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Search for axion emission in the decay of excited states of ' C

F. P. Calaprice, R. W. Dunford, R. T. Kouzes, M. Miller, A. Hallin, M. Schneider, and D. Schreiber
Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544

(Received 9 July 1979)

We report on a search for axion emission in the ground-state decay of the T = 1, J = 1+ (15,1 MeV) and
the T = 0, J = 1+ (12.7 MeV) states of ' C. The experiment is sensitive to axions decaying by emission of
e +e pairs. We see no evidence for the existence of the axion and our results rule out a range of possible
axion masses and mixing angles in the mass region between 1 and 15 MeV,

I. INTRODUCTION

The axion particle was proposed by Weinberg
and by Wilczek as one mechanism for preserving
CP invariance of strong interactions in the pres-
ence of instantons. ' Several discussions of this
proposal appeared in the literature, ' but it quickly
became clear that existing experiments already
cast considerable doubt on the existence of the
axion. The main evidence ruling out low-mass
axions (m, %2.5 MeV) derives from certain re-
actor-based experiments'4 which were originally
designed to detect neutrino events. For higher
masses, limits are obtained from a reanalysis
of a SLAC beam-dump~ experiment and even more
stringent limits from CERN neutrino experiments. '

The reactor and beam-dump experiments set
stringent limits for a wide range of axion masses
and the unknown coupling parameter X, using
order-of-magnitude estimates for the production
rate of axions. As emphasized by Treiman and
Wilczek, ' the uncertainty in axion emission can be
eliminated, in certain cases, by relating the ax-
ion emission from excited nuclear states with
isospin T = I to the P decay of the isospin-analog
states. Their procedure enables the strong and
nuclear complications to be absorbed in the mea-
sured P-decay rates.

Our motivation for the work described below was
to carry out a search for axions in a system such
as that proposed by Treiman and Wilczek. In par-
ticular, we investigated the possibility of axion
emission from the 15.1-MeV '7.' =1, J'~ =1' state in
"C. A partial level scheme for the A =12 system
is shown in Fig. 1. The three T =1 states and their
principal decay modes are shown by bold lines, as
is the principal decay mode of the J =1', 7 =0
state in nC at 12.7 MeV. Weaker decay branches
are shown by light lines, and the main axion de-
cay modes are shown by dashed lines. The pri-
mary decay of the 15.1-MeV state is by an iso-
vector 3@1 y-decay to the ground state, with a
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FIG. l. A partial energy-level scheme for the A =12
isotopes. The 15.1-MeV level in C is the isospin ana-
log of the ground states of ~~B and ¹ The notation on
each level gives the spin-parity and isospin (J~, T) and
the excitation energy of the state relative to the ground
state of C. The P-decay branches of ' B and 2N are
given in percent as are the y and n branches of the 12.7-
and 15.1-MeV levels of 2C (see Ref. 7). Possible axion
branches from the 1 ' levels are shown as dashed lines.

transition width of I'& =37.0+1.1 eV. ' The other
y branches shown in the figure and the isospin-
forbidden z branch contribute to give a total width
of 42+7 eV. ' The 12.7-MeV state decays primar-
ily to a+'Be with a small width of 14.2+ 2.5 eV.
The total width, including y decay, is 14.6+ 2.6
eV. ' The P decays of "Band "N are primarily to
the "C ground state, with respective log ft values
4.07 and 4.12. The experimentally determined
decay rates of the T =1 states were used by Trei-
man and Wilczek to calculate the branching ratio
for axion emission from the ' C state.

As shown in Fig. 1, the 7=1 states also decay to
excited states of "C, and axion emission rates to
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II. DISCUSSION OF THE EXPERIMENT

The plan of the experiment is to detect axions
by their in-flight decays into t. 'e pai. rs. A sche-
matic illustration of the apparatus is shown in Fig.
2. The 15.1-MeV and 12.7-MeV levels' of "C are
excited by inelastic scattering of 22-MeV protons
impinging on a thick natural carbon target. The
figure shows a hypothetical axion which is emitted
from the target, passes through the lead, and then
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Schematic of experimental apparatus.
excited states are produced by inelastic scattering of
22-MeV protons produced by the Princeton University
cyclotron. Lead shielding attenuates p rays (&) while
axions @), which interact only semiweakly with matter,
are not significaritly attenuated. The cavity housing
the detectors is lined with aluminum to reduce the pro-
bability that p rays will produce e'e pairs on these
surfaces and simulate axion events.

these states can be predicted from known data.
However, these rates are small and affect our
conclusions negligibly.

