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Abstract

Within the stack, consisting of 35 Lexan detectors and of 3 nuclear
emulsions, in which the unusual event was found, we have measured tracks
of ~200 cosm}c ray nuclei with 26 < Z < 83, which provide an internal
calibration of the response of the detectors. Our measurements in Lexan
and in emulsion together show that the unusual particle produced a
knockon electron energy distribution incompatible with any known nucleus.
The track etch rate and its gradient in Lexan give the quantity |Z|/B
and, if the particle was a nucleus, a lower limit on its velocity. We
found lZI/B ~ 114 at each of 66 positions in the Lexan stack éxtending
over a range of ~1.4 g/cm?. fhe best fit to the Lexan data alone would
be for a hypothetical superheavy element with Z =~ 108 to 114 and B such
that Z/B8 =~ 114, A known nucleus with 90 < Z < 96 would also give an

acceptable fit to the Lexan data if it fragmented once in the stack



with a loss of about two units of charge, keeping Z/B ~ 114. A nucleus
with Z < 90 could maintain Z/B =~ 114 only by a properly spaced set of
fragmentations. A nucleus with B as low as 0.6 could fit the Lexan
data only if it fragmented at least 8 times in succession, with a pro-
bability ~10"*7. In the 200 um G-5 emulsion, visual measurements of
the track ''cores' produced by relatively low~energy electrons (<10 keV)
are consistent with the Lexan result that the unusual particle had
IZI/B 2 114. However, measurements of the density of silver grains

at radial distances greater than ~i0 um show that the particle produced
far fewer high-energy (250 keV) knockon electrons in each of the three
emulsions than would a known nucleus with Z/8 = 114, If it were a
known, long-lived nucleus with Z € 96, and therefore having 0.84 > B > 0.6
in order to fit the Lexan data, its signals in the three emulsions imply
a very low Z/B of only ~85 instead of 114. The abnormally small pro-
duction rate of long-range electrons observed in all three emulsions

is the essential evidence that we have found a unique particle. A
monopole does not provide an acceptable fit to all of the data. A

slow particle (B ~ 0.4) could fit all of the observations, provided its
mass were so great (>10% amu) that it did not slow appreciably in the
1.4 g/cm? stack. A fast (0.7 < B < 0.9) antinucleus with Z/B = =114,
because of its low Mott cross section for production of high-energy
knockon electrons, could fit the data, especially if it fragmented

once with loss of one or two units of charge. An ultra-relativistic

(B > 0.99) superheavy element with Z ~ +110 to +114 can also account
for the data and is not in conflict with any negative searches. Our

knowledge of the Z- and B-dependence of the response of Lexan appears



sufficient to preclude values of |2/8| less than ~110. An explanation
of the weak distant energy deposition in terms of fluctuations by a
normal nucleus or locally insensitive emulsion regions appears to be
unlikely. Freak occurrences such as a 102° eV jet or an upward moving
nucleus do not fit the data. Having achieved only an incomplete
charécterization of a single example of what appeafsvto be a new

particle, we emphasize the obvious--that further examples of such

particles must be found before its identity can be established.



1. IntfoductiOn

In ten years of study of the ultraheavy cosmic rays--those with
nuclear charge Z > 70--one event out of several hundred of these rare
particles has stood out‘as abnormal and quite possibly the first repre-

sentative of a new class of heavily ionizing particles. In l975>we

T

mistakenly claimed] that the behavior of the particle as it passed
through a stack of several types of visual detecfors was compatible
only with its‘being a.monopole with magnetic charge g = 137e and speed
Bc = 0.5 c. |

| In the numerous sheets of Lexan in the stack its ionization rate
was very high and roughfy constant. From experience with previous
.Lexan detectors we estimated |Z|/B to be ~137 and B 2 0.9 if it were

a nuclear'particlé. However, in a layer of nuclear emulsion it pro-
duced an anomalously small number of enérgetic delta rays such as

would be produced by a particle with much lower Z/B. 1In a fast film
supposedly sensitive to Cerenkov light from a heavily ionizing pafticle
with B > 0.68, it produced only a small spot that we interpreted as the
ionization from a particle of Iow‘velocity, B < 0.68.

Several errors in the original analysis, together with the publi-
city and scientific criticisms that followed, have discredited the
experiment and obscured the fact that this particle did exhibit a »
peculiar behavior, outside of any reasonable statistical fluctuations
associated with any partic]e yet seen in the cosmic radiation. We
intend here to give a détailed account of the experiment, to show that
no previously discovered particle can account for the data, and to show

that several hypothetical particles are compatible with the data.
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The techniques for particle identificatfon with Lexan detectors
are well~known and uncontroversial. They are thoroughly discussed in
a monograph2 but will be reviewed in section L4 for the convenience of
the reader. Since the initial report of the monopole candidate] we
have increased the number of Lexan data points from 58 to 66 for that.
event and havg measured nearly 200 other events with 26 < Z < 83
recorded in the same'flight, allowing a relation between signal. and
Z/B to be established for each Lexan sheet. From this internal cali-
bration we find that the average value of |Z|/B should be ~11k rather
than ~137. Despite thisvembarrassing change .in the value of |Z|/B,
the qualitative claim thaf our particle was the most pénetrating par-
ticle with such a high ionization seen to date remains unquestioned.

The techniques of track structure measurement in emulsion developed
by one of us (WZO) and used in the initial report'1 had not previously
been published, and the interpretation of such measurements depends on
the construction of a‘model of track structure that ﬁust«be experimen-

tally tested. Criticism3-6

of the initiai paper was directed chiefly

at our undocumented claim that the visual measurements of track .structure
in emulsion, together withka knowledge of Z/8 from the Lexan, allowed the
particle's velocity to be estimated at B ¥ 0.5 with an absolute upper limit
of B=0.6. In section 6 of the present paper we take a different point of
view that we believe experts on track structure in emulsion will regard as
uncontroversial because our conciusion does not depend on the details

of the track model uéed. Instead of claiming that we can measure the

particle's velocity, we present several kinds of experimental evidence



(visual measurements of two quantities denoted R1'and Rz; photographic
evidence; and silver grain densities measured with an automated micro-
scopic image dissector) that the energy deposited at large radial dis-
tances around the track of the monopole candidate was too low to be
compatible with a known, long-lived nucleus with Z < 96, with Z/B =~ 114,
and thus with 0.84 > 8 > 0.6. In the fnitial paper the 200 um I1ford
G-5 emulsion was examined but tﬁe other emulsions were not studied.
In the present work the claim of an abnormélly low production of high-
energy eleétrons is greatly strengthened‘by measurements in two indepen-
dgnt 10 um Kodak NTB-3 emulsions as well as in the 200 um emulsion.
 The fast film for fecording Cerenkov light emitted by a single
heavily ionizing particle is in principle a valuable tool for deter-
mining whether the particle's velocity appreciably exceeds the threshold
valﬁe given by Bcrit = n~!. The plastic radiator coupled to our fast
film has a refractive index n = 1.515, so that Bcrit = 0.66. Earlier
experiments in which a few heavily ionizing particles were followed
through a fast film Cerenkov detector7’8 into a Lexan stack suggestéd
that particles with Z 2 60 and B 2 0.68 would, in that particular
film, produce a large region of'developed silver grains attributable
to the cone of Cerenkov light. Unfortunately, the film prepared by
Eastman Kodak for the experiment in which the monopole candidate was
found was less sensitive than the earlier film. By etching the plastic
radiator above the fast film we have been able to observe, for each |
particle of interest, an etched track that serves to locate the center

of the cluster of developed silver grains. This removes any ambiguity

as to the correct spot associated with each event. Despite strenuous
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and ongoing efforts to relate the radial distribution of silver grains in
these spots to the presence or absence of Cerenkov light, we have not
been able to substantiate our earlier claim regarding the speed of the
monopole:candidate based on the fast film. In the present work we draw
only upon measuremenfs made in the Lexan detectors and in the nuclear

emulsions.
2. History of the Experiment

In 1969 two of us (WZ0 and PBP) planned a series of balloon
flights in which a stack of Lexan sheets and one or mdre layers of
huclear emulsion would be used to measure both the charges and velo-

cities of the rare, ultraheavy cosmic rays. An important goal of the

experiménts was to test the idea of WZ0 that, over .a useful range of

velocities, 0.3 SB S 0.6, measurements of the radial distribution

of silver grains around a track in a single layer of emulsion could be

" used to estimate both Z and B without the need for Lexan or other

detectors.

By the time of our first balloon flight the group included Shirk
and Kobetich at Berkeley and Pinsky, Eandi, and Rushing at Houston.
Pinsky8 had built a detector consisting of a layer of plastic radiator
coated on both sides with a thin layer of Eastman Kodak's very high
speed 2485 film that was to be used to study the possibility of ihaging

the Cerenkov light emi tted by a single heavily ionizing nucleus with

B> Bérit'

An 18 m? array containing a stack of Lexan sheets, a 200 pm
emulsion layer, and the fast film Cerenkov detector was launched from v
Minneapolis on Séptember 4, 1970. Because of failures of the descent

mechanisms, it became derelict, but after a 15-day, 5500-mile journey,

it landed of its own accord near Regina, Saskatchewan. It spent about



40 h at ~2.8 g/cm®, ~20 h at ~5.5 g/cm?, and the remainder of the 15
days at greater depths (largely unknown). The emulsion was dark from
the long exposure but usable. About half of the Cerenkov detectors
survived thé hard landing. All of the emulsion was scanned twice at
Houston in a stereomicroscope and visual measurements of the track
structure parameters R, and R, (see Section 6b) were recorded for
events thought to be heavier than Fe. The ldcations, zenith and
azimuth angles, and va]des of R] aﬁd R2 Were sent to Berkeley, where
the various sheets of Lexan were chemically etched in a systematic
way to be discussed in section 4. The Z and B determined with the
Lexan were taken to be correct, and all events with Z > 50 were sought
in the fast film Cerenkov detectors.  The charge and energy distribu-
tions determined with the Lexan detectors have been published.7' The
analysis of the spots containing excess silver grains at the sites
traversed by high-Z cosﬁic rays in the fast film Cerenkov detectors
has-also been published.7’8 The measurements of track structure in
the emulsions have never been published; they will be discussed in
section 6 of the present paper.

In 1973 the present authors constructed a 30 m? array shown in
Fig. 1, but in three suc;essive launch attempts in spring, 1973, the
balloons failed. After a six months' stbrage in Houston, the array
was separated into a 10 m?
at Sioux City, lowa. The 10 m? stack was flown for 60 hours at
~3 g/cm? beginning September 18, 1973, and the 20 m? stack was flown

for 60 hours at 4.5 g/cm? beginning September 25, 1973. A shifting

mechanism, used to distinguish events at float altitude from events

and a 20 m? array and successfully launched ~



during ascent, moved the top two Lexan sheets by about 2 cm during the
.abortive launches in spring, 1973. They were left in a unique shifted
position throughout the flights in September, 1973.

The Sioux City array differed in several significant respects
from the Minneapolis array. (1) It contained two independent sets
of Cerenkov radiator and fast film, eaﬁh wrapped in light-tight paper.
(2) The film, nominally designated as EK-2485, was different from
that used in the Minﬁeapolis flight. Eastman Kodak changed the com-
. position so that a more convenient developer could be used, but
unfortunately achieved a lTower sensitivity than that of the Minheapolis
film.. (3) In addition to the 200 um |1ford G-5 emulsion commonly
used by cosmic ray eXperimenters, we included two 10 um Kodak NTB-3
emulsions on cellulose triacetate backing, each wrapped in light-tight
paper. (4) The thickness of light-tight wrapping paper was less for
the Sioux City ftights than for the Minneapolis flight.

Figure 1 is a more detailed and accurate sketch of the constituents
of the stack than was presented in the initial paper.1 The thickness

2 Lexan equivalent, measured normal to the stack, is indicated

in g/cm
at several positions in the figure. In the sketch in ref. 1 the thick-
ness of material between Lexan §heet 2 and Lexan sheet 3 was incorrectly
labeled. |t was taken to be 0.625 g/cm® in drawing the figure in ref. 1,
whereas it should have been 0.347 g/cm®. The reader should note that an
exploded view of a narrow column through the detector is shown in

2 in area.

Fig. 1. The actual stack was ~1 cm thick and 30 m
The 200 um l1ford emulsion was deveToped by H.H. Heckman's group

at Lawrence Berkeley Laboratory during the period October 16 to



November 2, 1973.. The 10 um Kodak emulsibns were developed by the
Johnson Spacecraft Center Photographic Technology Division at about
the same timé. The Lexan was etched in the spring of 1975; after a
hiatus of about 18 months during which the Berkeley group analyzed a
stack of Lexan exposed on the Skylab orbiting workshop.9

Scanners at Houston used _ stereomicroscopes to locate tracks in
vthe 200 pm emulsion that appeared likely, because of the high density
of delta rays, to have been produced by cosmic rays with Z 2> 40. . A
list of these tracks, with their locations, zenith and azimuth angles,
and track structure parameters R] and RZ’ was sent to Berkeley in
June, i975, where the corresponding tracks in the Lexan sheets were to
bé located and measured. The track of the monopole candidate in the
emulsion had not beenvrecognized as unusual. About half of the 68
evehts later established by Lexan measurements to have Z > 40 were
recorded as having larger halo radii, R2, than did the monopole can-
didate. The photomicrographs in Figs. 14 and 15 show that the monopole
candidate track had a lower density of high-energy delta rays than
did a number of the other events. it was thus combletely unexpected
when a technician, Walter Wagner, found that the track etch rates in
the Lexan sheets indicated that it was an extremely heavy, penetrating
particle with apparently no change in jonization rate with depth.

