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Two-Boiiy Effects and Neutron Polarization in the Reaction 2H(y, n)H at Low Energies
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The neutron polarization in the reaction 2H(y, n)H is calculated by incorporating the
two-body charge- and current-density effects in the traditional theory. The calculations
are carried out for a number of recent and old two-nucleon potentials. Clear evidence
is provided that even at very low energies a serious discrepancy between theory and
experiment exists.

PACS numbers: 24.70.+s, 25.20.+y

Ever since the calculation of the exchange-cur-
rent operators due to the exchange of one pion
and of vector mesons by Chemtob and Rho' and
their successful application in the one-pion ex-
change approximation to the radiative n-P capture
to explain the well-known 10/o discrepancy in the
cross section at thermal energies by Riska and
Brown, meson-exchange-current contributions
have been included in calculations of magnetic
moment, ' radiative n -d captive, electron-deuter-
on scattering, ' and other nuclear structure calcu-
lations. ' The contribution of the two-body charge
density to the E1 operator had been first correct-
ly calculated by Cambi, Mosconi, and Hicci, ' who
also studied the effect of the two-body charge and
current densities in the deuteron photoabsorption

!
sum rules. It has long been known that calcula-

tions and measurement on the polarization of the
outgoing nucleons in the reaction 'H(y, n)H, '
especially at low energies, ' will provide a rather
sensitive way to examine the two-body effects.
The object of this Letter is to make available the
results of such a calculation and provide clear
evidence that the two-body charge- and current-
density effects, when included in the traditional
theory, cannot account for the polarization data.
The two-body charge effects are included here
for the first time in such calculations.

The general notation and conventions regarding
geometry employed here are the same as in
Bustgi etal. (BZBA).' All the transitions, &1,
~V1, and E2, considered in the paper are included
here. According to Chemtob and Rho, ' the rele-
vant exchange-current contributions to the transi-
tion amp1itude may be written as

M = rt 8((Tp T„)sl-(vp Gn)gl+ Tpn gII] + (Tp Tn)sl (+p +n)kI +Tpn kII]] y

where p. & is the nucleon Bohr magneton and

Tp„= (apxII„) ~ rr —&(opxIr„),
e = (Irp g„) ~ rr —rI((rp —z„).

(2)

There is an isoscalar part as well which is ne-
glected because it does not make any significant
contribution to the present investigation. The
functions g~, g~~, ~~~, and h~~ are real scalar
functions of l rl =

I rp —r„l and are given in Ref. 1
for the various meson exchange processes. For
the 'H(y, n)H process, it is easy to show that

Tp„=iTp„, (Tp x T„), = —i (v p
—7.„)„

and the two terms in the curly brackets in (1) can
be combined into a single term:

=.Bl (Irp —Irn) (gI + k I) + Tp. (gI I + k I I)],

where use has been made of the fact that for the
ground state of the deuteron T =0.

On adding this operator to Eq. (4.1) of BZBA

!and carrying out a calculation for the amplitudes
in-the same fashion as described therein, one can
calculate the contribution of these terms to the ele-
ments of the S matrix in Eqs. (18.1)-(18.3) of
RZBA. These contributions amount simply to mak-
ing the following changes in the radial integrals:

Ms M s + 2M so —rI(2V 2 )Mo (4)

VD + 2Mo' —r (2~ 2 )M s', (6)

where the radial integrals &I & and»D are defined
in RZBA and

M ' = (N/Mc)y f U'+, (kr)tg, +k, ]dr, (6)

M s' = (It/Mc)y f U '&,(kr)tg» + k»]dr, (7)

iso' = (h/vrc)y f W'W (kr )+II +kII]dr, (8)

M, '=( /M ) f W'S, (k )[(g, +k, )+ r(g„+k„)]d .
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In numerical calculations all the me meson exchange diagrams con
ones for the exchange of heaavy mesons such as p and are con '

consider by Hadjimichael' in 1 d thcu ing e

The additional contribution due t t
are considered.

