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Inelastic Scattering of protons by Ca4o)
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The inelastic scattering of protons by Ca ' was investigated with the MIT-OXR electrostatic generator
and a 180-degree magnetic spectrograph. Bombarding energies from 6.54 to 8.15 Mev were used, targets
were made of calcium, and the reaction angle was 90 degrees. Excited states of Ca" were found at 3.348
~0.004, 3.730~0.004, 3.900~0.004, 4.483~0.005, 5.202+0.008, 5.241~0.006, 5.272~0.006, 5.606~0.009,
5.621~0.008, 5.901&0.008, and 6.029+0.008 Mev.

I. INTRODUCTION

''N the j-j coupling shell model, " the protons and
~ ~ neutrons from the twenty-first to the twenty-eighth
occupy the 1frfs shell. The nucleon number 20 has long
been accepted'4 as "magic, " mainly because of the
stability and abundance of isotopes with 20 protons or
neutrons. Recent studies of nuclear binding energies' —"
have shown that 28 like nucleons also form a par-
ticularly stable configuration, and some authors' ' even
find evidence against 20 as a magic number.

Closed shells at 2, 8, 20, 40, and so on, can be ex-
plained' by taking the orbits of individual particles,
moving in a harmonic-oscillator potential well as a first
approximation; whereas 28, 50, 82, and 126 follow from
the assumptions that the potential is intermediate
between the harmonic oscillator and the square well
and that the spin-orbit coupling brings the state of
highest j from each harmonic-oscillator shell down to
the next lower one. At the present time, the most
generally accepted picture'" " seems to be that the
if&Is state is brought down to about halfway between
the 1dsls and the 2Psls states, thus forming a shell
between nucleon numbers 20 and 28 which contains
only one j value.

This model leads to a number of predictions about
the excited states of nuclei with proton and neutron
numbers from 20 to 28, which can be tested experi-
mentally.

t This work has been supported in part by the joint program
of the Once of Naval Research and the U. S. Atomic Energy
Commission.
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1. The first excited states of nuclei with magic proton
and neutron numbers should lie relatively high. "—"
The doubly magic nuclei in this region which are
accessible to experimental investigations are 20Ca2p40

and 20Ca28".
2. The first excited state should also be high in

nuclei with closed shells plus or minus one 1frls particle,
because it involves either raising a 1frls particle to the
next higher shell, or raising a particle from the next
lower shell to the 1frls state. The nuclei in this class
which are accessible are 20Ca2] 21Sc20 21Sc28 20Ca27",
and 27CO28

3. The nuclei with proton and neutron numbers from
20 to 28, which have two or more particles or holes in
the 1frts shell, can only have low-lying excited states
of the same configuration as the ground state. These
multiplets have been studied theoretically, ""and the
experimental evidence for their existence has been
recently reviewed. "'4 This class of nuclei ranges from
20Ca22 to 27Co27". Their spectra may become very
complex if both protons and neutrons are involved, so
that in the present stage of nuclear spectroscopy, the
most interesting members might be those with one
closed shell. These are the calcium isotopes from 2pCa2242

to 2pCa26, and 22Ti 28 23V28 24Cr28", 25Mn28", and
26Fe28

This paper is the Q.rst in a series on the energy levels
of the calcium isotopes. The MIT-ONR electrostatic
generator and two magnetic spectrographs have been
used to study the (d,p) and (p,p') reactions on the stable
Ca isotopes 40, 42, 43, 44, and 48. Groups of alpha
particles from the Ca"(d,n) K", Ca" (p&n) K", and
Ca4'(p, tr)K4' reactions were also observed. In addition
to information about the excited states of Ca", Ca",
Ca", Ca", Ca", Ca", Ca", and Ca", this work therefore
yields relations between the atomic masses of Ca40
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through Ca4' and the potassium isotopes. Unfortu-
nately, Ca" was not available in concentrations suf-
Gcient for these experiments.

Preliminary reports about our work on Ca", Ca",
Ca~, and Ca4' have already appeared. '~" The present
paper describes the inelastic scattering of protons from
targets of natural calcium. This reaction was observed
previously by Harvey, "who used the MIT cyclotron
and range measurements. With a bombarding energy
of 7.7 Mev, he observed one level at 3.8 Mev, which he
ascribed to Ca" because of its 97 percent abundance.