The erroneous identification of this particle as a monopole came
about as follows. In the analysis of the Minneapolis flight7, the

9

Skylab experiment”, and balloon flights by another groupro, the Lexan

stacks had had quite similar responses, with track etch rate Vi going

as ~(Z/B)n, where n was always in the range 3.5 to 4. |t was natural,

-]0_
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tHen, in the preliminary analysis of the Sioux Cfty flight to assume
a similar response. Assuming the Sioux City Lexan stack to‘bé idenf
tical to the Lexan used on the Skylab, we calculated that the monopole
candidate had Z/B8 = i37 and did not change with depth; Having searched

for monopoles in the past, we were well aware of the calculations of

Cole and Bauer 1 showing that a monopole of strength g ionizes approxi-

mately at a constant rate, independent of B, given by replacing Ze by
gB in the Bethe-Bloch equation. With Dirac's quantization condition,
ge = niic/2, one then expecfs the ionization rate of a fast monépole to
look like that of a minimum ionizing nucleus with Z = 137n/2 and B = 1.
The association of our particle with a monopole of strengfh n = 2 was
obvious. From its weak signal in emulsion and an unpﬁblished'track
structure model of 0§borne, we inferred a low velocity;:é % 0.5.
Kinematics limits the maximum energy of delta rays to>wmax = Zheczszyz,

which for B8 = 0.5 could, according.to the model, account for the small

value of the radius R, over which delta rays could be seen but would

2
not affect the Lexan signal, which is produced dominantiy by very low-

energy electrons.

The remarkable coincidence of our estimate of the value of Z/8
with the number 137 expected for a monopole, and 6Qr belief.that the
difference between this number and the charge of the heaviest nucleus
previously seen in the cosmic rays, Z = 96, was far greéter than esti-
mated experimental efrors, prompted us to publish the Létter1 before
doing the detailed calibrations of the Lexén, emulsion,.and Cerenkov
detector. |

We soon communicated to many colleagues fhe results of our cali-

bration of the Lexan, showing that Z/B was considerably lower than

-11-



137; independently several papers appeared, pointing out that a very
heavy nucleus could, by one or more properly spaced fragmentations,
maintain a roughly constant ionization rate and account for the obser-
3-6

vations, provided the emulsion evidence was disregarded. The critics

were correct. Fragmenting nuclei can fit the Lexan etch rate data, and
the event is unique only if evidence for its anomalous nature can be
substantiated in the emulsionsvor Cereﬁkov filﬁ.

Though it is not our purpose here to present a complete case
history, we should explain why we did not retract our claim as soon
a§ the Lexan calibration showed that Z/B was only ~114 instead of 137.
The reason is that S.P. Ahlen pointed out12 that the simple, fir;t-
order prescription, ""Replace Ze by gB in the Bethe-Bloch equation,"
eliminates the B~? factor but retains the logarithmic velocfty-dependence,
which means that slow monopole§ ionize less~heavily.than fast monopoles.
The iogarithmic contribution seems to have been overlooked until recently.
Ahlen's detailed calculation, including the relativistic density effect,
confirms the qualitative correctness of the simple prescription. For
one specific model of track Formatibn in a plastic detector--thebres-
tricted energy loss modelz--Ah]en12 showed that the slower the monopole,
the lower the apparent Z of an electrically charged, minimum-ionizing
particle with an equivalent signal. His calculations suggested that a,
slow monopole, if sufficiently massive to traverse the entire stack
vwithout significant decrease of velocity, might simulate a fast, elec-
tfically charged particle with Z/B8 =~ 114, Thus, our view in late I975_
was that the particle was still compatible with a monopole if its

velocity was indeed as low as we inferred from its weak signal in

-‘]2_
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. nucleus than by a positive nucleus. His explanation

14

emulsion.|3 In section 4(a), however, we will see that the restricted
energy loss model does nbt give a good fit to available data for charged
particles, and in sections 7(b) and 8(a) we will conclude that a slow
monopole is not a viable explanation of the event.

In l976Itwo new developments made it clear that we coujd no
longer claim that only a monopole could account for both the strong
signal in Lexan and the weak signal in emulsion. First, R. Hagstrom,
who had independently associated himself with the analysis>of the emul-

sion data and was developing a quantitative model of track structure in

emulsion, recognized that a heavy antinucleus, with IZ] 2 80 and
Z/B =~ =114, could fit both the Lexan and the emulsion data getter
thénbcould its charge conjugate. Hagstrom realized that the ébnormally
lTow energy depositibn at large radial distances could resulf'froh the
smaller Mott cross section for scattering of electrons by‘a negative
14 of-the event
remains a viable one. Second, given |Z|/B = 114 and the beha;ior of
the Mott cross section, we recognized that an extremely relativistic
(B 2 0.99) superheavy nucleus, Z z 110 to 114, might fit both sets of
data. Our view éince mid-1976 has been that the data are incompatible
with a known, positive ﬁucleus but that a monopole is not a goéd
explanation. |
3. Known Heavily lonizing Particles in the Cosmic Rays

The flux of ultraheavy cosmic rays is so low, <l m-?2 dayfl, that
they have so far been detected in the present-day cosmic radiation
only with large'arrays of plastic detectors and emulsions. Figure 2

shows -the charge distribution of ultraheavy cosmic rays found in two

_]3_



recent'experimentsg’]0 using Lexan detectors. Both distributions are
roughly consistent with the histogram labeled ''r-process abundances,"
which is the result of a typical calculation of the charge distribu-
tion expected if ultraheavy cosmic rays are accelerated from material
synthesized by rapid neutron capture, then propagated through an
exponeﬁtial distribution of pathlengths of interstellar gas (with
chafactefistic length A =5 g/cm?) during a time of ~107 years. The
main points to note are the so-called ''platinum peak' at Z = 76 to
78; the so-called “actinide gap' at Z = 84 to 89; the presence of a

few long-lived actinides Z = 90 to 96; and the absence of any events

with Z > 100. The resolution in these experiments was usually AZ = *2.

Other experiments, including our Minneapolis flight7, have given similar
results but with poorer statistics. .One can see from this distribution

why a particle with apparent Z/8 ~ 137 and apparent B 2 0.9 would cause

a stir. One can also see that a monopole with n = 1, which if rela-
tivistic would look like a minimum-ionizing nucleus with Z = 137/2,

would be hard to find because of the relatively large background of

cosmic rays with Z ~ 65 to 70. /

We will have occasion later to refer to the "iron-peak.'" Because
of its large binding energy per nucleon, tﬁere is a very pronounced
abundance peak at Z = 26 which has been thoroughly studied with various
cosmic ray detectors. |t is very convenient as an internal calibra-
tion to use this abundance peak in establishing the response of both
Lexan and emulsion. Between Z = 26 and 32 the abundances of cosmic
rays decrease by several orders of magnitude and thereafter decline

erratically and less rapidly. The abundance ratio of elements with

~14-



Z > 65 to iron is ~10”° (ref. 9).

It is useful to list here the area-time factor accumulated in
all the ultraheavy cosmic ray experiments. Particles with magnetic
rigidity greater than 14.7'GV can penetrate the earth's field at any
latitude. The area-time factor for such particles was 1.67 m?y exclu-
sive of the Sioux City flights and increases to 1.88 m?y when the
Sioux City flights are i;cluded. For particles with magnetic rigidfty
such that they just penetrate the eafth's field (and possibly over-

lying air) at the latitude of South Dakota or Minnesota where many

balloon exposures are made, the area-time factor was 0.56 m?y exclu-

sive of the Sioux City experiment and increases to 0.77 m’y when the
Sioux City experiment is included. It is also useful to list the effec-
tive area~time factor, which contains the additional factor exp(-x/}),

where A is the interaction length of the particle sought and x is the

average thickness of overlying material. 1In a search for a superheavy
nucleus, which would have a rather short interaction length, the effec-
tive area-time factors are ~1.2 m?y for high-rigidity nuclei and
~0.36 m?y for low-rigidity nuclei when all experiments are considered.
L. Analysis of the Lexan Detectors

For the benefit of the reader who is‘not interested in the details,
we state the results of the analysis of the Lexan data here:

Assuming that the particle was a known or hypothetical nucleus
with charge -to mass ratio given by the beta-stability line, the best‘
fit to the Lexan data is for B 2 0.95, Z 2 108, and average Z/B x 114;
a good fit is also obtained for B = 0.8 to 0.84,'corresbonding to |

Z =92 to 96, provided it fragments once with loss of one or two units

_]5_



of charge; with lower B more fragmentations are required to give an
acceptable fit; for B as low as 0.6 the number of fragmentations
required becomes at least 8, with an overall probability of .107'7.

-6 .
3 of the original paper1 accepted the fact that the

The critics
Lexan data excluded any nucleus with B lower than ~0.6 to 0.65. Later
we will see that this completely non-controversial result is all that o
is required of the Lexan data to show éhat the emulsion data are

incompatible with any known nucleus.

a. Response of Lexan to heavily ionizing particles

When a heavily ionizing particle passes through Lexan or some

other nuclear track-recording solidz, it can produce a latent, micro-
scopic track of chemically reactive material a few tens of Angstroms
in diameter that can be enlarged to visible size by using a chemical
reagent that preferentially attacks the reactive material. The shape
.of the etch pit is conical, with cone half-angle equal -to arcsin

VG/V, where V. is the general rate of etching of unirradiated material

G
and V is the rate of etching along the particle trajectory. If the
particle passes through a Lexan sheet an etch pit may be produced at
both surfaces.

Etching at a rate greater than V_ occurs only where the energy

G
deposited per unit volume exceeds some very high value. The radius P
of the region of enhanced etching has been determined2 directly by

electron microscopy and indirectly by electrolytic conductance mea-

surements to be £10~% cm. The track etch rate V is an increasing

function of the energy density in this narrow region, and particle

identification relies upon measuring V and determining how V depends

_]6_
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upon Z and B of the particle.

Track-etch detectors such as Lexan are quite different from other
detectors .in that théy are completely insensitive to energy deposited
at distances larger than ~107% cm. This has two important conéequences,
which tan be easily understood by recalling that the cross section for
knockon electron production falls off rapidly with energy‘(e.g., as
E=? for close collisions): (1) The resolution is immune to fluctuations
in the small number of high-energy knockon electrons, which deposit almost
all of their energy outside of this region. (2) The etch raté, vV, is
related to the production rate of the very numerous eleétroﬁs of very
low energy (<1 keV) resulting from collisions at large impact‘ﬁarameters
(>107% cm). These electrons have a small CM scattering angle, a small
momentum transfer, and a scattering cross section.given, in the approxi-
mation that they are unbound, by thé simple Rutherford forﬁulé,.which
is exactly proportional to Z2. Thus V will be a function of 22, indépen—
dent of the sign of the charge. For these collisions at large impact
parameter, an incompletely stripped nucleus would interact as if it had
an effective charge, Z*, less than its nuclear chafge. In all experiments
to date the following expressionis, based on measurements at energfes

below ~10 MeV/amu, has been assumed to hold up to relativistic energies:

Zx = Z[1 - exp(-1308/2%/3)] ‘ (1)

16 -
For B 2 0.6 this expression predicts Z - Z* < 2. Fowler et al. have
shown that theoretical cross sections for radiative and non-radiative
electron attachment and'stripping lead to a qualitatively similar

conclusion.

_]7_



The dependence of the energy density deposited at very small

radial distances on the velocity of the incoming particle is complicated.

One must take into account the energy deposited both by the primary
excitation and by the secondary excitation from knockon electrons.]7
No theoretical expression for the dependence of etch rate on Z and B
has been derived. Instead, one agsumes that etch rate is a function
of the appropriate expression for energy density at small radial
distances. A power law relating etch rate to energy density at small
radial distances gives an excellent fit to data covering a wide range
of etch‘rates. Several expressions for energy density at small radial

18 19

distances have been used: (1) Benton - and others have assumed that
the energy density at small radial distances can be approximated by
the restricted energy loss, definea as the energy lost in collisions
leading to electrons with kinetic energy less tHan W where W, is

taken empirically to give the best fit to the data. From studies of

ions with Z £ 26 and 8 < 0.2, Benton and co-workers chose W, ® 350 ev.

The restricted energy loss is given by

(dE/dx)Wo = (ZnNee‘*z*Z/mczsz)[zn(wmaxwo/ladjz)-52-6(5)] (2)

where Ne = number of electrons/cm® in the detector, Woax = Zmeczszy2

is the maximum electron kinetic energy set by kinematics, 'adj is an
adjusted mean ionization potential of the detector, and 6{(B) is a
parameter that.takes into account the reduction in ionization rate due
to the polarization of the medium at relativistic velocity. This
parameter is zero for B < 0.8 but represents a significant correction

term at greater velocity, nullifying most of the relativistic rise due
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to the logarithmic term. In what follows we use the expressions of

Sternheimer20 for §(B) in a plastic.

0 ' for x < 0.14

§ = 2n(B%y2) -3.21 + 0.456(2.0-x)2-78 for 0.14 < x < 2 (3)
n(B%y?) -3.21 ‘ : for x > 2

where x = 0.5 logy,ein(B8%y?).
To our knowledge, eq. 2 has been used only for Z < 26 and B < 0.2,
and no attempt ha$ been made by those who use it to determine whether
the data can be fit‘better with some other expression.

(2) Price and co-workers, 1-2 in some of their early
stﬁdies of cosmic rays with Z up to ~96 and B up to ~l, rejected the
restricted energy loss model as severely underestimating the charges of

ul traheavy nuclei at high velocities, and chose a semi-empirical

expression of the form

J(K) « (2%2/B%) [an(B2y?)+K-B2-8(B) ] (4)

where K is a parameter chosen to give the best fit to both accelerator

‘data and to abundance peaks in the cosmic rays at Fe(Z = 26) and at

the r-process peak at Z = 76 to 78. In the case of Lexan, for which
w, = 350 eV and Iadj = 69.5 eV, the termé in squére brackets in

eqs. 2 and 4 would become equal if K were chosen to be>1l.2, so that
the two expressions would then have the same dependence on Z and B.
To fit data at high Z and B8, it was found.necessary.to assign a much
larger value to k. fn their analysis of Ne, Si, Ar,.ahd Ti fons from

the Berkeley Hilac and six ultraheavy cosmic rays detected in a
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10.2 g/cm? stack.cpnsistingvof 120 Lexan sheets, 9 layers of llford
G-5 emulsion, and 56 layers of steel absorbers,‘flown at Sioux Falls,
South Dakota, 0'Sullivan et al.21’22 found that eq. L with K =~ 62
gave the best fit to the data.

