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Differential cross sections have been measured for (p, n) reactions to the isobaric analogs
of the targets Ca, 9 Zr, Sn, and Pb at proton bombarding energies of 25, 35, and 45
MeV. The isospin-flip strength of a phenomenological nucleon-nucleon force has been deter-
mined with microscopic distorted-wave calculations including the "knock-on" exchange am-
plitude. A realistic ~-matrix effective interaction also provides a reasonable account of the
observed cross sections, particularly at the higher proton energies.

NUCLEAR REACTIONS Ca, 9 Zr, Sn, Pb(P, n), E =25, 35, 45 MeV;
measured IAS a'(0); compared with microscopic direct-reaction model; de-
duced effective nucleon-nucleon interaction. Included knockon exchange

amplitude.

I. INTRODUCTION

Many nuclear-reaction cross sections have been
adequately reproduced with simple one-body po-
tential models of the projectile-target interaction.
Nevertheless, a more detailed understanding of
nuclear processes requires the calculation of scat-
tering in terms of realistic forces between the in-
dividual nucleons. Unfortunately, .the nuclear
many-body problem cannot be solved exactly with
presently available mathematical techniques. Fur-
thermore, realistic nucleon-nucleon potentials are
generally too strong for direct perturbation expan-
sions to converge rapidly, if at all. However, ap-
proximations based on the multiple-scattering for-
malism' have been employed with reasonable suc-
cess in both bound-state' and scattering' calcula-
tions.

The multiple-scattering approach to nuclear re-
actions allows the potential between the projectile
and ith target nucleon (v, ~) to be replaced with an
effective two-body scattering operator which is
less pathological. This is accomplished through a
rearrangement of the Born series for the scatter-
ing amplitude so that the basic interaction includes
multiple scattering by a particular target nucleon
as the projectile propagates under the average in-
fluence of the remainder of the target (the "core"),
as represented by a one-body "optical" potential.
Such an effective scattering operator may be de-
fined by

1
~io+~ip (+) tip ~e

where

e =E —H~ —k~ —U(, ) + ie,(»

(II& + k~)g =EP,

H~ is the Hamiltonian for the A. target nucleons,
k~ is the kinetic-energy operator for the projectile,
U,. is the contribution of the jth target nucleon to the
optical potential, and it is understood that all ma-
trix elements are ultimately evaluated in the limit
e-0. To first order in t,&, the direct amplitude
for inelastic scattering is given by4

Xp(; ) t]p yl(] )
1=1

where

1
Xz' = t)1~ + &» U«&)~, Z =I or F

with initial and final states labeled by I and E,
respectively.

Equation (2) has been designated the single in-
elastic scattering approximation' (SISA), since it
neglects virtual excitation of the core in inter-
mediate states. Disregarding such processes is
an essential feature of the usual microscopic di-
rect-interaction concept of nuclear reactions. '
However, core excitations are obviously important
for a reaction known to proceed through a meta-
stable compound nucleus. Thus, the SISA may
only be expected to give a reasonable account of
reactions induced by projectiles which bring suf-
ficient energy into the compound nucleus so that
the probability of its decay to any particular final
state is small compared to that for the competing
direct-reaction process. For nucleon-nucleus
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elastic scattering, the compound-nucleus reaction
mechanism appears to be relatively unimportant
for bombarding energies above about 10 MeV. '

Given a projectile energy sufficient for the vali-
dity of the SISA, one is still faced with solving a
many-body problem, represented by Eq. (1), to
obtain the effective interaction. At bombarding
energies large compared to the optical potential
and the energies of the target nucleons, Eq. (1)
approaches

1
t, ~ =v, ~ v,~, t, ~ (3)

which is just the free nucleon-nucleon scattering
operator. Using the free interaction in Eq. (2)
results in the impulse approximation, which has
been demonstrated to be useful for nucleon-nucleus
scattering at energies greater than about 100 MeV. '
At lower energies, the effective scattering of a
pair of nucleons is influenced to a greater extent
by the proximity of others. This subject has been
studied extensively in relation to the nuclear-
structure problem, ' and it has been suggested that
the effective interactions used in structure calcu-
lations may also be appropriate for medium-energy
nucleon-nucleus scattering. ' It seems plausible
that a bound target nucleon should not interact
much differently with its neighbors than with a
projectile nucleon possessing a kinetic energy only
a few tens of MeV greater. Indeed, the bound-
state G-matrix effective interaction may be ob-
tained from Eq. (1) by replacing the complex opti-
cal potential and the interactions in H~ with a
real independent-particle potential, including the
Pauli projection operator in the propagator, and

deleting the ie." The most significant difference
is probably the lack of an imaginary term in the
bound-state case. Nevertheless, G-matrix inter-
actions have provided reasonable descriptions of
nucleon inelastic scattering"'" and the real part
of the proton-nucleus optical potential. "

The }t's in Eq. (2) contain the initial and final
states of the target in addition to the optical wave
functions for the relative projectile-target co-
ordinate, which are commonly referred to as the
distorted waves. Thus, the scattering amplitude
depends on the bound states of H~, as well as the
effective nuclecn-nucleon interaction. Therefore,
the extent to which the latter is well established
determines the amount of nuclear-structure in-
formation which may be obtained from nucleon-
nucleus scattering experiments. Unfortunately,
as has been previously indicated, the calculation
of a realistic effective interaction, even with a
free nucleon-nucleon potential given, is a formid-
able undertaking. Furthermore, it is difficult to
estimate the effects of the approximations used to

calculate interactions on the structure information
extracted with them. Thus, it has been proposed
that phenomenological effective interactions should
be determined from scattering experiments in-
volving nuclei with relatively well-understood
structure, so that a "calibrated spectrometer"
would be available for investigating more obscure
nuclear wave functions. "

