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The (e,p) and (e,a) cross sections for *Fe, *°Co, and *Zn have been measured in the
electron energy range 16— 100 MeV. They have been analyzed using the distorted-wave
Born approximation E 1 and E2 virtual photon spectra. The E1 and E2 components in

the proton and a channels have been obtained.

NUCLEAR REACTIONS *$Fe(e,p), *Fel(e,a), ¥Cole,p), **Cole,a),

4Zn(e,p), and *Zn(e,a); measured o(Eg, Ey,34°), 0(Eo, E,,48°),

o(Ey,E,,62°), 0(Ey,Ex,90°), 0(Eg,E,,118°), 0(E,E,,132°); obtained
ale,p), ole,a); deduced crf,,p(E), Uf,f,(E), U,E,,L(E), af,:i(E).

I. INTRODUCTION

In a previous work! we described an experiment
in which the (e,p) and (e,a) cross sections for three
nickel isotopes were studied. The present paper
describes an extension of that work to include three
new targets: >°Fe, *Co, and Zn. These targets
were chosen because their Coulomb barriers are
low enough to allow a-particle emission from the
isoscalar E 2 resonance. °Fe is a common target
and we hoped to make comparisons with other
work. We chose °Co to see if there were any
striking differences for an odd-4 nucleus and %Zn
because its a-particle and proton yields are very
large owing to low binding energies. The various
separation energies are listed in Table I. A prelim-
inary report? of some of these results has already
been given.

TABLE 1. Separation energies and target properties.

Target S6Fe ¥Co %Zn
S(N) (MeV) 11.2 10.5 11.9
S(P) (MeV) 10.2 7.36 7.71
S(a) (MeV) 7.61 6.94 3.96
S(2N) (MeV) 20.5 19.0 21.0
S(2P) (MeV) 18.3 19.3 13.8
S(Pa) (MeV) 18.1 15.0 13.5
Enrichment (%) 99.93 99.85
Thickness (mg/cm?) 1.48 1.59 1.51

II. THE EXPERIMENT

The present experiment was performed in much
greater detail than the previous one.! The doubly
differential cross sections, d’c/dQ dT for the elec-
troproduction of protons and a particles from these
targets, were measured as a function of incident
electron energy from 16 to 100 MeV, using a mag-
netic spectrometer having circular solid state detec-
tors in its focal plane. Complete energy spectra
were measured at 90° for electron energies of 16,
18, 20, 22.5, 27.5, 30, and 50 MeV and at 34°, 48°,
90°, and 132° for 50 MeV incident electrons. Table
I gives the target thicknesses and enrichment.

The spectra, examples of which are shown in
Figs. 1 and 2, are typical evaporation spectra peak-
ing near 5 MeV for the protons and near 8 MeV
for the a particles and having an asymmetry
characteristic of Coulomb barrier penetration.
Above 30 MeV the shapes of the spectra are in-
dependent of the bombarding energy except for the
high energy tail,>* the magnitude and extent of
which increases with the electron energy.

Several bumps or structures were observed in the
proton spectra when the incident electron energies
were below ~25 MeV. These are evident in Fig. 1
and become more pronounced as the incident elec-
tron energy is decreased. In Table II are listed the
peaks that are apparent in several of the spectra
generated by low energy electrons. These protons
populate states near the ground state in the residu-
al nuclei. Similar structures were also reported in
Ref. 5.
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FIG. 1. The proton spectra produced at 90° when 30
MeV electrons are incident on targets of *Fe, °Co, and
“Zn.

In order to obtain the differential cross sections
do /dQ(90°), the yield curves for protons and a
particles in two energy intervals near the peaks of
the energy spectra, 4.38 —4.95 and 7.54—8.46
MeV, were measured at 90° for many incident elec-
tron energies extending as far as 100 MeV. From
the complete energy spectra the ratio of the total
number of particles to the number in the energy in-
terval was obtained. An interpolation and extrapo-
lation of these ratios allowed us to integrate over
the outgoing particle energy, T}, or T, to obtain
the cross section do/d€(90°). Since the measure-
ments made at the other angles indicated that
do/d) is very nearly independent of the angle, the
total cross sections o, ,(Ey) and o, o(Ey) were ob-
tained by multiplying the 90° cross section by 4;
the error introduced by this approximation is
~2—3%.