(3) In the most recent cosmic ray experiments Shirk et al.7’9
and Fowler et al.IO found that the best value of K was sufficiently

high as to make the logarithmfc dependence negligibly small, and they

used the simple expression

J(K = =) « ('z='§v2/32). (5)

Table 1 summarizes the data used to choose among the three models .
for energy density at small radial distances, eqgs. 2,4, and 5. The
method is to compare, in the same Lexan stack, the track etch rates
for nuclei of the well-defined Fe peak with etch rates for ''standard"
nuclei, whose identities have been independently established. The
first group of standard particles, from the Berkeley Hiléc, had pre-
cisely known values of Z and B. The second group had their charges
detefmined, with a fractional standard deviation of ~4%, by photo-
densitometric measurements of their tracks in nine layers of llford
G-5 emulsion.ZI The use of emulsion to identify'ultraheavy_cosmfc
rays, and the model of track formation in emulsion, are discussed in
ref. 16. One of these particles was particularly valuable as a test
of the three models because it penefrated the 10.2 Q/cmz.stack of
emulsions, Lexan, and steel with no perceptible increase in ionization
ratezz, and its velocity was determined to be B > 0.97 (95% confidence),

a value sufficiently high to lead to significantly different charges
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predicted by the three models. The third group consisted of 57 events
with 70 < Z £ 96 and 8 > 0.9 detected in a‘Lexan stack9 flown on
Skylab; the fourth group consisted of 58 events with 70 < Z < 96 and
"B > 0.88 detected iniLexan stacks10 flown in several bélfobﬁ f]ights.
Both groups show a strong abundance peak close to thg eXpecféd posi-
tion of the '"platinum peak'' at Z = 76 to 78, a weéker peak attributed
to U and Th, and an absence of events at the expected posftion of the
"actinide gap.'" The evidence from these two groups of déta, though
dependent upoﬁ astrophysicai arguments (elucidated in more detail in
ref. 9), is valuable because it tests the three models at high B.

For each standard particle, of given Z and B, we find'the'velocity,
and thus Z*/B, for the Fe nucleus that gives the same etch rate as
does the standard particle. Data for the standard particles are given
in columns 1 to b4; déta for the Fe nuclei are given in columns 5 and

6. We then use eqs. 2,4, and 5, together with the velocities of the

Fe and of the standafd particle and Z*/8 of the Fe, to calculate z of
the standard particle as predicted by each of fhe three models. The
results are given in columns 7 to 9. Clearly the restrlcted energy
loss model is |nfer|or to the other two models, the dlscrepancy between
the calculated Z and the ''known' Z |n§reas|ng as |Z - 26| increases.
At Tow Z, the calculated charge is too high, by IO/ at Z = 10. At
hlgh Z the calculated charge is too low for Z ~ 76 to 92 the error is
about 10 charges. The information in Table 1 does not perm}t a choice
to be made between the Z*2/82 model and the model of eq. 4, with

~ 62. For simplicity, in recent balloon experiments and in this

paper, the following expression is assumed to provide a satisfactory

=21~



fit to data for Z > 10 and 0.1 < B < 1.0,
V(B,2) = (z#/cp)" | (6)

where the free parameters [ and n characterize the batch of Lexan and
the etching treatment. This gquation has been observed to hold over
a range of ~10% in V for ultraheavy cosmic rays.21

Clearly it would be desirable to test the models of track forma-
tion in Léxan with particles of precisely known Z and B extending up
to Z = 92 and 8 2 0.99, instead of having to depend upon astrophysical
arguments and upon charge identification in Lexan. In about 1980 it
is expected that the Lawrence Berkeley Laboratory Bevalac will pro-
duce beams of nuclei with B z'0.92 and Z > 82, which will provide a
more direct test. We believe the case against a restricted energy loss
.model, sﬁmmarized in Table 1, is 'quite strong. There is no known way

by which the cosmic rays could show an abundance peak at Z x67. The

abundance patterns of both the cosmic rays and the elements that make
up our solar system reflect their thermonuclear origin. Essentially
all the elements be?ond the Fe peak are made by either slow or rapid
neutron-capture. The s-process leads to peaks at Z = 56 and 82; the
r-process leads to peaks ét.Z = 52 and 76-78. The two sets of peaks
ét 52-56 and at 76-82 corfespond to. nuclides with closed neutron
shells, N = 82 and 126. 'The rare earths, including Z = 67, form an

abundance valley between these sets of peaks.

A final argument for the absence of a significant logarithmic
rise in track etch rate is that in all velocity intervals studied,

from 0 < B < 0.6 to 0.9 < B < 1.0, not only the position of the
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r-process péak but also the end point of the charge spectrum, at
Z ~ 96, are correctly located when eq. 4 or 5 is used for the close
energy deposition.

We will return to this discussion in section 8, when we consider
whether the monopole candidate could have been a normal nucleus with
B ~ 1 that was misidentified in Lexan because the wrong B-dependence

was used in eq. 6. Then we will discuss the last two rows of Table 1.

b. Processing and calibration of Lexan from the Sioux Cfty flights

The 30 m? Lexan stack consisted of 296 modules each 30.5 cm
x 30.5 cm. Thevprob]em faced invprocessing a stack.containing many

tracks of particles with a wide range of ionization rates is to try

to optimize the etching tiﬁes‘of different portions of the stack so
that each pair of etch bits associated with a track segmeﬁt in a sheet
is long enough for a meaéurement of its length with small fractional
error to be made but not so long that the pits touch and form a:cylin-
drical hole. We did‘the prbcessing in three stages: (1) We etched

layers 5 and 12 (see Fig. 1) for each module for a very long time

(160 hours in the standard solution to be described below) so that

etch pits at locations corresponding to the ultraheavy cosmic ray

events previously located in the emulsion could easily be seen in a

stereomicroscope. (2) We set aside the thin Lexan sheets | and 3,

and from the remaining sheets in the stack we cut out 5 cm x 5 cm
portions of Lexan centered on the trajectories of the particles
located in sheets 5 and 12. For each event we etched the 5 cm x 5 cm

portion from every fourth sheet for a time that we estimated would

give long but not touching etch pits, judging from the appearance of



the pits in sheets 5 and 12. We measured the etch pit lengths in these
sheets and constructed curves of track etch rate V as a function of
range R for each particle, from which refined etch times for the
remaining three-fourths of the stack could be determined. (3) We
etched the remaining-5 cm x 5 cm p&rtions for optimizedvtimes and used
the (V,R) data to calculate Z and B of the particles. |In practice
the etching times were limited to the values 1, 2, 4, 6, 10, 15, 20,
30, 48, 60, 80, and 160 hours. |

| As in the past, the etching was done under highly reproducible
conditions in polyethylene tanks containihg 6.25 normal sodium hydroxide

solution titrated by the supplier and specified free of sodium carbonate.

To this was added 0.1% Dowfax surfactant. The tank was covered tightly
to minimize evaporation, stirred, and held at 40.00 *+ 0.01° C. The
dissolved producté of Lexan are themselves a surfactant; to standardize
the etching conditionszs,'blank Lexan sheets were etched in a fresh
solution until a whitish precipitate first appeared. This solution
‘was then Qsed to etch Lexan sheets‘frpm the actual flight. The same
solution was used until the concentration of etch products reached

~1 g/liter; then a fresh solution was prepéréd. If a solution fs

used for too long, the general surface etch rate of the Lexan, as well -
as V, may increase.25 To reducé the danger of pqssible systematic
differences between Ealibration samples and samples containing events
of interest, as many sheets as possible were etched at the same time

in the same etching solution.

About 600 events were_recorded by scanners at Houston as possibly

having Z 2 40. Of these; about 70% were found from observations in
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Lexan to have Z =~ 26. These all had small zenith angles. Nearly.
vertical tracks in emulsion look da;ker than shallow tracks and tend
to have their charge overestimated in scanning. Of the remaining
events, some passed out of the edge of a module at some point along
their trajectory; Some could not be found in sheets 5 and 12 because
they came to rest before reaching gheef 5 (as was confirmed by etching
sheets 1 or 4); and some could not be found because they penetrated
the entire stack at Z*/B too sméll to produce a visible etch pit.
Because surface is étched away'at a finite rate, VG ~ 0.16 um/h, the

normal component V secB must exceed V. in order for an etch pit to be

G

formed (8 is the zenith angle). For a vertically incident particle, .

in-principle, the minimum detectable Z*/B was ~65 for the Sioux City
- Lexan; for a particle at 9 = 60° the minimum detectable Z*/B was -~7h.
Sixty-seven events with Z > 40 and the monopole candidate were
studied in detail and will be described in this paper.
Figure 3 sho@s smoothed éurves of etch rate as a function of
distance along the trajectory in the main Lexan stack comprising
sheets 4 to 35. Measurement techniques have been thoroughly discussed

2,9 Several events with initial etch rates greater than

elsewhere.
6 um/h, corresponding to slow, very heavy nuclei, were studied; they
are off-scale above the tdp of this graph. Because etch rate is an
increasing function of ionization rate, the curves in Fig. 3 are some-
what like Bragg curves. The data for the monopole candidate occur at
an approximately constant etch rate of ~2.9 um/h, far above the other

horizontal lines between ~0.3 and ~0.8 um/h that correspond to minimum-

ionizing nuclei with Z up to ~83 that were detected on the flights.
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Only particles with steeply rising etch rate'curves, corresponding to
slowing nuclei of lqwer velocity, reached etch rates as high as

2.9 um/h. In none of the experiments prior to the Sioux City flights
had events been seen with constant etch rates greater than 1 um/h.

To the experienced observer, the curve for the monopole candidate
would excite considerable interest.

Module 104 contained the monopole candidate event. Within Ib cm
of its trajectory were one event with Z = 35 and ~102 tracks of nuclei
with Z =~ 26 that were used to calibrate the response of the individual
sheets in that module. It was obvious from the appearance of the pits
at the monopole candidate track in sheets 5 and 12 that.V was very
high, so the 5 cm x 5 cm por;ions of every fourth sheet were etched
for only 20 hours. Measuréments of etch pits in thése portions are
labeled as triangles in Fig. 4. We will discuss the determination of
errors later. Most of the remaining three-quarters of the cut por-
tions for the monopole candidate were etched for 30 hours in a fresh
tank .(along with cut portions for other events and larger portions of
module 104 in which Fe calibration tracks were to be measured). The
data for the 30 hour etch are shown as solid points in Fig. 4. Recog-
nizing that we had found a unique particle, we stored the cut portipns
of sheets 1, 3, 4 and 35 in the event that a better processing scheme
might be developed at a future date. After the criticisms of the
monopole paper were made public, it was decided to etch these four
sheets. In a fresh solution sheets 1 and 3 (thickness 75 um) wére
etched eight hours and sheets 4 and 35 (thickness 250 um, same as for

sheets 2 and 5 to 34) were etched 30 hours. Etch rates for these
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sheets are shown as open circles in Fig. 4.

Results of the calibration of the stack are shown in Figs. 5, 6
and 7. Etch pits éorresponding to (V,R) points to the right of the
scanning cutoff line in Fig. 5 were located in module 104 with a stereo-
microscope and measurements of (V,R) were made with a Leitz Ortholux
mjcroscope.z’9 (The identification of thé line in Fig. 5 with the posi-
tion of Fe has recently been verified in a combination electronic +
Lexan experiment in which a portion of this same batch of Lexan wés used

80

together with electronic detectors to resolve Fe isotopes in cosmic rays. )

The data for the 30 hour etch are shown in Fig. 5 in a form simplified
for legibility. The actual déta for each event with Z 26 consist
of ;é to 12 values of (V,R) lying along an approximately straight line
of well-defined slope on the log-log plot. No attempt was made in
Fig. 5 to identify eéch event with a separate symbol; closely spaced
points were replaced by symbols indicating the number of points in
that small area. The line labeled '"Curve adopted for Fe'' follows the
maximum in the distribufion and has a slope accurately determined by
the alignment of daté points for individual évents. The precipitous
decline in populafion of points to the right of the line reflects the
drop in abundance fof Z > 26. The decline to the left.of the line
is less spectacular because of the presence of some elements with
Z < 26. From the position of the Fe line and use of the rénge-energy

tables of Henke and Benton26, we determined the constants £ and n in

eq. 6. The result of the calibration for the 30 hour etch is

V = (2%/92.38)%-%7 um/h (7)
where the (coupled) standard deviations in £ and n are 1.00 and 0.15,

respectively. Data for events with Z > 40 that came to rest in the
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stack, shown in Fig. 6, extended to Very high etch rate and provided
support for the value n = 5.07 *+ 0.15 obtained with the Fe data. Note
that this value for n is much higher than found for previous batches
of Lexan. The batch used on the Sioux City flights differed from
previous batches in that it did not have the trace of stabilizer
normally added by the manufacturer to retard degradation by ultra-
violet light. |

Inserting the valué 2.86 £ 0.10 um/h for the average etch rate
for the monopoie candidate, based on both the 20 hour etch ahd thev
30 hour etch, gives an average value of Z*%/8 = 113.6 * 0.8. Téking
into account errors in L and n increases the error in average Z*/B
to *1.5 charges. |In the remainder of this paper, for convenience we
will usually use the rounded average value

Z%/B = 114

This determinafion of Z%/B does not depend on the assumption of a
power law dependence of V on the energy deposition at small radial
distances, because we are not extrapolating out of the range of etch
rates measured for slowing Fe nuclei. It does, however, depend on
our having chosen eq. 5 instead df eq. 2 or 4 for the energy deposition
at small radial distances. |If we had used eq. 4, with K = 62, the
value of Z*#/B for the monopole candidate would depend slightly on its
velocity through the terms in square brackets in eq. 4. The discrep-
anﬁy with the result from eq. 5 is greatest for the highest velocity.
For B = 1, the value of Z*/B drops from 114 to 109.3. tf we had used
the restricted energy loss model, eq. 2, at B = 1 the value of Z*/B
would drop to 90. From the evidence summarized in Table 1, we rejected

eq. 2 but accepted either eq. 4 or eq. 5 as an adequate representation
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of the charge and velocity dependence of track formation in Lexan.
 Thus, we accept values of Z*/8 from ~109 to ~11k, depending on the

particle's velocity.