In general, direct nuclear reactions with large
cross sections proceed predominantly via the
central-force part of the nucleon-nucleon inter-
action, the standard phenomenological form of
which is given by

t„= V~,(r,,) + V,g, (r,p)a; P~ + V, g, (r, ~)

xr, ~ v~@ V„g„(rv)o&~ o~7, ~ v~, (4)

which is a local parametrization of the effective
scattering operator, patterned after the corre-
sponding terms in the general two-body potential.
For simplicity, a common radial function of either
Gaussian or Yukawa form is usually selected. At-
tempts to extract the associated empirical strengths
from nucleon-nucleus scattering data have been
reviewed by Austin. " Assuming a Yukawa radial
dependence with a range of 1.0 fm, he concludes
that Vp = -27 + 5 MeV, V„=12 + 2-,' MeV, and that

V, and V„arepoorly determined. In particular,
his compilation includes values of V, from below
10 to nearly 30 MeV.

The present study concentrates on obtaining
more precise knowledge of the purely isospin-flip
part of the effective nucleon-nucleon interaction,
which corresponds to the third term in Eq. (4).
Since this is the only central-force component
which contributes to the direct charge-exchange
amplitude between 0' isobaric-analog states (IAS),6

such transitions are quite sensitive to V, . Except
for the smallness of the cross sections typically
observed, ('He, t) reactions are the most experi-
mentally convenient means of studying such charge-
exchange transitions. Unfortunately, conventional
direct-reaction calculations have often been in
relatively poor agreement with the ('He, t) data. ."
Besides the usual optical-model ambiguities for
complex projectiles, complications of the reaction
mechanism have been proposed. In particular, a
('He, o)(o, , t) amplitude larger than the direct am-
plitude has been calculated for the "Ca('He, t)~Sc
(IAS) reaction at 23 MeV." Generally accepted op-
tical-model potentials are available for nucleon
projectiles, but it has been suggested that neutron
pickup followed by proton stripping may also inter-
fere significantly with the direct amplitude for the

(p, n) charge-exchange reaction. " This is certain-
ly possible if the direct amplitude is considered to
represent only the exchange of a charged meson.
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However, the multiple-scattering formalism
adopted in the present paper introduces an effec-
tive scattering operator [Eq. (1)]which represents
the complete interaction between the projectile and
a particular target nucleon in the presence of the
core. ' Thus, the direct amplitude defined by Eq.
(2) already includes the two-step (P, d)(d, n) pro-
cess. The pseudopotential model [Eq. (4)], how-
ever, neglects any nonlocality of the effective in-
teraction, an aspect of multistep mechanisms
which allows violations of the usual direct-re-
action selection rules governing the transfer of
spin and orbital angular momentum. ' Therefore,
two-step effects are most noticeable for relatively
weak transitions such as ('He, t) reactions to 0'
antianalog states, for which L=- 1 contributions have
been observed to overshadow the inhibited 1.=0
amplitudes allowed by local interactions. "

For more than a decade, (p, n) IAS experiments
have been used to explore the isospin dependence
of the nuclear force. However, most of the data
have been obtained with proton bombarding ener-
gies of less than 30 MeV. The few absolute dif-
ferential cross sections previously measured with

E~ ~ 30 MeV are essentially confined to the for-
ward hemisphere and generally have relative er-
rors in excess of 10%.""

The present work provides (P, n) IAS angular
distributions from 0' to 160' at proton energies of
25, 35, and 45 MeV for Ca, Zr, ' Sn, and
'"Pb targets. The ground states (and, hence, the
analog states) of these nuclei are 0+ and considered
to be particularly well understood. Thus, these
data are especially appropriate for investigating
the isospin-flip strength of the effective nucleon-
nucleon interaction.

base. The excellent pulse-shape-discrimination
(PSD) properties of NE 213"are exploited via the
zero-crossing technique" to route events induced
by incident neutrons and y rays into separate
spectra.

Figure 1 displays superimposed neutron and
y-ray time-of-flight spectra taken at a scattering
angle of 0' from a "Zr target bombarded with
35-MeV protons. Each channel represents 0.1
nsec, and time of flight decreases with increasing
channel number as a consequence of providing the
time-to-amplitude converter with start signals
from the detector and stop signals derived from
the zero crossing of the cyclotron rf voltage. In
this run, the target y-ray burst has a duration of
0.39 nsec (FWHM). The time spread of the IAS
neutron peak is 60@~ greater and corresponds to
an energy spread of 260 keV (out of 23 MeV) at the
7.22-m flight path. Most of the additional width
results from scintillator thickness (165 keV) and
target energy loss (110 keV). Less significant
contributions to the neutron energy resolution in-
clude the energy spread of the incident proton
beam and its straggling in the target, which are
each less than 50 keV.

The targets employed in this experiment are
self-supporting rolled foils. Their thicknesses
are approximately 10 mg/cm', except for the
"Ca target (1.06 mg/cm') and a pair of "'Pb
targets (30.0 and 30.2 mg/cm') used for the angu-
lar distribution at 45 MeV and back angles at 35
MeV. The isotopic enrichments of the "Ca, ' Zr,
"'Sn, and '"Pb targets are 96.25, 98.66, 98.40,
and 99.14/q, respectively.

