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Interpretation of the High-Energy processes '60(y, p0)'5N and '60(y, n0)'50
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Calculations based on a two-nucleon (n-p) absorption mechanism show that the form fac-
tor of the residual nucleus plays an important role in determining the shape of the photo-
production cross section in a wide energy range 60 MeV -E

&
- 300 MeV.

In recent papers"' the (y, P,) reaction has been
considered a good source of information of the
high-momentum components of nucleon wave func-
tions. Assuming a single-step knockout mecha-
nism, momentum distributions are extracted
from the data. ' With this kind of model, how-
ever, it is not possible to describe (y, n, ) cross
sections which are of the same order of magni-
tude as the (y, p,) reactions. "A promising ap-
proach, which gives a good description of the
data below the meson threshold, is a model with
a one-pion-exchange force. ' In this model the
photon is absorbed mainly by a correlated neu-
tron-proton pair; it is similar to the quasideu-
teron model used for the description of (y, np)
processes or other processes, e.g. , 'He(y, ~',).'
In this Letter it is demonstrated by using the
quasideuteron model, that the form factor of the
residual nucleus plays an essential role in the
interpretation of the measured data in a wide
energy range.

Figure 1(a) shows the "O(y,p, )"N cross sec-
tions in a wide range of photon energies for pro-
ton angles of 45', 90', Bnd 135'.' A common fea-
ture of the cross sections is the exponential de-
crease at 1.ow photon energies and a change in
the slope in the logarithmic plot approximately
at 180, 120, and 90 MeV for 45, 90', and 135',
respectively.

Momentum conservation in the quasideuteron
model yields

++pn+ pp = pn +pp ~ (1)

with & the momentum of the photon and with p„,
p» (p„', p~') the momentum of the correlated neu-
tron and photon before (after) the reaction. If we
look for the (y, PO) process, by definition the neu-
tron remains in the nucleus in its initial state
and only accepts a momentum transfer q,

q =p„' —p„=& +p~ —p~ . (2)

q is just the momentum transferred to the whole
residual nucleus since the (A-2) system acts only
as a spectator. Thus I try the following Ansatz

for the cross section':

der(&u, 8~) L dcr(&u, 9~)
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FIG. 1. The calculated and measured cross sections:
Full line 45', dashed line 90', and dash-dotted line
135'. (a) 'O(p, po)' N, (b) '

O(p, no) O.
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Here do/dQ, , ~ is the differential cross sec-
tion for the photodesintegration of the deuteron
in the c.m. system. 4 is the Jacobian for the
transformation from the c.m. to the laboratoy
system. I', corrects for the different phase
space in the (P,A-1) system compared to the

g,p) system. A is the mass number and L the
Levinger constant. ' The number of (n-p) pairs
is contained in C. The factor C(&u, 8~) represents
the ability of the nucleus to absorb the trans-

ferred momentum q; in this model it represents
the ability of the neutron from the qua, sideuteron
to absorb q. This factor may be written as'
C(u&, 6~) = IM(~, 8~) l2, where the matrix element
M(Z&, 0~) is given by the overlap integral of the
nuclear wave function in the inital state and for
this particular final state. Plane waves are used
for the outgoing nucleon. The nucleus is described
by a single-particle product wave function. In
momentum space we have

M(4 q~p) Q fd pp d p» d p~ d p~-2 d pp d p» +g-2 (piq ' ' 'qpA-2) ~. (Pp )
n&, m.

(P )+, (Pp)+;(P )+&-a(P ~ ~ ~ p )~(& —q+p -p ').

The sum n& is to be taken over all neutrons in the nucleus and IJ sums the two P,y, -shell protons. In-
tegrating over the (A —2) particles yields a factor of 1. The wave function of the proton emitted with
the momentum p~, is the 5 function 5 (p~' -p») which allows integration over d'p~"

~(~,~,) = Z fd'p p d'p. d'p. '~.,*{P.')~-, (PP)~.; {P.)b(~ —q+PP - Pp.).
/gal I ill ~

The & function together with Eq. (1) can be used for integrating over p„; one gets the expression

~(~, & ) =E.,fd'pg. , (p.)F '(q=~+p -p.),
where

F" '(q) =Z., ld'p. i.,*(P.+q)&.&(P.)

which is just the form factor of the neutrons in
the ground state of the (A. —1) system. The sum
over I; yields a factor of Z,y, (the number of pro-
tons in the P,y, shell). For normalized wave func-
tions the form factor equals & (the number of
neutrons in the nucleus) for lql =0.