To determine whether the data from the 20 hour e;ch and from Lhe.
30 hour gtch bf the cut portions for the monopole candidate could
be treated as statistiéally equivalent, we méde an intercomparison of
Fe'data, shown in Fig. 7. Wé tra¢ed five Fe events through cut por;
tions etched 20 and 30 hours. These all passed within ~2 cm of the
monopole candidate.. The lfne is the fit for eq. 7 which was derived v
for 30-hour data. The constant T in eq. 6 was varied so as to minimize

| the square error for the 20-hour data alone. The best vaiue for . the
.20-hour data agrees to within 2.5% with that for the 30-hour data.

Thus, from Fe traqk measurements there appeérs to be no significant
_'differeﬁce in the étching treatment or sensitivity of the sheets

etched for 207and for 30 hours. For‘the honopole candidate the average
" etch (;te for thé 20-hour data is 2.88 + 0.08 um/h and for the -30-

hour d;ta is 2.86 * 0.11 um/h, where the errors refer to individuél

etch rate measurements.

- The analysis of the 67 events with Z > k0 involved use of data

in the form of etch rate Vi vs depth Xi in the stack and the Henke-Benton

range-energy tables.. For particles that stopped in the stack, the
range Ri is of course directly known at each point. The statistic S

used in the analysis of these particles is given by

N ' .
s(z) = £ [V./V{B(R,Z,A),2} - 1]? (8)
1= )

1

" where V(B,Z).is defined by eq. 7, B(R,Z,A) is obtained by numerically
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inverting the range-energy relations that give R(B,Z,A), and the
mass number A is taken to be éivén by the.empirical relation for the
beta-stability line, A = 2Z + 0.015 7'*8,

For events that penetrated the stack completely the residual
energy E' at exit beCOmeslan additional free parameter, and we use
the statistic ,
‘ \

[vi/v{B(xi + R',Z,A),Z} - 112 (9)

N
S(E',Z) = &
1=

!
where R' = R(E',Z,A,).
The best estimate of Z is obtained by locating the minimum_Smin

We obtain 68% confidence interval limits by evaluating

Siim = Smin L1+ P(n=p)™" F(p,n - p, 0.317)] - (10)

where p is the number of free parameters and n is the number of data
points,27 The distribution F(p, n-p), well-known for its application
in the F-test, is used because there is no independent method of
assigning the error to each measurement of etch rate. Sources of
errors will be discussed in subéection (d).

The etch rate data for the 67 events with‘Z > 40, several of
which are shown in Fig. 8, were used to search for systematic varia-
tions in sensitivity of different Lexan sheets. For the "interior"
sheets 5 through 34 no systematic variations were found. An occasional
high or low etch rate in one sheet was uncorrelated with high or low
etch rates in other sheets. The etch Eates Vi for the top etch pit
in sheet h_and for the bottom etch pit in sheet 35 were systematically

higher than the calculated rates V{B(Xi + R',Z,A),Z} based on the
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data in all the sheets. Examples of these deviations can be seen in
Fig. 8.> The etch rates for both the top and bottom etch pits in
sheet 2 were systematically slightly lower than the calculated rates.
For sheets 1 and 3 there was no obvious trend, but the scatter of
points was larger than for the‘data in sheets 5 through 34. This is
‘not surprising, because the sheéts are quite thin (75 um), so that
fractional errors in etch rate are large. Further, these 75 um sheets
were manufactured in a different batch from the 250 umlsheets and

might be expected to have a different response.

We believe that the ;onservati?e approach, in examining tﬁe
evidence that we have found a unique particle, is to di§regard the
data from these five sheets. Actually, the conclusions we will draw
are not significantly affected by whether we include those data or not,
because their error Ears.will be quite large.

For the interested reader, we summarize the results of the cali-
bration of sheets 1 to 4 and 35 here. Least squares lines through
correlation plots of measured versus calculated etcH rates for the
67 events led to the followjng correction factors to apply to etch

rates in order to make eq. 7 valid:

Sheet 1: Veory = (0.92 £ 0.15) v___ (11)
Sheet 2: , Veorr = (1:06 £0.07) V___ | (12)
Sheet 3: - Vo = (0.96 £ 0.15) Voas (13)
Top of sheet h:» Voorr = (0.90 + 0.]2) Vieas (14)
Bottom of sheet 4: Veorr = (0.96 = O'OS)YVmeas : (15)
Top of sheet 35: Voorr = (0.99 + 0.03) Vieas (16)
Bottom of sheet- 35: vcorr = (0.95 * 0.09) Vmeas (17)
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An adeduate theory of errors in the track-etch process does not
exist (see subsection d). The error bars in Fig. 4 were arrived at
in the following way. Restricting ourselves to the 28 sheets that
needed no correction, we assumed that the deviations of the 56 data
points from the true curve were normally distributed. As a WOrking
hypothesis we assumed the true curve to be the least squares straight

line through these 56 points,

V(um/h) = (2.81 + 0.0479) + (0.0674 * 0.0510)Y (18)

2 Lexan equivalent, measured from the top of

with Y = position in g/cm
sheet 1. Requiring that the reduced chi-square XQZ-E I gave a standard
deviation for a single point, 0 = 0.0972 um/h. We determined the ¢'s
for'sheets 1, 2, 3, 4, énd 35 by adding in quadrature this o to the

appropriate values derived from the errors in egs. 11 to 17.

c. Fragmentation within the Lexan stack

3-6

The published -interpretations of the monopole candi-
date as a normal nucleus with Z < 96 required at least one fragmentation,
and we now discuss that possibility. It has been assumed since the

earliest studies of heavy nuclei in the cosmic rays and has recently

been established in Bevqlac experiments28 that, in fragmentation of a
fast-movjng heavy nucleus with loss of only a few nucleons, the speed
and direction of the residual nucleus remain almost unchanged. In
the frame of the moving nucleus the parallel components of momentum
have a most probable value ~-102 MeV/c and both the perpendicular and

parallel components have a Gaussian distribution with ¢ ~ 10% MeV/c.

When a heavy nucleus fragments in a Lexan stack the residual
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nucleus often is heayy enough to leave a detectable track and the etch
rate data show a discontinuity at the point where fragmentation
occurred. To date, only the residual nucleus has been detected in

Lexan, the light fragments having too low an ionization rate to be

recorded.
‘Figure 8(a) contains an example of a fragmentation with AZ = 3.
In the case of a slowing particle with a detectable etch rate gradient,

thefgradient decreases after the interaction because the residual

nucleus, being ifghter, has a greater rahge than the initial nucleus

even though its velocity is the same. Thus the portion of the etch

rate curve after fragmenfation does not exactly map onto an extension
of‘the etch rate curve before fragmentation by a simple upward trans-
lation but has a smaller slopg_as well as magnitﬁde. In practice the

decrease in slope may be too small to detect.

Fluctuations in etch rate are sufficiently small that one can
usually be certain of detecting fragmentations with AZ > 3 unless they
occur .in one of the top two or bottom two sheets of a stack. Fragmen-
tations with‘AZ =.1 or 2 are difficult to distinguish from a series
of correlated deviations in etch rate, some of which are not obvi-

ously indicative of fragmentation. Figure 8(b) shows examples of such

correlated deQiations:

Of the 67 particles with Z 2 46, four definite fragméntations
with Z > 3 were observed to occur between sheets 4 and 28. The total
pathlength traversed was 25.3 cm and the changes in charge were 3
(shown in Fig. 8a), >8, >16, and 34 (shown in Fig. 8b). From the

9

Skylab experiment’, in a total pathlength of 68 cm eight interactions
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were observed having AZ = 3, 3, 4, 5, 10, 17, >16, and 17. Because
of the scanning criterion requiring a coincidence between etch pits
in widely separated sheets, the number observed on Skylab is probably
an underestimate. Nevertheless, in both cases the frequency of detec-
table fragmentations, ~0.12 to ~0.16 per cm, is quite consistent with
the probability of an interaction with AZ > 3 of nuclei with 40 < Z < 92
in Lexan, estimated from the geometric cross section.

At a depth of ~1.1 g/cm? in the stack, the data in Fig. h‘show a
glitch that has been commented on by critics and cited by oneh as

' The magnitude of the discon-

evfdence of an '"‘obvious fragmentatioﬁﬂ
tinuity corresponds to AZ £ 2, which wé have said is insufficient proof
of a nuclear fragmeﬁtation. The slope after the glitch is nof shaller,
as it should be if the Qlitch signified a fragmentation, but larger
than before.the glitch. It may be an exampie, like those in Fig. 8(b)
énd (d), of correlated fluctuations of unknown origin, possibly even
statistical. |If the four low data points immediately following the
glitch are removed, one would not notice a glitch; these four points
ﬁome from cones in only two sheets. Th¢ last four points (in sheets

34 énd 35) actually lie well below the curve for a fragmenting nucleus,
as will be seen in.Fig. 9. Our view, and that expréssed by other
nuclear track experts, is that ''the scatter in the data is such that

an interaction is by no means demonstrated, but it is certainly not
ruled out" (quoted from ref. 6).

d. Large fluctuations in éffective charge?

It is necessary to consider whether the monopole candidate

can be explained in terms of a chance occurrence whereby a slow, heavy
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ion attaches a sufficient number of electrons at the éppropriate spatial
locations to mimic a more rapidly moving, heavier ion. In.princip]e,

an advantage of this atomic mechanism over the nuclear fragmentation
mechahism-would follow from the relatively large cross sections typi-
cal of atomic processes, which might remove the need to invoke very
small probabilities of occurrence. For Z/B ~ 114 and B < 0.6 the ion
slows so rapidly that the required large number of attached electrons

is easily ruled out, and we consider only the intermediate velocity
regime B = 0.6 to 0.7. Fowler et al.1€ and more recently WI}sonzg,
have discussed quantitatively the competition between the electron
stripping process and thé two processes of non-radiative and radiative
attachment, as a function of the velocity and charge of the moving
nucleus and the charge of the medium traversed. The results of.recent
measurements of electron attachment cross sections30, made at the
Bevalac, support their conclusion that the radiative process dominates
over the nonradiative process at the velocities relevant to the present
case. Both theory and the empiriqal expression in eq. | agree that a
heavy nucleus with Z*/B =~ 114 and B ~x 0.6 to 0.7 will retain one or

possibly both of its K electrons. However, in order to maintain a

roughly constant ionization rate through the stack, the number of

electrons attached would have to grow to ~10 to 16, which seems fér-
fetched for two reasons. THough a quantitative theory of attachment
and stripping cross sections of L, M,... electrons has not been
developed, the qualitative argument of Bohr31, that an ion retains
only those electrons with speed comparable to or greater than the

ion's speed, would indicate that electrons less tightly bound than K



electrons fo a nucleus wfth Z/B ~ 11h and B > 0.6 will not be attached.
Further, if numerous electrons in higher than K shells could bé readily
attached, it would be virtually impossible to identify high-energy
heaVy nuclei because of the extremely large fluctuations of effective
charge. This is in direct contradiction with the large number of
measurements of etch rate vs depth in Lexaﬁ stacks and with the quite
reasonable charge distributions obtained for the ultraheavy cosmic

ays.7’9’]o’2] Finally, even if a partially stripped nucleus with 8

r
as low as 0.6 could maintain Z*/B = 114 and accéunt for the LeXan
data,.its distant energy deposition would be too high to fit the data
in the three emulsions. For example, i}s track stfucture would look
simflar to that in Fig. 14(b) of the nucleus with Z = 75, B = 0.67,
rather than like that of the monopolé candidate in Fig. 14(a).

e. Sources of errors in etch rates

At preseht, our understanding of Lexan detectors is inade-
quate for us to discuss errors from first principles. Our discussion
must be somewhat phenomenological. For the monopole candidate the
etch rates in sheets 5 to 34 appear to be normally distributed about
the line in eq. 18 with a fractional standard deviation o/V = 0.0972/2.86
= 0.034. For the other particles from the Sioux City flights the
fractional errors for a single point have a median value of 0.035 and
range‘from 0.018 to 0.074, taken with respect to curves calculated
from eq. 7. Half of them fali between 0.027 and 0.04. The magnitude
of the fractional error does hot appearvto correlate with either Z

9

or . For the Skylab experiment” the median value wasv0.025. The

scatter in the measurements for the monopole candidate appears to be
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typical of ultraheavy cosmic ray measurements.

Sources of errof include those due to measurement errors and those
dﬁe tb physical and chemical effects.9 Measurement errors accounf for
a.length error of ~0.8 um, which amounts to a fractional error of only
O;OIO for the monopole candidate. Physical effects include statistical
flﬁctﬁations.in the energy deposfted'by the numerous elecfrons with
energy less than ~ 1 keV; electfon capture and loss processes that
chénge Z* abruptly; fragmentatiohs that change Z abruptly; and mechani-
caj deformation of the Lexan stack, which might affect detector response.
Statigtical fluctuations in fhe production rate of low-energy electrons
contribute a negligib}e error.n For a nﬁcleus jn a certain range_of
energies that depends on Z, capture and loss of electrons results in a
variability of Z* by one unjt, which couid in principle be detected if
other contributions were sufficiently small. For_capfure»of an-élec-
tron by a nucleus with Z = 80, the gtch rate would decrease by ~6%.
Nuclear fragmentation happens too rarely to explain more than én
occasional fluctuation. No obvfous.méchaﬁical deformation of module
104, containing the monopole candidate track, waé observed.

Chemical effect§ include'inherent microscopic variabilify iﬁ
structuré and composition of the Lexan sheets, variability associated
with the etching process,'and variability of the chemical envirénment'
during and after the balloon flights. The first of these is probably
the major source of the uncorrelated errérs. This coﬁc]usion is
supported by recent work3.2 in which a more homogeneous blastic than
Lexan was found with a responée showing a mucﬁ smaller fractional

error than that for Lexan. The second chemical effect is probably
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negligible fbr all sheets etched in the same well-stirred solution.
The third probably at least partly explains the systematic errors
obsérved in sheets 1, 2, 3, 4, and_35. We gjve tﬁrée exambles. (1)
‘Oxygen and other gases dissolved in Lexan are known‘to’play a role in
fixation of the latent track.2 External sheets may be exposed fo
greater changes in ambient gas composition dufing tBevBailoon flight

- than do sheets inside tﬁe bolted stack. (2) Over a period of.months;
mold slowly grows on Le*an and may affect track etch rates of sheets
exposed in the storage area. (3) Lexan in contact with adhesive tape
or even dissimilar plastic seems to give a larger Variability iﬁ etch
rates than Lexan in contact with other sheets of Lexan.