The use of relatively thick targets compensates
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II. EXPERIMENTAL TECHNIQUE

A. Data acquisition
l5

E„(MeV)
20 25 50

The Michigan State University (MSU) cyclotron
provides proton beams of exceptional quality for
time-of-flight experiments. Internal slits restrict
the phase width of individual beam pulses to ap-
proximately 2'. At a typical repetition rate of one
pulse every 60 nsec, 2 of phase width corresponds
to a time spread of —,

' nsec. In practice, y-ray
bursts 6-, nsec [full width at half-maximum
(FWHM)] in duration are observed from thin tar-
gets intercepting the external proton beam.

The detector used in this experiment consists
of a 7.0-cm-diam by 3.8-cm-thick volume of the
liquid scintillator NE 213 encapsulated in a glass
cylinder which is coupled by a Lucite light pipe
2.5 cm long to an RCA 8575 photomultiplier tube
mounted on an Ortec 270 constant-fraction-timing
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FIG. 1. Neutron (n) and p-ray (p) time-of-flight spec-
tra at 0 for 35-MeV protons on 90Zr. Each channel rep-
resents 0.1 nsec.
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MeV in the region of the isobaric ana glo of the target

te. The fits shown are based on Lorentzian
1'd) d Gaussian (dashed) intrinsic line s apes p
d t' b kgrounds, The area determined ro

Lorentzian scarc is o 0h 0/ larger than for the Gaussian.

h
' efficiency of the neutron detector byfort cine i

tes with 1 ttle' ld'ng reasonable counting rates wit i e
sacrifice of resolution. The data at each sca-
terin angle have been accumulated during a tar-tering ang e
get bombardment of from 5 x 10 to ~ p, a
a rate between anb tw 1 and 4 p.A, limited for the tin
and lead targets by their low melting points. The
spectra in ig. rF 1 esult from a bombardment of
10' pC.

r a lot ofUnfortunately, thick targets also scatter a o o
beam toward potential sources of background. In
the present sys em ort t for taking angular distributions
from 1 o0' to 160 a quadrupole triplet following
the target chamber focuses protons scattered
through angles less than about 0.022 rad into a
heavily s ie e eh' ld d b am dump. Unobstructed flight

aths at forward scattering angles have been pro-pa sa
vided by locating the dump shield 7 m b ybe ond the
target ladder. To insure adequate measurements
of beam intensity, the Faraday cup has been ex-

detector with a shield of steel and water. The
detector and shield ride on a cart which pivots
about an axle mounted above the target chamber.
The cart floats on a remotely controlled motor-
driven air pad.

A special experimental arrangement is available
for observing neutrons at a scattering angle of 0'.
A magnet following an auxiliary target chamber in
the cyclotron vault is used to bend the proton beam
about 20 from the 0'neutron flight path. The
detector is in a separate vault, shielded from
neutrons and y rays not originating in the target
by concrete walls 1.2 m thick. Thus, the 0' spec-
t also contain little background.ra a

crestSince only IAS neutrons are of primary interes

in the resent experiment, a sufficien y 'gtl hi hin e pr
threshold has always been set on the lig -pu s-i ht- ulse-
height (LIGHT) signals from the neutron detector
to discriminate against low-energyr neutrons from
a given beam urs w

'
b st which would otherwise overlap

Wl'th IAS neutrons from the next burs .st. In most
spectra, even ethe ground state of the residua
nucleus has been relatively free from such over-
ap. For the 3.02- to 7.22-m flight paths cur-

rently used, this technique results in higher count-
ing rates for the IAS neutrons than would be ob-

with lower thresholds by eliminating alternate
beam bursts from the cyclotron. An additional
advantage o ig ere of hi her thresholds is improved PSD
per ormance,f ance since small-amplitude light pulses
from protons and electrons are difficult to dis-
tinguish.

B. Data reduction

E e t for the analog of "Ca, every IAS ob-
Inserved in this experiment is proton unboun . n

such cases, the IAS generally appears as an iso-

the analogs of excited states of the target are also
' 'ble. In particular, the analogs of the lowest

2 and s es o-tat f "Zr and '"Sn have been identi-
'

d
'

the resent data. Analyses of the angular
distributions obtained for these states wi e pu-
lished separately.

The computer code ANN|K" ha. s been used to
b t the time-of-flight spectra and to obtain

least-squares fits to neutron peaks with a o o
resolution functions representing beam energy
spread, target thickness, straggling, kinematic
broadening, scintillator thickness, electronic
plus beam-burst time spread, and intrinsic sta e
width. The primary need for such a. program re-
sults from the assumed Lorentzian (Brett-Wigner)
intrinsic one s aha e of the isobaric-analog reso-
nances. The Lorentzian tails are generally in-
distin '

h ble from a quadratic background,
which can lead to considerably underestimated
areas for IAS peaks fitted with less realistic func-
tions The most significant improvement resulting
from the inclusion of a Lorentzian intrinsic line
shape in scarc es onh s on the present data has been
obtained for t e oth IAS of ""Pb since it has the larg-)

est natural width. Figure 2 displays a pair of fits
for this state. The fit incorporating a Lorentzian

sha, e gives 50%%uq more area, than its
Totalcounterpart based on a Gaussian line shape. o a

cross sections of 7.1+ 0.8 and 9.6+ 1.1 mb have
been obtained from IAS peak areas extracted by
eye and with ANNIE, respectively, for 'OBPb(p, n)