II. EXPERIMENTAL PROCEDURE

Thin targets of natural calcium were prepared by
evaporating the metal onto Formvar Glms supported
by a —,'-in. X4-in. wire frame. The targets oxidize at
once when air is let into the evaporator and presumably
turn into CaCO3 within weeks. As it was found that a
metallic layer on the target greatly increases the per-
missible beam intensity, the Formvar was backed with
gold foil. The Formvar was picked up with the wire
frame from a water surface in the usual way, and the
frame was dipped once more to pick up a piece of gold
foil which had been cut to size and Qoated on the water.
From an analysis of the spectrum of elastically scattered
protons, it was found that the beaten gold leaf contained
appreciable amounts of silver and copper. Some targets
were therefore made with a backing of evaporated gold.
During the evaporation, however, the Formvar tends
to shrink and break o6' the wire frame so that these
targets are much more delicate than the ones with gold
leaf. Some good targets were also obtained by inad-
vertently letting the calcium, evaporated onto unbacked
Formvar, absorb some mercury vapor before letting
air into the evaporator.

The weight of a typical target may be: CaCO&, 0.05
mg/cm'; Formvar (CsHrOs), 0.02 mg/cm'; Au (in-
cluding some Ag and Cu), 0.2 mg/cm'. According to
Nier, "the abundances of the isotopes in natural calcium
are as listed in Table I.

The targets were placed in the Geld of the 180-degree
annular magnetic spectrograph" and bombarded with

TABLE I.. Isotopic abundances of natural calcium.

Calcium isotope 40 42 43 44 46 48
Natural abundance 96.96 0.64 0.j.45 2.06 0.0033 0.18S

in percent
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Fro. 2. Intensity vari-
ations of three proton
groups from Ca~ as a
function of incident proton
energy.

on the basis of measurements of their energies as a
function of the bombarding energy. The differential
energy shift, d'E,„t/dMdE;, near mass number 40, is
1.2 kev per mass unit per Mev. This method is generally
accurate to within a few mass units, which, for strong
groups, is sufhcient to exclude possible target con-
taminants. It does not apply, however, to low-energy
groups from highly excited states, which are observed
only with bombarding energies near the upper limit of
the operating range of the generator. In these cases, the
assignment was based on the intensities of the groups,
together with the consideration that the Coulomb
barrier excludes heavy nuclei; while the spectra of the
light target materials, C" and 0",are well known in the
region covered by this work. An analysis of the target
provided by the elastically scattered protons, is very
helpful in determining which target materials have to
be taken into account. Further details about the experi-
mental method are given in previous publications from
this Laboratory. "—"

III. RESULTS

Surveys of the spectra of scattered protons were
taken at bombarding energies of 6.92, 7.32, and 8.15
Mev. The result of the 6.92-Mev bombardment on a
target reinforced with mercury is shown in the upper
part of Fig. 1. The high-energy part of the spectrum
shows protons scattered elastically from Hg, Ca", 0",
and C" and indicates the absence of contaminants in
appreciable amounts. The exposures for this part were
chosen 20 times shorter than for the rest of the spectrum
to keep the elastic group from Ca" countable; the peak
height is 2600 protons per —,'-mm strip, while the back-
ground between the Hg and 0" groups varies around
10. The spectrum below the elastic group from C" was
taken with exposures of 300 microcoulombs. The whole
spectrum from Bp= 160 to 385 kilogauss-centimeters is
composed of 19 plates taken with diferent fields. Four
inelastic groups from Ca", as well as the group from the
well-known 4.43-Mev level in C'~, are seen. The lower
part of Fig. 1 shows the result of the 8.15-Mev bombard-
ment from the 6rst excited state of Ca" down. Seven
new groups from levels in Ca" appear, while two more

protons from the MIT-ONR electrostatic generator. "
The proton beam was analyzed with a 90-degree
magnetic analyzer with 60.4-cm radius, which has an
energy resolution better than 1 part in 1000. The
energies of scattered protons were determined by
locating their tracks in Eastman N.T.A. nuclear plates,
placed in the focal plane of the spectrograph. Each
exposure covers a momentum range of about 5 percent;
for a complete survey of the spectrum, a series of plates
has to be taken in which the magnetic field is varied
in steps of about 4.5 percent.

