-wave the Coulomb effect makes decrese the asymptotic
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normalization constants of *He compared with that of *H by about 5%. We also obtained
a good linear relationship between the ratio » =C,/C, and the binding energies of trinuclei
(see Fig.2). We see that the experimental ratio » are reproduced well at the binding
energies of trinuclei.

[5] We investigated the charge from factors of *H and *He. By including meson
exchange currents : the z-.p- and w-pair currents, the pzy and the wzy mixing currents,
the =-, p-and w-retardation currents, we reproduced the experimental date very well,
especially for triton (see Fig. 3). We also calculated the charge radius of *H and *He from
the charge from factors and found r. ®H) =1.725+0.007 fm (experimentally, 1.68+0.03 fm)
and r.(®*He) = 1.958%0.006 fm (experimentally, 1.978+0.015 fm).

[6] As an extended calculation, we generalized the Faddeev eqautoin approach to a
system with distinguishable particles. It was applied to the three-nucleon systems by taking
neutron and proton as distinguishable particles because of their mass difference. We
obtained 13 keV difference in the binding energy of 3H and *He due to the n-p mass
difference. By the success of solving the three-nucleon systems of this kind, we hope to

apply the same formalism to other physical systems, such as hypertriton /B\H_. in a near

future.
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FIG. I. The 32 circles are the binding energics of *He
with Coulomb forces plotted vs the binding energics of *H
for the following casces (2NP means the two-nuclcon poten-
tial) : RSC6, 28 ; (RSC+TM) 6,28 ; 2NP 6, 28, 38, 52 for ZNP
= AV, PARIS, TRS, and BONN; [2NP+TM] 6, 28, 38, 52
for 2NP = AV, PARIS, and TRS. The 32 triangles are the
results with CIB and CSB forces. The experimental point is
shown as a square.
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TABLE I . The contribution of charge-
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asymmetric effects to the *H-*He C ]
binding enery difference in keV 0.055 :_ ]

Charge asymmetry effects SE " ]
C 3 ]
Static Coulomb (E¢, ) 648+ 4 0.050 E Exp. Value of °H + _
M ic interacti + r 3
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Vacuum polarization 4 . o ]
Orbit-Orbit interactions 9+ 1 0040 F 3
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Total (theory) 76014 FIG. 2 The D/S ratio of the asymptotic
Experiment 764 . . .
normalization constants of trinuclei plotted
versus the corresponding binding energies.
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FIG. 3 The charge from factors of *H and *He. The impulse approximation (IA) and
the effects of MEC are calculated and shown as dashed line and dot-dashed line,

respectively. The solid line represents the result of IA+MEC. The wave function
is obtained for the 52 -channelcalculation for AV14 [II] potential. The open circles

are the experimental data.
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