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The (p, p'}-type singles cross sections are calculated. The knockout of the target nucleons, reab-
sorption of the knocked-out particle, and particle-hole excitations into bound orbits are taken into
account. The sum of cross sections for these three excitation modes is shown to describe nicely the
observed continuum cross section data for the Fe(p, p') and Al(p, p') reactions at 62 MeV.

I. INTRODUCTION

Previously, we have analyzed continuum cross sections
of the (p,p')-type [and also (p,n)-type and (pp)-type] reac-
tions at a few tens of MeV. The work was based on the
concept of the multistep direct reaction (MSDR), '2 and
the results were shown to fit experiments'" rather nicely.

In applying the MSDR method to the (p,p') processes,
we have used consistently the so-called collective form
factor, as explained in some detail in Ref. 2. Behind the
use of such a form factor lies a simplifying assumption,
namely that the (p,p') process always takes place by excit-
ing particle-hole (ph) states, and that the target nucleons
thus excited are promoted to metastable orbits. Such an
assumption becomes questionable, however, when the ex-
citation energy gets high, because then the target nucleons
are promoted most of the time into unbound orbits.

The process in which the target nucleons are promoted
into unbound orbits may more naturally be treated as a
knockout (KO) reaction, and we intend to pursue this pos-
sibility in the present paper. It may be worth noting here
that the quasifree KO mechanism is seen very clearly in
the exclusive (p,2p) and (p,np) reactions at a few hundred
MeV, as shown very recently by a Maryland group
among others. We are interested here, however, in the in-
clusive (p,p') cross sections, rather than the exclusive cross
sections. It is then highly conceivable that the reabsorp-
tion of the knocked-out nucleon back into the target nu-
cleus, a process which may be called the knockout-fusion
(KF) reaction, contributes significantly to the (p,p ) singles
cross sections. In the present paper, we show that this is
indeed the case.

Recently, we have developed a method to calculate the
cross sections of the so-called breakup-fusion (BF) reac-
tions. In this reaction, the breakup of the projectile takes
place first, and is then followed by fusion of one of the
broken-up pair with the target. As can be naturally ex-
pected, it is easy to extend this method to evaluate the
cross sections of the KF reaction, and this is what will be
done in Sec. II belo~.

In Sec. III A we analyze the experimental data of the

s4Fe(p, p') and Al(p, p') reactions at 62 (Ref. 3) and 65
MeV. The theoretical cross sections to be compared with
data are the sum of the KO, KF, and the inelastic (IE)
scattering contributions. Here we mean specifically by IE
the process in which inelastic excitation of the ph states
takes place, i.e., the excitation mode considered earlier. '
However, the particle orbits in these ph states are now re-
stricted to the bound (but initially vacant) orbits in the
target so as to avoid double counting with the KO pro-
cess. Therefore the IE cross section in the present paper
constitutes a (small) part of the MSDR cross section of
Refs. 1 and 2. As seen in Sec. III A, the theoretical cross
section thus obtained fit the data ' rather well.

In Sec. III B we discuss the significance of the fit thus
achieved, particularly in comparison with what we have
done earlier. ' We may note that, in spite of a general
success in fitting the data, our MSDR analyses encoun-
tered' an important problem. Namely, while the experi-
mental cross sections increased as the scattering angle de-
creased, the calculated cross sections fiattened off below
30'. Later on, this problem was solved by considering
pickup processes that form metastable dinucleon systems,
which decay subsequently. In the present work, this for-
ward rise of the cross sections is accounted for by the
KO+ KF processes,

II. FORMULATION OF THE CALCULATIONS

The DWBA formalism for the simple KO reactions is
well known. ' We shall therefore concentrate on the for-
mulation of the KF reaction. This reaction may symboli-
cally be written as

A +p~8+y+ p' —+A '+p',

where the first step describes the simple knockout reac-
tion, in which a nucleon y is emitted by the target A, with
the residual nucleus 8 being left in a hole state. The p'
stands for the scattered proton. The second step describes
the fusion (or reabsorption) of y and 8, forming the resi-
dual nucleus A '.