We are also sensitive to axions emitted from
the 12.7-MeV T =0, J =1' state. In this case
there are no analog P decays, and one must rely
on a theoretical calculation of the axion decay
branch. Other states are excited which might de-
cay by axion emission. However, most of these
have large particle decay widths and thus very
weak axion branches. There are narrow states
at 4.4 and 7.7 MeV, but axion decay of these states
is forbidden by angular momentum and parity con-
servation.

Finally we note that the relatively large transi-
tion energy available in the decay of the 1' states
enables axions with rather large masses to. be
emitted, and thus this experiment provides a use-
ful overlap with both the reactor and high-energy
neutrino experiments.

decays in air into an e'e pair. The pair travels
a short distance in air before each particle is de-
tected with a h,E-E Pilot B plastic scintillator
telescope. The detectors were placed at 45 cm
from the target. In a separate run, they were
moved out to 60 cm for enhanced sensitivity to
events with small opening angles.

The bE detectors are 1.6 mm thick with a cross
section of 3.8 cmx 3.8 crn. TheE detectors are
7 cm thick and 6.35 cmx 6.35 cm in cross section.
The E detectors were made as thin as possible to
minimize neutron and y-ray background while also
providing a reliable measurement of a large per-
centage of the, variable energies of the e'e pairs.
Each scintillator is coupled through a light pipe to .

an BCA 8575 photomultiplier tube. Each of the E
detectors is gain stabilized with a signal created
by a light emitting diode attached to the scintil-
lator. The detectors were calibrated using the
internal conversion electrons from a "'Bi source
and the Compton edge of the 4.4-MeV y ray of ' C.

The detectors were placed inside a lead "house"
to shield them from the intense flux of y rays
emanating from the target. The most intense y ray
is that from the decay of the 4.4-MeV state of "C.
The 15.1-MeV y rays, though less intense, are
more problematic since these are capable of gen-
erating e'e pairs which may be detected with the
correct energy to simulate axion decays. Such an
event would have to originate near the inner sur-
face of the shielding to avoid significant energy
loss.

A background event of this type is shown in Fig.
2. The 29 cm of lead shieldirig between the target
and the detector attenuates the y rays by more than
10 ', greatly reducing this background. To further
reduce this background, we lined the inner sur-
face of the detector housing with aluminum, which,
because of its lower atomic number, generates
fewer pairs than lead. For this configuration,
Monte Carlo calculations predict that we should
detect less than one such background event in the
course of the experiment.

A typical e'e event is identified as a fourfold
coincidence of the four detectors making up the
two telescopes. The data were recorded on mag-
netic tape event-by-event with eight analog pa-
rameters characterizing each event. The eight
parameters consist of four hE, E energy signals
and four time-to-amplitude (TAC) signa1s. Two
of the TAC's are started by a bE detector and
stopped by its associated E detector. A third TAC
is started by one bE detector and stopped by the
other. These three TAC's provide the means for
requiring a fourfold coincidence while also allow-
ing for analysis of accidental coincidences. Tim-
ing resolution was typically 2 nsec. The fourth
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TAC is started by either hE signal and stopped by
a signal from the cyclotron rf so that it provides
a measure of the time of flight (TOP) of a particle
from the target to the detector.

Figure 3 shows the energy spectrum of the sum
of the energies deposited in the four scintillators
for events satisfying the requirements of a four-
fold coincidence and having the proper time of
flight. Events which fall within region b are ac-
cepted as possible candidates for axions decaying
from the 15.1-MeV state, while events in region a
are candidates for axions decaying from the 12.7-
MeV state. Table I gives the number of counts
observed in each of these windows and the break-
down in terms of the two target to detector dis-
tances. The total integrated beam currents for
the data runs with the detectors at 45 and 60 cm
were 0.29 and 0.17 C, respectively. In the analysis
of accidental events, the TOF spectrum proved to
be the most important. With all of the lead shield-
ing in place, the TOF spectrum does not show a
prompt peak since the prompt y rays are thorough-
ly attenuated. The inset in Fig. 3 shows a TOF
spectrum taken with much of the lead removed so
as to indicate clearly the location of the prompt
peak due to y rays. Very light axions, which would
travel near the speed of light, would arrive at the
same time as the prompt y rays. Heavy axions
would arrive later, and the TOF window around the
prompt peak (Region C) was sufficiently wide to
include axions with rest mass up to 14.5 MeV from
the 15.1-MeV state and up to 12.2 MeV from the
12.7-MeV state.

