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Search for Delayed Gamma Decays of Anomalous Nuclear States
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It has been shown by other workers that some of the fragments of relativistic heavy-ion
collisions have an anomalously short interaction length but may revert to normal nuclei with-
in -&0 sec. Lead-glass detectors were used to search for delayed high-energy y rays
emitted from projectile fragments of 940-MeV/u MFe interactions with a steel target. The
present negative result casts doubt on some recent models in which anomalous states decay
electromagnetically to normal nuclei.

PACS numbers: 25.70.Hi, 23.20.Ck

Considerabl. e experimental and theoretical ef-
fort is now being directed toward the accumulat-
ing evidence for an anomalous form of nuclear
matter produced in projectil. e fragmentation of
relativistic heavy ions. ' The anomalous frag-
ments are characterized by enhanced nuclear in-
teraction cross sections and by relatively long
lifetimes. The earliest evidence for this effect,"
which was obtained in cosmic-ray exposures, has
recently been supported by results from acceler-
ator experiments" at beam energies - 2 GeV/u
and by reanalysis of old cosmic-ray data. ' The
combined data of nearly 3000 secondary interac-
tions are equally consistent with two interpreta-
tions: (1) About 6% of the projectile fragments
are anomalous, having an interaction mean free
path in nuclear emulsion of -2.5 cm which is
about an order of magnitude small. er than the
mean free path for low-mass primary nuclei. ' To
survive for 2.5 cm at 2 GeV/u, the anomalous
fragments require a proper mean lifetime ~ 3
&&10 "s. (2) Nearly all fragments have an inter-
action length initially reduced by a factor -0.65
and decay by neutral-particle emission from this
anomalous state into normal nuclei with a mean
free path of -0.85 cm (Ref. 6). Jain and Das have
claimed' that the data of Aggarwal. et al.' show no
evidence for anomalously short interaction
lengths at energies lower than -1 GeV/u. How-

ever, examination of Table I of Ref. 7 reveals
sufficiently large statistical uncertainties that it
is difficult either to establish or to rule out the
existence of anomalous path lengths below 1 GeV/
u. Furthermore, the fact that in some studies
data from interactions with projectil. e energies as
low as 400 MeV/u (Ref. 6) and as low as 1 GeV/u
(Ref. 3) have been included with apparently no
dilution of the effect suggests that the energy de-
pendence is weak.

The statistical nature of the experiments above
is a serious shortcoming of the evidence for

anomal. ous nuclear states. It would clearly be
desirable to identify a feature associated with a
fraction of interaction products which could be
used to label. unambiguously those products which
were in fact anomalous. One such feature which
has been suggested by a number of theoretical
models is the emission of one or more high-en-
ergy photons as the anomalous particle decays
electromagnetically into normal matter. ' " A

distinguishing characteristic of such a photon
would be that its point of emission would occur
from approximately one to several centimeters
beyond the target, as suggested by the experi-
ments described above. The photon energy de-
pends on the excitation levels of the anomalous
nuclear fragment which have been estimated to
range from -0.1 to 1 GeV (Refs. 9-12).

By modifying an apparatus used previously to
measure the properties of direct y-ray emission
in relativistic nucleus-nucleus collisions, ""we
have attempted to identify delayed y rays charac-
teristic of the decay of anomalous nuclear states
produced as projectile fragments in the collisions
of 940-MeV/u "Fe nuclei from the Lawrence
Berkel. ey Laboratory Bevalac with a steel target.
As mentioned previously, there is no evidence
against the effect at the reduced energy and some
indirect support for it. Furthermore, there are
definite advantages in searching for delayed y
rays at beam energies of -1 GeV/u compared
with 2 GeV/u. In addition to having to cope with
severe red shifts for laboratory angles of 90,
one would also be confronted with greatl. y en-
hanced background at the higher beam energy.
A particul. arl. y troublesome background at the
higher energy would be from the decay of K, '
me sons.

Our experimental configuration is shown in Fig.
1. A 41-cm-thick lead collimator with a hole of
cross section 1&5 cm' permits only y rays
emitted at right angles from points 1.4 to 2.4 cm
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FIG. 1. Schematic of the experimental apparatus.
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downstream from the edge of the 0.62-cm-thick
steel target to reach the photon detector, which
is wel. l. shielded within an enclosure made of
steel, concrete, and lead. The target is placed
at the entrance window of a large vacuum tank
which eliminates background from interactions
of the beam with air over the hol. e. To be de-
tected, a photon that emerges from the collima-
tor must pass through the anticoincidence scintil-
lator, A, and produce an electron-positron pair
in a 0.18-cm Pb converter, C. The pair produce
signals in the Cherenkov counter, CK, and
scintillator, S, and deposit the remainder of their
energy in a lead-glass calorimeter, LG. A valid
photon event is distinguished from an energetic
charged particle or neutron by the absence of a
signal in A and the presence in CK and S of sig-
nals corresponding to two singly charged, mini-
mum-ionizing particles. The detection efficiency
for photons ranges from 1.4% at 20 MeV to 6.2%
at 80 MeV to -11% for energies ~ 500 MeV. This
experiment was insensitive to photons with ener-
gy &1000 MeV or &15 MeV. To reduce back-
ground associated with beam spray, we required
a coincident signal of the beam trigger scintil-
lator paddle (see Fig. 1) with the S CK. A logic
described earlier. No additional selection re-
quirements were imposed.