gi at 25 ]gey,
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The principal errors in the present (p, n) IAS
cross sections probably reside in the neutron de-
tection efficiencies, which have been calculated
with a modified version of Kurz's program
TOTE F~ ." Since the neutron time -of -flight spec-
tra have been gated by a band in the LIQHT-PSD
plane encompassing predominantly proton light
pulses, only the probabilities for neutron induced
reactions producing protons in the scintillator
have been summed to yield the total detector ef-
ficiency. The relevant nuclear reactions included
in TOTEFF are n-p scattering and C(n, p)"B.
The probabilities that the reactions will be in-
duced by final-state neutrons from prior
"C(n, n'3n) and n-P scattering are also con-
sidered. Fortunately, the detection efficiencies
calculated for the neutron energies in this experi-
ment result almost exclusively from relatively
well determined n-p scattering cross sections.
The original n-p angular distributions in TOTEFF
have been replaced with values derived from the
Yale phase shifts. " A few of the carbon reaction
cross sections have also been adjusted to agree
with recent measurements. The remaining signi-
ficant differences between the original and MSU
versions of TOTEFF involve individual scintillator
properties. The scintillator density, hydrogen-
carbon ratio, and light response as a function of
proton energy have been replaced with appropriate
values for NE 213. In particular, the proton light
response is currently based on the data of Verbin-

ski et al." The LIGHT threshold has been cali-
brated by fitting the Compton edges of 0.511- to
4.44-MeV y rays with electron-recoil spectra
derived from the Klein-Nishina formula" folded
with a centrally Gaussian light-resolution function
with exponential tails. Since the neutron energy is
approximately independent of the scattering angle
for these targets, it has been possible to maintain
a constant efficiency for each angular distribution
by holding a fixed threshold. Thus, errors in the
efficiency calculations do not diminish the relative
accuracy within each angular distribution.

Another source of errors which affects only the
absolute normalization of the present angular dis-
tributions is the correction for neutron attenuation
along the flight path. In general, the removal
cross section is less than the total cross section,
since some neutrons may be elastically scattered
by potential absorbers into the detector. Some of
the absorbers, such as the —,'-mm-thick Mylar
window on the target chamber and the air along
the flight path, are mostly several meters from
the detector; neutrons elastically scattered by
them at all but very forward angles are attenuated
by the collimating shield on the detector cart and

delayed by longer flight paths. Thus, the removal
cross sections have been equated to the total
neutron cross sections for these media. In con-
trast, neutrons elastically scattered from materi-
als immediately surrounding the scintillator (prin-
cipally glass and reflectance paint) are not signi-

Ioo:
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FIG. 3. Comparison of experimental (p, &) IAS angular distributions with microscopic distorted-wave calculations
based on phenomenol. ogical (dashed) and ~-matrix (sol.id) effective nucleon-nucleon interactions. The short and [ong
dashes correspond to 1.0-fm Yukawa potentials with VT= 12 and 18 MeV, respectively.
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TABLE I. (P, n) IAS tota1 cross sections measured in

this work.

Target (MeV) (mb)

"Ca 25
35
45

10'+ 1.2
10.2+ 1.1
8.4+ 1.0

ficantly attenuated or delayed with respect to those
incident directly from the target. Thus, only the
nonelastic neutron cross sections have been in-
cluded for these absorbers. Attenuation correc-
tions ranging from 5/0 to 2(P/g have been applied to
the individual angular distributions.

A NaI(T1) scintillation counter has been used to
monitor protons scattered through 90'. The ratio
of observed protons to the product of beam charge
and target thickness has remained sufficiently
constant throughout each angular distribution so
that monitor corrections have not been included.

The error bars displayed on the data in Fig. 3
represent relative errors within each angular
distribution which result from statistical uncer-
tainties in the peak fitting combined independently
with +2% fluctuations in the product of beam
charge and target thickness. Since the IAS peak
area is a search parameter, its variance is the
corresponding diagonal element of an error ma-
trix obtained from inverting the curvature matrix
determined by the fitting algorithm. "

The errors in the absolute magnitudes of the
cross sections due to uncertainties in the neutron
detection efficiency calculations are estimated to
be about 10/o.""There are also small uncer-
tainties in target thickness, beam current integra-
tion, and neutron attenuation along the flight path,
which introduce systematic errors estimated to
be less than 5/o. ANNK has been used to evaluate
the additional systematic errors arising from
uncertainties in the IAS intrinsic widths. The
widths employed in the searches for the IAS yields
are 20+ 10,"30+ 5, ' and 231 + 6 keV" for the ana-
logs of "Zr, "'Sn, and '"Pb, respectively.

The individual angular distributions have been
integrated to yield the total cross sections listed
in Table I, The corresponding errors have been
obtained by combining the aforementioned statis-
tical and systematic errors independently. Tabu-
lations of the differential cross sections and their
relative errors are available upon request.

III. ANALYSIS

A. Microscopic calculations

Z~(np, nh) = (ET+ 1) '/'(2J, +1) '/'

x (C ~~A~~(np, n~)~4~), (5)

where J is the total angular momentum transferred,
JI is the spin of the target, the 4's are eigenstates
of Hr, and Az(n&, nh) is the creation operator for
a particle in a state labeled by np and a hole in
state nh, with their angular momenta coupled to
J. For charge-exchange transitions between 0'
analog states, Eq. (5) reduces to

Except for the presence of an effective scattering
operator rather than the free two-body potential,
the direct SISA amplitude [Eq. (2)] is equivalent to
the corresponding amplitude in the distorted-wave
Born approximation (DWBA)." Thus, if the ef-
fective interaction defined by Eq. (1) is represented
by a, local pseudopotential [e.g. , Eq. (4)], conven-
tional DWBA programs may be used to compute
the cross sections.

