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P^ODâlM 

I. Introduction 

The difficulty to interpret parity non-conserving 

(p.n.c.) affects in complex nuclei, due to the many body aspects 

of their description, reinforces the interest for studying 

p.n.c. effects in few body systems although , in these OÙ lies, 

we do not expect any strong enhancement factors which might 

favor their observation. Thus, the measurement of the longitu-

dinal analyzing power, Aj, in pp scattering (see rel.1 for 

the most significant one) provides us with an unambiguous 

information about the weak NH interaction in the proton-proton 

sector. In two-nuclcon systems, the other measurements which 

have been performed and might give further information concern 

the thermal neutron-proton radiative capture. This process, 

which is quite simple, has been extensively studied thuore-

tically. It offers the advantage that the circular polarization 

of photons, Py , is dominated by the isoscalar and isotensor 

parts of the weak interaction, while their asymmetry with respect 

to the neutron polarization, A„ , receives its main contribution 

from the isovector part . Therefore, the separate measurements 

of these quantities should provide an important information 

concerning weak NN forces.. Present experimental studies ' 

only provide upper limits which are not yet constraining theory 

very much. 

In contrast to two-nucleon systems, studies in three-

nude on ones are rather rare. On the experimental side, some 

longitudinal analyzing power has been observed in proton-deuteron 

scattering at 15 MeV "* and an asymmetry in the y emission 

with respect to the neutron polarization has been looked for 

in thermal neutron-Ucutcron radiative capture ' . In 

principle, it is now possible to make exact predictions for 

these quantities once the weak and strong NN interactions are 

given in practice, such studies for proton-deuteron scattering 

~ith realistic NN forces have been performed at only one energy. 
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15 HeV . They have also been performed for a set of several 

•nargies, but with ler.s realistic descriptions of the NH 

force ' . Even with these limitations, it is not sure that 

both calculation», which consider the total cross-section, 

apply to the present measurement. The few other studies 

are much more simple, but may cast some interesting light on 

particular aspects of the more sophisticated approaches. 

Par the neutron-deuteron radiative capture, which 

is aimed tc be studied here, and where some enhancement of 

the effects is expected due to the small capture cross-section, 

there are presently two studies which may lead to quantitative 

estimates. The first one, by Moskalev . can bo considered 

as an exact one, but relies on the strong assumption that both 

weak and strong NN interactions muy bu approximated by zero-range 

forces. The second one. by llùdjimichaol, Harms and Newton 

, uses a better description of the NN strong interaction 

(separable potential of finite range), but neglects thu strong 

interaction in the odd-parity 3-nucleon states. The aim of 

the present paper is to improve upon the above studies. On 

one hand, we want to use better descriptions of the strong 

and weak NH interactions. On the other hand, we would like 

to test the validity of approximations made in both calculations, 

in this order, wc shall use various separable descriptions 

of the strong interaction beside a more realistic one. 

The paper is divided as follows. The second part is 

devoted to the description of the various p.n.c. observables 

which can be measured in thermal neutron-deuteron capture and 

to their expression in terms of the reduced matrix elements 

of the electric and magnetic operators. Me also describe there 

how to calculate these quantities. The various potentials used 

for the weak and strong interactions are precised in the 3 

section. The weak potential contains all possible components 

due to » » p and u exchanges, for the strong interaction 

potential, we use the super-soft-core potential of de Tourreil 

and Sprung J (SSC) which is a realistic one, the local poten-



tial of Malfiet and Tjon I-III (MT), which is not so realistic, 

but will allow for a comparison with results of its separable 

approximation (HT (UPAJ), and two other separable approximations 

(Yamaguchi and shell-delta). In the fourth section, we present 

the results so obtained and discuss them quite generally. The 

comparison with previous studies is made in the next section 

(V) while the comparison with experiment is given in the last 

section (VI) together with some conclusion. 

II. P.N.C. observable* i n n + d * t + T : generalities 

Two quantities of current interest may evidence parity-

non-conservation in thermal neutron-deutoron radiative capture 

They are successively the circular polarization of photons : 

f - of*t-a(-l (1) 
Y at*)* at-) 

where all) represents the capture cross-section for photons 

with helieity : . and the asymmetry of the f emission with 

respect to the neutron polarization for unpolarized deuterons, 

A . defined as : 

a (P .£ ) = o„tl •» A n P -k 1. (2) 
n Y û Y r Y 

where P represents the neutron polarization. ky, the y momentum 

direction and on» the total capture cross-section for unpolarized 

m-utrons and deuterons. 

An other quantity which has been mentioned in the 

literature and may be of interest in a further future is the 

asymmetry of the > emission with respect to the deuteron polari

zation for unpolarized - •-ons, A , defined by : 

olP.-k* ) = on(l + A
dP,.k + MP,.k ) 2 - il J- (31 

d Y 0 Y a Y à f i 



The above observables can be expressed in terms of 

the electromagnetic transition matrix elements, which we write 

- » c ^ -<i,» £IH 6 lld,i> J M " -S**1 

where c represents the photon polarization and t z the value 

of the neutron isospin ("T"' • t ) u c convention for r.he initial 

state, IJM>, is the following : 

IJM> = Ï 11 A>] hm> ( - i1 *J) 
\A m -M / 

We thus obtain successively for the parity conserving 

observables : 

a2.; "l/2*2M3/2 , . 

° »„ » 
3 "3/2'2"l/2*"3/2> ,,, 
4 2 2 ' 
"l/2 * 2 M3/2 

and for the p.n.c. observables 1 

P T . -2 "1/^1/; *
 2^1/? E1/ ? , (31 

™l/2 * 2 " V 2 

' 3 "1/2 « 2 « V 2 , 

d _ 2Ml/?.El/2 ^ HT/2E1/2 + "3 /2^1/2 + OH^/jE^/? 
Y ~ " 2 2 

M l / 2 * 2 M 3 / 2 ( j 0 ) 



Signs of p , A and A are consistent with our convention to Y Y Y write the initial capture state on the right in eq.(4). 