The Lexan modules were assembled by stacking pieceé successively
cut from a single roll. The‘apparently correlated errors in several
‘successive sheets might be explainéd by systematic variability along
the original roll. |
5. Tésts of Hypothetical Fits to Lexan Data

Not every physiéist accepts ;tatistical analyses of experimental
data, perhaps pértly because of the frequency with which 3- or Lo
effects are claimea and later disappear when the experiment is repeatedf
The materiaf in th}s section is included for those who find it useful
to have an objective, quantitative comparison of the quality of fits
of various hypothetical curves to the Lexan data alone. First we
evaluate the goodness of fit of nuclei with various initial charges
and velécities that fragment zero or more times with integral loss of
charge at arbitrary positions in the stack. Then, fdl]owi&é Fleischer

and Walker, 6 we estimate the total probability of a particular
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scenario occurring in either the Minneapolis, Skylab, or Sioux City
flights. The overall figure of merif for a hypothesis will be taken
as the product Qf thé confidence level for the fit to the data and
the total probability of occurrence of that scenario.

The X? test i§ very commonly used as a measure of goodness of fit
but requires an independent knowledge of the error for each point.

33

The Particle Data Group finds that partiéle physics experimentalists

often underestimate 6. As a rule, when the quantity x2 = ?(xi'- ;c)?‘/ci2
' i
is significantly greater than the number of degrees of freedom in a parti-
cular experiment, the Particle Data Group multiplies the ¢'s by a
scale factor, typically of order 1.34, so that the reduced X2 is of
order 1. In effect, we used‘similér reasoning when we chose
o =-0.0972 um/h in_ordef that x2/v =.I for the distribution of etch
“rates about a straighf line for the monopole candidéte.-

The F-test is a.better, more conserVative way of comparing the
variances of two hypothetical curves through a set of data than is
the x?-test. The statistic F is defined as the ratio of reduced |
chi-squares for the two curves. If it is known thaf all points have
the same 0, then the F-test does not require o to be known because
its square appears in both numerator and denominator. I[n our case

~we use the 56 data points from sheets SIthrough 34, which had the
same sensitivity, and ignore the data from sheets 1, 2, 3, 4, and 35,
which had larger errors, arising from both normalization and inherent
errors. Thus F is given simply by the ratio of variances and is
independent of the size of the error bars. .(Note that the xz-test,

which requires a knowledge of o, fs a limiting case of the F-test
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when bne hypothesis has.an infinite number of degrees of freedom.) If one
wished to force an acceptably high confidence level using fhe x2-test,

he could, if they were not independently known, arbitrarily inflate the
o's until some arbitrary, quite unlikely hypothesis gave a reduced x? = 1.

34

We assume, as is customary in statistics” , that of two hypotheses
compared by means of the F-test, the one with the higher confidence

level is the more Iikely.. Fof convenience, we take as the baseline hypo-
thesis the least squares straight line given.by eq. 18. Column 4 of
Table 2 lists F-test confidence levels fqr several combinations of B, Z,
and types of fragmentations. Figure 9 shows curves for several hypothe-
tical cases that approximately pass through the data. The curves are the
resul ts of calculations in which, for a given number of fragmentatfons,
the vaiues of initial B and Z and the positions and AZ values of fragmen-

tations were calculated to minimize the square error. It is interesting

that a lower square error is achieved for a single fragmentation that

occurs near the middle of the stack rather than at the glitch at 1.1 g/cm?.

The conclusions in Table 2 are insensitive to the precise positions of
the fragmentations. |

Note that the number of fragmentations required to fit the data at a
specified cohfidence level increases rapidly as the assumed initial velo-
city decreases. For a fixed number of frégmentations the confidence
level decreases rapidly_as the initial velocity decreases. |

If, instead of the F-test, one uses the Xz-test with the o's chosen
so that sz x 1 for the least squares straight line, then the confidence
levels for the various nuclei are considerably lower, typically by a
factor ~10 for B 5 0.8.

Column 5 of Table 2 gives the integrated probability for finding,

in some flight, an event of the type described. It is equal to the
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product of the total number of similar tracks of nuclei in a suitable
range of Z and B seen in all experiments times the probabi[(tyﬂof
occurrence of that numbef of fragmentations by a single nucleus. We took
for the pool of nuclei those seen in the Minneapolis, Skylab, and Sioux
City flights with initial etch rates greater than those corresponding to
Z%/B = 100 and gradients less than those corresponding to 8 = 0.65. In

7

~ the Minneapolis experiment’ four such particles were seen. Their initial
values of Z and B were 90, 0.7; 74, 0.72; 80, 0.76; and 82, 0.74. None
of these nuclei fragmented, so their etch rate curves rose steeply wi th
depth in the stack. In the Skylab experiment one nucleus was detected
with Z = 82, B = 0.68, and Z/B increasing from 121 to 153 through the
stack. In the.Sioux City experiment, in addition to the monopole can-
didate there were four events with initial Z*/B > 100 and B > 0.65.

The total number of Qbserved particles that MJght fragment such as to
mimic a particle with a constant,.very high ifonization rate implyiﬁg

an apparent Z 2 110 is taken conservatively to be ten.

TQ calculate the probability of a single interaction of appropriate
type in the ~0.9 g/cm? of Lexan between sheets 5 and 34, we assumedvthe
same fragmentation mean free path as did Fleischer and Walker6 as modi-
fied in their footnote 14. We assumed that AZ = 1 or 2 at any interac—
tion would give an acceptable fit for any of the fragmentation; in
Table 2, so that A = 29 g/cm?. Following Fleischer and Walker, as a rough
estimate of the probabilfty Qf an optimum spacing of the intefactions
within ;he stack, we included the additional factor n!/nn, where n is
the number of interactions to bé put into n separate compartments.

Column 6 of Table 2 gives the figure of merit for each hypothesis,

defined as the product of column 4 and column 5.
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One could apply additional tests to the data; for example, the
"run test" examinés the hypothesis that the data are randomly distri-
buted above and below a particular curve. We Believe it is sufficient,
however, to end this section by stating the following two non-contro-
_ versial conclusions: (1) In the absence of information from other
detectors, the monopole candidate would be perfectly consistent with
a once-fragmenting nucleus with Z = 90, 92, 94, or 96. (2) If the
particle was a nucleus, the confidence level that its velocity was as
low as 0.6 ¢ is vanishingly small.
6. Analysis of the Nuclear Emulsions
a. General
For the benefit of the reader who is not interested in the
details, we state here the main result of the analysfs of the emulsion
data: Outside of the cylindrical region of very heavily developed
grains a few microns in radius, the energy deposited by energetic
knockon electrons was much lower for the monopole candidate than
expected fof a known, long-lived nucleus with Z < 96, Z/8 = 114, and
0.84 > B > 0.6, and appears to be similar to that expected for a
nucIer with Z/B = 85 and B 2 0.6.
The response of nuclear emulsion to a charged particle is, in a

sense, complementary to the response of Lexan. The track etch rate

in Lexan depends on energy deposited in a cylinder of radius <10™% cm pre-

dominantly by very low-energy electrons and is completely insensitive

to energy deposited at large radial distances. The density of developed

silver grains in electron-sensitive emulsion such as we used is a

measure of the density of enefgy deposited primarily by knockon elec-
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trons. Within a radial distance of ~2 to ~6 um the grain density for

a vefy heavily ionizing particle is too high to give quantitative
information. At greater distancesvthe radial distribution of silver
grains gives a useful measure of the knockon electron energy spectrum.
Lexan responds to very low-energy electrons produced in distant encoun-
ters, giving an accurate measure of ]iI/B, whereas emulsion gives in
convoluted form the ehergy-dependence of the cross section for produc-
tion of high-energy electrons in close encounters. The Rufherford
scéttering cross section, though an adequafe approximation for distant
encounters of a highly charged particle and a ffee electron, is incorrect
fof close encounters. The relevant cross section will depend on the
particle: for a point nucleus or antinucleus the Mott.cros§ section

is Eelevant;35 fpr afmonopo]e the cross section recently calculated

by Kazama, Yang, and Goldhaber is relevant;36 and for an extended

particle with arbitrary charge distribution a still different cross .
section dependent on the form factor would apply. o

A quantitatively cofreét re]ationéhip between the silver;grain
density as a function of position in the émdlsfon.ahd thérz;vB; énd
zenith angle of the particle would depend onla number of factdrs, the
detailed dependence being still controversial. "Three hddels relating
the spatial vériétion of silver grain density to Z and B exist--the
unpublished model of Osborne, based on the calculatiéns 6f'kétz and

37-39

Kobetich; the approximate analytic model of Fowler;16 and the
unpublished, detailed, physical model of Hagstromlq, which uses a
Monte Carlo program. Though these models differ in some of the detailed

conclusions regarding the monopolé candidate, they agree in the follow-



ing generalizétions noted by Hagstrom:

(1) Saturatéd darkening due to developed silver grains in
the so-called core of the emulsion track results from knockon
“‘electrons with energies 1 keV g E < 50 keV, whereas unsaturated but
easily visible darkening in a halo of_extent ~10 to ~30 um from
' ;He core results ffom knockon electrons of‘energies
25 keV < E < 1000 keV.
(2) Given the constraint imposed by the Lexan, |Z|/B = 114,
the energy deposition in the core is virtually independent of z.
(3) Among the positive nuclei with Z < 96, B > 0.6, and
Z/8 - 114, energy deposition in the 10-30 um halo depends only
very weakly on Z.

In the next subsections we present several types of measurements

on the three layers of nuclear emulsions showing that the energy

depositionbin the halo was significantly depleted from that expected
for the known, long-lived nuclei with Z < 96, B > 0.6, and Z/B = 114,
thus esfablishing at a high confidence level that the particle was
unique.

b. Visual measurements of R, and R,

The traditional method for inferring the radial distribution
of energy deposited around a track ha; been to use a photodensitometer]
to measure the attenuation of a pencil of light transmitted through
a column of the emulsion defined by a small siit. A disadvantage of
this method is that it integrates along a cojumn containing silver

grains at varying radial distances from the trajectory. Some years

e
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a§o one of us (WZ0) began develdping a system called AMID (automated
microscopic image dissector), which could recognize individual grains,
automatically scan the volume of emulsion arouhd a tréck, record the
locations of silver grains, subtract background, and'computé the radial
distribution of silver grains. Only now has the éystem begun to be

. employed on a substantial number of events. Before the system became
operative, WZ0 found that it was possib}e to make fairly reproducible
visual measurements of thg radial distances at which two-specific
levels of darkening occurred, using a calibrafed eyepiece reticle in

a microscope. These two radial parameters are called R,, the radius

l’
of the core of cbmplete darkening, and R2’ the radial distance at which
the halo of partial darkening drops'to the background level. The values

of R, and R, were measured for the ultraheavy cosmic ray tracks in the

1 2
Minneapolis flight but have not previously been published; the values

of R] and R2 have been repdrted for the monopole candidate1 but not

for the other ultraheavy events in thé Sioux City flights.

R], the radius of the core of saturated darkening near the
center of the track, is obtained by usingva 53X 0il objective with
high numerical aperture (NA = 0.95), focusing along the center of

the track, and estimating the average radius of the completely dark

central region. For very steep tracks RI is measured.by focussing at

the interface between the bottom of the emulsion and the plastic backing.
Measurements of R] for events from the Minneapolis and Sioux City flights
are shown in the left-hand side of Fig. 10 as a function of Z/B. The |
latter quantity was calculated at the emulsion from the set of measure-

ments made in the Lexan stack after the core radii were measured. Rather
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surprisingly, we found no systematic difference in the dependence of R]

on Z/B for the two flights and so the same symbols are used for both sets-

of data.

For both Rl and R2 (see Fig. 11) we show separately the data

for events at low velocity (B < 0.58) and at.higﬁ velocity. In accord
wifh track models, we see that RI increases approximately linearly
with Z/B and does not depend on B alone. The dispersién of points is
much greater than that due to measurement error (ARI ~ #0.5 um). It was
pointed out invfﬁe stétus report on the monopole céndidate13 that R]
depends rather strohglyion zenith angle 6: steep tracks have a larger
'core width than do shallow tracks with the same Z/B. This is a well-
known consequence of distortion during processing of the emulsion.
During fixing, the undeveloped silver halide grains are removea, the
emulsion shrinks in thickneés, and tEe dense mass of silver grains 3n
the core, being much less compressiblelthan the gelatine, are displaced

3,40

outward in order to conserve volume. The lateral displacement is

a maximum for a vertical track and is almost zero for a horizontal

track. If one fails to control processing properfy and over-develops
the emulsion, the silver grains may grow so large that the core becomes
a solid wire that punches through the surfaces of the shrinking emul-
sion rather than deforms with the emulsion.Llo No cases of pﬁnch-v
through were obsefved for tracks in the emulsions used in the Sioux
City flights.

