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Energy Levels of Si from the Reaction Si( He, He) Si at 70.4 Mev*
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The energy levels of 25Si have been measured by detecting 6He particles from the reaction
Si( He, 6He) ~Si in photographic plates on the focal plane of a spectrometer. 12 excited

states were observed. The observation of a weak state at 40-keV excitation leads to a new
Si ground-state mass excess, 3.824+0.010 MeV. The observed levels are discussed in

terms of the isobaric multiplet mass equation and the shell model.

The ('He, 'He) reaction has been used previously
to study the ground-state masses of proton-rich
nuclei. ' ' Six T =-,' mass quartets have been com-
pleted this way and the results have been used to
determine the coefficients of the isobaric multiplet
mass equations (IMME). In principle this same
equation should link the mass excesses of the ex-
cited T =-,' states as well. The dependence of the
various coefficients of the equation on excitation
energy and spin can therefore be observed at a
fixed value of A. The present experiment deals
with the energy level scheme of "Si, which up to
present was completely unknown.

Even the ground-state transitions in the ('He, 'He)
reaction are difficult to observe because of the
very small cross sections (typically 1 pb/sr at
the peak). Previous measurements employed a
position-sensitive detector on the focal plane of a
spectrometer" or a three-detector telescope. '
When these methods are employed, the background
due to neutrons and other charged particles ob-
scures weakly populated states. In the case of the
reaction "Si('He, 'He)"Si, the resolution (70 keV)
was not good enough to observe the ground state
as a doublet (as predicted by the IMME), and
hence the assumption was made that the peak ob-
served was the ground state only. ' In the present
experiment relatively insensitive photographic
plates were used in the focal plane of the spec-
trometer. The large solid angle, kinematic com-
pensation, and dispersion matching of the spec-
trometer, coupled with the insensitivity of the
plates to neutrons, y rays, and lower-mass
charged particles of the same magnetic rigidity,
permitted the observation of the ground state and
12 excited states in "Si.

Ilford K(-1) plates were used with absorbers

stepped in thickness to keep the 'He particles be-
tween 12 and 18 MeV at the surface of the emul-
sion. This puts the o. particles at 50 to 60 MeV,
typically. At this energy they leave barely ob-
servable tracks, which in the present experiment
did not obscure any region of the plate in spite of
the large number of n particles compared to 'He
particles. The elastic 'He particles, however,
are so numerous at the forward angles used that
they blacken the plate. Fortunately they fall at the
same place as 'He particles corresponding to a
fairly high excitation energy (about 6.7 Me V) in
"Si. In general, the present method is limited to
'He particles of energy greater than about —,

' the
beam energy.

Data were taken at 9, 12, and 16' (lab) with a
600-pg/cm' natural Si target and at 9 and 12' with
a 200-pg/cm' SiO target. The beam energy was
70.4 MeV in all cases. The energy resolution was
limited mainly by target thickness to 50 keV for
the natural Si target and 28 keV for the SiO target.
The spectrum taken on natural Si at 9' is shown
in Fig. 1. The higher-resolution SiQ runs were
used to attempt to resolve the first-excited-state-
ground-state doublet which is shown in Fig. 2.
These results show that mass measurement of
"Si was predominantly of the ground state, as was
assumed by the authors, ' but that the mass should
be shifted downward by 8 keV, which is within the
error of their measurements. The new mass ex-
cess of "Si is 3.824+0.010 MeV.

The new mass of "Si changes the coefficients of
the IMME only slightly. The form of the IMME
used is

M =a+bT, +cT, +dT, .
The coefficients of the equation are sensitive to
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FIG. 1. Spectrum from Si(SHe, 6He) Si at 81eb=9'
and E;„„d,„,——70.4 MeV. Energies are in MeV.

FIG. 2. Thin target runs on Sj(3He, He) 5Si at 9 and
and 12'. The dotted curves are Gaussian curves 40 keV
apart fitted to the data. The solid curve is the sum of
the two Gaussian curves.

the choice of the mass of the lowest T =
& state of

"Mg. In Ref. 2 the mass of "Mg was taken to be
a weighted average of the measurements of Ber-
man et al. ' (7.7926+0.0040), Detraz and Richter'
(7.782+0.007), and Bohne et al '(7.82+.0.01). In
the present paper the measurement of Bohne et al.
was eliminated, since it lies about 3 standard
deviations from the weighted mean of the three
measurements. This change alone reduces the
cubic coefficient d from -7.9 + 3.9 to -6.3+ 3.9
keV. The new mass of "Si reduces d still further
to -5.0+ 3.7.