In the range of incident electron energy 36 — 100
MeV, the 90°-yield curves were also measured with
a radiator interposed 7.6 cm ahead of the target
but out of view of the spectrometer. The electrons
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FIG. 2. The a-particle spectra produced at 90° when
30 MeV electrons are incident on targets of *°Fe, *°Co,
and %Zn.

multiple scatter in the 217 mg/cm? tantalum radi-
ator enlarging the beam spot size on the target and
altering the effective momentum acceptance inter-
val of the spectrometer because the focal plane
detectors are circular rather than rectangular. A
correction for this effect, described in Ref. 1, has
been made which increases the yields by about
10% at 36 MeV, 5% at 50 MeV,. and becomes
negligible at 70 MeV.

TABLE II. Energies of observed proton groups.

Nucleus Proton energy (MeV)
*Fe 7.1
9
¥Co 6.3
#Zn 5.5
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FIG. 3. The measured o, ,(Eo) for *Fe as a function
of total incident electron energy E, (open circles). The
full circles represent the yield Y, ,(E,) obtained when a
0.217 g/cm? tantalum foil was placed in the electron
beam ahead of the target. The smooth curves are the
best fits to the data and were obtained by combining the
histograms representing the E1 and E2 (y,p) cross sec-
tions (right-hand scale) in Egs. (1) and (2) with the E 1
and E2 DWBA virtual photon spectra and by making
use of the DBM bremsstrahlung cross section. The size
effect correction described in the text has been applied to
the virtual photon spectra.

Since the shapes of the particle spectra obtained
with the radiator in were not significantly different
from those measured with the radiator out, the
yields of electrodisintegration plus photodisintegra-
tion, Y, ,(Eq) and Y, ,(Ej), with the radiator in
were obtained by multiplying by the same factors
used to obtain the cross sections o, ,(E() and
0. o(Eg). The cross sections and yields for each of 1
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FIG. 5. The o,,(E,) for #Zn. See caption of Fig. 3.

the six reactions studied are shown in Figs. 3—8.
The data of Skopik, Asai, and Murphy,6 who mea-
sured the ®Fe(e,a) cross section, are included in
Fig. 6 to illustrate the good agreement between the
two experiments.

III. DATA ANALYSIS

The electrodisintegration cross section o, ,(E)
may be obtained from the photonuclear cross sec-
tion oy;(E ) through an integral over the virtual
photon intensity spectrum N*(E,E,Z):

E. —

oe,x(EO)z f ’

m dE
> oﬁg(E)N“(EO,E,Z)Y. (1)

AL
In Eq. (1), E, stands for the total electron energy
and E stands for the excitation energy of multipo-
larity AL. In the same spirit the yield with the ra-
diator in is

E —m
Y, (Eg)=0,,(Ey—2AEy)+N, fo ° zaﬁg(E)K(Eo—AEO,E)dFE, 2)

AL

where N, is the number of nuclei/cm? in the tan-
talum radiator, K (E,E) is the bremsstrahlung
cross section in tantalum, and AE), is the electron
energy loss in half the radiator thickness.
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FIG. 4. The o,,(E,) for *Co. See caption of Fig. 3.
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FIG. 6. The 0,4 E,) for *Fe. See caption of Fig. 3.
The squares represent the data of Ref. 6 and are includ-
ed to show the good agreement between the two experi-
ments.
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FIG. 7. The 0,4 E,) for ®Co. See caption of Fig. 3.

The cross sections o, ,(E() and yields Y, (E,)
of Figs. 3—8 have been simultaneously fitted using
the E 1 and E2 virtual photon spectra’? calculated
in the distorted-wave Born approximation (DWBA)
assuming a point nucleus, which implies the long
wavelength limit gR—0. We have tried to com-
pensate for the failure of the long wavelength ap-
proximation by making a correction to the virtual
photon spectra. This correction consists in multi-
plying N*(E,E,Z) inside the integrals of Egs. (1)
and (2) by the quantity

LiLgR)
jL(ER)

E

FM(gR)=
q

, (3)
9=4ms

where R is the radius of the nuclear ground state
and g is the momentum transfer. The way in
which the rms values of g were estimated is
described in Ref. 1. This size-effect correction is of
the same magnitude as the one proposed by
Shotter.” We have used both the Schiff'® and the
Davies-Bethe-Maximon'! (DBM) bremsstrahlung
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FIG. 8. The 0,4(E,) for _“Zn. See caption of Fig. 3.