Due to possible capture in the states J " 1/2 and 
J = J/2, expressions(8-10) are somewhat more complicated than 
usual, preventing tD make simple statements on the various 
contributions as in np capture . There are differences with 
expressions given elsewhere. They may simply be due to 
conventions used by the authors for relative phases or factors. 
However, the difference In the factor with the expression of 
f> given in ref.13 seems to be due to the use by the author 
of an inappropriate deuteron matrix density ( T~ instead 
of S".Pd t—•?• d)), whereas exp. of A n in ref. 17 contains only 
part of the contributions. On the other hand, differences 
with our own results presented in other papers * for the 
amplitudes M,,,. "3/2' Ei /? a n d E3/? a r e d u e t o incorporating 
in them a factor 1//3. This ha3 been don* to heep the same 
definition of.the cross-section, o. , as in ref.13. 

The magnetic part of the electromagnetic interaction 
consists of the usual single particle contribution and of some 
mesonic exchange currents (MEC>. Tor an emission of a photon 
by the capture state, n+d, which is here wr'.tten on the right 
in calculating some matrix element, it can be expressed as : 

„ l m ) „ -ie(-£-)2- H M < V V i ) t f — ^ n ' i j * »* 
til) 

The second term (MECi, which is not negligible here hecausu 
the regular transition arising from the single-particle 
contribution is strongly suppressed, has been studied by Torre 
and Goulard . In absence of MEC, the total cross-section 
is dominated by the capture in the 3/2 state and its value 
is in the range of 0.3-0.4 mb. It tends to be smaller than 
the measured one, whose exact value seems to depend on the 



but close to 0.5 mb. When M EC are 

taken into account, the cross-section becomes too largo. Howeveri 

as shown by the authors, the result is quite sensitive to the 

tnton binding energy and an extrapolation from a calculation 

with a 3-body force tending to improve this quantity brings 

the cross-section to a value of 0.5U6 mb, which is closer to 

experiment. The relative contribution of the capture rates 

in states o£ total angular momentum J = 1/2 and J - 3/2 is 

very dependent on MEC. Thus the ration M3/2'/'Mi/2 v*»rios from 

0. El (without MEC ) to 0.36 (with M EC ), whereas the ext rapolaicd 

result would be 0.32. As this ratio is not presently measured, 

it is difficult to say what is its precise value. Since the 

model of MEC which has bçtji» used is rather reasonable and has 

been successful in achieving agreement with experiment in several 

other processes (n -p capture or magnetic moments of He and 

t). we assume that the above ratio is in the range 0.3-0.4. 

In the following, we will take Mi/2''Mi/2 " °* 3 5 a n d "a " 0 , !* 

mb, corresponding to : 

Ml/2 = 6- 15.ta 5 / 2 , M 3 / 2 - 2.17 fm 5 / 2. (12) 

Using these values, we can obtain the following particular 

expressions for the various observables ; 

-0.260 f m ' 5 ' 2 -i E 1 / 2 - 0.184 f m ~ 5 / 2 • ' E 3 / 2 • 

0.148 f«f 5 ' 2 . E 1 / 2 + 0.020 f m " 5 / 2 . ' *3/2 ' 

•0.306 f " S / 2 - E i / ? " ° - 3 6 0 £ " i ~ 5 / 2 ' ' E 3 / 2 " 

In contrast to the general expressions (t)-10), the above 

expressions 113) are only valid within present conventions 

of sign and normalization Cor the wave function, or Cor the 

definition of M.,, a n d M3/2* 



Fro* the suppression of the total radiative capture 

cross-section Mentioned above, one might expect some enhancement 

of p.u.c. effects. However, for that to occur, it is necessary 

that the El irregular transitions not be similarly reduced 

and it may be interesting to precise the origin of this feature 

in the regular cross-section case. Kssentially, it reflects 

the orthogonality of the ground and capture states for a spin 

independent UN strong interact ion. In other words, the neutron 

and deuteron in the initial state have a small probability 

to be in a configuration such as to make a triton, or also, 

the contributions of the distorted and plane wave parts of 

the miutron-deuteron wave function cancel each other. This 

remark will help to understand part of the results for the 

E. .- and Ej#2 irregular transitions. In practice, there are 

spin dependent components in The force and the total 

cross-section will depend on the mi nor components of the triton 

(mixed symmetry S' or û states). The comparison with Moskalov's 

results indicates that the predicted total cross-section in 

absence of MEC is tauch smal 1er hoi u (0.3-0.4 mb instead of 

0.97 mb). AS far as we can sue, it seems that this is duo to 

the normalization of his neutron-deuteron scattering wave 

function which is found to be too large by a factor /5. 

For the electric part of the electromagnetic operator, 

we use the Siegert's theorem and, consistently with our 

conventions precised for HtMI), write the El operator as : 

In this way, we take into account the dominant 2-body 

contributions which can be writtun as the commutator or the 

total interaction with the dipole operator. The total interaction 

contains the p.c. as well as the p.n.c. part and therefore 

exp. (14) has to be used with eigenstntes of this interaction. 



As tho p.n.c. part is a weak perturbation, these oigenstates 
can be considered as the sum of a dominant component 
corresponding to tho usual one and a small component which 
ha» opposite parity and can ba determined from a perturbation 
calculation : 

T = ?° + GV „ „ *° , • (16) 

p.c. 

