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angles for the scattered beam. In other words,
this theory predicts that the scattered beam has
a maximum of intensity at right angles to the in-
cident beam. As an aid to the interpretation of
this result, one can strongly contend that the in-
cident electron must be captured into the p orbital
4», which is oriented parallel to the initial direc-
tion of approach k, . In the final (2P)' 'P& state,
the other bound electron must therefore lie in one
of the P orbitals 4», or 4», oriented perpen-
dicular to ko. Consequently, due to the preferen-
tial ejection of the third electron (induced by the
perturbation 1/r»), it can be argued that the in-
termediate complex, a helium negative ion, is
composed of a doubly occupied 4»y or 4» y

or-
bital and a singly occupied 4»0 orbital.

The total cross section o = 2ffI (6, g)dpd & sin8
shows the fairly sharp peak and rapid decay with
increased incident electron energy characteristic
of exchange reactions. In Fig. 1 the cross sec-
tion for the transition is compared with other
processes.

Even though the Born-Oppenheimer approxima-
tion is not very accurate, and the helium wave
functions are not very good, the results suggest
that the experiments be run, perhaps after the
manner of Swift and Whiddington, ' looking for a
transition with the properties described. In order

that a better prediction may be made, further cal-
culations are in progress using better atomic wave
functions and the more accurate distorted-wave
and strong- coupling scattering theories.
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Inelastic electron scattering yields valuable in-
formation about the spatial nature of the transition
charge, current, and magnetization densities in
nuclei. Since the electron part of the process is
completely calculable, one can directly compa. re
the experimental inelastic form factors (functions
of the momentum transferred to the nucleus) with
the predictions of nuclear theory. Different nu-
clear models can give quite different behavior for
these form factors, and thus electron scattering
provides a unique tool for elucidating nuclear
structure. We wish to present some experimental
and theoretical results on the nature of the giant

dipole resonance in C" illustrating these points.
The differential cross section at 180 for elec-

tron excitation of the giant dipole resonance is
given in first Born approximation (Z/137 «1) by'

da 16nn'K ' - el + 2(J =1 II T, (q) II /=0 )

where K, is the final electron wave number, hq
and hh are the three- and four-momenta trans-
ferred to the nucleus, and we have neglected the
electron mass and nuclear recoil. One needs the
reduced transition matrix element (the "inelastic
form factor") of the transverse electric dipole
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operator, ' '
0.008

T (q) = —fdx(j (x) [vxj (q~)Y (0 )] 0.007

+q'p, (x) [j (qx)Y (0 )]), (2)
0.006

TRK sum rule~

where ej&(x) and e p,~(x) are the nuclear current
and magnetization density operators.

The same operator describes the emission and
absorption of electric dipole y rays by nuclei,
only in that case a single fixed value of q appears,
q = q, o =E,o/hc, where E» is the excitation energy.
The integrated photoabsorption cross section for
reactions proceeding through the giant resonance
1s
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Note that for small q, o one has the familiar ex-
pression
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FIG. 1. Form factor vs q for the giant dipole reso-
nance in C' . The dashed curve is discussed in refer-
ence S. %'e have also indicated the value corresponding
to the Thomas-Heiche-Kuhn sum rule.

where epg(x) is the nuclear charge density opera-
tor. For larger values of q, the operator is sen-
sitive to details of the current and magnetization
[Eq. (2)].

%e have calculated the inelastic form factors
for several models of the giant resonance. The
Goldhaber- Teller model' calculation is described
in reference 1. The hydrodynamical model has
been studied and yields a matrix element propor-
tional to j,(qR)/qR, where R is the nuclear radius.
Calculations similar to those of Brown et al. '
have also been carried out for C" keeping the
four lowest energy particle-hole states (1d»)-
(lp») ', (ld&2)(lp») ', (2sv~)(lp~2) ~, and (1pv2)-
(ls») ', all coupled to 4=1,T =1. The residual
interaction

