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Excitation function for the population of the 4.51 MeV state of 27A1 in inelastic
proton scattering: Evidence for 6 strength'?
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The excitation function for emission of 2.30 MeV gamma rays from the 4.51 MeV (—) state
of Al formed in inelastic proton scattering has been measured for proton energies from 5.6 to 7.3
MeV. A resonance previously seen in both inelastic electron and proton scattering from Si at 17.35
MeV has been observed as a resonance in the excitation function, as well as seven other resonances,
all of which are narrow (i.e. , less than 100 keV wide). It is suggested that these may represent
fragments of 6 strength in Si, as calculated by Carr et al.

PACS number(s): 25.40.Ep, 24.30.Gd, 27.30.+t

A large-basis shell model calculation of the 6 states
of 2sSi by Carr et al. [1] predicted that a large proportion
of that strength resides in a known strong state at 14.357
MeV and that there is residual strength spread over some
2 MeV of excitation centered about 17.5 MeV. Two ex-
perimental results relating to the fragmentation of that
strength have since appeared. The first of these resulted
from the reexamination of earlier inelastic electron scat-
tering data at large momentum transfer, and is described
by Yen et al. [2]. The claim of these authors is that there
is a significant fraction of 6 strength in a single peak at
an excitation of 17.35+0.10 MeV. The second is included
in a longer paper by Tamini et al. [3], which examined the
2sSi(p, n) sp reaction, along with three other (p, n) reac-
tions, and searched for structure in the neutron spectrum
which would be indicative of the population of 6 states
in the residual P. The excitations of these states can,
of course, be related to the excitation energies of states
of similar wave function in 2sSi. Reference [4] indicated
that six &agments of 6 strength occur at excitation en-
ergies in Si between 15.44 and 17.69 MeV, as observed
in a high resolution study of the 2sSi(p, p') reaction. The
two states of interest to this study are at excitations of
17.34 MeV, in agreement with Yen et al. [2], and 17.69
MeV. States at excitations higher than 17.5 MeV found
in this (p, p') study "were not analysed due to the spread-
ing of the state width and the difBculties of determining
an accurate quasielastic background. " Tamimi et aL [3],
however, found no 6 strength at an excitation corre-
sponding to the peak seen by Yen et aL [2] and Liu et aL

[4], and it seemed worthwhile to seek another reaction
which would, hopefully, resolve this apparent disagree-
ment.

The reaction chosen was the proton inelastic scattering
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reaction on 2 Al, leading to a high-spin excited state in
both the compound nucleus and the residual nucleus. It
was hoped that a high-spin excited state in 2 Al could be
found, which would be the final state in the inelastic scat-
tering reaction and which also had a unique gamma ray
decay. Indeed such a state exists, at 4.510 MeV excitation
in 2~A1, and having spin and parity

&
. Its radiative de-

cay takes place (77/o) via a 2.300 MeV gamma ray, to the
2.211 MeV state of Al, which then decays directly to
the ground state [5]. This 2.300 MeV gamma ray is eas-
ily resolved Rom all other gamma rays detected in this
inelastic scattering reaction at 6—7 MeV incident proton
energy. A 6 excited state in Si will decay to this 4.51
MeV state by emission of an / = 1 proton. At this point
it must be noted that, at these bombarding energies, the
l = 0 and 1 emitted protons have far higher probabil-
ity of penetrating the Coulomb plus angular momentum
barrier than do those protons of higher angular momen-
tum. Thus the (p, p') reaction could populate such ex-
cited final states in the target nucleus; however, because
of the smallness of the (Coulomb plus angular momen-

tum) barrier penetrability, states of excitation less than
about 16.6 MeV will not be significantly populated. How-

ever, it must be noted that making such a measurement
cannot, by its very nature, be angular momentum, parity,
or isospin selective, for this gamma ray could arise &om
compound nuclear states having J = 4, 5, or 6, either
parity, and isospin T = 0 or 1. It is argued that J = 7
states, though theoretically possible, cannot be formed in
this A = 28 system by a ltuv one-particle —one-hole (1p-
1h) excitation. Furthermore, the even parity states are
likely to have more complicated wave functions than the
odd parity states, and certainly smaller 1p-1h excitation
components. Moreover, states of the width of the peak
seen by Yen et aL [2] (quoted as less than or equal to 70
keV, see below) will certainly not be 4 states, which are
able to decay to the ground state of 7Al with the emis-
sion of an / = 1 proton, and are consequently expected to
have much greater widths. This leaves us with the pos-
sibility of detecting the presence of 5 and 6 excited
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f T —0 1 in Si as resonances in the yieldstates, of T = or, in
an wa ofof the 2.300 MeV gamma ray, but without any way o

