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Abstract 

The differential cross section, spin-flip probability amplitude, and asymmetry 
for the inelastic scattering of19·6 MeV protons to the 2+ state in 54Feat 1·409 MeV are 
analysed. The antisymmetrized distorted wave approximation is used to evaluate the 
scattering amplitudes in which the reaction mechanism is represented by a generalized 
core polarization model. Good fits are obtained to the differential cross section and 
spin-flip probability data. The exchange core polarization contributions are shown 
to be essential to obtain such fits. However, the asymmetry data cannot be fitted 
simultaneously, and this failure demonstrates the limitations of the current collective 
model representation of the core polarization process. 

I. INTRODUCTION 

In recent years there have been many experiments performed in which spin­
dependent data (polarization, asymmetry, and spin-flip probability amplitude) 
associated with the inelastic scattering of nucleons from nuclei have been measured 
(see the survey by Satchler 1971). Asymmetries have been measured for a large 
number of reactions since the availability of polarized nucleon beams of reasonable 
current, but less data are available for the polarizations of emergent particles because 
the experiments require a second (analysing) scattering. As this analysing scattering 
is also required to measure spin-flip probabilities, a similar lack of data would be 
expected. However, for the special case of inelastic nucleon scattering leading to a 
2 + final state of the nucleus, which then de-excites by the emission of an E2 y-ray, 
a simpler correlation experiment can determine the spin-flip probability amplitude. 
Specifically, the spin-flip probability amplitude can be related to the differential 
cross section for scattered nucleons which are in coincidence with an E2 y-ray that 
emerges perpendicular to the scattering plane (Bohr 1959). 

Obviously, the experiments that measure spin-dependent data are more difficult 
to perform than those in which only the differential cross sections for inelastic 
scattering are determined, and consequently most measurements to date have been 
for reactions with relatively large cross sections, namely the inelastic scattering of 
nucleons to the so-called "collective" states of nuclei. The structure of the differential 
cross sections of such reactions usually can be predicted very well from distorted 
wave approximation calculations based upon the collective (generalized optical) 
model theory of inelastic scattering (Satchler 1966, 1971; Sherif and Blair 1970). 
The magnitudes of the differential cross sections then determine the value of the 
deformation parameter of the generalized optical model potential. However, the 
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values of the deformation parameters extracted by this procedure do not always 
agree with those obtained from analyses of other experiments (Stovall and Hintz 
1964). Further, the collective model analyses of spin-dependent data from inelastic 
nucleon scattering are not too successful since the structural variations in results 
found for different isotopes and for a given nucleus with increasing projectile energy 
cannot be predicted (Reif and Hohn 1969; Satchler 1971). 

The data for the inelastic scattering of 19· 6 MeV protons to the first excited 
2+ state (1·409 MeV) in 54Fe when compared with the predictions of the collective 
(generalized optical) model illustrate the inadequacies of the standard analysis. 
The differential cross section data can be fitted quite well by the collective model 
calculations but both the spin-flip probability and asymmetry data cannot (Hendrie 
et aZ. 1969). It has been suggested by McDaniel and Amos (1972) that the discrepan­
cies between the data and the collective model analyses are due to the omission in 
the calculations of particle exchange processes. A "microscopic" theory of inelastic 
nucleon scattering (Amos et aZ. 1967; Geramb and Amos 1971) based upon an 
anti symmetrized distorted wave approximation automatically includes such exchange 
processes, the importance of which have been demonstrated in a number of applica­
tions (Love and Satchler 1970; Geramb and Amos 1971; Geramb 1972; Geramb 
et aZ. 1973). 

For the strong collective transitions, such as the excitation of the 2 + state in 
54Fe at 1·409 MeV, the dominant reaction process in the microscopic theory is 
that of core polarization (Love and Satchler 1967). This reaction process permits 
energy and momentum transfers to take place between the projectile and any individual 
bound nucleon in the target and to be mediated by the virtual excitation of the target 
as a whole. Direct and exchange core polarization components can be identified 
in the theory (Love and Satchler 1971): the direct core polarization components 
in the matrix elements are defined as those components in which the incident and 
emergent projectile have the same complete set of coordinates, while the. exchange 
core polarization components are defined as those components of the matrix elements 
in which the emergent particle is a nucleon that was initially bound in the target. 