Using exp. (16 ) of y , the matrix element of the El operator 
can also be written : 

Tnd"-
(19) 

It i3 important to notice that the Green's function appearing 
in (191, G, is the total Green's function and not simply the 
freu one which has been employed by Hadjimichael ot «1. ' 
Using the full Green's function, which accounts for the strong 
interaction in 3-nucleon odd-parity states, makes calculations 
much more complicated but, as the effect is quite large, we 
will consider it here and present a few detailed results to 
emphasize its contribution. It should be noticed that this 
strong interaction in odd-parity 3-nucleon components is not 
to he identified with the one in odd-parity 2-nucleon systems. 
The interaction which is mainly referred to above corresponds 
to two nucléons interacting in a relative S state, while the 
third one is in a P state relatively to this pair. 
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In all casos, the p.c. parts of the 3-nucleon wave 

function (triton or n-d state at zero uneryy) have been obtained 

Lty solving Faddeev equations ' . In the Case of a local 

interaction with some Censor force, such as the one used here 

(S5C) r some truncation is necessary and up to IB components 

have been retained to describe the wave function. When the 

number of these components increases, the ratio of local and 

non-local parts of the weak force for .-i given HN transition 

generally tends to the one for the 2-nucleon system, what can 

be used as a test oT the convergence of thts rtisults. The p.n.c. 

parts have also been calculated by solving Faddcev equations, 

but only in the case of separable models for the strong 

interaction. The method is quite similar to the one used by 

Moskalev - In the case of local potentials, we did not 

calculate explicitly the p.n.c. components D!" the initial or 

final states, but rather started from exp.i 191 of the Kl 

amplitude, with the operators El or V _ acting on the initial 

or final states as a source term, depending on the case. 

III. Model Cor the strong and weak NH interactions 

The realistic model which is used here to describe 

the strong interaction is the super-soft-core potential of 

dc Tourireil and Sprung (SSCI. As most models, it underbindc 

the triton (7.53 MoV instead of B,48 MeV). It predicts a 

scattering length in the quartet state, a\/o " 6 * 4 f m ' i n 9°°d 

agreement with experiment while the senttaring length in the 

doublet State is in poor agreement 11,2 fm instead of Û.65 

Isa). As noticed by Phi 1 ipps, this deviat ion i s correlated wi th 

the one for the binding energy and should probably disappear 

with it. The uncertainty which resultH from this approximate 

prediction of the binding energy is difficult to estimate. 

Partial calculations for p.n.c. effects with wave functions 

incorporating some 3-body force and in better agreement with 

experiment for both the binding energy and the doublet scattering 



length 2 shows «ome deviation (20%) in amplitudes involving 
the 3S,(+3D,) NN states, taut none for those involving the S Q 

NN States. 

Beside the de Tourretl-Sprung potential, we used the 
MalCiet-Tjon I-III potential 2 ' (MT) which was designed for 
first studies on the 3-nucléon system. This is also a local 
potential, but it is not so realistic as the previous one since, 
it has neither interaction in P states, nor tensor component. 
The purpose of its use here is to provide a comparison with 
an approach where it is replaced by a separable potential of 
rank 1 2 4 ' IMT(UPA)) and thus to test the validity of such 
approximations in first studies ' ' . Two further 
separable approximations will be used. The first of them is 
a shell-delta potential which can also be considered as a local 
potential and whofle expression is then : 

V(r) = -Ai(r - r 0 ) . |<20) 

The two parameters, i and r , are fixed to give reasonable 
scattering lengths (or deuteron binding energy) and effective 
ranges for singlet and triplet S states separately : 

3MX 

In principle, in the limit r_ + 0, we should recover from this 
potential the results obtained by Moskalev. In fact. 
limit, the energy of the ground state goes to - » , whi o a 
second bound state appears, with an energy close to the observed 
one. The last separable potential used in our calculât ions 
is the Yamaguchi potential. Since it gives a binding energy 
slightly different from the other potentials, it will allow 
to appreciate for some pare the sensitivity to the more or 

this 



less good reproduction of this quantity by realistic potentials. 

Soma of its predictions in 2 and 3-nucleon systems are given 

in table 1 together with those for the other potentials to 

be used in this work. 

Far the p. n .c. NN potentia 1, we take into account 

all possible contributions which result from the exchange of 

»,0 and u> lésons in the non-relativistic limit. It is written 

as : 

PKC . 1 . * + , ï i * . * , r p w « ( , . . . K r - ,,.,] 

V12 ° ^ ' l ^ V U l * a 2 ) l J i ' a f » ' r ' ' g

P

h

0 V r ï J 

W l - - , 2 + 2 V 1 l + T 2 1 * 2 / t * 3 , 1 1 2 " ' l * T 2 n 

, ( ( ï 1 - î 2 ) J E , f p ( r , j + i a + X v H 0 V 5 2 » [ £ , f p ( r . ] ) 

-9u«hS + J u i c . ï * i l» 

-(g h 1 - g hl}U%*-r?,)ti,*L)U , f (r) , (22) 

-m,r 
l p , - p ? ) , f, l r ) - S , f I rJ = f ( r l 

4B r ° " 

The weak coupling constants appearing in (22), f̂  

and h's, may be considered as Irce parameters or constrained 

to a particular model. They will bo used in the presentation 

of the results, which will thus kee[> thu most general character. 

The above weak potential gives contributions to transitions 

be two en s and P UK states, which will be the dominant ones 

due to its short range buhuvior or equiyalently to the 



centrifugal barrier in waves with an orbital angular momentum 
L>2. There is one exception however for the D, component admixed 
to the S, component by the tensor force, whose strength at 
short distances is .large enough to compensate the effect of 
the centrifugal barrier. Results for local models of the strong 
interaction (SSC, MT) are calculated from the full expression 
of the weak potential 122). Those for Reparable potentials 
are restricted to the part of the p.n.c. potuntiai involving 
a transition between S and P NN states. Apart for the expected 
dominance of these transitions, it should be added that in 
the triton, the nuclcona are mainly in a relative 5 state, 
which tends to reinforce the validity of the above approximation. 
Tho relevant expression for the S-P transition is not very 
simple in configuration space and we have to go to momentum 
spuce to write it. The coefficients in (22) are the same, but 
commutator and anticommutator terms have to be replaced as 
follows : 

\>Z± Pj 

«Pf-Pi» 
lVt * Pi'VPf'EV PfPi ' PiPf ̂I'Pf'i 

i { p f ' P i J = \ / d ( 

1 l_ , ,m +(pf+Pj ) :—5—2 Logl-5 £ — S " +P £
TP i-2p£p icose P̂fPĵ  m +tp f-p i) 

J m tpf+pi-2pfpicoa0 

m +Pf+P' 
PfPi «P, fPi u • i p £ - p i i i p £ Pi . 