The assignment of proton groups was made primarily
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TAsr, E II. Energy levels of Ca~.

Level Energy cn Mev

3.348~0.004
3.730~0.004
3.900~0.004
4.483~0.005
5.202~0.008
5.241~0.006

Level

7
8
9

10
11

Energy in Mev

5.272&0.006
5.606~0.009
5.621~0.008
5.901~0.008
6.029~0.008
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groups can be ascribed to the 6.05- and 6.13-Mev levels
in 0".

Seven series of exposures at bombarding energies
between 6.54 and 8.15 Mev were taken with the purpose
of accurately measuring the excitation energies of the
6rst four levels in Ca". Each series consisted of at least
one exposure for the elastic group from Ca" and each
excited state. The fourth level was not seen at born-
barding energies below 6.9 Mev. It was found that the
energy diGerence between the elastic group and the
group from an excited state reproduces with a mean
deviation of 2 kev, so that the probable random error
in the final numbers for the excitation energies is of
the order of 1 kev for the 6rst four levels. The 6nal
stated errors are arrived at by quadratically adding 0.1
percent of the excitation energy to account for possible
systematic errors, such as discussed by Buechner
et al.3233 Results, together with those for the higher
levels, are listed in Table II.

The three closely spaced groups at Bp=235 in the
8.15-Mev bombardment showed remarkable variations
in their relative intensities when observed at other
bombarding energies, and in preliminary experiments
this led to some uncertainty regarding their mass
assignments. Thirteen exposures at energies between
7.17 and 8.00 Mev were taken to investigate these
groups in some detail. Typical results are shown in
Fig. 2. From these measurements, it is concluded that
all three groups correspond to levels in Ca" and that
resonances in the compound nucleus exist in the region
of excitation between 8.8 and 9.6 Mev. In this con-
nection, it may be noted that the excitation energy of
the compound nucleus is relatively low when a proton
is added to Ca", as can be seen in Table III, in which
the stable calcium isotopes are compared. It is con-
ceivable that the level density at a given excitation
energy is also relatively low in Sc"because of its closed-
shell-plus-one structure. The groups at Bp=204, 217,
and 218 kilogauss-cm in the lower part of Fig. 1 have
also been observed at E;„=7.73 Mev. The assignment
of these groups and the one at Bp=198 kilogauss-cm
to Ca' seems reasonably certain in view of their in-
tensities.

IV. DISCUSSION

The 3.8-Mev level reported by Harvey has been
resolved into levels at 3.730 and 3.900 Mev, both of
which are represented by strong proton groups. In

TABLE III. Excitation energy in compound nucleus upon
addition of a 7.4-Mev proton to a calcium isotope.

Target nucleus
Compound nucleus
Excitation in Mev

Ca 0 Ca~ Ca~ Ca~ Ca48
Sc" Sc~ Sc44 Sc" Sc"
9.0 12.3 14.1 14.3 17.0

& A. H. Wapstra, Physica 21, 385 (1955).

addition, a weaker group from a level at 3.348 Mev
and groups from eight higher excited states were found.
The 3.348-Mev level was also found in two recent
experiments, which showed that it has spin zero and
decays by pair emission. The 3.46+0.1 Mev pairs were
found by Bonner et c/.""who excited this level by
inelastic scattering of 4.8-Mev protons; while Day"
found the 0.5-Mev annihilation gamma ray from the
inelastic scattering of neutrons of energies higher than
3.36&0.05 Mev (in the center-of-mass system). Gamma
rays of 3.74&0.03 and 3.9+0.1 Mev were also found by
Day, in good agreement with the present work. A
3.75-Mev gamma ray was also found" 4' in the P+ decay
of Sc";no information on the excited states of Ca' is
obtained from the decay of K", which goes directly to
the ground state."

The most interesting level of Ca' is certainly the
first one. It lies about two times higher than the- 6rst
excited states of other even-even nuclei in the same
mass region, and it also makes an exception to the rule
that the spins and parities of these states are 2+. In
both respects, Ca" resembles other double closed-shell
nuclei ""4'
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