For properly developed emulsion it is strafghtforward to apply
a geometric correction to the measured core radii in order fo infer

the core radii before shrinkage. The points on the right-hand side
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of Fig. 10 have been cdrrected, assuming a density of silver grains
that falls.off as (Z*/Br)%, a volume per grain that is a free para-
meter, and a shrinkage factor, S, defined as the ratio of initial to
final emulsion thickness, thét is directly measured. For the data

in Fig. 10, we chose to normalize the corfection so that the core
radius for the monopole candidate (with 6 = 10°) would be anhanged.
The essence of our calculation of corrected core radii can be repro-
duced By a simple dne-parameter model involving only the shrinkage
factor, the zenfth angle 6, and the assumption of a deforﬁable,
incompressible fluid whose initial radius R]. is related to its final

radius RI as follows:
f

R. =R, (sin26 + $~2 cos2g) /" (19)
i Tf | -

Of course, B is the true zenith angle, which we determined by measure-
ments in the Lexan stack.
After correction, the dispersion is much reduced and is consistent

with measurement error alone. Though the corrected core radius is

rather insensitive to the identity of the particle, one can say from
the position of the data point for the monopole céndidate that both
the Lexan and the core radii agree that the particle behaved in 'its
close energy deposition like a particle with |Z|/B ~ 114. Hagstrom
has pointed out that the tightness of.the correlation provides strong
evidence that the cylindrical region of emulsion of radius ~6 um
traversed by the monopole candidate had.closely the same sensitivity

as the other emulsions. If, for example, we were to propose that the
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deficiency of éilver.grains at large radial distances (to be presénted
below) was caused by passage of a normal nucleus with Z/B = ]lh through
a very insensitive region of emulsion, then the corrected core radius
would also have to reflect a deficien;y of silver gfains, i.e., it
would lie well below the population of points for emulsion of normal
sensitivity. Measurements of Fe tracks, to be presented later, show
that over dimensions of many centimeters the sensitivity of the emul-
ston in médule 104, containing the monopole candidate, was indistinguish-
able from the sensitivity of the emulsion in the other modules. Figure
10 shows-that the sensitivity of the emulsion was normal within a few
microns of the region in whichvthe energy deposition was observed to

be abnormally low.:

Next we discuss RZ’ which is a visual heasure of the distant energy
deposition. At low magnification, ~80X, the eye perceives that the
darkening resulting from energetic knockon electrons decreases with
radial distance and becomes indistinguishable from background at some
distance we call RZ' It is impossible to describe quantitatively how

the eye evaluates RZ’ and this is a serious drawback to the use of

dgta for R2 as evidence for a unique particle. The measurements shown
in Fig. 11 were made at Houston by WZ0 before the events were located
in Lexan and assigned values of Z and 8. Events for both the
Minneapolis and Sioux City flights are included, and data for low and
high velocities are plotted separately.

In contrast to the situation in Fig. 10, where the energy deposi-
tion at distances of only a few microns depends only on Z/B, not on

B, in Fig. 11 we see that the energy deposition at large distances
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(tens of microns) can depend both on Z/B and 8. For the ordinary

2 correlates well with Z/B for

values of B 2 0.58, in accord with track structure models. The

nuclei, denoted by black points, R

generally lower values of R, at a given Z/B for ordinary nuclei with

2
low velocity are expected because of kinematic effects such as the
cutoff in the electron energy spectrum at Wy = Zmeczszyz. The
models differ so much in the guantitative details of how the energy
‘deposi tion depends on B and radial distance for low-velocity particles
that we make no attempt here, as we had eariier, to infer the velocity
of thé monopole candidate from the measurements.

The reader cannot fail to note that the point for the monopole
candidate, labeled X, does not seem to be a member of the population
of events with B > 0.58. Instead of having a halo radius of nearly
100 um, as did the several fast particles with Z/8 = 110 to 120, it
had a halo radius of only 55 um, like fast particles with Z/B X 80.

Iin the right-hand side of Fig. 11 one sees that the point for the
monopole candidate is bracketed by data for partfcles known to have
B < 0.58. Endowing the particle with a Idw velocity is one way to
account for the anomalously.smal] value of R2, provided its méss is
made large enough so that its constant ionizatibn rate in the lLexan
stack can be understood, We will see later that the required mass
would be so large (210 amu) that nuclei are excluded.

c. Photodensitometry; relative sensitivity of emulsions

Using a Perkin-Elmer PDS Microdensitometer Model 1010A in
the Astronomy Department at Berkeley, we have made two sets of measure-

ments of tracks in the Ilford G-5 emulsion from the Sioux City flight.
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With P.H. Fowler and D.L. Henshaw of the University of Bfistoj, we
have found41 that measurements of optical density as a functfon Qf
lateral distance from tracks in emulsion made with the PDS and with
the Bristol densitometer on the same events give extfemely good aéree—
ment. A separate paper“‘ describes the PDS and the techniques of track
densi tometry.
In the first set of measurements we wanted to see if the visual
qqantity R2, which might be subject to error due to peculiarities in
the physiology of vision, was closely correlated with the darkening
of -the emulsion around a track as measured by its optical density
relative to background.
Figure 12 compares measurements of R2 wi th phofodensitometric
measurements for the same set of tracks from the Sioux City flights.
(No PDS measurements were made on the Minneapolis tracks.) The ab5ci$sa,
41

K is a measure of the optical density

rms’ , obtained by minimizing

the sum

x2(K) = £[D(x) - P(K,x,t,0)]12 (20)
X

where D(x) is the optical density measured at a lateral distance x

16

from the projection of the track axis and P is a theoretical expression

for the average projected density of silver grains in a column at dis-

tance x sampled by a long, narrow siit of length Ay = fL sinf and

width Ax << Ay (rewritten in our nomenclature):

_ - 2 : -
P(K,x,t,0) = 2Kf§sc6 {];f arctan[(]+f;;5'ne] - 12f arctan
(1-f)tsind, _  x 1+(1+4f) 2t?sin?6/4x?
[ 2x ] n[I+(1—F)thsinze/hxz]} (21)

2tsinb
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Here t is the emulsion thickness, L sinf is the projected Iéngth of
the track and the slit length was set for éach track to be 20, 60, or.
100 um such that f < 0.8 in order to exclude thekportions of the track
nearest the two surfaces, where transition effects are large. The
slit width was Ax = 5 um and readings of D(x) were taken automatically
evéry 2 ym. The sum in eq. 20 is over data for |x| = 4 to 100 um and for
which fhe density fs more than 20 above background. The values of
D(x) were taken relative to a background level given by the average
deﬁsity in two strips at x = -150 to -130 um and x = 130 to 150 um.

K includes all the physics of grain sensitization, the chemistry
of development, and the optics of observation. When X2 is minimized,
the value of Krms is.foundh], in accord with track models, to increase
roughly linearly witH Z/kaor high-velocity particles and to show a
velocity dependence for particles with 8 5 0.6. Data showing the

dependence of Krm on Z, B, and 6 are presented in ref. 41,

S
The good correlation between R2 and Krms in Fig. 12 for veloci-
ties ranging from 0.36 to 0.98 c suggests that physiological effects

such as the difficulty of seeing gradual spatial variations in

 brightness do not seriously impair the usefulness_of R2 as an indica-
tor of the magnitude of energy deposition at several teﬁs 6f microns.
The results in Fig. 12 strengthen our confidence in the signifi-
cance of the discrepancy for the monopole candidate, shown by the X
in Fig. 11. it is unfortunate that we cannot report reliable densi-
tometric measurements of the monopole candidate track itself. During

intensive microscopic study and photography of the event by R. Hagstrom,

the emulsion was exposed to illumination so intense that the track
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was distortéd into a C-shape. Straightforward corrections for the
distortion (discussed in ref. 40), utilizing neighboring tracks of
relativistic alpha particles, allow one to reconstruct the positions
of the grains to within a few microns. This makes feasible the deter-
mination of the‘radfal distribution of grain density with AMID.
Fortunately a set of photomicrographs at about 40 positions along the o«
track, fncluding the micrograph in Fig. 14(a), were completed before
the damage occurred. |

The second set of measurements was designed to search for possible
.systematic variations in sensitivity within the I1ford emulsion in
“module 104 and from module to module. If, for example, it turned out
that the emulsion in module 104 was much less sensitive than the other
emulsions, due perhaps to an accident in manufacture or in development,
fhen the low density of grains at large radial distances for the
monopole candidate would have a trivial explanation.

Variations in response of emulsion can be caused by variations
in its initial chemical or physical state; variations in its history
prior, during or after exposure, and variations in the degree and type
of development. Previéus studies of emulsion sensitivity have included,
inter alia, counts of blob density along tracks of minimum-ionizing
protonsho, photodensitometric measurements of the magnitude of fluc- - : .
tuations in the optical density of the emulsion as a functibn of posi- ,
tio#6, and photodensitometric measurements of tracks of Fe nuclei.]6 a
The latter method, though laborious, is the best because it measures
most directly the relevant quantity, the production of silver grains

due to energetic knockon electrons.
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In addition to.module 104, which contained the monopole candidate
track, we chose seven modules containing tracks of ultraheavy cosmic
rays with zenith angles or Z/B similar to those of the monopole can-
didate. One of the modules, no. 76, contained an event with Z/R = 112,
8 = 14° (photographed in Fig. 14(b)), nearly identical to the values
for the monopole candidate. We first compared the average background.

optical densities of the eight emulsions, correcting for differences
in thickness. We determined the thickness of emulsion in the vicinity

of an ultraheavy cosmic ray track by measuring the projected length
of that track and of several nearby Fe tracks, a§suming only vertical
shrinkage wi thout shear, and determining the true zenith angles of '
thése tracks‘from measurements in the Lexan stack adjacent to the
‘emulsion. All of the emulsions had ayérage optical densities per unit
thicknesé that agreed within ~1%, indicating a high degree of uniformity
of initial sensitivity and of_degree of development.

Next, from measurements in the Lexan we selected 56 tracks of
nuclei identified as having Z = 26 and wifh similar zenith angles,
35° to 45°, and similar Z/B, 59 to 68, at the emulsion. Twenty-one

of the tracks were distributed throughout module 104. The first set

of data were obtained at 2 um intervals for |x| >4 uym in the same
way as the measurements were made for the heavier nuclei. For each
track we calculated Krms as described earlier. Assuming an approxi-

mate proportionality to (Z/8),

Kems = c,(z/8) o : (22)

0.153 £ 0.015, and for the ‘21

we found for the entire sample, C]

tracks from module 104, C] = 0.152 + 0.020. These results show that
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the average sensitivity of the region of emulsion in module 104 is
indistinguishable from the average sensitivity of the emulsion in the
other seven modules. For the sample of Fe tracks Z, B, and Z/B are
known quite accurately because each event was traced to the end of
its range in the Lexan stack and several measurements of etch rate
were made at known residual ranges. [f one were to use these emulsions
to determine_Z/B for unknown particles with about the same ionization
rate as in the sample, one could determine Z/B with a fractional error
of ~10%. Although calibration particles with a higher Z/B are nof
yet available, we expect the fractional error for the ultraheavy cosmic
ray tracks to be considerably smaller because of the greater signal.
The density of §il§er grains around Fe tracks is considerably
lower than that for the‘ultfaheavy cosmic ray tracks. To get a greater
signal for the sample of Fe tracks we made a second set of ﬁeasurements,
with a slit of width Ax = 5 um and length Ay = 100 um centered on the
track core. Figure 13 shows the data. At the track axis the gradient
of light across the width of the slit is parficularly large, and the

central density does not respond linearly to silver grain density.
Denoting the central density by Dc’ we utilize the relation determined

16

~empirically by Fowler et al.
D =cC,(z/8)" 3" (23)
c 2

which accounts approximately for the non-linear response. A least
squares fit of all of the data to eq. 23, shown by the Iiﬁe in Fig.
13, gives é value C2 = 1.91 = 0.11, énd a least squares fit to the
data in module 104 alone gives a value C, = 1.94 + 0.11. Thus, both

the central densities and the densities at |[x| > 4 um in module 104
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have average values that are indistinguishable from the overall averages.

The standard deviation in C corresponds to an ability to determine

2
Z/B of an unknown particle with a fractional error of about 4%.

We believe that;these results for Fe tracks,>together with the
results for core radii in Fig. 10, constitute sfrong evidence that
the abnormally low density of silver grains for the monopole candidate
is due to a property of the particle and not to a low sensitivity of

that emulsion relative to the other emulsions.

d. Photomicrographic evidence

The abnormally low density of silver grains around the
monopole candidate track is quite easily seen in a microscope by even
an inexperienced observer and is quite obvious in a photomicrograph.

From the complete sample of ultraheavy cosmic ray tracks we selected
those with zenith angles nearly the same as that of the monopoie can-

didate (6 = 10°), so that the effects of obscuration by out-of-focus
gfains and transition effects at the surfaces would be cdméarable. .The
photomicrographs in both Figs. 14 and 15 were taken at equal ﬁaghifi-
catfons, about one-third of the way down each track. A 53X:oil ob jec-

tive with a high numerical aperture (0.95) was used, which means that

only grains within a micron or so of the focal plane are in. focus..
Figure 14 compares the silver grain distributions around thé.tracks of
the monopble candidate and of a nucleus with Z = 75, B = 0.67, Z2/8 = 112,
and 6 = 14°. It is fortunate that this event with almost identical

Z/B and 6 to those of the monopole candidate occurred on the Sioux City
flight. "The eye can readily see that over a wide range of distances |

outside the core the distant energy deposition is much lower for the
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monopole caﬁdidate than fof a'normal nucleus with Z/B = 112. The
striking diffgrence‘between the two particles is clear in each of the

Lo pairs of micrographs taken at different depths from top to bottom

of the emulsion. The large central dérk region, which consists of grains
in the 6ptical path but not necessarily in focus, obscures the smaller
cbre region in_these photographs. The cores of saturated darkening can
only be seen by direct microscopic examinétion. Their radii are about
the same, ~6 um, as seén in Fig. 10. We reiterate that the distortion
of the monopole candidate traék caused by intensive optical examination
otcurred after these phbtographs were made.