The direct core polarization matrix elements have a one-to-one correspondence 
with the matrix elements deduced from the collective (generalized optical) model 
theory of inelastic scattering, but the strengths of the direct core polarization matrix 
elements are not adjustable and must be specified by an analysis of the ]i-ray transition 
rate for the de-excitation of the residual nuclear state in the inelastic scattering 
reaction (Love and Satchler 1967). Of course, model parameterization permits a 
wide range of values of the direct core polarization strengths. However, the strengths 
of the exchange core polarization components are not as well defined. The most 
useful representation for these latter components results if the reaction process is 
associated with the virtual excitation of giant multipoles in the target (Love and 
Satchler 1971; Geramb et aZ. 1973), in which case the strengths of the core polarization 
exchange amplitudes are determined by the energy shapes and strengths of the giant 
multipoles. With this interpretation of the core polarization components and, using 
a hydrodynamical model (Faessler and Greiner 1962) to define the giant multipole 
properties, excellent fits have been obtained to the differential cross sections in a 
number of reactions (Geramb et af. 1973). 



INELASTIC SCATTERING TO 2+ STATE IN 54Pe 577 

In view of the above successes, and to elaborate upon the implications of an 
earlier study (McDaniel and Amos 1972), the differential cross section, spin-flip 
probability amplitude, and asymmetry for the inelastic scattering of 19· 6 MeV 
protons leading to the 2+ state in 54Pe at 1·409 MeV excitation have been simul­
taneously analysed here using an anti symmetrized distorted wave approximation 
in a microscopic theory of the reaction in which it is assumed that the reaction 
mechanism is of the core polarization type. The details of the calculations are specified 
in the next section of this paper and the results are presented in Section III. The 
significance of the results is discussed in Section IV. 

II. CALCULATIONS 

The four measurable quantities associated with the inelastic scattering of 
protons from nuclei, namely the differential cross section dO"jdQ, the polarization 
P(8), the asymmetry A(8), and the spin-flip probability amplitude S(8), are defined 
by the equations 

P(8) = 0"++-0"+_+0"_+-0" __ (la,b) 
dO"jdQ ' 

S(8) = 0"+_+0"_+ 
dcrjdQ . (Ie, d) 

Here 8 is the scattering angle and O"VV, is the probability in the scattering that the 
incident and detected protons have spin projection quantum numbers v and v' 
respectively (only the signs of the projection quantum numbers are shown in equations 
(1)). The quantization axis is chosen to be perpendicular to the scattering plane and 
parallel to the angular momentum transfer vector. With this standard convention, 
the polarization equates to the left-right difference in the numbers of emergent 
protons following a second (analysing) scattering, while the asymmetry is determined 
by the left-right difference in the scattering of polarized protons. 

In a direct reaction the'ory of inelastic scattering the partial cross sections 
O"VV, are proportional to transition matrix elements T defined by 

T = T(v, v', M, M ', 8) = A<X~,-)(O)I <l/tJ'M'T'(1... A) I teO 1) I tp~MT(O 1... A), (2) 

where the primes denote final state quantum' numbers. The nucleus from which 
the protons are scattered has an atomic mass number A and states specified by the 
quantum numbers J, M, and T, while the spatial spin and isotopic spin coordinates 
of each nucleon are represented collectively by the numbers 0, 1, 2, .... It has been 
assumed that a local effective two-nucleon interaction represents the reaction 
mechanism and that this effective interaction is the same between the projectile and 
any of the bound nucleons. 

The distorted wave approximation (Satchler 1966) to the scattering matrix 
element can be defined by using 

(3) 

in equation (2), where the states IXv) are to be determined by an optical model 
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calculation, the results of which should "best fit" the appropriate elastic scattering 
data (Au stern 1963). The collective (generalized optical) model description of inelastic 
scattering follows from this formalism by identifying the form factor 

F(O) = A<t/lJ'M'T,(I ... A) I teO 1) I t/lJMT(1··.A», (4) 

with a deformation of the optical model potential (Satchler 1966, 1971; Sherif and 
Blair 1970). In this description of inelastic scattering, details of the structure of the 
target states are neglected and the theory is based upon a many-particle state (equation 
(3» which is not anti symmetric with respect to the interchange of any target nucleon 
with the projectile. 

