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Relativistic and Mesonic Corrections to the Forward Cross Section for d(y, p) n
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The discrepancy between the theoretical and the experimental values of the forward
deuteron photodisintegration cross section is found to be sensibly reduced by the inclu-
sion of the relativistic corrections (Darwin-Foldy and spin-orbit terms) in the charge
density. On the contrary, the pionic corrections calculated in the pseudoscalar n. KN
coupling are in the opposite direction.

PACS numbers: 25.20.+y, 25.10.+s

As is well known, there is a large discrepancy
between the experimental and the theoretical val-
ues of the differential cross section at 0', do/
dQ(0'), for the emitted protons in deuteron photo-
disintegration. The results obtained by Hughes
et al. ' for photon laboratory energies between E
= 20 and 120 MeV were systematically lower, by
about 30% to 40%, than those given by the impulse-
approximation (IA) theory with old realistic po-
tentials predicting a D-state deuteron percentage
PD =7%„such as the Hamada-Johnston potential.
The discrepancy was practically unchanged even
after the inclusion of the exchange-current con-
tributions as in the calculation of Arenhovel et al.
quoted in Bef. 1. Moreover, very recently the
result of Hughes et al. ' at E„=40 MeV has been
confirmed by Gilot et al. ' in a measurement of
the differential cross section of the inverse re-
action, the n-P radiative capture.

The first attempts to obtain theoretical values
in agreement with those measured were concen-
trated on the NN interaction. In fact, do/dQ(0')
is very sensitive to the noncentral parts of the
NN potential, essentially to the tensor part. The
cross section should be exactly zero in El ap-
proximation (neglecting the magnetization cur-
rent) with noninteracting final states and with a
vanishing P~' By studying the influence of the
tensor force on do'/dQ(0'), several authors' '
have shown that NA potentials predicting a lower
I'D sensibly reduce the discrepancy with experi-
ment. But too strong of a reduction of the
strength of the tensor force is not realistic be-

cause it has the consequence of worsening the
fit to other experimental data, such as the deuter-
on quadrupole moment. Bather, it should be nec-
essary to modify the shape of the tensor force,
whose isovector part seems to be too strong in
the intermediate range. '

Obviously a second way for modifying the value
of the cross section consists of changing the tran-
sition operators. The first attempts in this di-
rection were by Gari and Sommer' and Hadji-
michael, ' who studied the effect on da/dQ(0') of
the two-body contributions (p&») to the charge
density coming from the pair process in Fig. 1,
calculated with use of the pseudoscalar (ps) AN
coupling. Their results seemed to go in the right
sense, leading to a consistent reduction (of about
10%) of the theoretics. l cross section. But these
findings have been completely reversed by Jaus
and Woolkock, "who compare the effect on dv/
dQ(0 ) of p&» evaluated in pseudovector (pv) and

ps AN coupling. Indeed, they find that do'/dQ(0')
diminishes by (2-5)% in pv coupling, while it in-
creases by (4-5)% in ps coupling, in the photon
energy range 20-40 MeV. These authors take in-
to account many local and nonlocal contributions
to p&» deriving from the exchange of one and two
pions and with nucleon- and 633 intermediate
states. However, the dominant contribution in
ps coupling turns out to be that of the pair pro-
cess. In their calculations, Jaus and Woolkock"
include only the E1 transitions in the long-wave-
length (LW) approximation.

Besides the two-body mesonic corrections to
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FIG, 1. Pair-excitation process.

the charge density, there are the one-body rela-
tivistic corrections (p~), which, to our knowledge,
have never been considered until now in deuteron
photodisintegration. Our aim in this paper is to
give an evaluation of the relativistic effects on
do/dQ(0 ). We limit ourselves to the so-called
Darwin-Foldy and spin-orbit terms, " even if a
fully consistent relativistic treatment to the order
1/M' (M being the nucleon mass) should also in-
clude other kinematic and dynamic corrections to

the charge density coming from the relativistic
transformation of the wave functions. "

In this paper we also report on the results for
do/dQ(0') when the mesonic charge density in ps
coupling is considered without limiting the calcu-
lation to the LW E1 approximation.