V = Q V(ij)-QU(Ir. I),res g

where U(l r; I) is the self-consistent central poten-
tial and V(1, 2) =-g,[(l- q)+go, g,]5(r, —r,), was
diagonalized among these states, the configuration
energies being taken from experiment as in refer-
ence 5. Harmonic oscillator wave functions were
used to compute radial matrix elements. g =0. 064
was chosen to give the same singlet/triplet ratio
as in the free interaction, and go=410 MeV F mas
chosen to fit the known j=1,T =1 states in C"
(it is about the same value as in reference 6). We
find one state at 18.3 MeV corresponding to the

observed state at 17.6 MeV, ' two states at 21. 1

MeV and 23.7 MeV, which me interpret as the
giant resonance observed in electron scattering
in the region 21-26 MeV (note these states have
not been resolved; therefore they presumably have
large overlapping widths), and a state at 33.6
MeV which has not been observed. The parameters
are nom fixed and the cross section we compute
is the sum of the cross sections to the tmo levels
at 21. 1 and 23. 7 MeV. The results for all three
models are shown in Fig. 1.

The excitation of the giant resonance by inelastic
electron scattering in carbon was measured at
180 using electrons from the Stanford Mark 0
linear accelerator. The apparatus has been de-
scribed beforev&'; a measurement of the giant
resonance cross section at an incident energy of
40 MeV was described previously. ' For the pres-
ent experiments an additional 10-foot accelerator
section was installed in the Mark II accelerator to
permit work at energies up to 60 MeV.

Figure 2 shows typical results obtained for car-
bon at 55 MeV; a graphite target O. OOS radiation
length thick was used; the absolute cross sections
were determined by comparison with the proton
cross section as in reference 1. An elastic peak
for carbon is seen because the finite aperture of
the spectrometer and multiple scattering of the
electrons in the target admit particles scattered
near 180'; the mell-known I1 transition to the
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FIG. 2. Spectrum of 55-MeV electrons scattered at
180' by C~2; the radiation tail was not unfolded in this
curve.

15.1-MeV level in carbon is also clearly seen as
expected. At -1S MeV some evidence for a broad
level is present, and at -23 MeV a large bump is
observed which is attributed to excitation of the
"giant resonance. " The points shown in Fig. 1

for the inelastic electron scattering reduced ma-
trix elements were derived from the area under
the "giant resonance" region. The point at q = 60
MeV/c was taken from reference 1, and the point

q = 87 MeV/c was obtained from Fig. 2 of this
paper after subtracting a background shown by the
dashed line on Fig. 2. The subtraction was made
in a similar way in reference 1, and although ab-
solute values are somewhat uncertain, there is
no doubt that the experimental value of the matrix
element increases as q increases from 60 to 90
Me V/c.

The point at 23 MeV was obtained by adding av-
erages of the various reported measurements of
the integrated cross section for (y, n) and (y, P)
reactions. The contribution of the 17.6-MeV level
was calculated from B"(p, y,)C" and detailed
balance (it is -5%) and then subtracted.

In Fig. 1 we see that the collective models and
the shell model give completely different behavior
for the inelastic form factor. The shell model
predicts quite an unusual behavior, as there is a
pronounced dip in the form factor within a span
of Scq& 100 MeV. This results from the fact that
there are two states involved and the form factor

to the first is decreasing while that to the second
is increasing (note this also predicts a shift to high-
er energy in the position of the resonance which
is observed). The experiments also quite clearly
show this dip. The shape of the shell-model form
factor is relatively insensitive to the values of vo
and q. The main role of the two-particle force
is to get the levels at the right energy. There is,
however, a fairly sizable contribution at large q
from the unperturbed (1P„,)(ls») '1;1) state
(which has a very large unperturbed configuration
energy), ' indicating that a quantitative fit to the
form factor would be sensitive to small admixtures
of states in the wave function. The conclusion is
that the shell-model states and operators yield
the rather remarkable form factor obtained ex-
perimentally, while the collective models are com-
pletely inadequate for describing these nuclear
states in any detail.

%e are indebted to W. Czyz for many stimulating
discussions.
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In Fig. 1, we have also plotted the results one would
get by leaving this high-lying unperturbed state out of
the calculation completely.