cross sections for K (Ey,E) in Eq. (2). The E'1
photonuclear cross sections have been represented
by coarse histograms with the bins 3—4 MeV wide
below 24 MeV and much wider above; they cannot
show any detailed features of the cross sections.
The E2 strength was found in all six reactions, and
is obtained in a single bin 6 MeV wide at the ener-
gy of the isoscalar E2 giant resonance. When E 2
strength was also included at the energy of the iso-
vector E 2 resonance, the additional strength ob-
tained was consistent with zero. The resulting his-
tograms are shown in Figs. 3—8, where the
smooth curves through the data are the best fits;
they were obtained in every case by using the
DBM bremsstrahlung cross section and including
the size effect correction to the virtual photon spec-
tra. The main feature of the histogram representing
the E1 strength is, of course, the giant dipole reso-
nance located near 20 MeV. The bump that ap-
pears systematically between 50 and 60 MeV in

‘most of the E 1 histograms is not real and can be

made to disappear using a different choice of
analysis bins.

Various options were available in the fitting pro-
gram, e.g., the choice of the bremsstrahlung cross
section, whether or not to include the size effect
correction, and the choice of the upper limit of the
integration in (1) and (2). Poorer fits were always
obtained with the Schiff bremsstrahlung cross sec-
tion. The fitting procedure should yield the same
and the true photonuclear cross section indepen-
dent of the upper limit of the integrals. The in-
clusion of the size effect correction improves the
quality of the fits, especially as the upper limit of
the integrals is increased. Table III compares the
amount of E2 strength obtained in the analysis of
the (e,p) and (e,a) data when the integrals are car-
ried out to 50 and 100 MeV with and without the
size effect correction. It is clear that the correction
is needed to make the result independent of the
upper limit of integration. The uncertainties are
smaller if the upper limit is 100 MeV because more
data are included. Even with the size effect correc-
tion the amount of E 2 strength obtained is sys-
tematically smaller for the upper limit of 100 MeV.
We believe that this trend results from an inade-
quacy in the correction made for the alteration of
the experimental goemetry by the insertion of the
radiator for incident electron energies in the range
36—60 MeV. These points appear 1—2% below
the best fit when the integrals are carried out to
100 MeV. Were it not for this uncertainty, we
could use the experiment to determine the transi-
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TABLE III. Percentage of the E2 sum when only points up to 50 MeV (E;=50 MeV) and when all measured points
(Eo=100 MeV) are considered in the analysis. The bremsstrahlung cross section used is DBM. E2 sum:
0.22Z%4 '3 ub/MeV.

Without size effect With size effect

Nucleus Reaction Ey=50 MeV Ey=100 MeV Ey=50 MeV Ey=100 MeV
*Fe (e,a) 9+ 3 3+1 11+ 3 7+ 1

(e,p) 47+30 8+11 61+32 37+15
¥Co (e,a) 7+ 2 4+ 1 8+ 2 5+ 1

(e;p) 32422 4+ 8 48+24 28+11
$Zn (e,a) 26+ 6 12+ 2 32+ 6 25+ 3

(e,p) 29+43 ’ 26+15 56+46 77421
tion charge radius required to make the magnitude ried out to 100 MeV and the size effect correction
of the E 2 strength independent of the upper limit has been included. We show the results obtained
of the integration. using both the Schiff and DBM bremsstrahlung

This experience leads us to conclude that the E2 cross sections even though the latter gave a better
strength in the a channel derived using the size ef- fit and is generally accepted to be a more accurate
fect correction and reported in Ref. 1 must be an formula because it contains Coulomb corrections
overestimate. In that experiment the radiator was and a more appropriate screening function. The
not used for electron energies above 50 MeV, large differences obtained using these two
whereas in the present experiment it is the data, bremsstrahlung cross sections, which differ by only
taken with the radiator in the electron energy 10%, suggest that this kind of experiment may be
range 70— 100 MeV, that are really limiting the a good way to determine the absolute bremsstrah-
derived E 2 strength. Had the radiator been used lung cross section magnitude.
up to 100 MeV in the previous experiment, we The E2 strengths in the proton and a channels
might also have been able to extract the E2 of ®Zn may be compared with the results of Col-
strength in the proton channel. lins et al.,'? who have studied them in an (a,a’,x)
Table IV summarizes the amount of E1 and E 2 coincidence experiment as well as in a Hauser-

strength found in the (e,p) and (e,a) reactions for Fesbach calculation. These are shown in Table V.
the targets studied. The integrals have been car- There is agreement between the two experiments

TABLE IV. Percentage of the E1 and E2 sums in the a and proton channels. E1 sum:
60NZ /A MeVmb. E2sum: 0.22Z?4~'3 ub/MeV. Integrals to 100 MeV.