The theoretical angular distributions in Fig. 3
have been calculated with the code 0"A BAV(}, "which
incorporates the helicity representation" and
evaluates the knock-on exchange amplitude without
resorting to a local approximation. " The knock-on
amplitude is the principal effect of antisymmetri-
zation for inelastic scattering' and may be derived
consistently within the framework of multiple-
scattering theory. " DWBA70 is applicable to re-
actions in which the state of the residual nucleus
may be expressed as a sum of particle-hole pairs
with respect to the target ground state. Thus,
the scattering amplitude is decomposed into a
series of terms each representing the creation of
a particular pair with a spectroscopic amplitude4'
defined by

"Zr

120Sn

208pb

25
35
45

25
35
45

25
35
45

6.7+ 0.8
4.8+ 0.5
4.4+ 0.5

8.5+ 1.0
5.6+ 0.6
5.8+ 0.7

9.6+ 1.1
6.8+ 0.8
5.4+ 0.6

x g(C„~'[T„(T„+1)—T'„„(T'„—1)]

in an independent-particle representation where
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T, is the isospin of the analog states, P„is a
single-particle orbit with quantum numbers la-
beled by n (e.g., its angular momentum j„),m
labels the occupation numbers for the orbits and
the couplings required to complete the specifica-
tion of a particular term in the target wave func-
tion, and 7.

' is the combined isospin of the nu-
cleons in the nth orbit for the anth term. For t.he
present analysis, the ground state of ' Sn has
been represented by a wave function based on
average occupation probabilities derived from a

CS model of "9Sn and "'Sn." The average
probabilities have been normalized to correspond
to 20 excess neutrons. Elementary shell-model
configurations have been assumed for the other
targets: (lf, /, )', 0.8(lg, /, )"+0.6(1g,/, )'(2p, /, )',
and (I",/, )"(2f,/, )'(Ii„/,)"(3P,/, )'(2f, /, )'(3P, /, )'
for the excess neutrons in "Ca, "Zr, and '"Pb,
respectively. The single-particle wave functions
have been calculated in a potential of the form

21d
U(r) = U, f(r)+U„K' d f(r)1 —o,

where
1/3 — 1

f(r) = 1+exp
1 0

1 o =j(j+1)—l( +I1) —s(s+1);

x, =1.3 fm; a, =0.7 fm; X'=2.0 fm'; U„=6MeV;
4 is the mass number of the target; L, s, and j
are the orbital, spin, and total a.ngular momentum

quantum numbers, respectively, of the bound nu-

cleon; and U, has been adjusted to reproduce the
observed binding energies —except for the un-
bound IAS protons in goNb, "'Sb, and '~Bi, which
DWBA'M treats as bound by 0.01 MeV. Coker and

Hoffmann have shown that the microscopic form
factor for "Zr, (P, n)"Nb(IAS) is essentially un-
affected by the decay of the final state and that
there is at most a 1(P/g enhancement for '~Bi(p, n)-
'"Po(IAS)." The binding energy of a target neutron
in a particular orbit has been obtained by adding
the separation energy of the least-bound neutron
to the excitation energy of the corresponding neu-
tron-hole state in the isotope of the target element
with mass number A —1. The differences between
the binding energies of protons and neutrons in
analog orbits have been taken to be the following
(p, n) IAS reaction Q values: -7.115,~' -12.03,4'

-13.41,"and -18.82 MeV" for ta.rgets of 'Ca,
'Zr, "'Sn, and '"Pb, respectively. The proton

and neutron distorted waves have been generated
with the Coulomb-corrected (Vc&=0.84) optical-
model potentials of Becchetti and Greenlees' (ex-
cept for the use of the Fu-Percy potential" for
the approximately 6-MeV neutrons from the ana-

log of 'OBPb at E~ =25 MeV). Recent calculations '
of the nucleon-nucleus optical potential indicate
that its real part is not nearly as nonlocal as is
usually assumed from the phenomenological re-
sults of Percy and Buck. Thus, we have not in-
cluded any corrections for optical-model non-
locality in the present calculations.

The dashed curves in Fig. 3 result from pheno-
menological nucleon-nucleon forces consistent
with Austin's analysis. " In particular, the ef-
fective interaction has been taken to have the form
given by Eq. (4), with a 1.0-fm Yukawa radial
dependence and V, 27 MeV, V, = V« =12 MeV,
and V~ =12 and 18 MeV. The solid curves have
been calculated with a realistic force derived from
the Reid soft-core nucleon-nucleon potential by
Bertsch, "who employed the method of Barrett,
Hewitt, and McCarthy" to solve for the corres-
ponding G matrix in a harmonic-oscillator basis.
For compatability with DWBA'?0, a superposition
of four Yukawa potentials (with ranges of 0.2, 0.4,
0.5, and 0.'I fm) has been determined by fitting
harmonic-oscillator matrix elements to the origi-
nal G matrix. " Only the central-force terms
which act in states of even relative angular mo-
mentum have been retained for the present cal-
culations, since the central interaction in odd
states appears to be much weaker. ""

Numerical accuracy has been checked by re-
peating calculations for several choices of match-
ing radius, integration step size, and number of
partial waves. Also, comparisons have been made
between DWBA70 and DWUCK. " Direct-amplitude
total cross sections of 7.76 and 7.73 mb for
~'Ca(P, n)4'Sc(IAS) at E~ =35 MeV have been cal-
culated with DWBA70 and DwUcK, respectively,
using a 1.0-fm Yukawa force with V, =18 MeV.