Fngre 15 compares these two tracks with all other steep tracks
having 8° < 6 < 14°, Z/B > 70, and Z > 4O. The values of Z, B, and 8
for the nine events are given:in Table 3. The vélues of Z/B are labeled
in the figure. ‘The”micrographs are'arranged in a sequence.of increasing
:size of the region of intense darkening, going from top to bottom and
from left to right. Note that with two exceptions the size of the
dark region, a rough measure of the density of silver grains at radial
distances ~15 to ~40 um, increases with Z/B. The first exception is
the monopole candidate, whose photograph looks similar to that for a
normal fast nucleus with Z/8 ~ 80. bThg second exception is the very

slow event in the upper right? which has Z/8 = 120 but has a dark
region smaller than that for the fast nucleus with Z/B8 = 106. The
small size of the dark region is a result of kinematics, which cuts

off the knockon electron spectrum at a maximum energy of ~160 keV for

a nucleus with 8 = 0.37.
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The photomicrogfaphs show clearly that far fewer silver grains
were produced around the monopole candidate track than around the
track of event 76-1, the fast nuéleus with Z/B = 112. In the absence
of a large set of micrographs of tracks of nﬁclei with all péssible
‘combinations of Z and B giving Z/B = 114, we have to utilize ﬁodels
of track structure to predict how the grain density will vary with Z
and B and how fluctuations in the energy deposition can affect track
structure. We will do this in section 7(a): We point out explicitly
here that the difference in grain densities in Fig. 14(a) and (b)
cannot be attributed to an abnormality in event 76-1. The emulsion
in module 76 had a sensitivity indistinguishable from the sensitivity
of the emulsion in module 104. Moreover, there were several other
events in the flight with Z/8 > i12 and higher silver grain densities
which we did not show in photographs because of the difficulty of
making visual comparisons of tracks with quite different zenith angles.
To show that event 76-1 did not have an abnormally high grain density,
in Fig. 16 we compare that event with others of lesser, comparable,
and greater values of Z/B and zenith angles between 8° and 14°. Event
76-1 appears at the top of the middle column. Our events 1567113 and
191-1 are at the middle and bottom of the first column. The other
six events are from emulsion exposed by the Bristol and Dublin groups.]o
All nine photomicrographs were taken undervidentical conditions in
P.H. Fowler's lanrafory. The events in the first column have Z/8
between 79 and 87 and are similar in appearance to event 104-121, our
monopole candidate. The events in the second column have Z/B8 between

112 and 118 and are illustrative of the appearance the track of event
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104-121 should have if i£ were a normal (Z ¢ 96) fast nucleus with

Z/B = 11h. The events in the third column have Z/B > 125 and are
illustrative of steep tracks with considerably higher silver grain
densi ty fhan the track of event 76-1. Even though, because of their
different histories, the tracks in the Bristol/Dublin emulsions should
not be compared quantitatively with the tracks in our emulsions, the
qualitative trends in growth of silver grain_content of tracks in all
the emulsions are simi]ér and support the contention tﬁat event 76-1

was not at the extreme upper end of the distribution of track sizes

for ultraheavy cosmic rays.

e. Quantitative studies of the Kodak NTB-3 emulsions with AMID

The two layers of 10 um Kodak NTB-3 emulsion, each coated
on a 200 pm thick cellulose triacetate base and independently wrapped
in opaque paper, provide indgpendent evidence for the deficiency of
silver grains around the monopole candidate track. The appearance of
tracks in thin emulsion is quite different from that of tracks in
{1ford 200 um emulsion. The thin emulsion can be thought of in first
approximation as an infinitesimally thin detector of energetic elec-
trons generated in the low-Z material above and below it by the ultra-
heavy coshic ray. Fewer knockon electrons per unit volume are produced

in the low-Z material than in the emulsion. Those that are produced

do not scatter as frequently as they would in emulsion; they stream
to a greater radial distance before reaching the end of their range.
The silver grain density is lower and individual delta rays can be
more readily recognized and followed than in thick emulsion.

After development the Kodak emulsion is only ~6 um thick, and

the number of silver grains per event is small. Considerable effort is
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required to find eacH event with an optical microscope, but once an
event is located, the silver grain distribution can be quite readily
determined with the AMID system developed at Houston. Forievents 76-1
and 104-121, we etchéd the plastic backing of the thin emulsions and
confirmed that the events had been correctly located. For the other
events, we found several Fe tracks near each ul traheavy event that
could be traced through the tﬁin and thick emulsions and that confirmed
the correctness of the locatfon. All events with 6 < 20° and Z/B > 80
in both sets of thin emulsions were selected for measuréments. In
addition, we selected 104-117, with 8 = 0° and Z/B = 66; because it
was within 8 cm of event 104-121, and wé selected a random sample of
four additional events with é < 20° and 60 < Z/B < 80 to extend
coveragé over a wide range of values of Z/B. An event is first centered
on the mfcroscope stage and focused by hand at a particular depth in the
emulsion. An image dissector divides the image into cells of size

0.25 um x 0.25 pm and an integral minicomputer determines whéthér each
cell is or is not within a developed silver blob. The blébwrecogni-
tion algorithm yieldé results independent of absolﬁte illumination
level over a wide range, and variation of integration time to achieve
constant total signal for each cell assures a constant sfgnal to noise
ratio. The total number of célls within blobs is thus a measure of
the amount of developed silver within the focal depth for thét parti-

cular field of view.

After one scan is complete the operator focuses the stage at a
different depth and starts a new scan. For the thin emulsions essen-

tially all of the silver blobs could be reéorded with scans at only
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two vertical positions of the stage. A computer program sums the
filled cells at a given radial di;tance, subtracts a‘background reading,
and generates a quantity proportional to silver density above back-
groqnd as a function of radial distance from the trajectory;l For the
thin emulsions we definéd the background density as the average density
of filled cells in an annulus from 40 to 80 um. The total number of
silver blobs per event in the thin emulsions is too low to warrant
usiné thg radial distributions,_but provides quite significant infor-
mation when we sum the sighal cells within a cylinder of radius 30 pm

centered on the track.

Figuré 17 shows the density of filled cells within a circle of
radius 30 um, after background subtraction, as é function of Z/R8.
Data for fhe Qpper and lower Kodak emulsions are indicated by open
and closed circles respectively. Repeated measurements on the same
tracks have shown that the standard deviation of the measurements is 2%.
One open circle in Fig.. 17 has no cérresponding closed circle; the
track in that emulsion was obscured by a general blackening due to a
mechanical deformation of that region. The important result of these
measurements is that for both emulsions the point for the monopole can-
didate lies well below a least squares line through the remainder of

the data. ' _ ' d

Assuming no systematic errors and a normal distribution of errors
due to the statistics of §-ray production and of graiﬁ development
in the thin emulsion, we can assess the significancg of the departure
of the measurements fof the monopole candidate from-thevvalué expected
for a normal nucleus. Let S, . denote the density of filled cells

30
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within the circle of 30 um radius. Because the §-rays contributing

to 530 are produced and are scattered both in the thin emulsion and

in the surrounding low-Z.medium, the dependence of 530 on Z/B may be more
complicated than it would be for the thick emulsion. For convenience

we have calculated errors and confidence levels assuming a linear and

a quadratic dependence on Z/B. On the assumption S,. = a + b(Z/8),

30
the measured values of 530 for the monopole candidateAin the top and
bottbm emuisions lie-3.38 0 and 2,07 0 below the least squares line
in Fig. 17, and the product of the confidence levels for the two
measurements‘to be part of a normal distribution about the line is

7.1 x 1078, If 530 is assumed to vary as S.. = a + b(Z/B)2, then the

‘ 30
\product of confidence levels for the two points is 2.9 x 107¢. _For
either a linear or quadratic dependencé on Z/B, the thin ehulsions
provide étrong supporting evidence for an abnormally small density
of energy deposifed by the monopole candidate in close collisions.
From ah‘examination of photomicrographs of the tracks in the thin
emulsions, we believe that the large fluctuations of the values éf
530 in Fig. 17 are entirelyvconsistent with the statistics of é thin
detector having a limited number of developable silver grains;

A word of caution is in order. This is the firstvfime’that
Kodak's thiﬁ_emulsion has been used in a quantitative study of highly
charged particles, and our experience with its response is rather
limited. Because of the small total number of si]vervgrains produced
pér.particle, it was not feasible for us to calibrate the sensitivity

of individual emulsions by measurements of Fe tracks, as we did with

the l1ford G-5 emulsions.
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Projecting the points for the mondpole candidate sideways to the
least squares_]ine,.we see thatAin the tob emulsion ité silver grain
density was like that of a particie wftH,Z/B ¥ 80 and in the bottom
emulsion its silver grain densit; was like that of a particle with
Z/8 =~ 94. These results are consistent with the photographic evidence
and the visual measurements §f R2 for the 200 um emulsion.

Méasurements of the radial distribution of silver blobs around’
;tracks in the 200 um emulsions with the AMID system are more laborious
thén measurements in the thin emulsions, because of the much greater
information content. Cohsidérable progress has been made with these
measurements, and it is now clear that they support the visyal and
photographic evidence to the effect that the monopole candidate hés
a track structure similar to that for an ofdinary nucleus with Z/B =~ 90
and 0.6 < 8 < 0.95, Eut‘grossly different from that for an ordinary
nucleus with 2/8 = 114, Z < 96, and B > 0.6. These measurements,
after correction for distortion, may make it possible to elihinate
some of the now acceptable interpretations. When completed, these
results will be reported in a detailed paper on measureﬁents and
calculations of track structure. |
7. Particles Compatible with Both the Lexan Data and the Emulsion

Data

a. Track structure calculations

Some important qualitative features of track structure can
be inferred from Fig. 18, which shows the ratio of the exact Mott

35

cross section to the Rutherford cross section for the process in

which an electron at rest in emulsion is scattered by a nucleus or
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antinucleus with |Z|/B = 114. The abscissa gives the lab kinetic
eﬁergy, ae well as the true range, of the scattered eleetfon. (Because
of muitiple Coulomb écattering, the radial distance diffused from the
trajectory of the incomfng perticle will be much smaller than the
electron range.) For tracks in Lexan the relevant electron energies
- are less than ~1 keV; for the saturated core in emulsion (R1), the
electren energies are ~1 to ~50 keV; and for the‘halo (Rz) or photo-
graphically detectable region of darkening in emulsion, the electron
energies are ~25 to ~1000 keV. One sees from the figure that the
cross section ratios for producing electrons with energies .50 to a few
hundred keV ere smallest for an antinucleus, intermediate for an
ultrafelativistic sﬁperheavy nucleus; and greatest fdr long-1ived
nucfei with Z = 75 to 96ﬁ

‘We now want to utilize non-controversial features common ;6 all
models of track structure to account for the two facts: (1) the
particle had an average value of |Z|/B that did not substantially

2 Lexan equivalent; and

change from ~114 in passing through ~1.4 g/cm
(2) it produced energetic knockon electrons at a rate similar to that
of a fast normal nucleus with |Z|/8 = 85.

We begin by assuming that the silver grain density at a parti-
cular radial distance r from a track in emulsion is a measure of the
energy per unit volume deposited by §-rays at that point. A linear
relationship is reasonable at radial distances (r 2 10 um) where the
proportion of grains developed is low ehough that individual Qreins

can be counted. We are thus interested in an expression for ev(r),

the energy deposited per unit volume at radial distance r from a short

-63_



segment of track in an emulsion ofvfinite thickness t i 200 um; sand-
wiched between plastic oF paber of iow Z.

Letbus first discuss the case of an infinitely thick emulsion
considered by Fowler and by Osborne. To find sv(r) we need an éxpreséion
for the energy spectrum of knockon electrons pfoduced_per unit iength
of track segment and a way of accounting for the spatial dependenée
of the rate of eneréy loss of the e]ectroné as they undergo multfﬁle
Cdu]omb scattering and straggling from their most probable range. It
is useful pedagogically to oufline Fowler's model because it leads to
a simple analytic expression for ev(r). (Severél aspects of this

model are wrong in detail, but it reproduces quite well many of the
features of energy transport by the 8-rays.) In order to arrive at

16

an integrable expression, Fowler'°uses the simple Rutherford scattering
cross section which leads to the expression for the number of §-rays

per cm

v 2
Me© dw
dN = ZﬂNeZZr 2 BT W? cm™ ! (24)
for
wew o= ZmeCZBZYz. - (25)

Ne is the number of electrons/cm® in the emulsion and re = ez/mecz.
Fowler then assumes that, independent of initial direction, multiple
Coulomb scattering is so intense that electrons of energy w emitted

from a line source diffuse isotropically,

L2
dZ£r) = gggé?a) exp (- 55£TWT) erg cm™ % (26)
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with a diffusion distance o(w) = 0.22 R(w), where the true range R(w)

is approximated by a power-law relation

R(w) = kw", n = 1.5k _ (27)

He finds that the energy depositéd in a thin cylindrical shell is

given approximately by
dE/dr = wR™!f(r/R) (28)

with f(r/R) independent of w. Integrating along the track and over
the knockon spectrum (eq..zh), he obtains the simple expression

L 2.27? _r? 3
Ev(r') ~§z-r—z—exp( m) eV/um . (29)

where Omax = 0.22 Rméx'
Conéider.now the dependence.of e, on B for particles with fixed
Z/B. We must consider the behavior of the exponential factor for
values of r less than ~100 ym where the density of silver grains is
still large enough to measure. For r < 100 um and large diffusion
distance, corresponding to a large kinematic cutoff and large B, the
exponential factor is essentially unity and ev(r) does not depend on
B for particles with fixed Z/B. The thin-down regime where the
depletion of silver grains becomes detectable corresponds to a B small
enough that r 2 0.3 Rmax' Both this simple analytic model and.the
experience of Fowler and c:o-workersL}2 indicate that 8 = 0.45 is the
practical limit above which one cannot conclusiye]y determine the

velocity of an ultraheavy cosmic ray by photodensitometric measurements.

Among the defects of the model, the most serious are the failure
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tovuse the exact Mott cross:section and neglect of the initial direc-
tion of the emitted electroné. vFaiIurebto use the Mott cross section
(which would necessitate numerical integration) means that (1) the

model does not distinguish nuclei from their conjugate anti-nuclei,

(2) the cross section is seriously underestihated in many cases for
ordinary nuclei, and (3) the decrease in cross section for Z/B > 100

as B increases toward I is not described. Neglect of the inifial
direction of the emitted electrons led to the simple conclusion that the
only differencé in €, for different values of B is caused by
8-rays with energies between wmax for one B and Woax for another B.

Naturally as B + 1 these differences vanish. However, it is well

known that the dependence of the initial direction of an electron

on its energy w and on B of the particle can have an important effect
on €, . The lab angle eiab of emission of an electron of energy w is
given by

Zme(wmax-w) N '

_ NZ

elab(w) = arctan (WYW———:EFTTJ (30)
ax e _

m

when we neglect initial'binding'of thé electron.

On the average, a S-ray path is roughly straight for about the first
25% of its range, so thét a §-ray is transported to r =~ 0.25 Rsinelab
away from the particle's trajectory before it becomes " randomi zed. "

At fixed Z/B, as B increases, the §-rays of any fixed energy W, S wmax(B)
are ejected at steadily increasing angles, which Ieads to a systematic

increase of €, at large r that is not taken into account in eq. 29.

