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The collective-model and distorted-wave
Born-approximation (DWBA) description of
the inelastic scattering of nucleons' and alpha
particles' has proven quite successful. In this
theory the amplitude for excitation of low-ly-
ing collective states takes the form

T. =P fdrg (k, r )li 1' (9', y')

dV(r) . dW(r) (+) -„-
r dr w dr i i' i

where the g's are the distorted waves gener-
ated from the optical potential U used to fit
the scattering data. Here

U(r) =-[V(r) +iW(r) j = -Vof(x)-i Wof(x');

f( )=(1+ )

x = (r-R,)/a;

x'=(r-R )/a
N

(2)

and p& is the usual deformation parameter.
ln this analysis pf is the only free parameter,
since the optical potential is determined from
the elastic scattering and is taken to be the
same in both channels.

Equation (1) implies, as usual, that the den-
sity distribution is aspherical, and furthermore
that the imaginary interaction follows the mo-
tion of the nucleus as well as the real interac-
tion. Formally, the imaginary part of the form
factor arises in the same manner as the imag-
inary part of the spherical optical potential.

Most previous analyses of inelastic scatter-
ing have made use of the real part of the form
factor. Recently the complex form has been

applied to inelastic alpha-particle scattering'
and found to produce somewhat better agree-
ment with the data, but with a small correction
to Pi. Similar analyses of nucleon inelastic
scattering' show a definite improvement over
calculations using the real form factor. Here
the corrections to Pf are of the order of 10 to
20'fo for 40-MeV protons. The present Letter
presents evidence that the complex form fac-
tor in Eq. (1) is necessary to describe the in-
elastic scattering of 'He ions; indeed, almost
all of the cross section arises from the imag-
inary term.

The experimental data were obtained by scat-
tering 22-MeV 'He ions obtained from the Los
Alamos variable-energy cyclotron from thin-
foil targets of &5 Fe and Nj. The elastic-
and inelastic-scattered particles were detected
by means of an ExdE/dx solid-state counter
telescope and displayed on a 400-channel analy-
zer suitably gated by the multiplier so that
only 'He particles were accepted. The angu-
lar range of the elastic measurements was
from 9' to 150'. The small-angle elastic data
were found to be Rutherford, and this allowed
normalization of the elastic and inelastic data
to obtain accurate absolute cross sections.
Only the 2+ and the 3 single-phonon states
of the three targets were analyzed, these be-
ing the most prominent levels found. Analy-
sis of the inelastic states was limited at for-
ward angles because of a low-energy compo-
nent from the elastic peak due to scattering
of the incident beam from collimating slits
and the analyzing magnet located in front of
the 20-in. scattering chamber.

The elastic data were fitted using the optical-
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FIG. 1. Optical-model fit to Ni elastic data. Pa-
rameters used are V=149.4 MeV, %=18.18 MeV, xo
=1.08 F, ~~=1.63 F, a=0.767 F, and a~=0.76 F.

model search code of Percy' and also the Oak
Ridge code HUNTER. ' The form of the "nuclear
potential" is given in Eq. (2), while the Coulomb
interaction was taken to be of the form

V (r) =2Ze'/r, x)Rcj

=(Ze /R ')(3-r'/R ') r «R
c c c

The elastic-scattering data and the optical-
model fits are shown in Fig. 1 for ' Ni. Although
several sets of parameters were found which
fit the elastic data equally well, the inelastic
calculations were insensitive to which set was
used provided the elastic data were well fitted.
Here we confine our attention to a parameter
set that is consistent with the parameters found

by Armstrong, Blair, and Bassel, 7 which de-
scribe He elastic scattering from a range of
targets. The parameters for 5 Ni are listed
in Fig. 1.