Zero range weak forces have also been used in the 
literature and furthermore have underlain the estimates 
of Moskalev . In this approach which is designed for low 
energy promusses, it is assumed that only S-P transitions arc 
important and that the strength incorporates the effect of 
short range correlations. It should be used with wave functions 
taking into account most of the long range effects, but 
neglecting these short range correlations. We do not intend to 
present such results which have the right order of magnitude 
(within a factor 2). Instead we will express our results 
calculated from the weak potential. exp.(22J, in terms of the 
corresponding zero energy p.n.c. NN amplitudes, first introduced 
by Danilov * and employed in Moskalev's work. In this order, 
we give their expression in terms of the coupling constants : 

' V V 3 9 * » 8M> * f 9 u « **s' " 3 9o o, (1**v>lB0 

(g l,0'1*» h 0 ' 1 ' 2 ) * ! , • (g h^U+x-J+gh.' 1' 2* 

where the coefficients 9 and a respectively refer to the 
anticommutator and commutator parts of tho weak force and depend 
on the transition under consideration : K,~ P, for MC , S,- J", 

t 1 ^ 0 1 2 
for MX and S - P for Ha . their values, which ace 
representative of the strong interaction model, are given in 
table 2 for those of them which have boon used here. They have 
also been given for the Roid-soft-core potential (HSC) in order 
to extrapolate our results to this case. To arrive at an 
expression o£ the results in terms of the above amplitudes, 
HC ,'H\t, Ko' ' , it is necessary that the contributions of 
S-P transitions dominate, but also, the ratio of the 



anticomutator and commutator contributions in the full 
calculation has to be close to the one given by ( 24 ). 
This last relation! which was mentioned at the end of section 
II and implicit in tha approach of Moskalev, essentially implies 
the short range pare of the NN correlation function which has 
therefore to be correctly calculated. 

It is obvious that the proton-proton weak force plays 
no rôle here and that the corresponding combination of the 
parameters given in C24 > will not appear in the results. For 
that reasonr it is appropriate to only introduce those of them 
which are really involved. They are successively MC and MX 
which correspond to a pn force (already mentioned), and MX _ 
and MX defined as : 

«Ml»" - 2*= ) , | 

;«5i 

/6 ' 

IV. Results and general discussion 

The different p.n.c. observables mentioned in section 
II can be calculated from the irregular amplitudes, E, ,„ and 
E3/2' * n d w e therefore concentrate on them in the following. 
Their expression may be written in a way which emphasizes the 
different contributions of the weak force in pn (T = ) or 
1) or nn states (s-channel), thus making easier to discuss 
the rôle of the strong interaction which is particular to each 
of them. The expression in terms of the coupling consti nts, 
fw t h , h , which emphasizes the rôle of the different exchtnged 
mesons (t-channel) could be obtained in any case from our 
results. One thus gets : 



+ (. 1 1(pn)H 1 1(pn)+o 1 1(pn)H 1 1(pn)+o 1 1(nn)H 1 1[nn)+o 1 1(nn)H 1 1(nn), 

(26) 

where the H's are combinations involving weak and strong 
•neson-nucleon coupling constants s 

H 0 1 = gJt~g h l » 

H Q1 " Srf 1 ? ' 

H00 = 9A , 1 +«5' " V ; , 1 + * v ' < 
.2 

H*(pn) = g h° + g (h° - 2-^ ) , 
AJ. U U 0 p Jf, 

h? H~j(pn) = gun£(l+)is) + g th° - 2 ^ ) 

*S ' T y o ' "p "p * ^6 ' 

As for the coefficients 6" defined by eq.(24}, the upper 
indices + and - refer respectively to the contributions of 
the anticommutator and commutator parts of the potential given 
by exp.(22), while lower indices 00, 01, 11 refer to the isospin 
of the initial and final NN states, here favored in the 
presentation of the results as mentioned above. The coefficients 
a corresponding to the different models of the strong interaction 
considered in this work are given in table 3 and 4 for E. 
and E, ,_ respectively. 

"1/2 
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For a given model of the strong interaction, and for 
a given transition 100» 01. 11), it is found that the ratio 
of the short rangs anticommutator and commutator 
contributions, u /a", is generally very close to the 
corresponding one for the NN system, ft /fl . Part of the 
deviations i a few per cents, can be ascribed to the finite range 
of the weak and strong interactions which makes the ratio of 
the anticommutator and commutator contributions slightly varying 
with the relative momentum of two interacting nucléons. There 
La one exception tor a partial contribution to tho transition 
01 in the case of the super soft core potential of du Tourreil and Sprung 
(amplitude E

3 / 2 ' where the first ratio is 1.17 while the second 
one is 1.57. We have not been able to determine whether this 
is a genuine effect, or the result of the necessary truncation 
of the wave function, but we can notice that the two ratios 
have generally become closer to each other with an improved 
description of thin wave function. This almoiit equality should 
not surprise. When two nucléons interact weakly, thuy are close 
to each other and the 3 r One is far apart most of the time. 
They then behave as in free space. The above equality is also 
a consequence of the dominance of transitions between S and 
P HN states. Altogether, this equality allows to express the 
amplitudes Ei/2 a n t l Ei/2 * n t e r m s o E a limited number of 
quantities which can be chosen as the zero-energy p.n.c. NN 
amplitudes, MC , H A S M P 0 ' 1 ' 2 <°r MA and MA here). It 
also justifies the intuition underlying the work of Moskalev 
consisting in treating the weak interaction as a zero-range 
force. In principle, this approach should not apply to a long 
range weak force such as the n -exchange one, whose contribution 
will be discussed in more details at the end of this section. 
However, we can remark from now on that the ratio of its 
contribution to shorter range ones is reduced by a factor 1.5 
compared to its value at zero energy. Therefore, to an accuracy 
of SOI, this approacn may also be appropriate for the long 
range «-exchange contribution. 



