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The cosmic-ray track that has been interpreted as a magnetic monopole may in princi-
ple be from a nucleus that underwent nuclear interactions. The @ priovi probability of
this latter process is calculated to be ~ 10713 if the particle moved at the reported veloci-
ty of <0.6c, but rises to ~107% if 0.7c is allowed. Among the number of cosmic rays al-
ready examined, the total predicted probabilities for observing such an interacting event
would have been <7x1071% at <0.6c and ~2% at 0.7c.

A recent analysis' of cosmic-ray particles de-
tected in a high-altitude balloon flight describes
one unusual cosmic-ray event as being best ex-
plained by a magnetic monopole. Because of the
profound significance to physics and possibly to
technology of the existence of free magnetic
charges, it is important that the chances of an
alternative explanation be assessed. The search
for an alternative description is also spurred by
two discrepancies. The major inconsistency is
experimental: The sequence of studies of heavi-
ly ionizing particles in the cosmic radiation? that
led to the finding of the proposed monopole util-
ized a collecting power that is only 107° of that
of some of the previous monopole searches.?
The second inconsistency arises from a calcula-
tion of the lifetime of galactic magnetic fields,
which moving magnetic poles would erase. The
inferred flux from Ref. 1 and a straightforward
calculation by Parker? yield a lifetime of less
than 10000 yr. A special mechanism would be
required to continuously generate the magnetic
fields throughout the galaxy on so short a time
scale. However, since only one particle has
been observed, flux arguments are somewhat
lacking in force; the possibility always remains
that the event in question was a million-to-one
shot.

The case for the particle being a monopole is
its nearly constant ionization level as observed
in the polycarbonate detectors and its low veloc-
ity (0.5%3:55)c inferred from a nuclear emulsion.
The velocity measurement is consistent with the
absence of Cerenkov light in a Cerenkov film that
would have seen such light if the velocity signif-
icantly exceeded 0.68c. Any single atomic nucle-
us at the quoted velocity would change its ioniza-
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tion in a clearly visible manner in crossing the
polycarbonate stack. ,

We consider two classes of alternative explana-
tions: (a) the feasibility that the interferences
are drawn in fact from experimental artifacts
and (b) the possibility that other known physical
processes, not considered by Price et al., pro-
vide a reasonable explanation of the data.

For discussion we accept that the particle was
moving downward vxiith the velocity of < 0.70c¢ that
is required by the Cerenkov detector. It is well
known that environmental effects such as expo-
sure to light, storage at room temperature, and
exposure to reactive gas species can greatly in-
fluence the rate of track etching in Lexan.® Chem-
ical differences between Lexan sheets or differ-
ences in the conditions used to etch them could
similarly affect the etching rates. The 30% dif-
ference in track etch rates between the two data
points reported for the top Lexan sheet, which

~ during the operation of the flight and subsequent

disassembly was treated differently than the oth-
ers, suggests the possibility that such effects
may have been present. Although Price et al.
state that all the other Lexan sheets were treat-
ed identically, it is conceivable that the apparent
lack of change in ionization rate from the top to
the bottom of the stack could be caused by sys-
tematic changes in sensitivity with depth due to
subtle differences in the environmental histories
of different sheets.

In Fig. 1 we show the etching data in triplicate.
Also shown in the upper portion of Fig. 1 is the
rate of change of ionization of a charged particle
with Z =83 and velocity 0.7c. The ratio of the
etching rates at the beginning and end of the Lex-
an stack is 1.43; an equal and opposite system-
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FIG. 1. Data of Price et al . (Ref. 1) compared with
the behavior expected from nuclei which undergo nucle-
ar interactions. Depth is measured from the midpoint
of the nuclear emulsion that was used to infer the veloc-
ity. Open triangles are data from a 20-h etch; filled
circles are from a 30-h etch and should be given pro-
portionately higher statistical weight. At a velocity B¢
of 0.60c, eight nuclear interactions of an atomic nucle~
us would be needed to fit the data, three interactions at
0.65¢, and two at 0.70c.

atic change in etching sensitivities would cause
this particle to masquerade as a monopole. Light-
er, slower moving particles would require a still
larger change. More highly charged particles

are excluded by the Cerenkov condition that B

< 0.7.