In the microscopic theory of Amos et al. (1967) and Geramb and Amos (1971) 
an anti symmetrized distorted wave approximation can be made by using 

Then, with the cofactor expansion 

t/lJMT(l..·A) = A-t L: </>jmi1)ajm"t/lJMT(1...A) (6) 
jmct 

of the target states, the scattering amplitude (equation (2» can be re-expressed as 

T= L: S(jj'JJ'TT';/7:)<TrPp I T'P') 
jj'mm'",,'INtp 

x (JIMN I J'M') ( - )i-m( - t'-"(jj' m-m' I I -N) 

x <-Hoc-oc' I r-p) [(2J' +1)(2T' + 1)]-t 

x <X~;-)(O) I <</>j'm,,,.(I) I teO 1) I {X~+)(O) </>jmi1) - X~+)(I) </>jmiO)}). (7) 

The present notation is that used by Amos et al. (1967) and Geramb and Amos 
(1971), with the trivial exception that primes are used here instead of their suffixes 
1 and 2 or i and f. Equation (7) shows that the scattering amplitude is a multiple 
sum of two-body matrix elements, each of which is weighted by a single-particle 
density factor S that contains all the many-nucleon properties of the target states. 
To evaluate the scattering amplitude, multipole expansions of the distorted wave­
functions (the partial wave series) and the effective interaction must be made. As 
all the details of these expansions and the resultant form of the scattering amplitude 
have been given by Amos et al. (1967) and Geramb and Amos (1971), only the quan­
tities relevant to later discussions are shown explicitly here. 

The transition interaction is usually split into two parts. The first part, which 
gives the "valence" contributions to the scattering amplitude, is an effective inter­
action between the projectile and that bound nucleon initially described by the 
single-particle state </> jrnrx' This effective interaction is explicitly the two-nucleon 
t-matrix in nuclear matter (McCarthy 1968). Because of calculational problems, 
gross simplifying approximations must be made; from other studies of inelastic 
scattering (Love and Satchler 1970), the long range part of the central Hamada­
Johnston two-nucleon potential is an adequate approximation for this t-matrix. 
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The second part of the transition interaction gives the "core polarization" con­
tributions to the scattering amplitude. In this core polarization process the active 
bound state nucleon in the scattering amplitude (7) receives energy and momenta 
indirectly from the projectile and all such transfers are mediated by a virtual excita­
tion of the nucleus as a whole. A collective model is normally used to represent these 
virtual excitations (Love and Satchler 1967). 

Both components of the effective interaction can be expanded using the same 
multi pole series, namely 

t(Ol) = L tlM(ro,r1)YLM(QO) YIM(Ql)S;(O). Si(l)T/O). T/l) , (8) 
LMji 

where i and j take the values 1 and 2 for which the operators are 

(9) 

with 1 being the unit matrix. The valence and core polarization components of the 
effective interaction are associated with radial multipole terms (Love and Satchler 
1967), 

(10) 

The second term in equation (10) is the core polarization radial multipole for which 
the strength factorst yi!(e) are energy dependent. The energy at which the strength 
factor is to be found in the direct matrix elements is the modulus of the reaction 
Q value, while in the exchange matrix elements the core polarization strength factors 

, are to be evaluated at an energy equal to the single-particle energy change, namely 

(11) 

where Ep is the kinetic energy of the projectile and Ebd is the binding energy of the 
bound nucleon in the final state (Love and Satchler 1971; Geramb 1972). The 
radial form factors in the core polarization component of the effective interaction 
are usually represented by the generalized optical model (Satchler 1966) and thus 
have the form 

(12) 

where VOm(ro) is the optical model potential of radius R that best fits the elastic 
scattering data (for simplicity, the spin-orbit potentials are assumed to be spherical). 
Similarly, the bound state potential is assumed to be deformed and the deformation 
defines the radial form factor kL(r1). 

In the direct matrix elements (Geramb and Amos 1971) the selection rules 
limit contributions from the multi poles of the effective interactions to those with 
quantum numbers determined by the orbital angular momentum transfer in the 
reaction. The corresponding polarization strength factors then have a direct relation­
ship to the effective charges and g factors required by the nuclear spectroscopy to 
predict the observed transition rate of the y-ray de-excitation of the final state of the 