As short range effects are incorporated in the 

zero-energy amplitudes, MC , MX , Mi and MA , one should 

expect that when they are used to express the electric transition 

amplitudes» Ei/2 a n t l Eî/2* t h e s e last ones should be less 

dependent; on the model of strong interaction under consideration. 

To appreciate this dependence! we give in tables 5 and 6 the 

expression of E, . and E3/2 i n t e m s °f M(-" • M* * M\>n a n d 

MA . It can be seen there that for both amplitudes, E, ,, and 
E3/2* t h e c o e £ f i c i e n t £ have the same magnitude within a factor 

2, whereas differences by factors up to S could be previously 

observed in the expression given in terms of the coupling 

constants !compare a-, (SSC) and a_, (Yainaguchi) in table 3 

and 4). This shows the usefulness of these expressions in terms 

of MC, MX C. M* and MX .The differences which may affect the 

coefficients relative to these last amplitudes mainly reflect 

differences in the description of the long range part of the 

NN strong interaction. All expressions are not equivalent 

however, and the one obtained with the SSC potential should 

be the closest to reality since this model has a realis'.ic 

description of the long range part of the NN interaction and 

contains interaction in odd parity states together with tho 

tensor coupling. S,- 0,, which is essential for a good account 

of the deuteron properties. Ke therefore thinx that the 

corresponding expressions of E, ., and E, ._ : 

El/2 " - ' (£« ' ) = 8.8MC1 + 8.2MXL + 3.5MX 

(28) 

should provide a good basis for extrapolating the present results 

to other models of the short-range description of the strong 

interaction. The main uncertainty, if any, is due to the fact 

that the triton binding energy is not presently reproduced. 



The comparison of results obtained with the Yamaguchi potential 

on one hand, the Halfj.et-Tjon (UPA) or shell-delta potentials 

an the other hand, which givo a difference in binding energy 

similar to the one needed in the SSC case to get agreement 

with experiment, may give some insight on the corrections to 

be expected. 

The other point we want to discuss concerns the 

comparison of results obtained with the full Halfiet-Tjon I-111 

potential and its separable approximation. It appears that 

they are quitu close to each other (less than 15% in most canes). 

This feature indicates that the one rank separable approximation 

can properly deal in the present case with the short range 

repulsive part of the Halfiet-Tjon potential, which is neither 

obvious a priori, nor neccssarily trie for other observables 

such as the lift cross-section at high energy. We believe that 

the separable approximation works h«ro because we are considering 

a low energy process. ! 

One of the motivations to look originally at p.n.c. 

effects in neutron-douteron radiaLivc capture was the strong 

suppression of the cross-secr.jon, what might lead to some 

relative enhancement of ineir size- in this case. This 

expectation supposes that the irregular amplitudes, Ki/2 u n a 

E3/2' r i ' , l c i ï * r i s e from pirity non-conservation, are not similarly 

suppressed. For the regular amplitudes, M./-) and "3/3' l" n o 

reduction essentially results from a cancellation between the 

contribution of the free and distorted parts of the nuutron-

deuteron wave function. Its nature is quite similar to the 

case of the Ml amplitude relative to the n-p capture in a 

S 1 state at thermal energies (orthogonality argument). Roughly» 

when distortion in the n-d state is considered, the fl./2 

amplitude which in a priori favored (it receives a contribution 

from the totally symmetric radial part of the wave functjion) 

drops down by a factor 10, whereas the M, ._ ampl itude which 

is not so favored (it involves a radial p«rt of the wave function 

which has mixed synunutry and is already somewhat suppressed) 
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is reduced by a factor 3. The coefficients corresponding to 
the amplitudes Ej*2 a n d E3/2 °ktained from the plane wave part 
of the neutron-deuteron wave function are given in table 7 
(column : plane wave) far the Malfiet-Tjon potential (separable 
approximation). The comparison with the full calculation (plane 
wave plus distorted parts of the wave function), recalled in 
the same table (column G), shows that there is also some 
suppression for .the irregular transitions. The degree of 
cancellation is somewhat smaller for the irregular amplitudes, 
E, ., and Ei/2* t n a n f° r t n e regular ones since it varies by 
C;ictors between 1 and 3. It must be noticed however that in 
the case of the E, ._ amplitude in the plane wave case, there 
is already tome cancel lation between contributions coming from 
parity-tion-conservation in the initial and final states. In 
spite of these cancellations, predictions are rather stable 
onco the effect of short range correlations is removed. As 
already mentioned, the comparison of results given in table 
b~b shows that the differences do not exceed a factor 2 and 
probably less (a factor 1.1 in most cases) if one only considers 
models giving rise to the same binding energy I HT, MT(u"AP) 
and shell-delta). 

The «-exchange force has always played a particular 
rôle in tne field of parity-non-conservation in nuclear forces. 
This is due to the relationship between the coupling cons tant, f„ , 
which determines this contribution, and the isovector part 
of the weak interaction on one hand, to its long range on the 
other hand. From this long range, one might expect some 
enhancement of the corresponding contribution. In practice 
however, nuclear systems are not extended enough to feel the 
tail Df the potential, hence some suppression which is larger 
for more compact systems. This is the reason why the n exchange 
contribution is, relatively to shorter range contributions 
l'C.). a factor 1.5 smaller here than in NN scattering at zero 
energy, or in thermal n-p radiative capture. It is however 
larger than what it would be in more complex nuclei where 
transitions between asymptotic P and D states, essentially 
absent here, produce some destructive interference. An other 



feature of the results which is worthwhile to be noticed is 

the contribution of the D, component admixed to tho s. 

component by the tensor forcu which is generally neglected 

in calculation* of p.n.c. effects In complax nuclai. Wa checked 

on our results that it tonds to enhance the contribution of 

the S,- P, transition by about 20% and one can therefore 

expect that it should cancel Cor a large part the effect of 

tho repulsion at short distancus which was found to be 

important in some calculations in complex nuclei (see for 

instanco ref.26). The sensitivity to the above p component 

is not limited to the n-exchange contribution. It also occurs 

for short range contributions, in particular in the S,- t1, 

transition, where it is «ven larger. This explains that the 

corresponding anticommutator contribution is morn important 

than the commutator one, in contrast to other transitions, 

but in complete agreement with expectations for the 2-nucleon 

system (compare a n n and 3 in table 2). 