We find that these relativistic corrections sen-
sibly reduce the discrepancy between the theoret-
ical and experimental values of do/dQ(0'). On the
contrary, the mesonic corrections in ps coupling
go in the wrong direction, increasing the theoret-
ical cross section, in agreement with the findings
of Jaus and Woolkock. "

In summary, we are interested in showing the
effect on do/dQ(0') of the one-body relativistic
charge density p„and of the two-body pionic
charge density p&», calculated in ps coupling.
For p~ and p, » we limit ourselves to the Darwin-
Foldy and spin-orbit terms, and to the dominant
pair-process contributions, respectively.

By Fourier transformation of the momentum-
space expression of p~ in Ref. 11, the one-body
charge density p, », in configuration space, as-
sumes the form

2 A A

p&, &(x) =eQ e; 1+ 8~ 6(x-r,.)+ ', ' V„6(x—r;) Fr, p,.
5

where 0,. and p, are the spin and momentum op-
perators of the ith nucleon, and r,. is its coordi-
nate in the center-of-mass frame. For real pho-
tons,

",. = g[1 (')j, l"„,= '[APT-(,')]
pz -—0.88 and ~ = 4.71 being the isoscalar and

! isovector magnetic moments of the nucleon, and

T (i) the z component of the isospin vector ~, .
The pair-process contribution to the charge den-

sity was calculated for the first time by Kloet and

Tjon and reported afterwards by several authors. "
Transforming to configuration space, as indicated
in the Appendix of Ref. 14, we have

p L2, (x) = —
2

f„~'(x, V„(N~7., ~ ~, + p v„)&, ~

', Y', ( p, !r,-x!)6(r, —x) + (1=2),
Ir2- X I

(2)

where we did not use any form factor at the md%

vertex. In (2) f,~„' =0.08 is the AN coupling con-
stant, p, is the pion mass, and

Y,(x) = (e */x)(1+ x ').

As far as the nuclear current density is con-
cerned, we have considered only the usual con-
vective and spin magnetization currents, neglect-
ing the meson-exchange currents (MEC) as well
as the isobar configuration admixtures (IC) to the
normal wave functions. The reasons for this are
that our treatment of the mesonic and relativistic
corrections is far from being complete and,
moreover, that the MEC and IC contributions to
do/d Q(0 ) were calculated by Arenho'vel and
Fabian (quoted in Ref. 1) and found to be very

! small except at the threshold.
Finally, we refer to the classic paper of Par-

tovi' for the expression of the differential cross
section. The procedure for obtaining from p~
and p» the electric multipole operators and the
new contributions to the reduced matrix elements
1~(Aj), defined by Partovi, is straightforward and

will not be given in this Letter.
Furthermore, because of the sensitivity of do/

dQ(0') to the form of the NN interaction, we have
considered two potential models, giving different
P~: the Reid soft-core potential (RSC)" (P„
= 6.47%), and version B of the super-soft-core
potential (SSB) of de Tourreil and Sprung" (P~
= 4.25%).
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Our results are compared with the experimental
values" in Figs. 2 and 3 for the RSC potential and
SSB potential, respectively. The solid lines rep-
resent the values obtained in Partovi's theory,
the dashed lines show the variations induced by

p~», and the dot-dashed lines show those induced

by p~. Finally, the dotted lines correspond to the
inclusion of both pl-» and p~.

The first comment concerns the convergence of
the multipole expansion. We have found that, in
order to have three significant digits in dv/dQ(0'),
it is necessary to include in the calculation all
the electromagnetic multipoles through L= 3 for
E =20 MeV, L=4 for E& =60 MeV, and L= 5 for
higher energies. Actually, the maximum multi-
pole order to be included for the contributions
due to p~ and p&» turns out to be lower on the
average, by one and two units, respectively.

