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Reaction 4oAr (p, n) to the Antianalog State in 4eK)
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We have measured Ar(p, n) K(antianalog) differential cross sections at 24 MeV and
made microscopic distorted-wave Born-approximation calculations for these cross sec-
tions. Unlike the ( He, t,')reaction to the same state, where it is necessary to invoke a
two-step mechanism, the {p,n) d+a are fitted by the one-step calculation. A one-step
calculation also fits Ar(p, n) K(j.sobaric analog) data with the same nucleon-nucleon in-
teraction used in the antianalog-state calculation.

Just as a transition to the isobaric analog state
(IAS) of a target is strong and insensitive to de-
tails because of the near-perfect overlap of target
and IAS wave functions, a transition to the anti-
analog state (AAS) may be expected to be small
and sensitive to details because of the almost
complete orthogonality of target and AAS wave
functions. This sensitivity has been seen in
('He, t) reactions to the AAS in several nuclei,
where it was found that the I.= 0 angular distribu-
tions expected of 0'-. 0' transitions were not ob-
served. ' Cross sections for cAr('He, t) 'K(AAS)
computed by Schaeffer and Bertsch' with the di-
rect microscopic model were one to two orders
of magnitude below the observed values, but a
reasonable fit was obtained when the two-step
pickup-stripping process ('He, tr)-(o, t) was in-
cluded. ' The data and calculations are shown in
Fig. i. Similar results were obtained by Coker,
Udegawa, and Molter' who fitted both 35-MeV'
and 18-MeV 4 data. Experimental discrepancies
with expected shapes of angular distributions
have also been noted when the transferred I. was
greater than 0.' For the reaction "Ca('He, t)4'Sc,
two-step calculations using ('He, o)-(a, t)" or,
in addition, ('He, d)-(d, t)' have produced fits to
data where one-step calculations clearly disa-
greed with experiment. It seems well document-
ed that a reaction mechanism including two-step
amplitudes is needed to describe ('He, t) reac-
tions.

In order to test for the presence of a two-step
amplitude in (p, n) reactions, we have investigat-
ed the reaction 4cAr(P, n)'DK(AAS) with 24-MeV
protons. As for ('He, t) reactions to the AAS, the
near orthogonality of the target and final-state
wave functions should produce small one-step
(P, n) amplitudes, thus allowing us to see in the
AAS transition a two-step amplitude which might
be masked in the IAS transition.

Neutrons were detected with a liquid-scintilla-
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FIG. 1. Comparison of the one-step (dashed curves)
and the one-step-plus-two-step (solid curves) calcula. —

tions of Ref. 2 with the data of Ref. 1 for the reaction
Ar( He, t )4 K to the IAS and the AAS.

tor, time-of-flight spectrometer' having an in-
strumental resolution of -0.5 nsec. To achieve
an energy resolution sufficient to resolve cleanly
the AAS neutron group [E„("K)= 1.64 MeV] from
the stronger group at 1.96 MeV, flight paths were
increased from our normal value of -4.5 m to
11-15m. At these flight paths the geometry of
our laboratory permitted neutrons to be observed
only in the angular ranges 10-35' and 135-152'.
It would be best to resolve the AAS and measure
its cross section at all angles. However, it will
be seen that the information obtained at this com-
bination of forward and backward angles is suf-
ficient to conclude that a significant two-step
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(P, n) amplitude is not required.
The targets were gas cells with entrance and

exit windows of 2-mil aluminum foil. For the
forward angles the cell was 2.54 cm long with a
pressure of 1.8 atm. The neutron energy resolu-
tion at the AAS computed and observed in the
spectra was -0.18 MeV. One spectrum is shown
in Fig. 2. According to the known energies of
~ K states, ' the nearest neighbor to the AAS is
the 1.96-MeV state, from which the AAS is ad-
equately resolved. Qther peaks in the spectrum
may arise from excitation of doublets or clusters
of states. The twin peaks labeled Al windows in
Fig. 2 arise from the ground-state transition in
the aluminum entrance (right-hand peak) and exit
(left-hand peak) windows. The centroids of these
peaks are separated by an amount corresponding
to the sum of the proton energy losses in one
half the entrance window, the argon gas target,
and one half the exit window. For the backward
angles a shorter cell, 1.1 cm long, was used
mith a higher pressure, 3.7 atm. The smaller
cell length was necessary because neutrons pro-
duced near the back of the cell, i.e., by protons
of degraded energy, have less energy and also
have a longer flight path than neutrons produced

at the entrance to the cell. Hence, contributions
to the resolution from cell length and from dEj
dx are additive at backward angles. The com-
puted detection efficiencies were about 3Q."

Qur AAS cross sections at 24.0 MeV and the
IAS cross sections of Bentley et al."at 22.8 MeV
are plotted in Fig. 3. The curves in Fig. 3 are
the results of one-step microscopic calculations
with the distorted-wave code DWBA-70 of Raynal
and Schaeffer. " In this code both the direct and
knock-on-exchange amplitudes are included in
the computation. The dashed curves in the fig-
ure are for direct only; the solid curves include
exchange. The "Ar neutron-excess wave func-
tion was taken as a pure d&,'f ~,'configuration.
All bound-state wave functions were derived from
a Woods-Saxon potential with radius parameter
1.25 fm, diffuseness 0.65 fm, and spin-orbit
strength 6 MeV. Binding energies of the orbitals
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FIG. 2. Neutron time-of-flight spectrum at 15' for
24-MeV protons on 4 Ar.
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FIG. 8. Ar(P, n) K cross sections to the IAS (at
22.8 MeV) and AAS (at 24.0 MeV) of the target. The
IAS data are taken from Ref. 11. The curves are from
distorted-wave Born-approximation one-step micro-
scopic calculations made under conditions described in
the text. The dashed curves are for the direct transi-.
tion only; the solid curves have both the direct and the
knock-on-exchange contributions.
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in 40Ar, 40K(IAS), and 40K(AAS) were obtained
from the separation energy of a neutron from
"Ar, the f~ and d,i, hole states in "Ar, the
Coulomb displacement energy, and the IAS-AAS
splitting in "K. Proton and neutron optical-mod-
el parameters had the "best-fit" values of Bec-
chetti and Greenlees. " The nucleon-nucleon effec-
tive interaction had the shape of a single Yukawa
potential with range 1.0 fm and strengths with
the phenomenological values of V, = —27 MeV and