E1 E2

Nucleus Reaction - Schiff DMB Schiff DBM
(e,a) 5+ 1 6+ 1 10+ 1 7+ 1

S6Fe (e,p) 67+20 82+19 82+14 37+15
(e,a)+(e,p) 72420 88+19 92+14 44+15

(e,a) 5+ 1 7+ 1 8+ 1 5+ 1

¥Co (e,p) 52+10 67+12 63+10 28+11
(e,a)+(e,p) 57+10 74+12 71+10 33+11

(e,a) 16+ 4 18+ 4 33+ 3 25+ 3

%Zn (e,p) 129+28 154430 137+30 77+21

(e,a)+(e,p) 145+28 172+30 170+20 102+21




and the calculation for the a channel, but the E2
strength in the proton channel derived from the
present experiment is excessive even though the er-
ror is large. On the other hand, since the total E 2
strength excited in the (a,a’) experiment of Lui

et al."3 is only (38+10)% of an energy weighted
sum, the absolute magnitude obtained in the ha-
dron and electron scattering experiments apparent-
ly differ.

Table VI shows the photonuclear cross sections
derived in the present experiment integrated to 30
MeV along with (y,n) cross sections obtained using
real photons.'*!> Summing these three integrated
cross sections, we obtain 1.2—1.3 dipole sums, the
samie as was obtained for the nickel isotopes.! To
achieve this result it was necessary to note that the
extraordinarily large (y,pn) cross section for Zn is
included in both the proton and neutron yield ex-
periments. In Table VI it has been removed from
the neutron channel by multiplying the integrated
neutron yield cross section by 0.77, the branching
ratio obtained by activation.!®

The nucleus %Zn is a profuse emitter of protons
and a particles, owing to their low binding ener-
gies. A glance at the cross sections integrated to
100 MeV given in Table IV reveals that the proton
and a yields are approximately twice as great for
%Zn as for the other two targets studied. This
result suggests that the cross sections o(e,pa) and
o(e,2p), which would be counted twice in this ex-
periment, may be very important for %Zn.

In a similar experiment Tsubota et al.!” have
studied the (e,p) cross section in **Co and derived
an electric dipole (y,p) cross section integrated to
29 MeV of 353425 MeV mb, 38% greater than the
result shown in Table VI. This discrepancy is too
large to be attributed to their use of the plane wave
rather than the DWBA virtual photon spectrum.
The determination of our absolute magnitudes is
discussed in Ref. 1.

To get an estimate of the total photonuclear
cross sections integrated to 100 MeV, we can add
the integrated (y,n) cross sections of Table VI to
the derived integrated (y,p)+(y,a) cross sections
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of Table IV. We are omitting the E2 strength
which is negligible when measured in MeV mb, and
the quoted results were obtained using the DBM
bremsstrahlung cross section. The results are
1.76+0.19, 1.75+0.12, and 2.36+0.30 E1 sums for
6Fe, %Co, and **Zn, respectively. These sums do
not include the (y,n) cross sections integrated be-
tween 30 and 100 MeV. The integrated cross sec-
tions for >Fe and *Co may be compared with the
results obtained by Ahrens et al.'® for the light ele-
ments and by Lepretre et al.!® for Pb, both of
whom obtain similar magnitudes. The larger in-
tegrated cross section of *Zn may result from mul-
tiple particle emission.

IV. THE ANGULAR DISTRIBUTIONS

In a related paper,® detailed angular distributions
were reported of the a particles emitted by °Fe
when irradiated by 35 MeV electrons. It was
found that the a particles on the low side of the
spectrum were peaked backward and those on the
high side were forward of 90°. This phenomenon
was explained as resulting from the interference of
an E2 resonance near 18 MeV superimposed on an
E 1 continuum.