E . '4
u ion ue to the effect of the two-bod char

q. ( .1) of RZBA the following':
- o y c arge density is included by adding to

D "=—(f'/2M)F, (p.r)([p, T~ ~ T + '
s ..Tn+ r~v iT. + Tn)z~ ~ (~. c'n)- '~ (T -T„—~ „T, T-„'.Ops„r"+O„O, r))

(14)

/4M)iT, -7„),[l', (Wr)(g,g„~go„op x) & j. e-&~g .
where S is th

/4M) iT -7'
& „„o~~ & —&r'e o~ ~ a„+1',(pr)S, »)], (10)

» is the usual tensor operator, f'=0.081
and the functio

~ ~
~ =r ~~ Jl" s=&p+ &

terms
dY d f db C b'io, y am i, Mosconi and Ric

Ssq

~ ~

T —
0

in e =1 final state, can be in
ese

trix simply by making the follo owing changes in the radial inte ral
n e incorporated in the elements f th 8n so e ma-

f' 2f'QQ

in egra s in Eqs. (18.4)-(18.12) of RZBA:

(p 2

o 6M 8M M (11)

f2 2

M " 2 v 2 6M 0 SM M 2

15M ~ 5~2 "e ~ P,„y —~ '42 d~, (»)

y wr+f f 2

~y, — y, +~2 y,U 'U, 'dr,

where T = (o.',P).
These modified amplitudes are then incorpo-

rated in Egs. (9.5)-(9.7) of RZBA to calculate the
polarization of the outgoing neutr Thneu rons. The pre-
scription for obtaining the am 1't dp i u es from the
outgoing neutrons from protons is described in
RZBA. Th
out for

e numerical calculations ar e carried
ou or the Yale,"Hamada- Johnston" P
and su 13 ~

on~ aris~

tials. T
supersoft-core (versions B d C)

ia s. The results are compared with the experi-
ntal data14-16 in Figs. 1 and 2.

InFi . 1 t'g. , he results for the supersoft-core
potential B (SSC-B) without a d 'th t

results for all other potentials, namely, the SSC-
&, Paris, and Yale potentials, are reported only
for calculations which have th tw -be o- ody effects
in them and are labeled as 3 4 d 5,, an, respec-
ive y. The results for the Hamada-J h ta- o ns onpo-
en ial were also calculated and fall betwa e een 4

u are not displayed. Our results for the
Hamada- Johnston potential are higher th thr an ose

jimichael, who has included only the two-
body current effects in his calculations.

for the SSC-B
There is no doubt that in Fi . 1 thig. , e r esults

or e SSC-B give the best agreement with the
data of Holto o, Stephenson, and Specht" and Nath
Firk, and Schultz" when tw -b do- o y effects are ex-

tainti
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FIQ. 2. Comparison of the present calculation for
the SSC-B potential without (dashed curve) and with
(solid curve) the two-body charge and current effects
with the data of Jewell et al. (Ref. 16).

which has the two-body effects in it, does any
worse. However, in general, it is found that the
two-body contributions have the effect of increas-
ing the polarization which is found to be negative.
This is so because the neutron polarization from
the reaction 'H(y, n)H at an angle of 90' and at
low energy is known to be negative and dominated
by &1-M1 interference terns. ' The two-body cur-
rent effects enhance the value of the radial inte-
gral defined in Eg. (4), resulting in more (nega-
tive) polarization.

The situation is, however, much clearer when
comparison is made with the data of Jewell et al."
at 2.75 MeV. There is unambiguous disagree-
ment between theory and experiment and the two-
body effects make the agreement worse. The
agreement can, however, be obtained if the solid
curve is multiplied by an arbitrary factor of- 0.82. Similarly, all the published low-energy
(2.5 to 16.0 MeV) angular distribution data, too
many to be discussed in this Letter, can be fitted
within reported error bars only with a normaliza-
tion factor for each energy. The normalization
factor is needed because the published cross sec-
tions are relative and not absolute. One cannot,
however, draw any definite conclusions from
work published earlier by Hadjimichael and Say-
lor" at higher energies (20 —80 MeV) because

their model, invented to fit the total cross sec-
tions, is not yet developed enough to fit the angu-
lar distribution and polarization data.