The coefficients for the ground-state and first-
excited-state A =25 quartets are given in Table I.
Since these states differ only slightly in spin (s
and —,

'
) and in energy, the agreement of the coef-

ficients is not surprising. Also given in Table I
are the predictions of Wildenthal and McGrory'
of the coefficient of the IMME using shell-model
wave functions. These calculations include active
d„, and s„,particles outside a closed "0 core.
The neutron single-particle energies used were
the binding energies of a d„, or a sy12 neutron in
"O, whereas the proton single-particle energies
came from "F. Two-body Coulomb matrix ele-
ments were included. These were calculated us-

TABLE I. Coefficients of the IMME
(M =a + bT, + cT, +dT, ) . The units are keV.

Energy from
lowest T =

~2 state (MeV)

25Na a 25Mg b 25Al c 25Si d

Coefficients of
IMME (d =0) (keV)

b c

0 .0 0.0 0.0 0.0 —4389 220

0.090 0.080 0.072 0.040(5) -4376 216

1.068 1.009

2.201 2.206

2.417

2.788

2.914 2.836

3 353

3.455 ~ ~ ~

3.685

0.815(15) -4311 207

1.963 (15) —4317 178

2.373(10)

2.606 (10)

[3.08 (30)]

~ ~ ~ 3.29(30)

~ ~ ~ [3.40 (30)]

3.928 3.943 ~ ~ ~ 3.82(20)

3.950 3.965

3.995 3.993

($, ~t, ~t ) 5.190 5.116

~ ~ ~

4.99(25) —4330 223

~ ~ ~ ~ ~ ~ ~ ~ ~ 5 42 (40)

5.692 5.73 (50)

TABLE II. T =f energy levels in the A =25 system

b —4382 + 6
c 221+4
d —5.0 + 3.7

—4382
221
2 07

Ground state
(~2)

xp Shell model

-4371 ~ 11
216+4

-2.7 + 5.5

—4417
214
6.0

First excited state
($')

Exp Shell model
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d Present work; the square brackets indicate levels

which were observed at only one angle. Errors in keV
are in parentheses.
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ing harmonic-oscillator wave functions. This sim-
ple method gives a good agreement with the mag-
nitude of the coefficients, but fails to predict cor-
rectly the shift of the —,

' state relative to the -',

state as a function of T,. The failure to predict
the change of —,

' --,' spacing as a function of T, is
probably due to the lack of d3/2 particles in the cal-
culation. Agreement between theory and experi-
ment on the A =21 system is expected to be better.
This analysis is presently under way.

The other known T = &, A =25 states are com-
pared with the states found in the present experi-
ment in Table II. The biggest gap in our present
knowledge is the T =-', states in "Al. Since there
are only two of these known, there are only two

complete A =25 quartets. However, in all pre-
viously studied multiplets, the d coefficients have
been close to zero, and therefore the masses of
the quartet have been predicted accurately by a
quadratic relation. Hence, one can set d =0 and

fit three members of the quartet to find the a, 5,
and c coefficients. Five multiplets can be analyzed

this way. The coefficients are also given in Table
II. An appreciable amplitude of 1sy/g neutron in

the neutron-rich member "Na could account for
the reduction in the magnitude of 5 and c, ob-
served for the second- and third-excited-state
multiplets.

The present experiment does not indicate any

strong dependence of the 5 and c terms of the
IMME on spin or excitation energy. It would be
of great interest to complete some of the remain-
ing A =25 multiplets by finding the missing states
in "Al. A more detailed discussion and the re-
sults of similar experiments on "Mg and "Ca will
be presented in a future paper.
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A modification to an evaporation model employed in the analysis of isomer excitation func-
tions is presented. Isomer excitation energies deduced from the modified model are shown
to be in quantitative agreement with those obtained from a more sophisticated analysis.

A quantity of considerable interest in the char-
acterization of spontaneous-fission isomers is the
excitation energy E, of the isomeric state relative
to the ground state Bjgfrnholm . et af. ' performed
the first experimental measurement of this quan-

tity by determining the threshold for the produc-
tion of the isomer from an analysis of the excita-
tion function for the reaction "'Pu(P, 2n)'" Am.
The analysis was performed using an evaporation
model due to Jackson. ' The isomer excitation en-