t These strength factors incorporate the volume integral weights used by Love and Satchler 
(1971). 
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nucleus (Love and Satchler 1967, 1971). Hence the effective charges associated 
with the spectroscopy of the states of the target nucleus define the strength factors 
y¥(Q) required in the direct core polarization components of inelastic scattering. 
The exchange core polarization matrix elements (Geramb and Amos 1971) permit 
contributions from all multi poles of the effective interaction. To define the strength 
factors y¥(s) in this case, it is convenient to associate each multipole in the matrix 
elements with the virtual excitation of a giant resonance in the target nucleus (Geramb 
et al. 1973). Unfortunately there are few data available from which detailed proper­
ties of these giant multipole resonances can be extracted (the giant dipole being 
perhaps an exception), but a hydrodynamic two-fluid model (Faessler and Greiner 
1962) can be used to specify their properties for use in the exchange core polarization 
components in inelastic scattering. 

Specifically, we now consider the excitation of the 2+ state at 1·409 MeV in 
54Fe by the inelastic scattering of 19·6 MeV protons. The distorted waves (initial 
and final channels) are calculated from an optical model, the potential parameters 
of which give a best fit to the experimental elastic scattering data (Hendrie et al. 
1969). The ground and first excited 2+ states in 54Fe are represented by the dominant 
terms of a standard shell model calculation (Lips and McEllistrom 1970), namely 

154Fe,g.S.) = l(lf7/Z)-Z;0+) (l3a) 

154Fe, 1·409) = (0·8)-!-I(1f7/ z)-Z;2+) +(0·2)-!-I(lf7/Z)-1 (2P3/Z)-1 ;2+), (l3b) 

where the single-particle proton states are represented by harmonic oscillator wave­
functions calculated for an oscillator energy of 11 MeV. 

The valence interaction is not used in these calculations since previous analyses 
of the inelastic scattering of 19·6 MeV protons from 54Fe (McDaniel and Amos 
1972) have shown that only a small fraction of the transition strength results from 
the long-range part of the central Hamada-Johnston potential. At most therefore 
the valence interaction components can provide a "fine tuning" of the predictions 
obtained using the core polarization reaction mechanism. 

The direct core polarization component of the scattering amplitude is deter­
mined solely by the quadrupole term in the usual collective model expansion. A 
quadrupole strength yzeQ) of 2·85 x 10- 3 MeV- 1 is used (McDaniel and Amos 
1972). This value corresponds to the effective charge of 2·5 e which is required by 
the nuclear spectroscopy to predict a B(E2) value in agreement with the observed 
data on the y-decay of the 2 + state in 54Fe. 

The exchange core polarization component of the scattering amplitude is 
restricted to receive a contribution only from an isovector giant dipole resonance 
of the target. For 54Fe, hydrodynamic model calculations predict that the giant 
dipole, quadrupole, and octupole resonances have energy maxima at 15, 18, and 
22 MeV respectively. * However, the dipole approximation should be good since 
y-induced reactions have shown that the giant dipole exists at about 15 MeV excitation 
in 54Fe and is particularly strong. The isovector nature of the resonance results 

* Specifically, these energies result by using the hydrodynamic model scaling of A+ upon 
the resonance shapes of Geramb et at. (1973). 
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by restricting contributions in the effective interaction of equation (8) to those in 
which i = 1 andj = 2. The dipole strength factor Yl(E) is taken as 0·0251 MeV-I, 
a value based solely upon the fit to the magnitude of the differential cross section. 
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The experimental data for the differential cross section, spin-flip probability 
amplitude, and asymmetry from Hendrie et af. (1969) are each compared in Figure 1 
with three predictions from the model calculations: direct core polarization results, 
obtained by omitting exchange contributions to the scattering amplitude; exchange 
core polarization results, obtained by omitting direct contributions; and total results 
from the complete calculations, The direct core polarization calculations can be 
related to calculations of inelastic scattering in which the usual collective (generalized 
optical) model approximation is used (Satchler 1966). The correspondence is complete 
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when the deformation parameter is defined by 

PL = L SUj'JJ'TT';b:) 
ij'mm'aa.'INfp 

x (JIMNI J'M')(TrPp 1 T'P') ( - )i-m( - )t-oc(jj' m-m' 1 I -N) 

x (Bee-ee' Ir- p) (2T' + 1)-t YL(Q) (cPj'm'oc' I kL(rt) Y1M(Qt) 1 cPimoc)' (14) 

Hence, to the extent that the direct core polarization predictions are inadequate 
so also will be the analyses in which the collective model approximation for inelastic 
scattering is used. 