The process given by Eq. (1) is very similar to the
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breakup-fusion (BF) reaction, for which the cross section
formula was already derived. In the BF reaction, breakup
takes place first, and is followed by fusion of one of the
broken-up pair (we called it the x particle) with the target
A. The chaan. el between x and A was called the x chan-
nel, and the BF cross section was given as a constant
times an expectation value of the imaginary part of the
optical potential 8; of the x channel with respect to the
wave function, also of the x channel. The latter wave
function was obtained by projecting out the x-channel
part from the total breakup channel wave function, calcu-
lated in the usual DWBA theory.

%e may similarly express the KF cross section in terms
of the expectation value of W» with respect to the
y-channel wave function, where the y channel is the sys-
tem consisting of y and 8. The y-channel wave function
is then calculated by taking an appropriate projection of

the total knockout wave function.
The KF cross section is given (in the partial wave ex-

panded form) as

d a "/dEpdQ» ——g ~
Cttgj",I, ~

d t»J, ), t tldEpdQ»,
J I I I

(2a)

is the spectroscopic amplitude of the

knockout of a nucleon from the shell model orbit (ji/, ),
leaviJn,' the residual nucleus in its state 8. Also,
d oj i t tldE»dQu is the partial wave cross section speci-~i 1 y
fied by a set of quantum numbers ji, /i, /», and /. Here
/» is the orbital angular momentum which y carries, while
/ is the total orbital angular momentum transferred, i.e.,
/=/„+/i. The above partial cross section can explicitly
be written as,

d t»j, t, t t/dEpdQ» (2~/h——u, )p(Eu )((u), t, i t~ ~ W» ~ itj, t, i t~)/n. ) .

In Eq. (2b), p(E~ ) is the phase space volume of the outgoing proton, while u&, t, t t is the y-channel partial wave func-
tion and satisfies the following inhomogeneous differential equation:

I(+/2/t»)[d /«i /»(/»—+ I )«i j+E» U» I
—&j,i, t„tm =zJ, I, t, i~ (3a)

with

zj, t, t t~= g (/im&/» — mj»/ m)( —)' "ri(i "Ft ~ (fi)X„' '(r, )
~
V(r, —ri) (Pj, t, , (r&)X»+'(r, )) . (31)

Q=Bi E» . — (41)

The interaction V that appears in Eq. (31) is the two-
body nucleon-nucleon interaction potential that is respon-
sible for the knockout reaction. Note that z defined by
Eq. (31) includes the projection of the knockout channel
wave function onto the p' channel. This projection is tak-
en care of by the scalar multiplication of (X~

'
~

.
The simple knockout partial wave cross section can be

given ' as,

d nj t t t~/dEp dQp (2n /ku, )p(Eu )p——(E»)
~ Pj, t, t t~ ~

(5a}

The symbol (
~ ~

) in Eq. (31) denotes integration over
all coordinates, excepting the y-channel radial coordinate
ri. X~+ and X~ are the incident and outgoing proton
distorted wave functions, respectively, and Pj, t, is the

spacial part of the single particle wave function. E» and
U» are the kinetic energy and the optical potential in the y
channel, respectively. Wz in Eq. (21) is defined as
W» = —ImU„. E„ is related to the incident and outgoing
energies, E~ and E~, respectively, and also to the binding
energy 8 i of the state (/i/i ). The relation is given by con-
servation of energy,

E,+jg)

The Q value of the reaction is then given in terms of 8&
and Ey as,

Pj, t, t t~=(4tr/k») fzj, t, t t (ri}Xt (ri)dri,

where Xt (r i ) is the usual distorted wave in the y channel.

The total cross section is then given as a simple sum of
Eqs. (2a} and (5a), as well as the IE cross section, as
remarked in the Introduction.

III. RESULTS OF NUMERICAL CALCULATIONS
AND DISCUSSIONS

A. Comparison with experiments

In this section, we present the results of the numerical
calculations, and compare them with experiments. The
calculations were performed for the Fe(p,p') and

Al(p, p') reaction at E» =62 MeV.
In order to compare with experimental data, we first

calculated contributions coming from the IE process. ~e
followed the same procedure as that in Ref. 2, but took
only the particle states up to 8.85 and 8.27 MeV above the
Fermi sea, respectively, in Fe and Al. The average sin-
gle particle strength parameter P is chosen as 0.046, a
reasonable choice as discussed in Ref. 2.

