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The (e,p) and (e,a) cross sections for targets of **Ni, °Ni, and %2Ni have been measured in the electron
energy range 16-100 MeV. They have been analyzed using the distorted-wave Born approximation E1 and
E?2 virtual photon spectra. Protons are emitted primarily following E1 absorption but a-emission results

from a combination of E1 and E2 absorption.

o(Ey, E,,48°%), 0(E(, E,,90°), o(E, E,, 132°); obtained ole,p), ole,®); deduce
opp(E)y 0T (E), of o (E).

[\IUCLEAR REACTIONS 588082\ (2, p) and 58:6%62Nj (¢, @); measured ' J
d

I. INTRODUCTION

The work described here has already been re-
ported!’?; the main conclusions have been altered
to reflect changes in our cross sections owing to a
more careful analysis of our experimental data
and to more sophisticated techniques in extracting
E1 and E2 multipole strengths. Here we describe
an experiment in which the (e, p) and (e, a) cross
section for targets of 5®Ni, $'Ni, and ®?Ni have
been measured in the electron energy range
16-100 MeV. These have been analyzed, by
making use of the virtual photon spectra, to ob-
tain the photonuclear cross sections for electric
dipole and quadrupole absorption that result in
proton and a-particle emission. Photodisintegra-
tion using bremsstrahlung was also studied as an
additional constraint on the multipolarity assign-
ments,

In electron scattering experiments nuclear ex-
citations are studied by measuring the spectra of
scattered electrons at some angle to the incident
electron beam. These data are then analyzed in
terms of the momentum transfer to the nucleus;
no information is obtained concerning the charged
particles, neutrons, or y rays emitted in the de-
excitation of the nucleus. The complementary ex-
periment is to study these deexcitation products,
in which case the experiment integrates over the
momentum transfers of the outgoing electron.

In the work reported here the charged particles,
protons, and o particles were studied. Since most
of the data taken in this experiment involved elec-
tron energies only up to 50 MeV, the nuclear in-
teractions were dominated by the transverse,
photonlike components.

In electroexcitation the nucleus absorbs the
radiation emitted by the electron in a single in-
teraction., The multipole decomposition of this
radiation has been studied by Gargaro and Onley?
and further developed by Soto vargos, Onley, and
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Wright.? In their formulation the cross section
for some nuclear excitation o,,,(E,), produced by
an electron of total energy E;,, may be written as

O, x( Eo)-f Z oML (E)N*(E, E, Z)
@

where o’;,{'(E) is the photonuclear absorption cross
section for the same nuclear excitation for photons
of energy E and multipolarity AL, and N*:(E, E, Z)
represents the virtual photon intensity spectrum
generated when an electron of energy E, interacts
with a target nucleus of atomic number Z. In the
work to be described here ¢}Z(E) will stand for the
E1 or E2 partial giant resonance cross sections
resulting in the emission of protons or a par-
ticles. The magnitudes and shapes of the virtual
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FIG. 1. The intensity spectra of E1 and E2 virtual
photons generated when 50 MeV electrons are inelastic-
ally scattered by a Ni nucleus.
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photon spectra have been calculated by Gargaro

and Onley?® using the distorted-wave Born approxi-’

mation (DWBA) which takes into account the dis-
tortion of the incoming and outgoing electron
waves in a point nuclear Coulomb field. It is im-
mediately apparent (see Fig. 1) that the E2 virtual
photon spectrum is much richer than the E1 spec-
trum in photons in the giant resonance region,
Bremsstrahlung, on the other hand, contains all
multipoles in equal amounts. These differences
are crucial to the analysis employed here.

Equation (1) is the defining equation for the
virtual photon spectrum N*:(E,, E, Z). For for-
ward electron scattering the momentum transfer
g approaches E and the reduced matrix elements
for photo and electrodisintegration are exactly the
same.” ¢ This simplification has permitted Onley
~and his collaborators to calculate the virtual
photon spectra without recourse to a nuclear
model. This entire development then rests on the
long wavelength approximation which we take to be
gR <« 1, R being the radius of the radiating system.
This is a good approximation for electric dipole

excitations in which the electrons are scattered
into very small angles. The same is also true for
electric quadrupole transitions up to electron en-
ergies of perhaps 50 MeV. The excitation of
higher multipoles requires larger momentum
transfers and for them the concept of the virtual
photon spectrum generated by point nucleus must
be viewed with great caution. The electric
monopole mode’ can also be excited by electrons.
It obviously cannot be related to a photodisintegra-
tion cross section according to Eq. (1) but must
be described in terms of its own matrix element.?

At the present time the electric dipole virtual
photon spectrum can be used with some confidence
because (1) it has been verified in experiments in
which the ratios of cross sections produced by
electrons and positrons were obtained® and (2) the
cross section for the reaction 2%y(e,n)?3"y has
been shown!® to bear the proper relationship to
the 238y(y, n)%7U cross section.

The idea that the giant dipole resonance decays
. mainly by nucleon emission and that o decay is
more important for the giant isoscalar E2 reso-
nance has already been expressed.!’1? 1t will be
shown that this concept is borne out, at least in
part, for the nickel isotopes.