V, = 12 MeV; neither V, nor V, was fixed by
Austin's phenomenological survey. " For V, we
used the Kallio-Kolltveit G-matrix value, "6.5
MeV, and for V, we used 20 MeV. ' If accom-
panied by modest changes in V„no reasonable
variation in the other force parameters, in the
optical-model parameters, or in the nuclear wave
functions could substantially change the calculat-
ed angular distributions.

Although the calculations in Fig. 3 give too
steep a rise in the IAS cross sections near 0,
the agreement between theory and experiment is
otherwise very good. Even the very small AAS
cross sections predicted for backward angles is
verified by our two measurements at 135' and
152'. At these angles the AAS cross sections
are only 1% of the IAS cross sections. Any siz-
able two-step process could only fortuitously per-
mit such small cross sections to occur.

The good fit to the AAS (P, n) data, in contrast
to the very large discrepancies found between
theory and experiment in the ('He, t) reaction
(see Fig. 1), indicates that the use of multistep
processes is not presently called for in the in-
terpretation of (P, n) reactions. Perhaps it is to
be expected that multistep processes should be
much more significant when the initial and final
particles are composites of nucleons, for which
the direct cross sections are generally very
small.

"Feg, n) "Co(AAS) data have been fitted by in-
cluding a Q, d)-(d, n) two-step amplitude. " Be-
yond 20, where the cross sections are less than
0.01 mb/sr, most of the data may be questioned
because Gaussian unfolding procedures were
necessary to extract the AAS peak area from that
of a stronger neighboring peak. Furthermore,
the calculations did not include the knock-on ex-
change. Instead, it was assumed that exchange
would not change the shape of either the IAS or
AAS angular distribution, and that, in magnitude,
exchange would have the same effect on both tran-
sitions. From Fig. 3 we can see that these as-
sumptions were not valid. Knock-on exchange

greatly reduces the anisotropy of the AAS angular
distribution. Finally, the validity of some ap-
proximations in (P, d)-(d, n) calculations is not
clear; neglected finite-range corrections, in
particular, may be very important. "

Although we have demonstrated with only one
case the adequacy of a one-step treatment for the

, n) reaction, this conclusion may be true in
general because the case chosen has an intrinsic-
ally small one-step cross section and is there-
fore sensitive to the display of multistep process-
es.
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It is argued that single-particle-like behavior in nuclear matter is much less probable
than Brueckner theory suggests. In particular, the quasiparticle pole strength is evaluat-
ed for nuclear matter and it is shown that, contrary to the spirit of Brueckner theory,
low-inomentum states play a crucial role in determining the magnitude of z„.

F

In Brueckner theory, the probability that nu-
clear matter carrot be described adequately in
terms of single-particle-like behavior is given
by rc, Brandow's def ect-wave-function probabil-
ity. ' Earlier calculations have estimated ~ ~ 0.20.
The smallness of ~ is usually offered as an ex-
planation for the success of the independent-par-
ticle (shell) model of nuclei. Unfortunately, all
previous calculations of ~ have assumed that high-
momentum states alone provide the dominant con-
tribution. While this is certainly true for the
ground-state energy, the authors have shown in
an earlier paper' that many other properties of
nuclear matter are strongly affected by contribu-
tions from low-lying states. In the present pa-
per, it will be shomn that these low-lying states
have a pronounced effect on single-particle-like
behavior, making it much less probable.

Let us begin mith a brief review of the perti-
nent concepts of Brueckner theory: Since the in-
ternucleon force is short ranged, two-body scat-
tering dominates. Since the nuclear force is
strong, high-momentum particle states dominate
because of their clear phase-space advantage
(over hole states, in particular). The appropri-
ate, correlated bvo-body wave function is

ity. In this case, the zero in the energy denomi-
nator, corresponding to energy conservation,
leads to the outgoing scattered wave. In Eq. (I),
however, the Pauli operator prevents the energy
denominator from vanishing. Hence, there can
be no real (energy conserving) scattering and,
at sufficiently large distances, the correlated
wave function must approach the uncorrelated
wave function or, equivalently, the defect wave
function

must vanish. This is the chief effect which the
presence of the other particles (the Fermi sea)
has on the bvo scattering particles. In nuclear
matter, + approaches the uncorrelated plane
mave very rapidly; this phenomenon is called
"healing. '" At extremely small distances, the
core region of the internucleon potential makes
+ negligibly small, thus producing a "m'ound" in
the wave function; however, this wound heals
very rapidly. In other words, I f(r) I is approxi-
mately unity in the core region where the parti-
cles are strongly correlated and goes rapidly to
zero as ~ increases. It is useful to define the
range d of the two-body correlations by

', nd' =J [t-;(r))'d'r (2)
in which C' is the uncorrelated wave function and
the Pauli operator Q excludes hole states. This
equation becomes identical to the free scattering
equation if the Pauli operator is replaced by un™

This distance should be compared mith the aver-
age interparticle spacing xo defined by