Although such a systematic change is conceiv-
ably due to environmental conditions, our exper-
ience with similar plastic stacks suggests that it
is highly unlikely. In any event there is a simple
experimental test. We estimate that ~ 20 heavy
particles with velocities sufficiently high to main-
tain essentially constant ionization through the
total detector array were collected during the
flight. If there is a systematic loss of sensitivity
with depth, such particles would appear as anom-
alous events with obvious decreases in ionization
with depth.

If the maximum velocity of 0.6¢ that was de-
duced by Price et al. from the structure of the
track in the nuclear emulsion is accepted as the
limit, the required change in etching rates for a
particle slowing down to masquerade as a mono-

pole becomes a factor of 3.65. An environmental
effect of this magnitude seems quite unrealistic
and the question of the velocity determination be-
comes critical. However, more extensive pub-
lished data are needed to allow assessment of the
method used to determine the velocity.

A more promising hypothesis is that a heavy
atomic nucleus underwent one or more nuclear
interactions as it slowed down through the stack
of 32 Lexan polycarbonate sheets that monitored
the ionization rate. The required interactions
would have reduced the ionization level by amounts
that canceled the increase due to the slowing of
the particle.® In this note we evaluate approxi-
mately the probabilities for such behavior and
note that a critical evaluation of the velocity at
the top of the stack is necessary before a firm
decision can be made as to the nature of the par-
ticle.

We now examine the data for the ~0.9 g/cm? of
detector located below the nuclear emulsion. The
data in Fig. 1 can be fitted by a constant ioniza-
tion rate equal to that of a relativistic atomic nu-
cleus of charge ~ 121, or of that of a monopole of
magnetic charge 137e with = 500 proton masses
and velocity 0.5¢. This statement, which amounts
to a 13% downward revision of the ionization lev-
el quoted in Ref. 1, is derived from an improved
internal calibration” and removes the discrepan-
cy apparent in the original work, which attribut-
ed an effective charge of 137e to a monopole mov-
ing with low velocity. The data from the single
sheet of Lexan that was analyzed above the emul-
sion are neglected here. The two etching-rate
values in that sheet differed by 30%, an unusual-
ly large difference that we take as indicating the
presence of an extraneous environmental effect.

A hint that a nuclear interaction might be pres-
ent lies in the trend of the data, slightly upward
from 0.1 to 0.72 g/cm? depth, followed by an
abrupt downward shift and a second upward trend
from 0.72 to 0.96 g/cm?, mass thickness being
measured from the center of the nuclear emus-
sion. Figure 1 also shows the effects on the etch-
ing rate of hypothetical nuclear interactions for
nuclei with three different velocities at the emul-
sion: 0.60c, 0.65c¢, and 0.70c, the first being
the quoted' upper limit and the last being close
enough to the limit® set by the Cerenkov film that
it might just fail to give a perceptible darkening.
The scatter in the data is such that an interaction
at 0.72 g/cm? depth is by no means demonstrated,
but it is certainly not ruled out. The sawtooth-
shaped curves in the figure are calculated by
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first finding the velocity at a given range from
range-energy curves,® and then using the empir-
ical variation'® of the etching rate as (Z/8)* to
derive a rising segment of a curve. We then se-
lect a change in Z at a fixed B that will give a
suitable decrease in etching rate to match the da-
ta. Z is the effective charge (nuclear charge mi-
nus the number of bound electrons). Its value
may be less than the nuclear charge, but prob-
ably not by more than 1 or 2%, on the basis of the
empirical formula that is normally applied® but
which has not been directly tested in the charge
and velocity range of present interest.

The lowest set of curves in the figure corre-
sponds to the highest permitted velocity at the
center of the nuclear emulsion according to Ref.
1. The horizontal line, which is appropriate to
a monopole, fits the data vastly better than the
other solid curve which is drawn for a nucleus
that interacts twice; only if multiple interactions
are allowed, as shown by the dashed curve (with
eight interactions), is a good fit acquired. In con-
trast, if higher velocities are permitted, either
three interactions are sufficient at 8=0.65 or
two at 8§=0.70, the highest velocity that is com-
patible with reported data on the sensitivity of
the Cerenkov film.8

In principle the path of an ion that undergoes a
nuclear interaction would be slightly deviated
from a straight line. Under maximizing assump-
tions the loss of eight mass units from a lead nu-
cleus at a velocity of 0.6¢ could lead to a 0.3°
bend in the track. Such a value is observable,
but was not seen. However, this failure to ob-
serve a bend does not rule out an interaction,
since the most likely value of the angle is less
than 0.15°, the smallest deviation that could have
been detected.