It may be mentioned that the results for the an-
gular distribution and polarization with and with-
out the two-body charge effects but including the
exchange-current terms are hardly distinguish-
able from each other at the lowest y-ray energy
considered here, differing in the fourth decimal
place by one or two. This indicates that in the
low-energy limit our results agree with those in-
cluding exchange-current terms as in Ref. 2.

The disagreement obtained in Fig. 2 in conjunc-
tion with the general discussion above and conclu-
sions that can be drawn from Fig. 1 clearly dem-
onstrate the inadequacy of the present theory
for the 'H(y, n)H process.
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All natural-parity states of ' 0 have been studied with high accuracy with the ' C(VLi,
t y) ' 0 coincidence and C(n, y) ' 0 radiative-capture reactions. The four-particle, two-
hole 0&+, 1, 23', and 33 states deexcite with consecutive enhanced E1 and F. 2 cross-
over transitions having 8 (El) = 10 2 Weisskopf units (W.u.) and a ( E2) = 20 W.u. These
data suggest the existence of an n+'4C dipole band in '80 similar to those discussed re-
cently by Iaehello and Jackson.

PACS numbers: 21.60.0x, 21.10.Pc, 23.20.Ck, 27.20.+n

The A = 18 system is an attr active one for study
of nuclear structure' in that it gives access to
both charge symmetry and charge independence
of the nucleon-nucleon interaction, as well as
interplay of the single-particle and deformed
collective-quadrupole degrees of freedom. ' 4

Indeed, the coexistence of core-excitation de-
formed states [e.g. , the four-particle, two-hole
(4p-2h) 0, state at 3.63 in "0] and simple two-
particle shell-model states is now well estab-
lished in ' O.

Recently, it has been suggested' that certain
nuclei may display an altogether new collective
degree of freedom. When the nucleus can be
described as a dinuclear molecular system, as
this suggestion implies, the relevant degree of
freedom is the separation vector of the nuclear
centers and the pertinent variables are the length
of this vector and two of the three Euler angles
which define its spatial orientation. The dinu-
clear molecular system can be described by a
classical geometrical description' as well as a
group-theoretical algebraic picture. ' In this
latter case the molecular spectra are considered
to be generated by one S boson and three P„(-1
~ p. ~1) bosons, the generators of U(4).

Two quite distinct physical situations are pos-
sible. In the first, the participant nuclei do not
themselves deform and only the length of the

separation vector undergoes oscillation while the
entire system can rotate about its center of mass.
Such motion would be expected to lead to a con-
ventional vibration-rotation spectra involving ro-
tational bands having spin sequences 0', 1,2', 3,
4', etc. ; additionally it would be expected that
enhanced collective E1 intraband transitions
would be observed in non-self -conjugate systems. '

In the second physical situation the participant
nuclei interpenetrate as the separation vector
oscillates. Such motion can give rise to a spec-
trum having equidistant multiplets of dipole vibra-
tional character and again enhanced collective E1
transitions (between states of different multiplets)
are predicted in non-self-conjugate systems. '

Recently this enhancement of the radiative
widths of transitions linking molecular states has
been examined in a model-independent fashion'
and sum rules have been derived for E1, E2, and
E3 transitions. These sum rules together with
the usual Wigner limits of reduced widths for par-
ticle decay of the presumed molecular states
provide an effective signature for such structure
as well as a measure of the degree of collective
enhancement. They also provide a scale [10 '
Weisskopf units (W.u. ) J for the B(El) enhance-
ment.

The best candidate nuclear systems for exhibi-
tion of the suggested molecular states would ap-
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