V. Comparison with other approaches 

The first work on parity non-conservation in n-d 

radiative capture is due to Muskalcv . More important than 

the few factors we have not been able to reproduce ( caut 'ire 

rate or expressions of A and ." ) is the relevance of his 
Y ï 

approach to make reliable estimates. Our results expressed 
in terms of the amplitudes MC , Mi t, MA and Ml , given in 

pn nn 
tables 5 and 6 are slightJy larger than those obtained by this 
author, which using the same normalization, would be : 

Mosk. 5/2, 
^T tf% ( f ïtt i — *•«*•»<- 1 _j » j rift T J i J riA^_ T i . J T M ^ . , L/i pn nn (fat ' ) = 4.QMC + S.SMX^ + 3.3HX + 2.3M1_„ , 

Mosk. 5/2 1 
(fm ' 1 = 2.0MC* - 1.6MA - Û.7M1 - 2 . 3 M l n n -

(29) 
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The absence ot continuity between our results and those of 
Moskalev when the range of the NN strong interaction tends 
to into, which was mentioned in section in, prevents to make 
a définito statement about possible differences. However, the 
nucléon spectator wave functions in the 3~nucl<on systurns are 
somewhat the saite in both works far the dominant range of momenta 
and to some extent, it can be said that the main difference 
comes from the deuteron asymptotic normalization. This one, 
which is a factor 1.25 sisal 1er in the zero range approximation 
than in more realistic descriptions of the NN interaction, 
is important -ue to the long range of the electric dipole 
operator. Apart from this factor, the differences are not much 
larger than those evidenced by our own results for various 
separable potentials. Obviously, as in thermal neutror.-proton 
radiative capture, the accuracy of expressions such as 12a) 
can be improved by using more realistic models to describe 
the strong interaction, in particular their longer range part 
which is cannon to all of them. In this respect, we believe 
that expressions (28) of E, ,_ and E, . , obtained from the SSC 
potential in terms of MC , MA , M A

e n
 n n d M A

n n * a r e m o r e realistic 
and should not vary by more than a few percents by considering 
other realistic models of the NN strong interaction. 

Th« other previous study on p.n-c. effects in n-d 
capture is due to Hadjimichael, Harms and Newton ' . They 
used wave functions obtained from separable potentials and 
showed that such an approach can account for the effect of 
the short range repulsion in the SH interaction, what is 
confirmed by the present study. On tho other hand, they neglected 
the stronq interaction in intermediate 3-nucleon odd parity 
states and therefore calculated the amplitudes E^ -2 and K 3 „ 
from exp.119), but with the free Green's function, Gft. We checked 
the validity of this approximation in the case of thii MT IUPAI 
potential which was partly employed by the authors. Results 
thus obtained are reported in table 7 (column G Q) where we 
givu the values of the coefficients a* as defined by (261. 
They can be easily compared with the results of the full 



calculation which * r e alio given in Che same table (column C). 
It is seen that the approximation of the free G-matrix tends 
to underestimate the offeet. The difference is particularly 
important for those transitions involving the 5, state 
(transitions S,- pi a n d s i ~ pi ) where it reaches a fuctor 
as large as S (B for the a exchange contribution to E, ,., ). 
with ouch enhancements, predictions of these authors for V 
and A n should exceed 10 in j veral cases and might be in 
the range of the présent measurement for the asymmetry. A 
comparison of their results with ours however indicates that 
they arc too large by one order of magnitude. We do not see 
any explanation to this important discrepancy. 

VI. Comparison with experiment - Conclusion 

The only p.n.c. observable studied experimentally 
in n-d capture until now is the asymmetry in the Y emission 
with rospect to the neutron polarization. The last measurement 
performed at ILL has considerably improved upon a previous; 
one . The most, recent analysis of that experiment loads 
to : 

. -6 (30) 

The predictions which can be obtained from the results ^.scribed 
in this raper depend on models of the strong a..d weak 
nucleon-nuclcon interactions. For the strong ir.Lerai.tion, we 
use an one hand the SSC potential, explicitly employed in our 
calculations, and, on the other hand the Reid-soft-core 
potential. In this last case, we extrapolate the results from 
those obtained with the SSc potential by replacing the quantities 
MC , MX , H x and M* » which enter in the corresponding 
expressions of E, ,, a n d Ey/2 (ea.-28), by those relevant to 
the RSC potential (see table 2). For the weak interaction, 
we will consider the "best values" of the DDH model '. They 
have been referred to in several estimates of p.n.c. effects 
and have successfully accounted for some measurements 

http://ir.Lerai.tion
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As to the factors v a*"3 x v appearing i n the expression 122 ) 
of the p.n.c. potential , thoy are chonon to be -0.12 and 3.7 
as usually done, whereas the strong muson-nucleon coupling 
constants, g and g u . are taken as g u " 3g = 8.4. Results 
so obtained are displayed in table 8 where they are split 
into their contributions corresponding to the AT = •, 1 and 
2 parts of the p.n.c. forces. This is done to get a rapid idea 
of their relative «eights, hut also to facilitate the 
extrapolation of the results to other choices of the weak 
coupling constants uhich may turn out to ho necessary in the 
future. Indeed, there are indications that the above values 
of the DDH model are not uny more the host ones. In particular, 
the coupling constant. f__ . which was already suggested in the 
past to be smaller than the "best one" , ffl = 4.6x10 , 
is now constrained to be smaller than l.SxlO- by the absence 
of effect in 1 B F 3 0 * 3 1 '. To take into account this feature, 
it will be sufficient to scale appropriately the column aT = 
1 in table 8, which if. largely dominated by the n -exchange 
contribution. Uncert.i_ntj.ea on the isosoalar part are difficult 
to settle. With a vaiuq of -1.14x10 (and a strong short range 
repulsion in -the [IS interaction such as the one given by the 
HSC potential), the coupling constant, h , which gives the 
dominant contribution to this îsoscalar part, was thought to 
be in good agreement with p.n.c. effects observed in pp 
scattering l i , p - a scattering 2 B J , 1 9 F and 2 1Ho 2 6 ) . The present 
upper litfit on f , mentioned -ibovc, casts some doubt on this 
good agreement. The situation is somewhat unclear however. 
P.n.c. effects in F and p- u scattering would require a larger 
isoscalar contribution while those in He and pp scattering 
(the last measurement at SIM 3 2 1 ; A 145 MiiVl = ( 1.7.0.4 )xl0~ ) 
would favor a smaller one- It is therefore likely that, 
within a factor 2, the contribution of the isoscalar part of 
the weak force with fiSC reported in table 8 has the right 
magnitude. 