The differential cross section analyses are shown in Figure 1 (a). The structure 
and magnitude of the experimental data are reasonably reproduced by the total 
calculation except at large scattering angles. The direct core polarization results 
also reproduce the structure of the data reasonably well; however, as the predicted 
magnitude is small by a factor of two, the usual collective model analyses would 
predict deformation strengths too large by up to 40 %. A better fit to the structure 
of the differential cross section data could be obtained with the models described 
above, but this is not essential for the present discussion. 

The results for the spin-flip probability amplitude are compared with the 
experimental data in Figure I (b). The direct core polarization calculations do not 
reproduce the observed structure (although a large experimental back angle peak 
is correctly predicted). The exchange core polarization calculations by themselves 
are of little interest save that strong peaks are predicted at 60° and 110° in the centre 
of mass system with a relatively small peak at 150°, and this structure is important 
since the data have peaks at these scattering angles. The total result, obtained by 
allowing the direct and exchange amplitudes to interfere, fits the observations very 
well. The fit at large scattering angles must be considered fortuitous, however, since 
the predictions of the spin-flip probability amplitudes are normalized by the predic­
tions of the differential cross section (see equation (ld». Nevertheless, the importance 
of exchange contributions and consequently the inadequacy of the usual collective 
model calculations is established. 

The predictions and experimental data for the asymmetry are shown in Figure 
l(c). The direct core polarization results reproduce the general structure of the data 
but with magnitudes that are wrong everywhere except at large scattering angles. 
This fit to the structure is deceptive, since in order to improve the predictions the 
model must be modified by a mechanism that considerably enhances the scattering 
probabilities of projectiles having spin projection +lh compared with the scattering 
probabilities of those having spin projection -lh (see equation (lc». This problem 
occurs in collective model analyses of other inelastic scattering reactions (Reif and 
Hohn 1969; Sherif and Blair 1970), and therefore appears to be a general inadequacy 
of the usual collective model of inelastic scattering. The comparative success of 
the core polarization calculations in fitting the differential cross section and spin-flip 
probability amplitude data in Figures lea) and l(b) respectively makes the poor fit 
to the asymmetry data in Figure l(c) disappointing at first sight. However, the 
exchange core polarization terms contribute significantly to the predictions and 



INELASTIC SCATTERING TO 2+ STATE IN s4Fe 583 

provide the necessary trend in the forward directions. The complete inadequacy 
at backward scattering angles can be discounted, to a large extent, since the differential 
cross section is not fitted at these angles. Further, unlike differential cross sections 
and spin-flip probability amplitude calculations, the asymmetry calculations reflect 
differences between partial cross sections (see equations (1)). Hence asymmetry 
data should be most sensitive to details of the reaction mechanism and to small con­
tributions to the exchange core polarization amplitude from multi poles other than 
the dipole term. 

IV. CONCLUSIONS 

Analyses of the differential cross section, spin-flip probability amplitude,. and 
asymmetry data for the inelastic scattering of 19· 6 MeV protons to the 2 + state in 
54Fe have shown the importance of exchange core polarization contributions to the 
scattering amplitude. As a consequence, analyses of inelastic nucleon scattering can 
be inaccurate when the usual collective (generalized optical) model approximation 
is used. 

The structure of the differential cross sections is fitted reasonably well with or 
without the exchange core polarization contributions. However, if the direct core 
polarization component strength is determined from an analysis of the y-ray transi­
tion rate for the subsequent decay of the excited 2 + state, a significant exchange core 
polarization contribution to the inelastic scattering process is necessary. The corre­
spondence between the direct core polarization and the usual collective model 
calculations then implies that the latter model can seriously overestimate the 
deformation of the nucleus. 

The spin-flip probability amplitude analyses have demonstrated the significance 
of the exchange core polarization components in the reaction mechanism. Structure 
that has previously defied explanation can be interpreted as being due to the virtual 
excitation of a giant dipole resonance in the reaction. Finally, the analysis of the 
asymmetry has shown that exchange core polarization contributions are essential 
to account for the experimental data. However, as the asymmetry reflects the differ­
ences between the partial cross sections, such data are very sensitive to details of the 
model calculations. The current models are not yet sufficiently sophisticated to 
adequately represent the reaction mechanism. Studies of the effects of multipole 
resonances other than an isovector dipole and of the importance of a deformed 
spin-orbit potential are in progress. 
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