The electrodisintegration of a series of light
elements resulting in proton emission has already
been studied by Dodge and Barber.!? In a similar
experiment Barber and Vanhuyse! explored four
heavy targets. The (e, a) reactions have been
studied by Murphy e? al.,!>16 Dodge and Vander
Molen,!” Tamae ef al.,!8 and a group at Glasgow.!?

There have been several experimental studies

of the nickel isotopes that related even more di-
rectly to the present work. Ishkanov et al., have
measured the photoproton spectra and determined
the (y,p) cross sections for 5®Ni and 8Nj, 20+ 2
Carver and Turchinetz have obtained the (y,p)
cross sections in *®Ni and %°Ni by an activation
technique.?? In an experiment very similar to the
one described here, Miyase et al.”® have deter-
mined the (y,p) and (y,p,) cross sections in **Ni,
60Ni, and $2Ni by studying the (e,p) reaction.
Finally, the proton capture reaction 5Co(p, v,) of
Diener et al.? also yields the (y,p,) cross section.
80Ni was one of the targets in the survey of (e, )
cross sections of Tamae et al.,!8 and Flowers
et al.® have also studied this reaction. Otherwise
the relevant existing data come from the capture
reactions *Fe(a, y,)’*Ni (Ref. 12) and *Fe(a, y,)-
60\, 2

II. EXPERIMENTAL DETAILS

The differential cross sections d %/dQdT for
the electroproduction of protons and a particles
from targets of *®Ni, $Ni, and ®Ni have been mea-
sured at 48°, 90°, and 132° using incident electron
energies in the range 16—-50 MeV. The protons and
o particles were momentum analyzed and identi-
fied by means of a magnetic spectrometer having
circular counters, approximately 2.3 cm in di-
ameter, in its focal plane.?” The beam was moni-
tored using ferrite toroids that were, in turn,
calibrated with respect to a Faraday cup.

The separated isotope foils, nominally 2 mg/cm?
in thickness, were purchased from the Oak Ridge
National Laboratory. Table I gives their thick-
nesses and purities, These quantities were veri-
fied by elastic electron scattering. A thinner ®ONi
foil was also studied.

Additional, very useful information can be ob-
tained if a radiator is interposed in the electron
beam ahead of the target so that the outgoing par-
ticles are now generated by electrodisintegration
plus the bremsstrahlung from the radiator. The
power of this method is that it allows us to change
the multipole composition of the radiation seen by
the target. For nickel and the energies involved
here, the virtual photon spectrum contains about
four times as many E2 as E1 photons, but the

TABLE I. Target properties.

Isotope Purity % Thickness mg/cm?
58 99.8 1.97
60 99.8 1.88
62 98.7 2.07
60 1.05
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bremsstrahlung beam, being a plane wave, con-
tains all multipoles in equal intensity.

For electron energies in the range 35-50 MeV a
second experiment was performed. A radiator,
217 mg/cm? of Ta, was interposed in the beam
7.6 cm ahead of the Ni target but out of view of
the spectrometer. The electrons multiple scatter
in the radiator enlarging the beam-spot size and
altering the effective momentum acceptance inter-
val of our circular focal plane detectors. A cor-
rection was made for these effects based on a
Monte Carlo calculation verified by an experimen-
tal study of the yields as a function of radiator
thickness and distance from the target. This ex-
ercise resulted in a correction to the radiator data
which increased these yields by about 10% at 35
MeV and 5% at 50 MeV.

Systematic data were not taken above 50 MeV be-
cause the point nucleus approximation may no
longer be adequate for the E2 virtual photon spec-
tra., Cross sections were measured at the single
energy of 100 MeV; they will be used in the fol-
lowing to demonstrate roughly the magnitude of the
nuclear size effects.

III. RESULTS
A. The spectra

Figures 2(a) and 3(a) show the doubly differential
cross sections d %/dQdT for the emission of a
particles at 90° and protons at 90° and 132° when
50 MeV electrons are incident on targets of *®Ni,
60Ni, and 52Ni. These are shown as typical ex-
amples, similar data having been obtained at
other electron energies and at several angles. It
can be seen at once that the a-particle yields from
58Ni and ®'Ni are essentially the same; that from
62Ni being about half as much. The corresponding
proton yields, on the other hand, are in the ratio
1/0.4/0.2. The extraordinarily large proton yield
from %8Ni is, of course, associated with its well-
established?8~3 Jow photoneutron cross section.
We can anticipate that, when measured, the
photoneutron cross section for $2Ni will be corre-
spondingly large.

All of the spectra are similar in shape having a
broad peak near 5 MeV for the protons and 8 MeV
for the « particles with the asymmetry character-
istic of Coulomb barrier penetration. Above 25

MeV there are no dramatic changes as the electron

energy increases; the high energy tail becomes
slightly more important but always represents a
small fraction of the total cross section, This
suggests that most of the yield results from photon
absorption at giant resonance energies and that the
decay modes are essentially statistical in nature,
Similar proton spectra have been obtained by
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FIG. 2. (a) The o spectra d%0/dT ,d measured at 90°
when 50 MeV electrons are incident on targets of 5Ni,
60Ni, and ®Ni. (o) The ratio of the number of @ particles
produced by electro plus photodisintegration in 58Ni to
the number produced by electrodisintegration alone.