Because the E2 virtual photon spectrum rises so
much more steeply toward low energies than does
the E 1 with increasing electron energy, these
asymmetries should also change rapidly with elec-
tron energy. To explore this point we measured
for two energy intervals at the peaks of the proton
and a spectra the cross sections at the angles 62°
and 118 for electron energies 20— 50 MeV. The
angle between the target and the beam was the
same for both so that the corrections for particle
energy loss in the target would be the same. The
ratio 0(62°)/0(118°) as a function of incident elec-
tron energy is shown for protons in Fig. 9 and for
a particles in Fig. 10. Qualitatively, there is no
dramatic change in this ratio for either particle as
the electron energy is changed. The 4.7 MeV pro-
tons in the peak of their spectrum are symmetric

TABLE V. Decay branches for #Zn.

Channel Collins et al. (Ref. 12) This experiment Calculation (Ref. 12)
sum-rule depletion (%)

a 20+ 4 25+ 3 26

D 38+ 7 77421 46

n 59+27 28
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TABLE VI. E1 strength integrated up to 30 MeV.

30

Nucleus f o Orx(E)ME (MeV mb) Fraction
a 4 n Total of E1 sum
Fe 18+ 3 256426 7352 1009 1.21
¥Co 15+ 2 211422 884° 1110 1.26
#Zn 66+14 545475 616° 1227 1.28

#Reference 13.
"Reference 14.

about 90°, and the 8 MeV protons in the tail of the
distribution are always forward peaked. The 4.5
MeV a particles are peaked backward of 90° as re-
ported in Ref. 5. The a particles in the peak of the
energy distribution are symmetric about 90°,
whereas those having energies on the high energy
side of the spectrum are peaked forward.

We would like to present an alternative explana-
tion of this phenomenon. These observations have
been made in the laboratory system and should be
transformed into the center of mass system. To es-
timate the magnitude of the kinematic effects we
assume that the virtual photon is absorbed at 20
MeV and that the momentum transfer is in the for-
ward direction. Neglecting V., 2, the relation-
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FIG. 9. The ratios of the number of protons observed
in the indicated energy bite AT, at 62° to the same
number observed at 118°, 0(62°) /0(118°), as a function
of incident electron energy.

ship between the center-of-mass and laboratory ki-
netic energies is

c.m.

1—

Tem =T cosf | , 4)

lab

where V. is the velocity of the center of mass
and Vy,, is the particle velocity in the laboratory.
The 4.7 MeV protons from **Fe observed in the la-
boratory correspond to 4.684 and 4.716 MeV pro-
tons emitted, respectively, at 62° and 118° in the
center-of-mass system. Since these energies are all
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FIG. 10. The ratios of the number of a particles ob-
served in the indicated energy bite AT, at 62° to the
same number observed at 118°, 0(62°)/0(118°), as a
function of incident electron energy.



in the peak of the spectrum (see Fig. 1) the labora-
tory and center-of-mass cross sections are basically
the same. The situation is, however, quite different
for the 5.1 MeV a particles, because they come
from a region of the spectrum (see Fig. 2) where
the cross section is changing very rapidly. In the
center-of-mass system they have 5.066 MeV at 62°
and 5.134 MeV at 118°. The difference in the cross
section at these two energies is enough to produce
the observed forward-backward asymmetry. This
kinematic correction removes most but not all of
the asymmetry reported in Ref. 6. The dashed
lines in Figs. 9 and 10 represent the kinematic
correction that should be applied to our data; i.e.,
the measured ratios should be divided by this
number. Our conclusion is that the angular distri-
bution in the center-of-mass system is symmetric
about 90° throughout most of the spectrum. The
kinematic correction is, however, not enough to re-
move the forward peaking in the high energy tail
for either protons or a particles.

V. CONCLUSIONS
The cross sections for emission of protons and
alpha particles by absorption of real and virtual
photons in *°Fe, %°Co, and *Zn have been mea-
sured. The E'1 and E 2 photonuclear cross sections
from threshold to 100 MeV have been derived from
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these data. Including the neutron channel, the E 1
strength integrated to 100 MeV amounts to nearly
2 E'1 sums as has already been observed for other
elements in the total cross section measurements.
The E2 strength observed in the proton and «
channels for the three targets appear to depend
only on the binding energies and the Coulomb bar-
rier height. The angular distributions of both pro- .
tons and alpha particles are symmetric about 90° in
the center-of-mass system, except for the high ener-
gy tails, which are always forward peaked. In fit-
ting the data it became apparent that a size effect
correction was necessary above ~50 MeV incident
electron energy and that the one used has the
correct dependence on momentum transfer.
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