8. Results

Both the phenomenological and realistic forces
yield angular distributions which follow the data
but are somewhat smoother. The similarity in
shape of the dashed and solid curves in Fig. 3
results from the almost perfect spatial overlap
of the target ground state and its isobaric analog
coupled with the 0' -0+ IAS transitions being
dominated by the monopole component of V,g, (r, ~)
The high degree of spatial overlap insures the in-
sensitivity of the (P, n) IAS form factor to details
of the initial and final nuclear wave functions and
the shape of the nucleon-nucleon interaction.
Sensitivity to the latter is further diminished by
the similarity of the low multipole components of
reasonable forces." Thus, we are not surprised
to discover that the total cross sections (or) for
these 0'(P, n) IAS reactions depend on the isospin-
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flip interaction almost exclusively through its
volume integral. For example, the total cross
section measured for 9OZr(P, n)"Nb(IAS) at E~
=45 MeV may be reproduced with phenomenologi-
cal Yukawa interactions of 179 or 180 MeVfm'
for ranges of 1.0 or 1.4 fm, respectively. The
insensitivity to nuclear wave functions has also
been tested by varying the independent-particle
potentials and configurations. The present study
uses a Woods-Saxon potential with essentially the
same geometry as employed by Ross, Mark, and
Lawson. ~ Calculations with this geometry (&,
=1.3 fm and a, = 0.7 fm) need a V, only 22% greater
than that required with ro =1.25 fm and ao= 0.65
fm to yield the total cross section observed for
4'Ca(P, n)"Sc(IAS) at E~ = 35 MeV. Similarly, the
most elementary shell-model configuration
[(IZ,),)'(2d, (,)'(2d, ~, )'(3s, (,)'] gives the same or
as the five-orbit BCS wavefunction for "'Sn(P, n)-
"'Sb(IAS) at E~=25 MeV, if V, is increased
merely —,'%.

The effects of noncentral nucleon-nucleon
forces have also been investigated. The complete
G-matrix interaction"'" (including tensor and
spin-orbit terms) yields very nearly the same
angular distribution for ~OZr(P, n)'oNb(IAS) at
E~ =45 MeV as that obtained with the central part
alone. As for the tests described in the previous
paragraph, the principal difference occurs in the
differential cross sections at O'. However, the
total cross section again remains almost constant,
decreasing by less than 1% with the inclusion of
the noncentral forces.

Figure 4 displays the results of the phenomeno-
logical analysis with the 1.0-fm Yukawa nucleon-

~ / I ~ I J I I ~ f I I f I I I I0

15- L-

CD

10- & "ca(p n}"sc (los)
Zr (p, n) Nb (IAS)

Q l20S~ ( ~) l20Sb (/AS)
I

208 pb ( p n) 208 Bj (IAS)

nucleon interaction. The individual values of V,
have been determined by requiring the calculations
to reproduce the corresponding (P, n) IAS total
cross sections measured in the present work. The
error bars represent the uncertainties due to the

0~ errors listed in Table I. The average values
of V, for proton bombarding energies of 25, 35,
and 45 MeV are given in Table II, along with the
uncertainties contributed by the errors in the in-
dividual values, the root-mean-square (rms) de-
viations of the individual values, and the combined
uncertainties from both of these sources. A note-
worthy aspect of the present phenomenological
analysis is the absence of any necessity for an
appreciable energy dependence of V, . The aver-
age values of V, (E~) yield slopes of —0.17+ 0.21
and -0.07+ 0.15 for the ranges 25-35 and 35-45
MeV, respectively. There is also no significant
A dependence of V, . Furthermore, the individual
values exhibit decreasing dispersion as the bom-
barding energy increases, which is dramatically
reflected by the rms deviations.

The principal source of the observed spread in
the individual phenomenological values of V~ for
the lower bombarding energies may be uncertain-
ties in the optical-model potentials. In particular,
the imaginary terms are smooth functions of pro-
jectile energy and target mass in the Becchetti-
Greenlees parametrization' and may not adequately
represent the dependence of the absorption on the
target structure. ' Such effects are more impor-
tant at lower projectile energies where the number
and nature of the open channels are more char-
acteristic of the target. " For most (P, I) IAS
distorted-wave calculations the least well-estab-
lished part of the optical model is the neutron
imaginary potential, since the neutrons have both
lower energies than the protons and inferior
elastic scattering data. Fluctuations of almost a
factor of 2 in the strength of the imaginary po-
tential have been observed for 8-MeV neutrons
scattered from targets with 50&A. & 70." Thus,

TABLE II. Averages ( (V~ ) ), uncertainties contrib-
uted by the errors in the individual values (&), rms
deviations Q,), and total uncertainties (c +6 ) of the
effective nucleon-nucleon potential strengths in Fig. 4.

0 ~ I I I I ~ I ~ I I ~ I I I I I I I I

25 30 35 't0 45
E (MeV)

FIG. 4. Phenomenological strengths of effective
nucleon-nucleon potentials of the forrb V~ (7; T&)

exp(-r)/r which reproduce the (P, n) IAS total cross
sections measured in this work (Table I). For clarity,
some points have been slightly displaced in E&.