The probabilities for the appropriate nuclear
interactions are clearly critical to deciding wheth-
er any of the above sketched sequences are plaus-
ible. Ideally we would wish to know the spalla-
tion cross sections for each possible high-veloc-
ity interaction between the elements making up
Lexan (C, O, and H) and the various elements
correspondong to Z =60 to 85. The available da-
ta'! are however limited to the cross sections
for spallation of %Bi by protons at =0.75. For-
tunately, bismuth is appropriate to assessing the
elements of interest since, unlike heavier ele-
ments such as thorium and uranium, it is light
enough that spallation is strongly preferred to
fission, as is found also for still lighter elements.
If we restrict our attention to events in which the
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nuclear charge is altered by one to five charge
units, an approximate cross section of 0.6 b is
derived, implying an interaction mean free path
(A) in Lexan of 19 g/cm®. If a more limited range
of two to four charge units only is permitted,
~28 g/e¢m?. The presence of oxygen and carbon
will increase the total cross section by at most

a factor of 2 as judged by data from N bombard-
ments of uranium.'? Since the fraction of fission
is also likely to be larger when a charge-80 nu-
cleus interacts with heavier nuclei, it is possible
that less than a factor-of-2 increase in the appro—
priate spallation products will result. Putting
the two factors together, we estimate a best val-
ue of X to be about 19 g/cm? with values from 10
to 28 g/cm? being possible.

The probability of a single interaction in the
~0.9 g/cm? of Lexan that has been reported is
therefore about 1 in 21, and similarly for the
three examples given in Fig. 1 the probabilities
that any single event would have two, three, or
eight interactions are 2.3x 1072, 1.1x 1074, and
3.3x 10", These probabilities give the right
number of interactions, but do not assure that
their spacing along the track is optimized. In-
clusion of this consideration would further lower
the numbers somewhat, a rough estimate being
that factors of %, %, and 8!/8° apply for the
three cases.

The integrated probability for finding an event
of the type described is proportional to the total
number of similar tracks of heavy particles that
have been studied by various groups. Clearly if
enough statistics are collected, eventually a nu-
clear event will be seen that fits the present® ob-
servation. From Fig. 9 of Shirk et al.® we can
compute the fractions of the observed flux of
heavy nuclei (Z >60) that arrive at balloon alti-
tudes with approximately the three velocities we
have considered. For velocities of (0.60+0.025)c,
(0.65+0.025)c, and (0.70+ 0.025)c, these frac-
tions are 4.5%, 7.4%, and 8.5%, respectively.
The total numbers of nuclei observed in the
charge range 70 to 83 in earlier flights are sum-
marized!® as 47 (observed in Northern United
States) and 85 (observed in Skylab); we estimate
from the size and duration of the recent flights?!
that 38 more should be added to give a total of
170, of which 7.6, 12.6, and 14.4 would be ex-
pected to lie in the three velocity ranges. The
calculated probabilities of eight properly spaced
interactions at 0.6¢, three at 0.65¢, and two at
0.70c are therefore 6x 10713, 3,1x 10°4, and 1.7
x 1072, respectively.™
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The conclusions are straightforward. A large,
but not impossible, systematic change in sensi-
tivity as a function of depth could allow a conven-
tional charge-83 particle to masquerade as a
monopole if velocities as high as 0.7c are permit-
ted. One critical test would be the demonstration
that no relativistic particles (as evidenced by the
Cerenkov radiation) appear to decrease continu-
ously in ionization as they progress through the
stack. The nuclear-interaction hypothesis is ex-
tremely unlikely if the upper limit of 0.6¢ is ac-
cepted as the velocity of the particle, the prob-
ability being less than 3 in 10% for an assumed
mean free path of 19 g/cm? and still only ~ 3 in
10 with a lower mean free path of 10 g/cm?. How-
ever, if the emulsion track permits a velocity of
0.65¢c, then the interaction interpretation is only
rather improble and at 0.70c would be a reason-
able one. Neither of these latter velocities con-
flicts with presently published data on the sensi-
tivity of the Cerenkov film, and therefore the
weight of the argument in favor of the observed
particle being a magnetic monopole rests on care-
ful examination of the error limits to the emul -
sion-based measurement of velocity.
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