When they are added toget.ei, the different 
contributions for the asymmetry A do not exceed the value 
of 0.8x10 and probably somewhat leas if one takes into account 

http://Uncert.i_ntj.ea


constraints presently imposed by other observed p.u.c. effects. 

This is quite consistant with the present measurement given 

by (30) whose uncertainty is quite large. There is no possible 

comparison with experiment for the other two observables given 

in table 8, P and ft . Expectations for them aie larger than 

for the presently measured asymmetry, ft" , but this advantage 

may be compensated by difficulties in realizing the experiment. 

On the other hand, they tend to favor the n-exchange 

contribution. In principle, independent measurements of P^, 

A and ft should provide some internal consistency check since 
> Y 
they depend only on two amplitudes, G. .,_ and Ey/j- l n practice, 

this may reveal to be difficult, since two of the observables, 

P and ft , involve to Gome extent the same combination of these 
y Y 

amplitudes as it can be readily seen from expressions (13) 

or also from table 8). For completeness, we give i-xpre:;sions 

of Ei/2 a r" î E3/2 i n t c r m s o £ t l l u weak coupling constants and 

for both the SSC and NSC (extrapolated) models of the strong 

interaction : 
SSC 2 

E, ,_ [ f m 5^ 2 > - -1.63h°-2.27h°+6.2f -0 .14b1 ' +0. 49I11» 0.901^ + 0. &n-=, 

E,,_(fm5/'2) - l).Ulh°ri.Q4h0+2.4t -O.OSh1 ' -0.61hi-0.54hIt0.19-â . 

BSC (extrapolated) 

E, ,-(fm 5 / 1) - -0.96h°-1.07h°46.1f -0.12^' +0.32h1 + 0. 3. h' + O.Sû'â-1/2 u o n p « f J b 

E-._(fn5/'2) - 0.4Bh°+0.53hû*2.4f -Û. Q3b} ' -O.Seh1^). 32 t^+O . 11-^ . 3/2 w p » p u o /ft 

The present study was first aimed to improve upon 

previous estimates of p.n.c. effects in thermal neutron-deuteron 

radiative capture by Moskalev on one hand, Hadjimichnel, Harms 

and Newton on the other hand and, in this order, we employed 

several simplified models of the NN strong interaction. It 

•hows that the method used in the first work, which is rather 
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unknown in this field, is able to provide reliable predictions, 
in spite of approximations quite drastic at first sight. It 
supports in particular the idea first emphasized by Danilov 
and extended later on in ref.l2J that low energy processes 
are sensitive to an information concerning tiie weak force which 
is rather limited and essentially represented by the five zero 
energy p. n.c. NN Amplitudes, MC , Ml 1, Mo - The number 
of 5 has to bo compared to the number of parameters of the 
weak force given by (22] which is 10. In evaluating this number, 
wc considered that anticommutator and commutator pieces of 
the force can be considered as independent quantities a priori, 
but did not take into account the range of the wyak force or 
the strength of the repulsion at short distances which represent 
other sources of uncertainty incorporated in the above 
amplitudes. Concerning the second work, we showed that the 
strong interaction in odd parity 3-nucleon states, which can 
be accounted for by replacing the free Green's function by the 
t-omi-lote one is not negligible and gives rise to an important 

! enhancement of sonic contributions. 

While we treated completely the problem of p.n.c. 
effects with one realistic model of the Kit interaction (5SC), 
it is c.car that we have not done in extensive study. We showud 
however how to extrapolate present results to other realistic 
descriptions of the strong interaction. The main limitation 
of the present results may arise from the fact that the 
properties ot the 3-nucleon system, its binding energy in 
particular, arc not fully understood. The theoretical analysis 
developed here indicates that all the pieces of the weak force 
contribute with similar weights, to the rtitferent observables 
which may he of interest. This feature does not favor the present 
process for getting information on a particular part of the 
force, although it. can provide a, useful check of results obtained 
elsewhere- On the other hand, present estimates which ate at 
the upper limit of what is measurable, should provide a more 
accurate benchmark for future experimental work in this field. 
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Table captions 

A few properties of the 2 and 3-nucleon systems 
predicted from various models of the strong NN 
interaction considered in the present work : the 
different quantities are successively the scattering 
lengths relative to the 2-nucleon systems,a. and a , 
the corresponding effective ranges, r and r .the doublet 
and quartet scattering lengths of the nucleon-deuteron 
system, ai/5 a n â a3/2* t h e binding energy of the 
triton, EtB.E.), the amplitudes for radiative capture 
from doublet and quartet states, M. ._ and H, / 9, and 
the total cross-section, 

1/2 °" u "J/2' 

Table 2 : Expression of the zero energy p.n.c, NN amplitudes 
in terms of weak coupling constants : numerical values 
of the coefficients fl1 appearing in the expansion 
defined by eqs.(24). The typical size of the numbers 
for short range contributions is Mll-r./a)/(4am r.) 
(shell-delta case). Deviations to this typical size 
represent the effect of short range correlations. 

Table 3 i Expression of the amplitude E. ., in terms of weak 
coupling constants for different models of the strong 
interaction : numerical values of the coefficients 
a ± appearing ir 
and (27) (units 

Table 4 : Same as table 3 for the amplitude E- ._. 