Ep
(Mev)

25
35
45

Over-all
Average

17,0
15.3
14.6

+0.6
+0.5
+0.5

15.6 +0.3

(~,)
(Me V) (Me V) (Mev)

1.6
1.2
0.5

1.2

(~ 2+ ~2) i/2

(MeV)

+].,7
+1.3
+0.7

+1.2
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we have taken advantage of the Fu-Percy poten-
tial, which has been derived from 1-15-MeV
neutron cross section data for lead, 4' to describe
the distortion of the lowest-energy neutrons of
interest in the present study [from '"Pb(P, n)-
'"Bi(IAS) at E~=25 MeV]. Unfortunately, such
particularly appropriate potentials are not gene-
rally available. However, the smooth parametri-
zation of the global potentials is probably adequate
at our highest bombarding energy. Calculations
with Fu-Percy neutron potentials yield values of
V, 23%, 14%, and 3/o smaller for ' Pb(P, n)-
"'Bi(IAS) at E~=25, 35, and 45 MeV, respectively,
than the corresponding results with Becchetti-
Qreenlees potentials. The large disparity at 25
MeV is obviously due to differences in absorption.
We have not been the first to notice that (P, n) IAS
total cross sections are approximately inversely
proportional to the strength of the imaginary po-
tential in the neutron channel. "

C. Comparison with other work

Our individual phenomenological values of V,
cut a relatively narrow swath through the published
results of analogous studies for proton bombarding
energies up to 50 MeV. We will restrict com-
parisons to analyses of 0' (P, &) IAS reactions
induced by protons with energies greater than
20 MeV, since it has been shown that transitions
through collective multipole resonances may in-
terfere significantly with the direct amplitude at
lower energies. " Furthermore, we will only con-
sider calculations employing a real local nucleon-
nucleon interaction in a manner consistent with
the single inelastic scattering approximation
[Eq. (2)j. The quoted values of V, will be cor-
rected to the corresponding results for calculations
using 1.0-fm Yukawa nucleon-nucleon potentials
and including knock-on exchange amplitudes. The
corrections for potential shape consist of matching
volume integrals, and the exchange corrections
are based on our empirical observations that

(6)

= (1.7x10 4E, —2.75x10 ')V,or(direct)

5x10 'E, +1.955

for the 1.0-fm Yukawa calculations shown in Fig.
3. Without exchange, of course, @~~V,'.

Although they prefer their results which include
(P, d) (d, &) contributions, Rickertsen and Kunz"
and Fielding e~ al."also quote values correspon-

ding to 12.2 &V, & 18.8 MeV for one-step fits to
(P, n) IAS angular distributions obtained at the
University of Colorado from targets with 40&A &96
at Ep =22 8 MeV. Their phenomenological V, 's
are somewhat more dispersed than ours at E~ =25
MeV, perhaps due to their fitting of differential
rather than total cross sections and their use of
average proton optical potentials plus symmetry
terms for the neutrons coupled with the inclusion
of targets farther removed from closed shells.
They also fit "Zr(P, n)90Nb(IAS) data acquired
with the old Michigan State University neutron
time-of-flight system at E~ =22, 30, and 40 MeV"
and have obtained values corresponding to V,
=31.3, 17.4, and 14.1 MeV, respectively. We do
not understand their very large value of V, at E~
= 22 Me V and are more inclined to accept a V, of
18.8 MeV derived from an analysis of the same
data by Hoffmann and Coker. "

The latter authors advocate the use of a com-
plex nucleon-nucleon interaction, the imaginary
part of which is claimed to represent the (P, d)
(d, n) process. When the imaginary term is in-
cluded, they indicate little change in the (P, n)
IAS total cross sections calculated for "Zr at
E~ =22 to 40 MeV. ' However, they find it nec-
essary to decrease V, from the equivalent of
25.6 MeV (for the real interaction) to 12.6 MeV
(with the imaginary term) to reproduce the mag-
nitudes of 'OBPb(P, n)'"Bi(IAS) angular distributions
taken at bombarding energies between 24.8 and
50.0 MeV." In contrast, Bickertsen and Kunz
report that V, must be increased by approximate-
ly a factor of 2 to compensate for the destructive
interference between the direct and (P, d)(d, n)
amplitudes. " As for the direct calculation of
Rickertsen and Kunz for QOZr(P, n)9ONb(IAS) at
E&=22 MeV, we are unable to reproduce the real-
interaction calculations of Hoffmann and Coker
for 20'Pb(P, n)'"Bi(IAS),"which also incorporate
an unaccountably large V, to fit data consistent
with ours (except at E~ =25 MeV).

The present results are in better agreement
with the isospin-flip strength corresponding to
V, =12.2 MeV obtained by Batty et al. for 5e4(FP,n)

'4Co(IAS) at E~ =30.2 MeV." Due mostly to an
apparent inconsistency in their criteria for fitting
the data, they report a. 35% smaller V, for "Fe.

To our knowledge, the only other determinations
of phenomenological isospin-flip strengths for the
effective nucleon-nucleon interaction, within the
limitations set forth at the beginnning of this sec-
tion, are contained in the study of (P, n) reactions
on 1P-shell nuclei by Clough et al." They quote
average values corresponding to V, = 25.2 +2.0
and 9.0 +1.1 MeV for incident proton energies of
30 and 50 MeV, respectively. These values of
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V, (&t, }yield a slope of —0.81 +0.11, suggesting
an energy dependence quite inconsistent with the
present results. However, considerable sensitivity
to the choice of optical-model potentials is noted
by these authors, especially for the 30-MeV cal-
culations, and their data are of relatively poor
quality by current standards.