This ratio was obtained by placing a 0.217 g/cm?® Ta
radiator in the beam ahead of the %Ni target.

Ishkhanov et al.* who have studied %®Ni and ®'Ni
and shown that essentially the same proton spectra
come from different excitation energies, Three
groups!516:1819 haye measured alpha spectra from
a number of targets in experiments similar to the
present one; the low energy components of these
spectra have been interpreted in terms of a sta-
tistical model.

The protons in the peak are isotropic though the
high energy tail is peaked forward of 90°. This
effect is already noticeable in 67 62Ni for 8 MeV
protons as may be seen in the insert of Fig. 3(a).
The a-particle angular distributions will be dis-
cussed later on.

Figures 2(b) and 3(b) show for *¥Ni the ratios of
the number of « particles or protons observed
with the radiator in to the number obtained with
the radiator out. The constancy of this ratio, as
a function of the kinetic energy of the emerging
particle, shows that the spectra generated in
electro and photodisintegration are very nearly
the same. The radiator increases the intensity
by an amount that depends on the resonance en-
ergies and the multipole composition of the ab-
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FIG. 3. (a) The proton spectra d?0/dT,d measured
at 90° and 132° when 50 MeV electrons are incident on
targets of Ni, ®Ni, and ®Ni. The insert shows the
tails of the energy spectra for ¢'Ni and ®Ni where the
protons are slightly forward peaked. (b) The ratio of
the number of protons produced by electro plus photo-
disintegration in %Ni to the number produced by elec-
trodisintegration alone. This ratio was determined by
placing a 0.217 g/cm? Ta radiator in the beam 7.6 cm
ahead of the %Ni target.

sorbed radiation. Similar results were obtained
for 60262,

Flowers et al.% have found a narrow peak near
4.2 MeV in their *Ni a spectra which they inter-
pret as arising from the onset of neutron emis-
sion. This feature was not apparent in our data
obtained using the 2 mg/cm? Oak Ridge target so a
thinner target was made at NBS. A low energy «
peak was then observed. Analysis of this foil by
electron scattering revealed that it contained F,
C, and O; it had been sprayed with a substance
containing Teflon to facilitate the rolling opera-
tion. Murphy et al.!® have pointed out that the
contamination of metal targets with low-Z nuclei
such as oxygen is a common problem; Flowers3!
confirms that the Glasgow target is thus afflicted.

B. The (v, p) cross sections

Protons and « particles of the same energy can
be counted simultaneously in the spectrometer.
Since the (e, o) cross section is much smaller
than the (e,p) cross section and has its peak for
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FIG. 4. Thedifferentialcross sectiondzo/dT,dQ for
the production of 8 MeV protons from %Ni as a function
of total incident electron energy E,. The data were taken
at three angles: 132° (squares), 90° (circles), and 48°
(triangles). The upper points refer to the yields result-
ing from electro plus photodisintegration when a 0.217
g/cm? Ta foil is interposed in the electron beam.

E,=8 MeV, it seemed practical to measure the
proton and g-particle yield curves by counting an
energy band near 8 MeV as a function of the total
incident electron energy E, in the range 16-50
MeV. The yield curve ¢(E, 6) vs E, for 8 MeV
protons emitted by 8Ni as a function of incident
electron energy is shown in Fig. 4. The measure-
ments were made at 48°, 90°, and 132° and the
angular distribution may be seen to be isotropic
for all but the lowest energy electrons used. The
upper points for E, between 35 and 50 MeV, were
obtained by interposing the 0.217 g/cm? tantalum
radiator in the electron beam ahead of the 58Ni
target so that the protons are produced by the both
electro and photodisintegration. These data have
been corrected as described above.

The cross section o,,,(E,) was then obtained (see
Fig. 5) by comparing the area under the proton
differential cross section shown in Fig. 3 with the
number in the energy band near 8 MeV and by
multiplying the differential cross section by 4w,
The yields Y,,,(Ey) with the radiator in were ob-
tained in the same units by multiplying by the came
constant. The justification for this procedure lies
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FIG. 5. The cross section (left-hand scale) for the
production of protons o,,,(E,) when electrons of total en-
ergy E, are incident on a **Ni target (open circles). The
closed circles represent the yield of protons obtained
when a 0.217 g/cm2 Ta foil was interposed in the incident
electron beam. The latter have been corrected for the
changes in geometry produced by the multiple scattering
of the electrons in the radiator. The lines drawn through
the points result from folding the histogram, represent-
ing the (y,p) cross section (right-hand scale), with the
E1 virtual photon spectrum in Eq. (1) and using the
Davies-Bethe-Maximon cross section in Eq. (2).

in the fact that at 90° the ratio of the number of 8
MeV protons to the total number in the spectrum
is the same with the radiator in or out.

The relationship between our measured electro-
disintegration cross section and the corresponding
photodisintegration cross section is given by Eq.
(1). The corresponding expression for the yield
with the radiator in is

Yo, x(Eq) =0y, ¢(E, — 2AE,)
Ey—m dE
+N, f 2 GLEK(E, - AE, E)=
0 AL

)

where N, is the number of nuclei/cm? in the
tantalum radiator, K(E, E) is the bremsstrahlung
cross section in tantalum, and AE, is the energy
an electron loses in traversing half the radiator
thickness.