By analyzing fourfold coincidence events which
lie in regions B and D, the number of accidental
coincidence counts for the time-of-flight condition
was determined. Combining this with the acciden-
tals similarly determined from the other three
TAC spectra yields the total accidental counts
shown in Table I. Also shown are the final experi-
mental results after subtraction of accidentals;
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FIG. 3. Total energy spectrum for coincidence events
with the proper time of flight. Data for the two detector
distances used in the experiment are combined. Most
of the events are accidental coincidences. Regions a
and b were analyzed for axions from the 15.1-MeV
and 12.7-MeV levels of ~2C. The inset is a typical time-
of-flight spectrum for detectors at 60 cm. Some lead
shielding was removed to show a prompt peak (region
C). The stop signal from the cyclotron rf was delayed
to offset the prompt peak. Fast neutrons appear in re-
gion A. Hegions B and D were used to estimate back-
ground.

these results show no evidence for the existence
of the axion.

III. ANALYSIS AND CONCLUSIONS

To assess the significance of these data, we
need to predict the number of events we should
have seen if the axion exists. The calculation by
Treiman and Wilczek' gives the ratio of the axion
width to the y width for the isovector transition
from the 15.1-MeV state to the ground state of
"C. Their result is

2 3/2' =2xla-'P' 1 Q2

TABLE I. Exper imental results.

C level
Detector
distance

Observed
counts

Acc idental
counts

Counts
-acc identals

15.1 MeV 45 cm
60 cm

Combined

3
2
5

5+2
2+1
7+2

0&2

12.7 MeV 45 cm
60 cm

Combined

13
5

18

13+2
4+1

17+3

0+4
1+2
1+5
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rule out axions for the case of X near m/4 radians,
provided our estimate for the branching ratio is
not too far off.

To check that our apparatus had the predicted
sensitivity to electron-positron pairs, a separate
experiment was performed to observe pairs in-
tentionally produced by y rays. With the detectors
located 60 cm from the target, the lead-shielding
between the target and the detectors was reduced
to 13 cm, thus allowing y rays to produce pairs in
a 1-mm-thick lead sheet which was placed 12 cm
in front of the detector (Fig. 5 inset).

Figure 5 shows the energy spectrum of pairs
produced in the lead sheet; background measured
without the lead sheet has already been subtracted.
The broad peak around 12 MeV is due to the pairs
from 15.1-MeV y rays. As expected, the peak is
shifted downward and broadened, owing to energy
loss and straggling in the lead sheet. The peak
contains 166 counts, which is in satisfactory
agreement with a Monte Carlo prediction of 260
+130. The uncertainty in this calculation is large-
ly associated with the strong dependence of. the y
attenuation factor on the thickness of the lead
shielding.

Our results agree with other studies in finding
no evidence for the existence of the axion. Each
experiment is sensitive to axions only over a
limited range of axion mass and coupling param-
eter A.. The order-of-magnitude analyses of re-
actor experiments rule out axions for masses up
to -2-3 MeV,"while CERN neutrino experiments'
and others"" additionally rule out higher-mass
axions. The recent experiment of Bechis et al."
and our experiment can both be analyzed without
recourse to model-dependent approximations. In
both of these experiments, the sensitivity extends
to axion masses of -12 MeV but with slightly dif-
ferent ranges of A. .
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It should be noted that the sensitivities of all of
the experiments break. down for small enough A..
This is because the axion decay length becomes so
short that axions do not reach the detection region.
Further experimental data are needed to rule out
the possibility that A, is small. "
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FIG. 5. Energy spectrum of e'e pairs generated in
a separate experimentbyy rays pair producing in a lead
sheet placed in front of the detectors. The broad peak
near 12 MeV arises from pairs generated by 15.11-MeV
y rays. The inset shows the experimental arrangement
used in obtaining these data.
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