In both IE and the KO and KF calculations, the optical
model parameters for the incident and exit protons were
taken from Menet et a/. Those for the knocked-out nu-
cleons were taken from Percy and Percy. ' The effective
proton-proton interaction (I3Fpotential) used in the KO
and KF calculations was taken from Bertsch et a/. " The



B. T. KIM, T. UDAGAWA, M. BBNHAMOU, AND T. TAMURA 33

IO
P

1.0-

D
b

I I

20 4)
I

60 80
e (deg)

20 40 60 80

FIG. 1. Comparison of the calculated '~Fe(p, p') and 2'Al(p, p')

cross sections at E~=62 MeV with the corresponding experi-
mental data. The data (with solid circles) were taken from Ref.
3. %e also included the data (with open circles) from Ref. 4 for
the '8Ni(p, p') reaction at E~ =65 MeV. [The data from Ref. 4
were multiplied by 1.2 to normahze to ' Fe(p,p'} data at 60'.]
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FIG. 2. Contributions from KO (dotted curves), KF (dot-
dashed), and IE (dashed) processes in the ~Fe(p,p') reaction.
The solid lines represent the sum of these three cross sections
and are the same gs the solid lines given in Fig. 1.

proton-neutron interaction was simply assumed to be the
same as the proton-proton interaction. %e took into ac-
count the knockout of the proton and neutron from the

f7/2 d3/2 s //z d5/2 p»2, and p3/z orbits for the
Fe(p, p') reaction, and from the d5/z, p &/2, p3/2, and s&/z

orbits for the Al(p, p') reaction. We assumed that the
spin orbit partners of the above orbits were degenerate,
and also that the proton (neutron} binding energies of the

f, d, s, and p orbits in Fe were, respectively, 8.5 (10.5},
18.5 (20.5), 1&.5 (20.5), and 28.5 (30.5) MeV. Those of the
d, p, and s orbits in 27Al were taken, respectively, as 8.3
(13.1},18.3 (23.1), and 28.3 (33.1) MeV.

The calculated KO + KF + IE cross sections are
presented as solid curves in Fig. 1, and are compared with
experiments for the Q values of —15, —25, and —35
MeV. The individual contributions (for the case of Fe}
of the three processes are displayed in Fig. 2. It is clearly

seen that the cross sections due to the IE process are signi-
ficant only when the

~ Q ~

value is low, a result which is
not unexpected. The IE contributions are responsible for
30%, 3%, and 1% of the measured cross sections of

Fe(p,p'), respectively, at Q = —15, —25, and —35 MeV,
and for 40%, 4%, and 2% of those of Al(p, p'), respec-
tively. Between KO and KF, the latter dominates for
most of the Q values.

In presenting the theoretical KF cross sections in Figs.
1 and 2, we have introduced arbitrary normalization fac-
tors of N =0.5 for the Fe(p,p') reaction and N =0.25
for Al(p, p'). This shows that our calculations somewhat
overestimated the observed cross sections. As remarked,
the singles cross sections come mostly from the KO and
KF contributions (particularly for the larger

~ Q ~
values),

and the latter depends strongly on the magnitude of the
imaginary part of the y-channel optical potential. In oth-
er words, the uncertainty and ambiguity of the optical po-
tential is the major cause of N&1.

$. Behaviors of the KO, KF, and IE cross sections

It is interesting to remark that the magnitude of the ex-
perimental cross sections are more or less independent of
the

~ Q ~
values, as seen in Fig. 1. Note that an elementa-

ry KO cross section decreases as
~ Q ~

increases. Howev-
er, as

~ Q I
is increased, the number of (occupied) orbits

in the target that participate in the KO process increases,
explaining the increase of the KO cross section as

~ Q ~

is
increased; see Fig. 2. When

~ Q ~
is small, however, the y

particle is strongly absorptive, because its energy is low.
This makes KF dominate over KO at the lower

~ Q ~

values. At very low
~ Q I, the IE process also gives non-

negligible contributions. When all these effects are com-
bined, the near

~ Q ~

independence of the experimental
cross section is nicely accounted for, as shown in Fig. 1.