The G-matrix interaction produces nearly the
same cross sections for the reactions investigated
in this work as a 1.0-fm Yukawa potential with

V, =14 MeV. Thus, it accounts for the a~ data
quite well at E~ =45 MeV and fairly well at 35 MeV.
However, the experimental cross sections at 25
MeV are generally larger than predicted, except
for 'o'Pb(p, n)'o'Bi(IAS}, where a. particularly ap-
propriate neutron optical potential has been used.
Satchler and his collaborators have had reason-
able success with microscopic direct-reaction
calculations employing another realistic effective
interaction, ' the long-range even-state part of
the Hamada- Johnston nucleon-nucleon potential. "
The volume integral of the isospin-flip component
of this potential is about 160 MeVfm', which cor-
responds to a 1.0-fm Yukawa potential with V,
=13 MeV, not much lower than either our over-all
average phenomenological V, (15.6 +1.2 MeV) or
the monopole charge-exchange strength of the G
matrix for the Reid soft-core potential.

IV. CONCLUSIONS

Nucleon- induced charge-exchange transitions
between 0' isobaric-analog states provide an ex-
ceptional testing ground for microscopic direct-
reaction calculations. The direct cross sections
are large, minimizing the relative importance
of higher-order processes; the monopole part of
the isospin-flip term is the only central-force
component of the nucleon-nucleon interaction
which contributes to the direct scattering ampli-
tude; the final-state nuclear wave function is es-
sentially the same as for the target ground state;
large core-polarization corrections" are un-
necessary; and suitable optical-model potentials
are relatively well established. However, for
the microscopic description to remains'simple, it
is necessary to have sufficient bombarding energy
(E~a25 MeV) so that two-step transitions through
the giant multipole resonances are negligible. "

Unfortunately, the difficulties associated with
the detection and energy measurement of very
fast neutrons" do not currently allow the acquisi-
tion of charged-particle quality data with com-
parable ease. However, with the present time-of-
flight system, it has been possible to obtain rea-
sonably complete and accurate angular distribu-

tions for charge-exchange reactions induced by
protons with energies from 25 to 45 MeV.

We have compared our measured (P, n) IAS cross
sections for targets of "Ca 'OZr "OSn, and 'OBPb

at E~ =25, 35„and45 MeV with single inelastic
scattering-approximation predictions (including
the knock-on exchange amplitudes) based on both
phenomenological and realistic effective nucleon-
nucleon interactions. We find that the total cross
sections for (P, n} reactions to 0' isobaric-analog
states are mainly sensitive to the volume integral
of the isospin-flip central-force component of the
effective nucleon-nucleon potential, for which a
value of 195 +15 MeVfm' has been derived from
the phenomenological analysis of our data. This
is equivalent to a 1.0-fm Yukawa potential with

V, =15.6 +1.2 MeV, which suggests that V, is now

determined at least as well as V, and V„,and
better than V„for 25&8~ ~45 MeV." Although
the present results are consistent with no energy
dependence of the isospin-flip strength, they lean
toward a slight decrease in V, as E~ increases
over this range. It is reassuring that the individual
values of V, for '"Pb(P, &)'"Bi(IAS) exhibit the
least fluctuation with bombarding energy, since
the most appropriate neutron optical potentials are
available for this case, and that the individual
values for each target approach the monopole iso-
spin-flip strengths of the long-range part of the
Hamada-Johnston potential"' " and the G matrix
for the Reid soft-core potential' ' "as E~ in-
creases.

We believe that the instances of apparent dis-
agreement between the present results and those
of previous studies of the same type (after cor-
rections are made for antisymmetrization and
alternative shapes of the nucleon-nucleon poten-
tials) are mostly due to differences in the choice
of optical potentials (mainly the imaginary strength
in the neutron channel), the quality of the data,
and the criteria employed for comparing theoreti-
cal predictions with experimental measurements.
In two cases, however, we have been unable to
verify previously published calculations of direct
(P, n) IAS cross sections, both of which incorpo-
rate anomalously large values of V, . One of these
reported calculations implies that V, needs to be
decreased by almost a factor of 2 when an imag-
inary interaction representing the (P, d)(d, n) pro-
cess is included for '"Pb(P, n)'OBBi(IAS),"where-
as the same authors indicate that little, if any,
change in V, is necessary between the corre-
sponding calculations for QOZr(P, n)9ONb(IAS). 6O

Both of these results disagree with those of
Bickertsen and Kunz, who find that V, must be
increased by approximately a factor of 2 when

(P, d)(d, n) is explicitly included via a coupled-
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channel Born approximation, " except for 9oZr(P, n)-
"Nb(IAS) at E~ =22 MeV, for which their single-
channel calculation of the direct cross section does
not agree with that of Hoffmann and Coker' and
is also the other case which we have not been able
to reproduce.

In addition to the aforementioned disagreement
over values of V, required for (P, n) IAS reac-
tions when (P, d)(d, n) amplitudes are included,
recent calculations allowing continuum inter-

mediate states for the deuteron use V, = 40 Me V
for a 1.0-fm Yukawa potential. " Thus, it appears
that the actual contributions of such higher-order
processes are not yet fully understood. Neverthe-
less, it is encouraging that for straightforward
single inelastic scattering-approximation calcula-
tions the isospin-flip strengths of realistic ef-
fective nucleon-nucleon interactions are generally
consistent with our (P, n) IAS total cross sections,
especially at the higher bombarding energies.
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