During our exposure, a total. of 1.00&&10' pa, rti-
cles were counted by the beam trigger. Of these,
1.63&10' were calculated to have interacted in
the target. A total of ten events triggered our
event logic and resulted in LG signals with ener-
gies (measured above A) greater than the thresh-
old energy of detectability by the LG (-15 MeV).
Of these, only one, at an energy of 70+13 MeV,
was above 35 MeV, the energy which we regard
as our noise cutoff. This choice is justified by
our observation of free-running pulse height
spectra of the LG during beam spills in which the
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FIG. 2. Cumulative 7r decay spectra. Open circles
have not been corrected for detection efficiency while
solid circles have. The curve is the best fit of Eq. (1)
to the corrected data with To= 80 MeV.

"noise" (neutrons, charged particles) fell off
exponentially, becoming negligible at 30 MeV.

To establish that our very low event rate was
not due to a defect in our equipment, we accum-
ulated 7t'- 2y decay spectra at four intervals dur-
ing the run by inserting into the beam a polyethyl-
ene target directly above the collimator. Our
total CH, exposure was characterized by 8.8x10'
triggers of the beam paddle. The results are
shown in Fig. 2 where spectra both corrected
and uncorrected for our energy-dependent de-
tection efficiency are presented. The detection
efficiency at a given energy may be obtained by
taking the ratio of the uncorrected to corrected
cross section. The event logic used was identical
to that described earlier. The peak of the w'- 2y
spectrum at —70 MeV is apparent. The number
of observed m' y rays provided a convenient cali-
bration of the detection efficiency of our apparat-
us. We assumed here, as in Ref. 13, that pion
production could be described in the nucleon-
nucleon center of momentum (c.m. ) frame as
isotropic with an energy spectrum

dN~&&/dT =APc exp(-T/Td),

where k and T, are constants and T and p are the
pion kinetic energy and momentum, respectively.
By applying the appropriate relativistic trans-
formations to the m' spectrum above, we ob-

776



VOLUME 49, NUMBER 11 PHYSICAL REVIEW LETTERS 1$ SEPTEMBER 1982

(
(

r

—IOO

IO-'-

C3
Q)

IO
tI) - IO

—IO

E

IQ-I l

6% model (ref. 4)
I00% model (ref. 6)

I ( I ( I ( I ( I Q, l

0 400 800 I200 I600 2000
E&(Mev)

FIG. 3. Regions excluded by this experiment at a
957o confidence level for single-photon decay of anoma-
lons ~

tained the best-fit y-ray spectrum for this model
(the solid line in Fig. 2) to our data. for a value
of 7,=80 MeV.

To compare the experimental y-ray spectrum
with that expected on the basis of past work, we
first use the partial cross sections" for Fe on

CH» together with pion multiplicity scaling" as
a function of target and projectil. e mass, to cal.—

culate the m' multiplicity implied by our data,
taking into account small effects due to more
than one fragmentation within the CH, target. We
find (N, o) = 0.20 per Fe-CH, collision. The col-
lective tube model" predicts a m multiplicity
(V, -) =0.14 per collision. By using the ratio
Ql, o)/(N', -) = 1.7 measured for 940-MeV protons
on "Cu,"we arrive at a predicted value (N„o)
= 0.23 per Fe-CH, collision. This agrees quite
well with our experimental results and provides
a useful check of the geometrical and conversion
efficiencies used in the analysis of this experi-
ment.

For the purposes of analysis we assume that
our single event for the Fe-Fe exposure at E &, b

=70 MeV is legitimate, and not due to aback-
ground event such as a neutron producing a m' at
the side of the collimator. Figure 3 shows re-
gions in space of fragment-rest-frame photon
decay energy, E„versus proper mean lifetime,
v'» which can be ruled out by our data at a 95%
confidence level. The right-hand ordinate is

labeled for X, the laboratory mean free path.
The impact that our single event at E,=140 MeV
has on the analysis is small. For the 6/c model,
statistical limitations set in at roughly this ener-
gy and for the 100% model, the single event takes
the two small "bites" on the left-hand side of the
region. The low-energy boundary of the 100%
model is determined by our detector's noise cut-
off at E p 70 MeV In determining thes e regions
we have taken into account our energy-dependent
detection efficiency, and have assumed that each
Fe- Fe inter action produces either 1 or 0.06
anomalous fragments (being guided by Refs. 4

and 6) which decay with the emission of a single
photon. It should be noted that since the mean
number of fragments which pass over our col-
limator is greater than one per interaction, we

may be underestimating the sensitivity of our y-
ray search by this factor. Al. so, note that we
assume that the anomalous fragment has the
beam velocity in determining E,= 2E &,b.

Figure 3 shows that in order for the decay mod-
el of Ref. 6 (X-0.85 cm) to remain viable, anom-
alous fragments must decay either into photons
with Ep~ 2000 MeV or ~ 70 MeV or into neutral
particles other than photons. Another possibility
is for the decay to proceed via the emission of
a cascade of low-energy photons. Our data also
allow us to rule out y decay in the 6% model of
Ref. 4 unless Ep~ 140 MeV or ~ 2000 MeV or op
~ 1.8&10 "s. %e note that it is not inconceivable
that our single photon at E,= 140+ 26 MeV origin-
ated in a decaying nuclear fragment. This would
not be surprising if, as suggested in Ref. 10, the
excitation energy of the diquark-deuteron re-
sponsible for the anomalous behavior occurs just
below the pion threshold. This would stabilize
the object against pion emission and would also
endow a single-photon decay with an energy rough-
ly the same as our observed event. On the other
hand, one would expect any nonexotic background
of y rays to be rich in E»q= 70 MeV photons from
decay of low-energy neutral pions (see Fig. 2).
Resolution of this issue will require experiments
with greatly enhanced collecting power.
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