The cross sections o,,,(E,) and yields Y,,,(E,)
were fit using various photonuclear cross section
shapes along with the £1 DWBA virtual photon
spectra in Egs. (1) and (2). Both the Schiff3? and
Davies- Bethe-Maximon3® bremsstrahlung cross
sections were used in Eq. (2), and since these
cross sections differ in magnitude3! by nearly 10%,
this choice determines the size of the derived in-
tegrated (y,p) cross sections.

Since the E1 virtual photon spectrum is rela-
tively flat (see Fig. 1), the fits to the (e,p) cross
section are not very sensitive to the assumed
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FIG. 6. Various (’y,p) cross section shapes that fit the
58Ni (e,p) data when combined with the E1 virtual photon
spectrum in Eq. (8). Here only the electrodisintegration
data below 30 MeV have been used. The dotted curve
represents the data of Ref. 17 multiplied by 1.22. The
dashed curve is a Lorentz line having a smaller width
below the resonance energy than above and truncated
near 15 MeV. The solid curve has a Gaussian shape be~
low and a Lorentz shape above the resonance energy.
The dot-dashed curve is a Gaussian below the resonance
energy and a Lorentz line plus a constant above. The
histogram with 2.5 MeV bins roughly reproduces the
structure in the measured (y,p) cross section.

shape of the of,io(Eo); the fits are sensitive to the
giant resonance energy and even more to the mag-
nitude of the integrated cross section. Figure 6
demonstrates this insensitivity. The five photo-
nuclear cross section shapes shown there produce
equally good fits to the electrodisintegration data.
The dotted curve represents 1.22 times the mea-
sured (y,p) cross section of Ref. 20, and the three
smooth curves are various analytic representations
of the cross section. The histogram with 2.5 MeV
bins roughly reproduces the structure in the mea-
sured (y,p) cross section. As a result of this
study and other tests, we arrived at the “histo-
gram” fit as the fairest way to present the results
as it does not impose any particular line shape on
the cross section. This fitting procedure, which
is really equivalent to a coarse unfolding, gave
the best fit with the smallest number of free pa-
rameters.

The curves o,,,(Ey) and Y,,,(E,) were simul-
taneously fit by representing the (y,p) cross sec-
tion as a histogram. The excitation energy was
divided into bins 4 MeV wide below 24 MeV and
much wider above that energy. The data then
choose the cross section magnitudes appropriate
to these bins. The fits and the corresponding
derived (y,p) cross sections are shown in Figs.

5, 7, and 8 for 58Ni, ®'Ni, and ®2Ni, respectively.
These fits are based on the use of the Davies-
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FIG. 7. The cross section (left-hand scale) for the
production of protons g, ,(E() when electrons of total en-
ergy E, are incident on a ®'Ni target (open circles). The
closed circles represent the yield of protons obtained
when a 0.217 g/cm? Ta foil was interposed in the incident
electron beam. The latter have been corrected for the
changes in geometry produced by the multiple scattering
of the electrons in the radiator. The lines drawn through
the points result from folding the histogram, represent-
ing the (y,p) cross section (right-hand scale), with the
E1 virtual photon spectrum in Eq. (1) and using the
Davies-Bethe-Maximon cross section in Eq. (2).

Bethe- Maximon bremsstrahlung cross section with
the Fermi-Thomas model screening functions. 3
The use of the Schiff bremsstrahlung cross sec-
tion [formula 3BS(e) of Ref. 35] leads to slightly
smaller magnitudes for the integrated (y,p) cross
section. The integrated cross sections obtained
using the two bremsstrahlung cross sections are
compared in Table II. Based on guidance provided
by Tseng and Pratt,® we believe that the truth lies
somewhere in between but closer to the Davies-
Bethe-Maximon result.

Table III compares the cross sections integrated
to 30 MeV with other values available in the litera-
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FIG. 8. The 0,,,(Eq) and Y, ,(E) for ®Ni (left-hand
scale) obtained by using the E1 virtual photon spectrum
in Eq. (1) and the Davies-Bethe-Maximon bremsstrah-
lung cross section in Eq. (2).

TABLE II. Percentage of a dipole sum in the proton
channel. [0dE=60NZ/A MeV mb; upper limit of the
integral =50 MeV.

Nucleus Schiff D-B-M
58Ni 11311 126+ 12
ONi 53+ 6 61+ 7
82Ni 28+ 2 32+ 2

ture. Carver and Turchinetz? measured the y,p
cross sections of “®Ni and ®2Ni using an activation
technique. Their integrated cross section mag-
nitudes should be smaller than those obtained in
the other experiments in which protons were
counted, since the latter also include the inte-
grated (y,pn) cross sections and, perhaps even
more important, the (y,pa) and (y,2p) cross sec-
tions. The results of Miyase et al.?® are some-
what lower than the other measurements; this
discrepancy cannot result from the fact that they
have used the virtual photon spectrum calculated
in the plane wave approximation to analyze their
data. It is also worth pointing out that the ground-
state cross sections reported in Ref. 23 are less
than 5% of the total (y,p) cross sections,

As a check on our absolute cross section mag-
nitudes, we have also measured the (e,p) cross
section for %2Ni at 30 MeV using an activation
technique. We chose $Ni because of the con-
venient 100-min half life of #1Co as well as its
simple decay scheme; the beta decay populates
the first excited state of !Ni at 67 keV 100% of
the time, 14% of the y rays being internally con-
verted.3” This was a completely independent mea-
surement. The 8Ni target was exposed for 3 h to

TABLE III. Integrated (y,2) cross sections.