Table 5 : Simplified expression of the amplitude E,._ in terms 
of the zero energy p.n.c. amplitudes for different 
models of the strong interaction : numerical values 
of the coefficients relative to these amplitudes 
(units •«,5/21 
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Table 6 : Same as table 5 for the amplitude E_ ... 

Table 7 s Expression of Ei/ 2
 a n d E 3 / 2

 i n terms of coupling 
constants for the MTlUPA) model of the strong 
interaction : numerical values of the coefficients 
i a , appearing in exp,(26) for a free neutron-deuteron 
system (plane wave), in absence of interaction in 
intermediate states (GQ) and for the complete 
calculation (G). 

Table 8 : Predictions for the different observables. P^, A" 
and A~, in the DDii model of the weak NN interaction 
and for two models of the strong interaction : SSC 
and Reid-soft-core (RSC > extrapolated from exp.12811 
The total contribution is split into the different 
contributions of the AT = 0, 1 and 2 parts of the 
weak force. 



ssc HT MT(UPA) S h e l l - d e l t a Yamaguchi 

a (£m) 5.48 5.49 5.55 5-35 5.36 
a s ( fm) - 1 7 . 1 - 2 5 . 3 - 2 3 . 6 - 1 7 . 0 - 1 7 . 0 
r t ( £ m ) 1.63 1 . 8 1.95 1.70 1.70 
r s ( f m ) 2 .71 2 . 8 2.86 2 . 7 2 . 7 

a j . 2 ( fm) 1 . 2 0.62 0.92 0.99 -0 .79 
a 3 . 2 ( fm) b . 4 6 . 4 6.46 6.24 6.26 

E(B.B.HMeV) - 7 . 5 -B.5 ' -B.5 - 8 . 5 - 1 0 . 7 

M 1 / 5 ( f m 5 / 2 ) 3.5 
2.9 

3.B 
2.3 

4 .0 
2.4 

4.0 
2.7 

3.1 
1.5 

o(Rlb) 0.34 0.28 0.29 0.32 0.15 



ssc MT MT(UPA) S h e l l - d e l t a Yamaguch i BSC 

BH 
L O S 1.17 1.17 1.24 1.33 1.04 

9 0 1 
- .0037 - .0080 --00H3 - .0121 - .0238 - .0019 

0 Ô 1 
- .0054 - .0100 - .0100 - .0120 - .0193 - .0048 

- .0073 - .0080 - .0083 - .0121 - . 0 2 38 - .0031 
aô"o +.0040 +.0100 +.0100 +.0120 +.0193 +.0013 

eîl - . 0 1 0 3 - .0076 - .0084 - .0145 - .0258 - .0064 
a ÏJ - .0120 - .0108 - .0114 - .0144 - .0223 - .0070 

MT(UPA) She l l -de l ta 

- . 032 - . 058 - . 0 6 0 - . 0 8 1 

°Ô1 - .049 - .074 - . 0 7 0 - . 078 

- . 059 - .052 - . 0 5 3 - .076 

"on .033 .066 .063 .074 

«;,< p n ) - . 037 - .036 - .046 - .062 

"Il ' p n ) - . 042 - .050 - .054 - .059 

0 ; , i n n ) - .044 - .026 - .033 - .046 

*7i< n n ) - . 052 - .036 - .040 - .044 
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E-.- SSC MT MTIUPAJ Shell-delta Yamaguchi 

o . 2 . 4 3 . 0 3 . 2 3 . 2 2 . 3 

° 0 1 
- . 0 1 0 - . 0 2 1 - .024 - . 0 3 4 - . 0 4 7 

° 0 1 
- . 0 1 2 - . 027 - . 0 2 9 - . 0 3 3 - . 038 

+ .023 .017 .018 .025 .039 + 

- . 0 1 2 - . 0 2 1 - .022 - . 0 2 4 - . 0 3 1 

tt!î p n ) .011 .006 .008 .013 .014 

°ïl p n ) .012 -00B .010 .012 .012 

aîl n n ) .032 .022 .028 .044 .0S4 

•Il n n ) .036 .032 .036 .043 .046 

Table 4 

I 

E,._ SSC MT MT(U"AI Shell-dultu Y.maguchi 

Table 5 



- 3 5 -

E 3 - 2 SSC MT MT(UI'A) S h e l l - d i i l t a Y a m a g u c h i 

BC 2 . 4 2 . 7 2 . 9 2 . 8 2 . 0 

MA t - 3 . 1 - 2 . 1 - 2 . 2 - 2 . 0 - 1 . 6 

MA - 1 . 0 -0 .8 -0 .3 -0 .9 -0 .6 

MA -3 .0 -2 .9 -3.2 - i .O -2 .1 

Tabic 6 

fl^2 fî£Z 
plane wawe tï 0 C plane wave G G 

a ^ l p n ) -.066 

o ^ t p n ) -.0fl4 

«II*"" 1 - - 0 " 
o , , Inn) -.040 

0.6 S.9 

- .011 -.060 

-.011 - .070 

-.002 -,0S3 

.001 .Obi 

- .019 -.046 

-.022 -.054 

- 004 - . 0 3 3 

- . 0 0 S - . 0 4 0 

11.6 1.1 3.2 

-.077 -.007 -.024 

-.097 -.009 -.029 

.041 .010 .01B 

-.0^3 -.013 -.022 

.021 -.003 .008 

.025 -.004 .010 

.073 .006 .028 

.092 ,007 -036 

Table 7 



SSC RSC (extrapolated) 
Total ( T : 0 + 1 + 2 ) Total [ Ti 0 + 1 + 2) 

P Y- 10* -1.39 -.51 -.95 +.06 -1.14 -.24 -.94 +.04 
A" * 10* 0.81 .40 *-45 -.03 .61 .19 +.44 -.02 
A* * 10 6 -1.60 -.40 -1.29 . +.09 -1.40 -.18 -1.27 +.05 

Table 8 


