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with both the two-neutrino decay and with unfavored
no-neutrino decay.

The background studies indicate limits on the
double beta lifetimes that can be reached with ex-
pansion chambers.
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A careful search is made for evidence of possible excited states in Be in the reactions B"(p,a)Be and
B' (d,o,)Be, by magnetic momentum analysis at a variety of angles and bombarding energies. In spite of
observing the region corresponding to 3 to 8 Mev several times independently under diferent conditions,
with several thousand counts per point on points spaced only about 100 kev apart, no indication was found
of any of the states in this region reported by others on the basis of poorer statistics, mostly in other reactions.
Each alpha-particle spectrum observed consists of a sharp ground-state peak and a broad peak of the
alpha particles giving rise to the well-known 3-Mev excited state of Be superposed on a continuous back-
ground from the break-up of this state and from three-particle break-up. Peaks observed near the equivalent
of 10.and 11 Mev in Be are identified as arising from a target impurity.

I. INTRODUCTION

~ 'HE interesting nucleus Be' may be expected to be
especially simple because it is so light. It contains

just enough nucleons to make up two alpha particles.
The nucleus which is twice as heavy, 0", may consist
of four alpha particles in a tetrahedral structure
diGering rather little from a sphere, and it does indeed
show a strong evidence of collective motion of a body
with tetrahedral symmetry, as epitomized by the
alpha-particle model. ' The even-even nucleus with mass
between these two, C", appears not to follow the
alpha-particle model, ' and this may be associated both
with the great difference between a triangle and a
sphere and with the fact that the energy of dissociation
into three alpha particles is as great as the average
binding-energy of a nucleon. Although in Be the
possible alpha-particle structure, a line or "dumbbell, "
is also very different from a sphere, no energy is required
to dissociate it into two alpha particles; so here again,
there might be a tendency for the low states to be
approximated by the alpha-particle model. In either
the shell model or the alpha-particle model, or indeed

in a blend of the two, the expected sequence of low-

energy levels is very simple. The shell-model expectation
is determined by the calculations which show in (LS)
coupling a series of singlets, 'SI, 'D~, 'G4, and similar
widely-spaced levels in (jj) coupling and so also in

*Now at Bell Telephone Laboratories, Whippany, New Jersey.
't Work performed under the auspices of the U. S. Atomic

Energy Commission.' D. R. Inglis, Revs. Modern Phys. 25, 390 (1953).
~ D. M. Dennison, Phys. Rev. 96, 378 (1954); J. W. Bittner

and R. D. Moffat, Phys. Rev. 96, 374 (1954).

intermediate coupling. ' It should, however, be men-
tioned that states probably not belonging to the ground
configuration P" appear in the neighboring nuclei Lir
at 6.4 Mev and C" at 7.7 Mev, and might also appear
in Be' at a comparable energy. The expectation of
possible simplicity should not prejudice one, but does
add interest to the experimental investigation of Be'.

The evidence concerning the spectrum of low states
in Be' remains convicting. Some experiments suggest
quite a number of low excited states, and other experi-
ments, particularly those in which it has been possible
to collect the most convincing statistical evidence, show

only the well-known broad excited state at about 3 Mev.
It is unfortunate that there are intrinsic difhculties
which make it very time-consuming to collect adequate
numbers of counts per point in some of the work

showing the "extra" states, for the demonstration that
certain other reactions do not show these states does
not disprove their existence. It is always possible that
an adverse matrix element is suppressing a given
transition, but in the absence of some general selection
rule, it becomes unlikely that this should happen at a
variety of bombarding energies and angles, because a
special selection that might apply for a given state of
the compound nucleus or at a given angle would not be
expected to apply at others. The present work is
confined to reactions wherein it is not very difFicult to
obtain many counts per point with relatively good
resolution. We have tried to vary the experimental
conditions to exclude the possibility that some chance
cancellation in the matrix element is hiding some of
the states from us.
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II. APPARATUS AND RESULTS
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FIG. 1. Excicitation curve for the reaction 3u(p )3 '.,n e.
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Fn. 3. Yield of alpha particles from B' (d,n)Be at a deuteron
energy 3.18 Mev, observed at 60' and 108 . In this and the
following figures, the low sharp peaks labelled by states of B"
should be plotted ten times as high to represent the numbers of
protons observed from the prolific competing reaction B'0(d,P)B".

compared with those previously observed" for energies
up to 1.5 Mev for both the ground state and excited
state transitions, though we have not established the
factor by which to compare intensities.

Alpha-particle spectra were observed at laboratory
angles of 10' and 90' for a proton bombarding energy
of 2.61 Mev. The results are shown in Fig. 2 in which
the abscissa is proportional to magnetic 6eld or particle
momentum. Places where one would expect to find
alpha groups associated with'reported levels in Be' are
indicated in Fig. 2, labeled by the reported values of
the excitation energies. Early results at 90' have been
previously published. 4

At both angles the alpha-particle spectrum showed
peaks corresponding to the ground state and the 2.94-
Mev excited state of Be'. The resolution is such that
the peaks of the sharp ground state each consist of four
high points and in most of the regions carefully covered
a peak would likewise be recognized as several succes-
sive high points.

The 10' alpha-particle spectrum shows a strong peak
at a magnetic field corresponding to an excitation of Be'
of about 7 Mev. The excitation curve of this alpha-
particle group shows a resonance at a proton bom-
barding energy of 2.28 Mev not shown by the ground-
state group no. We attribute this group to the reaction
BIs(p,Ir)Hers s. Such a group is to be expected since a
natural boron (19 percent B") target was used. At 90'
this group was not observed because it occurs at
magnetic fields below the proton scattering edge. This

, group gives rise to a double peak, and the ground state
also shows some indication of structure. This may be

"Beckman, Huus, and Zupancic, Phys. Rev. 91, 606 (1953).
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FIG. 4. Yield of alpha particles from B' (d,o!)Be at 2.39 Mev,
observed at 60', 90', and 108'.