30
ﬂ, 0y, o(E)dE
Nucleus (MeV mb) Reference
58N 570+ 60 20
520+ 90 22
480+100 23
754+ 752 This work
800+ 92 This work
ONi 320+ 50 20
210+ 80 23
264+ 292 This work
307+ 43P This work
oNi - 110+ 25 23
130+ 20 22
120+ 92 This work
133+ 14 This work

3 Using the Schiff cross section.
b Using the Davies-Bethe-Maximon cross section.
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about 8 uA of 30 MeV electrons. As in a previous,
similar experiment3® the electron charge was
measured in 100-s intervals using a noninter-
cepting toroid which was then compared with a
Faraday cup whose absolute calibration is known.
The 67 keV gamma ray was counted using the
calibrated planar Ge(Li) detector system??
developed by the NBS Radioactivity Section. The
cross section obtained is 4.8+ 0.1x 1072° cm?,
The error has almost equal contributions from
counting statistics, uncertainties in the detector
efficiency, and the monitor calibration as well as
that arising from the positioning of the target
relative to the Ge(Li) detector.

This result is to be compared with the cross
section of 5.1+ 0.2x 10~%°cm? for 30 MeV elec-
trons obtained by counting protons. Since the ®2Ni
target has a 0.46% contamination of °®Ni, having a
much larger proton yield, the corrected %2Ni(e,p)
cross section would be 5.0+ 0.2 x 10%?cm?, in
good agreement with the value 4.8+ 0.1 x 10~2°cm?
obtained in the activation experiment. This exer-
cise lends confidence to the absolute values re-
ported in this paper,

C. The (e, @) cross sections

As has already been pointed out, o particles
were detected simultaneously with the protons.
The analysis of the results, however, turned out
to be more involved. The yield curves for 8 MeV
alphas emitted by 9®Ni at the angles 48°, 90°, and
132° are shown in Fig. 9. The full curves are
drawn to guide the eye. The angular distribution
for these particles peaks at 90° and within the
accuracy of these measurements is symmetric
about 90°, As with the proton data, these have
been integrated over the a-particle energy spectra
and over angle to obtain o,, ,(E,) which is dis-
played in Figs. 10 and 11. The angular distribu-
tion may be written as

0(8, E) =0(90°)[ A(E,) + B(E,) sin%¢] , ®)

where the functions A(E)) and B(E,) were deter-
mined empirically:

A(E;)=0.49+8.3x 1073E, ,
B(E,) =0.51-8.3x 1073E,.

“)

It was not possible to fit the o,, ,(E,) and Y,, ,(E,)
data using the electric dipole virtual photon spec-
trum. This is illustrated in Fig. 10. As has al-
ready been indicated!? by the 5¢Fe(a, v,)*®Ni ex-
periment, the (y, @) cross section has an impor-
tant electric quadrupole component. For the three
nickel isotopes, Figs. 11-13 show the measured
cross sections o, ,(E,), the yields ¥, ,(E,), and
the fits from which the E1 and E2 (v, a) cross sec-
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FIG. 9. The differential cross section d’¢/dT ,d for
the production of 8 MeV « particles from %Ni as a func-
tion of total incident electron energy E;. The data were
taken at three angles: 90° (circles), 48° (triangles), and
132° (squares). The upper points refer to the yields re-
sulting from electro plus photodisintegration when a
0.217 g/cm2 tantalum radiator was interposed in the in-
cident electron beam. The curves drawn through the
points are merely to guide the eye.
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tions were derived when the Davies- Bethe- Maxi-
mon bremsstrahlung cross section was used. The
E2 strength occurs in a single bin extending from
14 to 20 MeV. It is located at the energy of the
isoscalar E2 resonance and its strength is great
enough to imply that ¢ emission is an important
decay mode for this resonance.

Table IV compares the percentages of the E1
and E2 sums in the o channel when the Schiff and
Davies- Bethe- Maximon bremsstrahlung cross
sections are used in the data analysis. It shows
that the E1 strength in the o channel is not very
important whereas the E2 strength is quite ap-
preciable. In comparing these intensities one
needs to recall that one isoscalar E2 sum in ONi
at 17 MeV represents 13 MeV mb, or only 1.5% of
a dipole sum. We are only able to detect this E2
strength because of the steep rise of the virtual
photon spectrum at low virtual photon energies.
The E2 strengths obtained in this analysis are
significantly smaller than those reported earlier,!’?
primarily because in the former analysis no cor-
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FIG. 10. The measured ofe,a) (left-hand scale) for
%8Ni as a function of total incident electron energy E,.
The upper circles represent the electro plus photodis-
integration yield obtained when the 0.217 g/cm? tantalum
foil was interposed in the incident electron beam. The
full curves are the best fits that could be obtained for
G,a(E¢) and the yield Y, ,(Ey) by folding the histograms
representing the E1 and E2 components of the (y, @)
cross sections (right-hand scale) with the E1 and E2 vir-
tual photon spectra in Egs. (1) and (2). The Davies-
Bethe-Maximon bremsstrahlung cross section has been
used in this fit. The E2 strength is located in a single
bin extending from 14 to 20 MeV. The dashed and
dashed-dotted curves show the result of assuming E2 or
E1 excitations alone.
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rection was made for the change in geometry when
the radiator was in.