As regards the effect of p~, it is clearly seen
from the figures that the relativistic corrections
to the charge density markedly lower the theoret-
ical values of dv/dQ(0 ). If only p„ is added to
the standard electromagnetic operators and the
SSB potential is used, the theoretical points be-
come even lower than the experimental ones
above 80 MeV (see Fig. 3). The variations in-
crease with photon energy, as expected on ac-
count of the momentum dependence of p~. The
percentage changes are similar for both the po-
tentials used. For example, in the case of the
RSC potential, they go from —3% at 10 MeV to
—20% at 100 MeV. The spin-orbit term gives

5-

the dominant contribution because it allows transi-
tions from the 'S, deuteron state to the singlet
and triplet final states, whose importance is en-
hanced because of the small value of P~. In fact,
as discussed above, the main transitions in the
standard theory are from the 'D, deuteron state.

As far as the effect of the pionic charge density
in ps coupling is concerned, we find that p, » in-
duces positive corrections in dv/df'I(0') T.hus,
our results are in disagreement with those of
Gari and Sommer' and of Hadjimichael' but in

agreement with those of Jaus and Woolkock. "
The short-range behavior of the two-body electric
multipole operators deriving from (2) enhances
the importance of higher momentum transfers.
In fact, when p, » is added to the usual nonrela-
tivistic charge density, the percentage variations
of do/dQ(0') grow gradually from 2/o at 10 MeV
to 14% at 100 MeV for the RSC potential. Again,
the variations with the SSB potential are similar.

With reference to the corrections induced by

p, », a remark about the paper of Jaus and Wool-
kock" is in order. The percentage variations
just quoted are those obtained with consideration
of all the electromagnetic multipoles through an
appropriate order (L = 4 on the average, as stated
above) and all the retardation factors. We have
also calculated dv/d Q(0 ) in the LW El approxi-
mation, as in Ref. 10. In this limit the percent-
age variations are, of course, higher; at 20
MeV we obtain 7. 1'%%uo instead of 4.6% and at 40
MeV 11.6% instead of 7.9%, always with the RSC
potential. We must conclude that the other multi-
poles and the retardation factors neglected in
Ref. 10 give nonnegligible contributions even in
this low-energy region.

The dotted lines represent the theoretical re-
sults when both p, » and p~ are considered. Since

I
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FIG. 2. Forward deuteron photodisintegration cross
section, with the Reid soft-core potential. The full
line represents the cross section in the impulse ap-
proximation. The dashed (dot-dashed) line gives the re-
sults when the bvo-body charge density pt 2~ (."'he rela-
tivistic charge density pR) is included. The dotted line
shows the cross section when both pt» and pz are in-
cluded. The experimental points are from Ref. 1 (dots)
and from Ref. 3 {triangle).
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FIG. 3. The same as in Fig. 2, when the super-soft-
core potential (version B) of de Tourreil and Sprung
(Ref. 16) is used.
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the two corrections are of opposite sign and that
of p~ is higher, the resulting curves are slightly
closer to the measured values than those obtained
in the IA.

Jaus and %oolkock" have also found that p,»
evaluated in pv coupling reduces the discrepancy
with the experiment. However, we cannot com-
bine our results for p~ with their results for p,»
in pv coupling to give the overall effect in da/
dQ(0') because their calculation is in LW El ap-
proximation and, moreover, because of the inter-
ference terms.

In conclusion, we think that our results on the
relativistic corrections to do/di'/0') are promising
even if not conclusive because we have neglected
the relativistic corrections coming from the dis-
tortions to the wave functions due to the nuclear
motion. For a definite understanding of the
measured do/d Q(0 ), a more accurate investiga-
tion of the isovector part of the tensor force has
been suggested. ' It seems to us that the study of
the relativistic and exchange contributions to the
electromagnetic operators is also worth pursuing.
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