d t '
hing between these possibilities.distinguis 'ng

of this 2.300The excitation function for production o is
MeV amma ray has been raeasur ed as a function of

d t roton energy. The experiment
e ga

ent was done at
the tandem accelerator facility of the Australian

'
n Nuclear

Science and Technology Organization, at Lucas eights,
New South Wales. The energy calibration of the pro-
ton beam was made using the results of Overley, Par er,

t es o anhr h ld and the sharp peak observed in the exci a ion
f ' t l boratory proton energy of 6.00 e

uate for thethe two calibration points. These are adequa e or e
proton energies use in 'sd this study. The aluminum target

~ ~

was 600 y,g/cm2 thick, and the beam energy loss in it
a roxiinately 35 keV. The Ge(Li) detector used for the
gamma ray measurements was p ace
to the target (d = 10 cm, approximately), and was at an
angeo a ou1 f about 60' to the beam direction.

te in Fi s.The results of the measurements are presented in 'g .
d . F' 1 shows the gamma ray spectrum e-

tween 2.0 and 3.1 gamma ray energy; the two ou s an-
ing pea s arise omk

'
& 2.211 and 3.004 MeV gamma rays.

in A as ammaThese gamma rays are very well known in A as gamma
rays fromexci e s a es't d t t of those excitation energies to t e

d t t F' ure 2 shows the excitation function or
production of the 2.300 MeV gamma ray. In that fig-
ure, vertica arrows mart' l s mark the locations of peaks expected
using the results of Tamimi et uL [3].

At the lowest proton energies used, two comments are
in order. First, the isolated peak seen at an inciden
proton energy of 5 970 MeV laboratory proton energy
is almost certainly to be identi6ed with the 17.35 MeV
peak of Yen et al. [2]. The excitation energy determine

17 325+0.020 MeV, when allowancein this experiment is
is made for the eKect of target thickness on the resonance
energy. The width of the peak, as given in the plotte
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excitat function, is 30+5 keV. There is no sign of a
eak at proton energy 5.78 MeV, which correspon s topea a p

an exc'xcitation energy of 17.16 MeV in
in P); thi 's the location of one of the strongest pst eaks

only be resolved if there were an error of the order of 20
~ ~

a mismatch in excitation energies of the analog 6 states
in P [from the (p, n) reaction] and Si (the other three
reactions . ot' ~. However there is no indication given in Ref.
[3] regar ing e pre

' '
]

d' th cision of the energy measuremen s
of theof the neutron groups, ooups only that the resolution o e

~ ~

measurement was about 320 keV for two time-of-Bight
paths, and 450 keV for the third.

The energies of the peaks in the excitation function

FIG. 1. Spectrum of gamma rays, of energyer between 2.0
d .1 MeV obtained with proton bombarding energy of

whose excitation6.99 MeV. The 2.300 MeV gamma ray peak, whose exc'
function was measured, is c ear y1 shown.
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FIG 2 Excitation function for production o t e . e
i et al. [3] in the Si(p, n~ reac ion s u yt t d are shown as arrowed vertica nes.excitations of the four peaks seen by Tamil e c, , in
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TABLE I. Energies of peaks in the Al(p, p') excitation function equivalent.

Proton energy
(MeV)

5.97
(6.29)
6.33
6.43
6.515
6.835
6.99
7.055
7.15

Excitation in
Si(MeV)

17.34
(17.65)
17.69
17.79
17.87
18.18
18.33
18.39
18.48

Excitation in Si
(Ref. [3]) (MeV)

15.26

17.16

17.76

18.26

18.56
19.56
20.56

Excitation in Si
(Ref. [4]) (MeV)

15.44
15.92
16.41
16.96
17.34

17.69

are given in Table I. It is to be noted that all the peaks
observed are narrow (& 100 keV) and, on the basis of the
argument given above, they are most probably evidence
for states of angular momentum and parity 5 or 6 in

Si. In the excitation region in Si from 17.7 to 18.5
MeV we find seven peaks. Tarnimi et al. [3] quote three
energies in this range at which the 6 strength is concen-
trated; their excitation energies in P are in acceptable
agreement, when comparing excitations of analog states,
with those in Si which are quoted in Table I; the sev-
eral possibilities noted above exist for the interpretation
of the others that are seen in our experiment. The over-

laps between the diff'erent experiments are very small,
but, where they do occur, the excitation energies are in
fairly good agreement.
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