The a particles emitted following E1 absorption
must populate mainly levels 3.5 to 6.5 MeV above
the ground state. There are, of course, individual
differences for the three isotopes, since they have
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FIG. 11. The %Ni(e, @) (open circles) cross section
(left-hand scale) corrected yield (closed circles) ob-
tained with radiator in. The curves through the points
result from combining the histograms, representing the
E1l and E2 (y, @) cross sections (right-hand scale), in
Egs. (1) and (2) with the E1 and E2 virtual photon spectra
and making use of the Davies-Bethe~Maximon cross
section.
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FIG. 12. The measured o,,,(E) for ®Ni as a function
of total incident electron energy E, (open circles). The
full circles represent the electro plus photodisintegra-
tion yield obtained when the 0.217 g/cm? foil was inter-
posed in the incident electron beam and the triangles
show the data of Ref. 25. The smooth curves through the
points result from combining the histograms, represent-
ing the E1 and E2 (y, @) cross sections (right-hand scale),
in Eqgs. (1) and (2) with the E1 and E2 virtual photon spec-
tra and making use of the Davies-Bethe-Maximon brems-
strahlung cross section. These integrals have been ex-
tended to 130 MeV assuming that the (y, @) cross section
is zero above 50 MeV. That the measured cross sec-
tions lie below this curve probably stems from the fail-
ure of the long wavelength approximation.

different separation energies, but, in any event,
the level density in the residual nucleus is great
enough so that several or many levels may be
populated. The situation is quite different.for the
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FIG. 13. The measured ofe, @) for $2Ni (open circles)
as a function of total incident electron energy E (left-
hand scale). The full circles are electro plus photodis-
integration yields obtained when the 0.217 g/cm? tanta-
lum foil was interposed in the incident electron beam.
The smooth curves through the points result from com-
bining the histograms, representing the E1 and E2
(y, @) cross sections (right-hand scale), in Egs. (1) and
(2) with the E1 and E2 virtual photon spectra and making
use of the Davies-Bethe-Maximon cross section.
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TABLE IV. Percentage of the E£1 and E2 sums in the
o channel. E1 sum: 60 NZ/A MeV mb. E2 sum:
0.222%4 °1/3 yb/MeV. E2 bin: 14—20 MeV. Upper
limits of the integrals=50 MeV.

E1l E2

Nucleus Schiff D-B-M Schiff D-B-M

58N 4.8+0.5  6.0+0.6 24+3 15+3
8N 4.4%0.7  5.4+0.7 24+ 4 15+4
62N 2.4+0.3  2.9+0.3 10+ 2 6+£2

a particles emitted as a result of E2 absorption
because the E2 resonance is located at a much
lower excitation energy. Here, we are led to the
conclusion that the first 2* state of the residual
nucleus must be populated a fair fraction of the
time., Figure 14 shows a suggested decay scheme
for the E2 resonance of ®Ni. The nearly isotropic
angular distribution suggests that s-wave a par-
ticles are emitted. The small anisotropy in the
angular distribution for °®Ni is consistent with the
magnitude of the E1 ground- state cross section
reported in Ref. 12,

D. Other multipoles

Questions concerning the contribution of other
multipoles, notably E3 and E0, are often raised.
The isoscalar E3 resonance is located at 30 A~1/3
MeV, at above 7.5 MeV for the nuclei considered
here, too low an energy to produce the observed
a spectra. The isovector E3 resonance at 28 MeV

Erecol =0.6 MeV |6.4 MeV

Lot
58,
2gNi

FIG. 14. A suggested decay scheme for the E, reso-
nance of %Ni.

could, on the other hand, emit o particles of the

energies observed here, If we replace the E2
strength in ®®Ni shown in Fig. 11 by E3 strength in
a bin extending from 26 to 30 MeV, then the best
fit (which is not good) to the data requires 41 iso-
vector E3 sums. [One isovector E3 sum:fo(E)/
EYdE=0.31NZA'/3 pb/MeV3.4] This is a lower
limit to the required E3 strength because nuclear
size effects will only decrease the virtual photon
intensity. Excitations of an E3 character there-
fore make negligible contributions to this experi-
ment,