Using this model I calculate the ratio of the p,y, -
ta the p,g, -knockout cross section to be roughly
(z4)' =4. This number is closer to the observed
ratio' of about 6 than to the calculated ratio 2

which assumes the impulse approximation. In
this calculation I assume that the form factor due

to the neutron distribution for "Ng, (in the case
of proton emission) and correspondingly the form
fa,ctor due to the proton distribution of "Og, . (in
the case of neutron emission) are the same as the

charge form factor of "0which are taken from
Donnelly and Walker. " A harmonic- oscillator
wave function is used for g . (oscillator param-
eter b =1.77 fm). The cross sections for the deu-
teron breakup are taken from Partovi" (E& ~100
MeV) and Kose et al." (EY

~ 100 MeV). The re-
sults of this calculation are shown in Figs. 1(a)
and 1(b) for the reactions "0(y,p, )"N and "0(y, .

n,)"0, respectively, together with data points
from Refs. 1-4. The value 2.2 for the Levinger

(6)

I constant was used in the calculation. Taking an
overall absorption factor of 0.4 for the outgoing
proton' would bring the value of the Levinger
constant to 5.4 in fairly good agreement with the
value of 6.4 given in Ref. 8.

The overall agreement for both the proton and
the neutron data is good. The slope at low ener-
gies is described correctly as well as the charac-
teristic change in the slope. The inclusion of
distorted waves for the outgoing nucleon should
fill in the minima in the calculated cross sections;
thus it is this q region where final-state interac-
tions can be studied very well.

Better neutron data extended to higher energies
are necessary to check the range of applicability
of the described reaction mechanism. Another
interesting check would be given by transitions to
excited states of the residual nucleus. Where
transition form factors are involved, the angular
distribution of the emitted nucleons would show
a different dependence on q than do the ground-
state form factors. "

In conclusion I say that Q,P,) and (y, no) process-
es can be described successfully by a quasideu-
teron model. The shape of the cross section is
dominated by the form factor of the residual nu-
cleus over a wide photon-energy range. The suc-
cess of this description makes other interpreta-
tions of the absorption mechanism questionable,
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e.g. , the single-particle absorption or the con-
tributions from &(1232). The latter are believed
to be responsible for the enhancement in cross
section at higher photon energies. " However, in
my opinion, this enhancement is probably due to
the neutron form factor.
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We discuss the masses of nuclear bag states containing 3A. quarks, the decay width of
the deuteron bag, d*, the appearance of dinucleon bags as resonances in nucleon-nucleon
reactions, the inelastic form factor for the reaction ed —e'd* and the differential cross
section for pd —p'd*. Separation of bag signals from the background from pion produc-
tion requires the detection of one or more decay nucleons.

It has been recognized for some time that the
conventional nuclear theory of nucleons in nuclei
relevant to the low-energy domain is inadequate
in the intermediate-energy region. It should be
supplemented there by additional degrees of free-
dom because of the presence of mesons and nu-
cleon isobars, ' and of guarks. "Quarks are par-
ticularly interesting because they provide a unify-
ing picture of hadron and nuclear structures. One
manifestation of quark dynamics in nuclei is the
formation of "abnormal" nuclear states in which
more than three quarks form a cluster or "bag"
inside the nucleus. ' The actual detection of
these new nuclear-bag states is thus of consider-
able interest. We discuss in this Letter a num-
ber of questions related to the experimental de-
tection of these nuclear bags, occurring either
alone or as clusters in nuclei.

Masses. —Nuclear-bag states are so called be-
cause in the Massachusetts Institute of Technol-
ogy bag model the quarks are confined in a "bag"
by its surface pressure B. Model masses, cal-
culated from Johnson's formula, are given in
Table I. These are not rest masses, however,
but total masses including large kinetic energies
of center-of-mass (c.m. ) motion, which are =0.1-
0.4 GeV for hadrons. ' Table I also gives the rest
masses after c.m. correction. Their calculation'
requires a refit of model parameters to hadron
masses, resulting in a reduction of the quark-
quark interaction strength o., and an almost com-
plete elimination of the zero-point energy con-
stant Z, . Thus the original large Z, represents
basically just this c.m. correction. It is then un-
derstandable (and reassuring) that model extrapo-
lations for nuclear-bag masses are rather insen-
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