As also seen in Fig. I, the calculated angular distribu-
tions are consistent in shape with the data, which in par-
ticular means that the present calculation explains the ob-
served rise of the cross sections at forward angles, less
than 30'. As remarked in the Introduction, our previous
MSDR calculations, which used the collective form fac-
tor, failed to explain this. Note that the collective form
factor has a rather short tail. In the KO (+ KF) calcula-
tions, on the other hand, the y particles are unbound, and
because of this, the tail of the form factor gets much
longer than it was in the collective form factor, and this is
the reason why the forward cross sections get larger. [We
actually cut off the KO form factor for r ~7 fm, and
redid the KO+ KF calculations. As expected, the resul-
tant angular distributions became very much the same as
they were with the collective form factor. ' ]

As we also remarked in the Introduction, we had previ-
ously considered a nucleon pickup process to form meta-
stable dinucleon systems and found that forward angle
peaking of the cross section resulted. The KO process
considered here is to be regarded as an a1ternate way to
describe the same process. It should, nevertheless, be
remarked that the KO process emphasizes the correlation
of the two nucleons [p' and y in Eq. (1)] individually with
the target [or the nucleus 8 in Eq. (1)] over that between
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FIG. 4. The calculated KO+ KF and KO(real) cross sec-

tions as functions of Q value in the Fe(p,p') reaction.

FIG. 3. The
~ Q I

value and binding energy dependence of
the calculated KO+ KF cross sections for the case of proton
knockout in the ~ Fe(p,p'} reaction.

the two nucleons. On the other hand, the emphasis in the
pickup description is reversed. To describe the matter
more accurately, both correlations of course should be
taken into account on an equal footing, and for this pur-
pose the best method known to date would be the
coupled-channel method of Kamimura et al. '

The observed angular distributions tend to fiatten off as
the

~ Q ~
~alue increases. To see this somewhat more

closely, we plotted in Fig. 3 the calculated angular distri-
butions for the various values of Q and 8. It is interest-
ing to note that the calculated angular distributions
remain forward peaked, when

~ Q ~

and 8 are small. In
such a case, the quasielastic nature of the knockout mech-
anism will remain intact.

C. Useof real U~

As shown above, we have calculated the KO and KF
contributions separately. In doing this, we used the opti-
cal model potential, which is complex, for the particle y,
as well as for x. Since the KF calculation is much more
involved than is the KO calculation, one may seek a
simpler way. And in particular one may hope'~ that, if a
real potential is used for y, a pure KO calculation might
suffice. It is not clear, however, whether such a calcula-
tion, which we shall refer to as a KO(real) calculation, is
indeed equivalent to our KO + KF calculation.

In order to see whether this equivalence holds or not,
we have performed a KO(real) calculation, and the result
is shown in Fig. 4. As seen, the KO(real) cross section

can have a magnitude that is comparable to our
KO+ KF cross section. Ho~ever, the two cross sections
have quite different Q dependences. In particular, the
KO(real) cross section is very small at small

~ Q ~, and
thus cannot account for the data for such Q values.

IV. CONCLUDING REMARKS

Calculations of the Fe(p,p') and Al(p, p') reactions at

E~=62 MeV were performed by assuming that the target
nucleon knockout (KO), knockout fusion (KF), and the
inelastic (IE) ph excitation into bound orbits are the major
mechanisms that are responsible. The singles cross sec-
tions were then obtained as a sum of the contributions of
these processes.

The present work may be regarded as a replacement of
our previous works, ' in which we treated the continuum

(p,p') process as entirely due to ph mode excitation, i.e., to
the IE processes in the terminology of the present paper.
However, while the particles in the ph pairs in the IE pro-
cess of the present paper were restricted to stay in the
bound orbits, this restriction was not made in previous
work. In other words, we used' in place of the actual
continuum orbits a set of metastable states, the nature of
which had to be assumed. Therefore, the previous treat-
ment was of a more phenomenological nature, compared
with the present work. And it is thus very pleasing to
find that the present work, of a more microscopic nature,
does account for the data rather nicely.

%e had to use„ in the present calculation, an overall
normalization constant N (~ 1), though it did not differ
very much from 1. This constitutes an unsatisfactory
feature in the present work. The other conceivable source
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of uncertainty for the present work is the fact that there
could also be contributions from processes other than
those we have considered, particularly when

~ Q ~

ts
large. For example, we have not considered the contribu-
tion from a process in which the projectile is absorbed,
while the knocked-out proton is observed. Removing
these possible uncertainties as much as possible needs to

be done in the future.
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