Monopole transitions can, of course, be induced
by electrons. The first term in the expansion of
the monopole matrix element vanishes because the
initial and final states are orthogonal; the second
term has the same dependence on gR as the
longitudinal part of an electric quadrupole excita-
tion.” Figure 15 compares the plane-wave virtual
photon spectra!*4? for EO and for longitudinal and
transverse E2 excitations. The normalization has
been achieved by assuming we are dealing with
absorption into E0 or E2 giant resonances of the
same strength at the same energy. The E2 virtual
photon spectrum is the sum of its longitudinal and
transverse parts, Because of the difference in
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FIG. 15. The transverse and longitudinal parts of the
E2 virtual photon spectrum in plane-wave Born approxi-
mation for a 50 MeV electron. NP’ represents the elec-
tric monopole spectrum which has only a longitudinal
part.
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shape of the E0 and E2 virtual photon spectra it is
not surprising that they do not result in similar
electrodisintegration cross sections. If we as-
sume that the (e, @) cross section in %®Ni results
from E1 and EO absorption, place the EO strength
at 804~1/3 MeV in a bin extending from 18 to 23
MeV, then we arrive at a poor fit to the electro-
disintegration data and an EO strength consistent
with zero, Electrons of energies up to 50 MeV
simply cannot transfer enough momentum to pro-
duce EQ excitations intense enough to be observed
in this experiment.

E. Failure of the long wavelength approximation

In a recent paper Flowers ef al.?® have reported
on a very similar experiment in which the
80Ni(e, @) reaction was studied for electron ener-
gies of up to 120 MeV. Their cross sections are
shown as triangles in Fig, 12 to illustrate the good
agreement between the two experiments in the
region in which they overlap. The fits to the data
of Figs. 11-13 have been made using the data
points up to 50 MeV. When the integrals are
evaluated up to electron energies of 120 MeV, the
calculated cross section lies well above the ex-
perimental data points. There is no way to change
the multipole composition of the absorption cross
section to fit the higher energy points without
destroying the fit to the o,, ,(E,) below 50 MeV and
the electro plus photodisintegration yield. This
discrepancy, which was also found for *®Ni and
82Ni, may very well result from using the long
wavelength approximation.

To study the failure of the long wavelength ap-
proximation we have measured the (e,p) and (e, a)
cross sections for the nickel isotopes at 100 MeV,
o(meas) of Tables V and VI. These are compared
with the result obtained by evaluating the integral
of Eq. (1) to 100 MeV using the photonuclear cross
section already determined up to 50 MeV o(calc).
This is a lower limit since the photonuclear cross
sections were taken to be zero between 50 and
100 MevV. [The results labeled o(corr) will be
described later.] In all cases the measured (e,?)
cross section coincided with the result of the inte-
gration, in which the electric dipole virtual photon
spectrum was used, if a very small amount of

TABLE V. 0, at 100 MeV.

0, »(meas) O, p(cale) O, p(corr)
Nucleus (mb) (mb) (mb)
58N 1.15+0.02 1.10 0.98
ONi 0.50+0.01 0.47 0.42
8Ni 0.24+0.01 0.22 0.19

OF 58Ni, SONi, AND 62Nj 1021

TABLE VI. 0, , at 100 MeV.

0,, o (Meas) 0, o (cale) "0, (corr)
Nucleus (mb) (mb) (mb)
58Ni 0.069+0.002 0.084 0.063
N 0.063+0.002 0.081 0.060
N1 0.033+0.001 0.036 0.027

absorption between 50 and 100 MeV is allowed.
The measured (¢, @) cross sections, on the other
hand, are much too small to agree with the result
of folding the E1 and E2 cross sections with the
virtual photon spectra that coincide with the mea-
surements below 50 MeV. We believe that this is
a direct consequence of the failure of the long
wavelength approximation,

These results show that the electric dipole
virtual photon analysis for nickel succeeds at
least up to electron energies of 100 MeV and that
when electric quadrupole absorption is important,
the analysis fails above 50 MeV. As has already
been pointed out by both Barber® and Isabelle and
Bishop,® the long wavelength approximation will
fail when large momentum transfers become im-
portant and the F2 matrix elements have sizable
longitudinal components. This is illustrated in
Fig. 16 where we plot the ratios of the numbers of

IO T T T T T T ]

T T T T

107" —

[N5-(Eo,16.6)/ N (Eq, 16.6)] in PWBA

1072 1 | | | | |
0O 20 30 40 50 60 70 80
Eo (MeV)

FIG. 16. The ratio of the intensities of 16.6 MeV lon-
gitudinal to transverse photons in the E1 and E2 plane-
wave virtual photon spectra as a function of E.
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16.6 MeV longitudinal to transverse photons in the
E1 and E2 plane-wave virtual photon spectradl’4
as a function of electron energy. The longitudinal
parts never make an important contribution to the
E1 virtual photon spectra, but the longitudinal
components of the E2 become as large as the
transverse for electrons of energy near 50 MeV.