In Fig. 2 are shown three separate calcula-
tions for the 2+ and 3 states of ' Ni as given
by the D%BA code JULIE. These include the
cases where (I) only the real part of U was
considered, or a real form factor (RFF);
(2) the entire U was used, or complex form
factor (CFF); and (3) the complex form factor
was used, but corrected for Coulomb excita-
tion. In Table I are shown the values of PI ex-
tracted from comparing the calculated distri-
bution with the data. Also in this table are the
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FIG. 2. Comparison of three form factors used in
the DWBA calculation. The experimental data are in-
dicated as the points with error bars.

values obtained for 56~'8Fe. The PI found from
these experiments are compared with previous-
ly reported values. It is obvious from this
table that the imaginary part of the potential
contributes almost all of the scattering cross
section, in contrast to what is found in alpha-
particle and nucleon scattering. It has been
suggested' that pR rather than p should be used
for comparing various measurements. In this
case the interaction radius R is not uniquely

RFF CFF
CFF

and CE
Reported

values

"Fe P,
p2Rz
P3

P3Rz
"Fe P,

P2R
P3
P3Rz

Ni p2

p2R~
p3
p3R

0.48 0.22
2.86 1.29
0.24 0.11
1.41 0.63
0.62 0.22
3.77 1.31
0.23 0.082
1.36 0.50
0.58 0.18
3.63 1.12
0.32 0.10
2.04 0.66

0.19
1.12
0.10
0.60
0.18
1.09
0.080
0.48
0.15
0.95
0.10
0.65

0.19 0.27
0.87 1.24
0.10 0.11
0.46 0.51
0.17 0.25
0.79 1.16

0.08
0.37

0.15 0.21
0.93 1.01
0.13 0.21

0.86

Table I. Values of deformation parameter for 6 BFe

and 5 Ni for the 2+ (P2) and 3 (P3) states. RFF is the
real form factor, CFF the complex form factor, and
CE the Coulomb excitation correction.
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defined, but PR~ compares well with previous-
ly reported va.lues, as can be seen in Table I,
again indicating the dominance of the imaginary
form factor.

It should be noted that at large angles the
complex form-factor predictions have lost most
of their structure, while the shape of the rea. i-
form prediction is in rough agreement with
the data. This suggests that the distorted-wa, ve
prescription is suppressing important contri-
butions from the interior —due most probably
to the large strength of the imaginary potential
needed to fit the elastic scattering.

It is well known that the strong quadrupole
state a.ccounts for some 30% of the imaginary
well depth 8' for nucleons, and it is reasonable
to expect a comparable or large effect in thi. s
case. We are presently investigating the in-
clusion of the 2+ state in "coupled equations, "
and these results, as well as a more complete
discussion of the data and theoretical analysis,
will be presented in due course.
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Two and possibly three resonances have been
seen in the inelastic-proton continuum result-
ing from 40-MeV proton bombardment of a
NTP He gas target. The incident. proton en-
ergy, Ep, was defined to within +60 keV by
an edge-focused 60' wedge magnet. The gas
target was kept. in continuous flow to preclude
chamber contamination due to (I) out gassing,
or (2) residual air left in the vessel during
gas transfer. Background spectra with air
as the tar get revealed no proton-continuum
structure in the region of excitation, 19--F-*
~24 MeV, observed in He . Throughout the
angular range of the experiment, 15'~ t9]ab
~90', inelastic protons were detected by an
array of 32 solid-state passing detectors mount-
ed in the focal plane of a 180' double-focusing
magnetic spectrometer. Neglecting the loga-
rithmic term in the energy-loss formula, it
is easily shown that the pulse height of a pass-
ing particle at a given magnetic field and fixed
radius of curvature is proportional to its mass

squared. Thus d, T, He', and He'particles
were discriminated against after the expected
He inelastic-proton pulse height was determined
from an H(P, P)H scattering at an appropriate
angle. Hydrogen elastic scattering was also
used to energy-calibrate the spectrometer
magnetic field. Thus, with a knowledge of
incident beam energy, tar get purity, and de-
tected particle type and energy, an absolute
determination of the resonance Q values could
be obtained. The lowest excitation, and rel-
atively narrow resonance (I) occur at 0.64
+0.14 MeV above the continuum onset due to
the reaction (He +P —2P+T). The second and

broader resonance occurs at 2.18+0.14 MeV
above the P+T breakup point. From Figs. 1
and 2, which show s2v/&&a&p versus spectro-
meter field (B,) at 8 =25' and 52', respective-
ly, it is seen that both peaks are superimposed
upon a background consisting of phase-space
continuum and an additional experimental "flat"
continuum which is observed at 8, values above
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