At 0=65' and E„=2.61 Mev, one hasty run was made which
is not presented in a 6gure because the points through most of
the spectrum were too widely spaced to be significant and because
of the adverse circumstance that the target was only about 5
percent B", the rest being B'0. In it a weak peak was observed
at a position equivalent to E =3.61 Mev, with an intensity
about 5 percent of the ground-state peak. It is presumed to
arise from another reaction but the data are insufficient to
identify the target impurity.

Reaction 3"(dIn)Bes

Both thick-backed and thin-backed. 8" targets were
available, each of which had presumably about 5
percent B" impurity. With these targets the reaction
B"(d,n)Bes was observed at a variety of angles and
energies in a further search for possible states of Be'.
The data shown in Figs. 3, 4, and 5 were taken with a
thick-backed target, while the data in Fig. 6 were taken
with a target with a thin backing (0.02-mil nickel foil).
The competing reaction B"(d,p)B" yields four groups
of protons with energies in the range of interest. The
protons were easily separated from the alpha particles
since the sodium iodide crystal used as a detector gave
considerably larger pulses for protons than for alpha
particles of the same energy.

By using the known Q's for the ground-state alpha
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particles and the 8"(d,p)8" protons, a consistent
calibration of the magnet was obtained. Above an
alpha energy of 15 Mev, this curve deviates from the
parabola through the low-energy points by about 10
percent. This deviation occurs because the edges of the
poles, where the field is measured, saturates at a lower
field than the middle of the pole pieces, where the
particles travel.

All of the data are consistent with this calibration to
about 4 percent except in the case of the two spectra
at a bombarding energy of 3.18 Mev, shown in Fig. 3.
In this figure energies according to the original cali-
bration were satisfactory at low 6elds but were about
one percent too high at high fields. The numbers
indicating excitation energy in Be' were placed so as to
be consistent with the 8"(d,p)8" proton groups. The
source of the discrepancy has not been identified but
it is felt that it does not affect the smoothness of the
curves or the apparent scarcity of levels in Be'.

Peaks corresponding to about 9.5- and 11-Mev exci-
tation of Be' appeared in all of the data covering this
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Fro. 5. Yield of alpha particles from 8"(d,nlBe' at
Eq ——2.09 Mev, 0= 108'.

All of the spectra observed show peaks due to the

ground state and 2.94-Mev state of Be', superposed on

a continuum arising from the breakup of the latter
state and perhaps from direct three particle break-up.
No other peaks were observed which could not be
attributed to other reactions in the target. An upper
limit for the intensity of another peak which would be
unobserved by us is difFicult to set since the accuracy
of our data and the magnitude of the alpha-particle

interval taken while studying the reaction 8"(d,n)Be'.
Inconclusive evidence for a state at the lower of these
energies is reported in reference 10. The peaks were

identified by their variations with angle as coming from
the reaction 8"(d,n)Be' due to the 5 percent 8"
impurity in the target, corresponding to transitions to
the ground state and 2.43-Mev state of Be', respec-

tively.

Discussion
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FIG. 6. Yield of alpha particles from B"(d,n)Be' at Ed, = 1.43 Mev
near the forward direction.

"The excitation curve of the reaction B"(p,n)Be' for the group
n1 to the broad 3-Mev state is said (see reference 3) to show the
resonances at 1.98 and 2.61 Mev which we observed for the
ground-state transition n0 (Fig. 1), and in addition shows (see
reference 12) a distinct resonance at 0.67 Mev not shown by no,

at which n1 is about 100 times as intense as no. Since B"+p (in
contrast to B"+d) can form T= 1 states in the compound nucleus,
this apparent selection has led to the suggestion (V. Telegdi,
private communication) that the resonant state at 0.67 Mev has
T= 1 as is compatible with its high energy in C", and that the
broad 3-Mev state of Be' has at least a small percentage of T= 1,
the ground state having none. (Judged by the ground state of
I.i8, the lowest primarily T=1 state in Be' is expected to have
J=2 and could thus mix with the 3-Mev state, but many other
T= 1 states are expected at slightly higher energies, some of
which could mix with the ground state, and it is not clear why
there should be an admixture in one and not the other. It might

possibly be associated with the ground state alone being a pure
alpha-particle-model state. ) This proposed admixture of T= 1 in

the 3-Mev state and not in the ground state would not help

explain a suppression of the questionable states relative to both.
A factor 5 in the ratio n&/nI is expected from the statistical factor

(2J+1) aside from any peculiarities of matrix elements, and the
ratios of the areas under the corresponding peaks tend to be

larger but for several of our curves are not much larger than this.

continuum vary from spectrum to spectrum and place
to place. We feel that for all curves, we would have

detected a peak. as much as 10 percent of the ground-

state transition. Much of the data is considerably

better than this, and in many cases in the regions

where levels have been previously reported we would

have observed a transition with 2 percent of the

intensity of the ground-state transition. For peaks
broader than the width set by our resolution, these

limits would have to be increased accordingly.
In conclusion, it appears to us extremely unlikely

that any systematic behavior of the matrix elements

involved in the transitions should have hidden the
existence of states in Be' in the neighborhood of 4, 5,
and 7.5 Mev in Be'. It is difficult to imagine any
characteristics" that would distinguish these states so

completely from the two lower states. We consider the

weight of the accumulated evidence to favor the

absence of the questionable states.