In the limit of small momentum transfer g — E,
the reduced matrix element associated with a
photonuclear process is identical to the reduced
matrix element for the corresponding electro-
nuclear process. This identity allows us to write
Eq. (1) which defines the virtual photon spectrum.
The transition probabilities B(AL,q) occurring in
the electron scattering cross section vary with ¢
as the squares of the spherical Bessel functions
j;@R). The long wavelength approximation*? con-
sists in replacing j, (¢R) by the first term in its
expansion, i.e.,

jL@R) =@R)*/@L+1)! 5)

We have made a correction to the virtual photon
spectra in an attempt to take this failure into ac-
count, This correction consists in multiplying
NM(E,, E, Z) inside the integrals of Eq. (1) and (2)
by the quantity

Pon-(£) 421" o

The average values of g2 participating in the inter-
action were estimated by comparing the plane-
wave virtual photon spectrum for the L involved,
with that for the next higher multiple, Since the
electron scattering cross section is proportional
to g%£, the longitudinal term having an additional
factor of L/(L +1),

NFEV/NFE=(q%)/E? (M
and

NF @ U/NPE=[(L+DY/LL+D(a?),/E. ()
Then

() NE®V4[LL +2)/(L +1)? NE@*D
EZ N‘E‘L +N€"L

. 9)

For the transition radius R, we have used 1.241/3
(3/5)1/2=0.934!/3fm, This procedure underesti-
mates the correction to the virtual photon spec-
trum since the average values 6f the momentum
transfer associated with the real interaction, in
which the Coulomb distortion is taken into account,
are much larger than those included in the plane-
wave result. It can, nevertheless, be used as a
guide and yields results consistent with those of
Shotter?® whose estimates are based on the gen-
eralized Helm model.*>* Qur technique has the
advantage over the explicit calculations of Shotter

in that it can also be used to estimate the finite
size correction to the distorted-wave virtual photon
spectra, The distorted-wave virtual photon spectra
cannot be decomposed into longitudinal and trans-
verse components; only the total virtual photon

- spectra are calculated. However, to the extent

that L(L +2)/(L +1)*~1, (q?)/E? is still given by
NE@*D/NEL - For Ni, the differences between
finite size corrections using plane- and distorted-
wave virtual photon spectra to estimate (qz)/ E?
are not significant; however, for heavier targets
the differences are very important,

When these modified DWBA virtual photon spec-
tra were used in the analysis of our data, the E1
components were left essentially unchanged but the
E2 intensities in the derived (y, o) cross sections
were increased. The results obtained from the
(e, a) cross sections are given in Table VII using
the histogram fit and the two choices for the
bremsstrahlung cross section as before. When
the integral is evaluated to 100 MeV using the
cross sections derived up to 50 MeV, we obtain
the cross sections given in column 4 of Tables V
and VI. It may be seen that the corrected (e,p)
cross section will now permit slightly greater
(y, P) cross sections in the range 50-100 MeV
and the corrected (e, @) cross section is now rea-
sonable, i.e., less than the measured one, al-
lowing a small (¢, @) cross section for E; in excess
of 50 MeV.

IV. CONCLUSIONS

We have shown that the (e,p) cross sections for
58Ni, €'Ni, and %2Ni can be described in terms of
electric dipole (y,p) cross sections through the
DWBA virtual photon spectra. Our experiment is
sensitive to the energy and strength but not to the
detailed shape of the (y,p) cross sections, The
(e, @) cross sections have been shown to result
from both E1 and E2 absorption. The E2 giant
resonance in the nickel isotopes is located at an
energy such that the o particles emitted can
survive the Coulomb barrier; in very heavy nuclei
this would not occur. Up to 50 MeV the DWBA E2
virtual photon spectra for Ni are adequate though
size effects seem to be important at 100 MeV;

TABLE VII. Percentage of the E1 and E2 sums in the
o channel if nuclear size corrections are made.

El E2

Nucleus Schiff D-B-M Schiff D-B-M

58Ni 4.9+0.5 6.1£0.6 31+3 21+3
ONi 4.5+0.7 5.5+0.7 31%5 215
N 2.4+0.3 2.9£0.3 13+2 8+2
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these effects can be expected to be important for
lower electron energies in heavier targets.

The a decays of the isoscalar E2 giant reso-
nance for %®Ni and ¢?Ni have been measured in the
(o, @’@”) experiments. Qur results are in agree-
ment with the upper limit quoted by Knopfle!? but
are larger than the result of Collins et al.*® Al-
most all of the protons measured in the present
experiment come from the electric dipole giant
resonance. In fact, if we add our derived inte-
grated (y,p) cross sections of Table III for *®Ni
and ®'Ni to the neutron yield cross sections tabu-
lated by Berman and Fultz%® we obtain, respective-
ly, 1.15 and 1.14 dipole sums. On the other hand,
since the electric dipole (e, p) cross section is so
important, it is very difficult to exclude that a
small part of the proton yield results from E2
absorption. It could be as much as an E2 sum,

Though the ultimate experiment would be one in
which the scattered electron is measured in co-
incidence with the outgoing nucleon or a particle,
the experiment described above represents a new
and powerful method for determing the multi-
polarities of the giant resonances without the
backgrounds that plague the hadron scattering ex-
periments or the radiation tails of inelastic elec-
tron scattering. Since the electromagnetic inter-
action is known, a comparison of electrodisinte-
gration data with that obtained using heavier pro-
jectiles may lead to a better model for the inter-

pretation of the inelastic hadron scattering ex-
periments.

The biggest problem with the virtual photon
theory basic to this analysis is the lack of knowl-
edge concerning nuclear size effects. These enter
when the long wavelength approximation is no
longer valid and are much more important for E2
excitations than for E1. It transpires that for the
energies of interest here the size effects are al-
most negligible for the E1 spectra but the E2 spec-
tra must be used with caution for electron ener-
gies above 50 MeV.
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