Inclusion of this effect should increase somewhat the range of velo-
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cities that can be detected by measurements of ev(r).
Application of Fowler's model to the behavior of ev(r) for iQﬂ

velocities leads to the conclusion that ev(r) for a particle with

2/8 = +114 and B = 0.4 will be similar, at 20 5 r $ 40 um, to € (r)
for a fast ﬁucleus with Z/B8 = +85, B >0.6. Fowler's model cannot be
used to compare quantitatively the track structure of various fast
particles with |Z|/8 = 114, because of his failure to USe'the Mott
C(qs§ section. (In their ahalysis of tracks of ultraheavy cosmic
rays fn emulsion, Fowler et al.‘éneasured the optical density at a
fixedldistance from the traék core and»;rudely corrected the model.
,by 6ultiplyjng the value of €, at the fixed distance by the ratio of
Mott cross sectioﬁ‘to Rutherford cross section for_ejectrons of éoﬁg
average energy believed to be most effectiye at that fixed distance.)

Osborne's model is an extension of the track structure model of

Katz and Kobetich37 and their electron energy deposition aigofiihm.38'
His expressién for the energy spectrum of knockon electrons produced
pérwunit'length of track'segment differs from eq. 24 in that he usés
thé Mbtt cross section instead of the Rutherford cross section. His
computer program that calculates Ev(r) as a functioﬁ of r, Z, and B
contains a table of Mott cross sections calculated by L.V. Spenceth
for values of Z from‘-lIO to +110, for B from 0.2 to 0.99, and for

center-of-momentum scattering angles 6 from 0 to 180°. The relation

between 9, w, and Woax 1S simply

w

wmaxsinz(e/Z) (31)
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Osborne follows the Kobetich and Katz approximate treatment of

38

electron energy transport. He has taken two approaches with respect

to elab(w), the angular distribution of electrons. The first approach
uses the value of elab given by kinématics and- overestimates the effect

of initial direction of the electrons. The second approach uses = 7/2

_ lab
for all electron energies and ignores the effect of initial directions.
The real situation should lie between these extremes. Although the prob-

Ieh hasbcylindrical symmetry, quetich and Katz make a one-dimensional
approximation that enables them to use an algorithm forveléctron energy
dissipation fitted to experimental data.and to the calculations of
Spencerhh fof monoenergetic electrons normally incident on flat siabs.
They agsume that the energy dissipation at radial distanée r of |
electrons ejected at angle elab is equal to the energy dissipation

of these electrons normally fncident on a slab of thickness

t = r/Sinelab’ and that fhe effect of electrons that scatter so as to
interact with too little materiél compared to a slab is compensatéd

by those that encounter too much material. THey express the energy

density on the cylinder in terms of the energy flux through the cylinder,

F:
e, (F) = -(2mr)” dF/dr | - (32)
and write dF/dr as
Pl |
2 a ' dN |
dF/dr = v{ N Py {W(F,W‘I,Glab)n(l’,W'l,elab) a‘\;} dw (33)

]

where w]-l and wz-l are the kinetic energies of G-réys that just reach

the cylinder of radius r = ¢ Sine]%b; I is an average ionization poten-
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fial for emulsion; dN/dw is the §-ray energy spectrum given by the
Mott cross section; W is the residual kinetic energy of an electron

of initial kinetic énergy w-1 that penetrates a slab of thickness t;
and n is the probébility of transmission thropgh the slab. The reader
is referred to refs. 37-39 for the details of the calculation

of €, for the simple-éase in which dN/dw is given by eq. 24.

Osborne's model, with its use of the Mott crosé section, correctly
predicts large dffferences in ev(r) for nuclei and anti-nuclei with
the same |Z|/B. Like Fowler's model, Osborne's model predicts.tHat~'
for a fixed |Z|/B the major changes in ev(r) at r < 100 um will oc;ur
for small B. Howevef, in Osborne's model changes in ev(r)vcan be
seen for large Z/8 (ZIOO)Ias B increases from 0.9 to 1.0, and cBanges
in ev(r) in the low-velocity regime can.stiil be seen at 6.up fo roUghly
0.6. The changes in the high-velocity regime occur because the |
effective cross section must decrease to the Rutherford cfoss section
as B approaches unity. Both models predict, for large B, that ev(r)
decreases approximately as r~2.

In Osborne's model three classeé of hypothetical partiéles could‘
have energy depoéition rates €, similarvto that of a fast nucleus Wifh
Z/B ~ 85 to 95 at radial distances 20 s r < ho ﬁm: an extremely
relativistic (B 2 0.99) superheavy nucleué (Z ~ 114), a fast anti-
nucleus witﬁ Z/B ~ -11k4, and a slow particle with Z/B = +114 and
B ~0.45 to 0.5. With 6]ab given by kinematics, the ratio of €, for
particles with Z/8 = +114 to €, for a fast nucleus with Z/B = +85
increases as B increases until it reaches a maximum at 8 =~ 0.85 and

then decreases as B approaches 1. At r = 30 um the ratio is ~2 for
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values of B between 0.6 and 0.84, cofresponding to nuclei up to Z;= 96,
whereas'for B 2 0.99 the ratio is 1.25. For.a-hypothetical nucleus

with Z/B8 = +110 and B > 0.99, which will be of interest to us in later
sections, the ratio is only 1.13. With e‘ab
is ~1.85 for Z/B = +114 and 0.6 < B < 0.84 and drops to 1.40 for

BNy

fixed at m/2, the ratio

'

B 2 0.99. For Z/8 = +110 and B 2 0.99vthe ratio is ~1.30; For either
choice of e]ab, Osborne's model shows thét tHe track structufe for an
ultrarelativistic superheavy nucleus,Z = 110 to 114, is significahtly
smaller than that for Z/B = +ll§ and 0.6 < B < 0.84 and close to that

for Z/B = +85.

In principle, Hagstrom;s model]h overcomes thé drawbacks of
Fowler's and Osborne's models. It was designed to describe both
expectations and fluctuations in énergy deposition in emulsion.
Hagstrom used a Monte Carlo program to calculate Ev(r) for a track
segment perpendicular to an emulsion of thickness 200 pum surrounded
by a vacuum. For our event, with zenith angle ~10°, this is a good
approximation; the célculétion is easily extended‘to_arbitrary zenith
angle. He used a tablé of Mott cross sections for particles with
=110 < Z < +110, 0.2 < B < 0.99, and center-of-mass scattering angles
0° < ® < 180°. To keep the duratidn of the calculation for an indi-
vidual event at a reasonable level, he followed the production of
primary electrons only of energies greater than 25 keV. A 25 keV
electron travels a radial distance no more than ~5 um from the par-
ticle's trajectory. The omission of electrons with w < 25 keV thus
invalidates the cal;ulation only in the core region of the track.

For each trial particle of a given Z and B the Monte Carlo program
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generated a spectrum of primary knockon electrons with w > 25 keV
aiong a line of lehgth equal to the ihickness of the emulsion before
devélopment (200 um).‘ Each brimary electron was followed as it
scattered énd'transferred energy to bound electrons in the medium.
All collisions were treated rigorously, using exact forms both for
the multiple small-angle scatters and the lérgé-angle scatters and
taking shielding fnto account. The Berger-Selzer range-energy rela-
tion for electrons was usedhs, and range-straggling of the electrons
was included. An electron that reached the surface of the emulsion
was considered to be lost; (The probabilfty of -being back-scattered
into the emulsion from thé'low-Z plastic or paper in contact with the
emulsion was taken to be zero.) The émulsién was described as a
mixture, not as a siaglqielement. Granularity was ignored; this is
quite a safe approximation at radial distances greater than -1 um.
The model contains no fitting parameters.

Hagstrom found that his model reproduces remarkable well the
shapes and absolute magnitudes of the appropriate calculations of
Spencerhh for point isotropic and plane perpendicular sources of
monéenergetic electrons.

Hagstrom has published a'sﬁmmary of some of his findingsIh and
has supplied us with numerous graphs of ev(r) forivarious combinations
of Z and B. Because he has not published his study, we restrict our-
selves to qualitative statements about his findings regarding energy
deposi tion by particles with IZI/B 2 114 in the 200 um emulsioﬁ at
radial distances 10 < r < 50 um whefe good measurements of grain

density or optical dénsity can be made. Note that his results are not
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precisely comparable with our emulsion.méasurementsubecause he summed
over the entire 200 um emulsion thickness, whereas in our visual,
photographic, and AMID measurements we'iénéred the regions near the
top and bottom of the emulsion where the gransition effects are large.

We make the following inferences from the Monte Carlo Calcula-

tions:

(1) ANl pbsitive nuclei with Z/8 ~ +114 and 0.6 < B < 0.95 have
statistically indistinguishable energy deposition curves, ev(r), which
are decisively higher than the curves for positive nuclei with

Z/B = +85 and 0.6 < B < 0.95.

(2) The energy deposition curve for a hypothetical nuclieus with

Z/B = +110 and B 2 0.99, which will be of interest to us in later

sections, is considerably lower than the curves for Z/8 = +114 and

0.6 < B <0.95. It lies about halfway between the curves for those

nuclei and the curves for nuclei with Z/g = +85 and 0.6 < B < 0.95.

A

(3) Antinuclei with Z/R = -109 to -114 and 0.65 < B < 0.85,
which fit the Lexan data, have energy deposition curves at radial
distances 20 < r < IOOvum that are quite similar to that for a fast
normal nucleus with Z/B = 85.

(4) A slow.particle with Z/B = 114 and B ~ 0.4 has an energy
deposition curve that is steeper than the curve for the ﬁgcleus with
Z/8 = 85 but has a similaf magnitude at intermediate radial distances,
~20 to ~40 um. It deposits essentiélly'no energy beyond ~50 um.

(5) From severai hundred Monte Carlo simulations, Hagstrom found
that all curves of 8V(r) for nuclei with Z/B8 = +Il§ and 0.6 < B £ 0.95

lay well above all curves for fast nuclei with Z/B = +85 and well above
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all curves for fast antinuclei with Z/B = -114,

The rigorous appreach of Hagétrom is superior in prineiple to
that of Fowler and of Osborne, and the excellent fits te the extensive
.calculations.ot electron beah energy‘dissipation reported by Spenceruq,
together withva wide range éf energy dissipation measurements, provide
strong evidence for the essential correctness of the treatment. We
hope that further Monte Carlo calculations can be done in which e-(r)
is evaluated for the region of emulsnoh about mldway be tween the two
surfaces, for the resulting curves would be directly comparable with
experimental observations. | |

Desplte‘quantltatlve differences in the details of the energy
deposition curves, we believe that the two models that use the exact
Mott cross section allow us to draw the same qualitative conclusion:
The small distant energy depositioh in the emulsion is satisfactorily
accounted for by the highly reiativistic superheavyvelement with
Z/B =~ 110 to 114, by‘the fast antinucleus, and by the slow, super-

massive particle.

b. _Compatibilitv of the three candidates with the Le*ah data
Hagstrom has pointed out]h that a fast‘antinucleus wi th

Z/8 =~ -114 not only fits the emulsion data but fits‘the Lexan data
better than uouid a nucleua with the same velocity ahd opposite charge.
Because of the lower Mott cross section, dE/dx for the antihucleus
would be considerably less than for the nucleus, makingvit a more
penetratfng particle with a smaller loss of speed in pass}ng,through
the stack. For |z|/8 = 114 and 8 > 0.6 Hagstrom calculated that the

stopping power of an antinucleus would be 15% to 25% lower than the
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stopping power of.its charge conjugate.“+ This result can easily be
verified'using the analytic expression of Ahlen.l*6 This diffefence

in dE/dx gives rise to an etch rate vs range curve witH reduced positive
slope, For an antinucleus in the pertinent charge regime -96 < Z < ~76
the etéh rate vs ranée curve is similar to that of the positive nucleus
with the same initial |Z|/B and about three charges higher. (Note
that the etch rate at a given |Z|/B is the same for Z and Z; it is

only the rate of'increase of etch réte with depth that differs for

Z and 2.) Thus, if in Table 2 we admit that positive nuclei, with
possible fragmentations allowed for, with initial charges between

~76 and .96 can fit the Lexan data, then antinuclei with the same -

fragmentation sequence and chargés -73 to -93 would have comparable

fits, and antinuclei with charges -76 to -96 would fit the data better.
Hagstrom has arguedlh.that fragmentatfon with small loss ofvcharge
in a peripheral collision would be more likely for an antinucleus than
for a positive nucleus. Thus, an antinugleus with IZI > 76 and average
Z/B = -llﬁ, possibly fragmenting, is compatible with all the data in
our Sioux City experimeﬁt. We will comment on its compatibility with
negative searches by previous experimenters in section 8.
All of the track structure models agree that the distant energy
deposition by a slow particle with IZI/B % 114 would be small enough
to be compatible with the visual and photographic eyidence. The best
estimate of the necessary veiocity is B~ 0.4, But we have seen in
section 5 that the rate of change of etch rate through the Lexan
stack would be ridicﬁlouﬁly high for a nucleus with any ratio of Z/A

compatible with particle stability and B as low as 0.6. Only if the
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mass were enormously large would the rate of slowing, dB/dx, be low
enough to give an etch rate vs range curve compatible with the Lexan
data. It is éasy to see approximately how large the mass of the slow
particle would have tovbe if we take dE/dx as approximately proportional

to 22/8% and write

: 2 2
dE e dy ga  PiMTC  B L (34)
dx dy dB dx ("312)3'2 dx = Bi2

As an example, dB/dx.for a supermassive particle with B = 0.4 and

Z/B = 114 will equal dB/dx for a nucleus with Z = 92, A = 238, B = 0.81

(such that Z/B = 114) provided the supermassive particle has a mass ofv
~1840 amu. However, the fit for a uranium nucleus is unacceptably
poor unless it fragments once. If‘the slow particle is to give an
acceptable fit to the data without fragmenting, it must have dB/dx
comparable to that for a hypothetical nucleus with Z =~ 108, B z 0.95.
lts mass must then be ~56 times greater than the mass of the nucleus
with Z = 108, or about 16,000 amu, and its mass to charge ratio would K
be ~350; Hypothétical charged particles with huge mass and huge A/Z
ratio have Eeen discussed in several contexts in the Iiter‘ature.w-50
We will inc}ude them in ourrdiscussion in.section 8.

Assuming the applicability of the restricted energy loss model
of track formation in Lexan, Ahlen‘showad12 that a monopole of charge
g = 137e and low speed, B ﬁ 0.3, could account for the Lexan data,
provided its mass were sufficiently greatvto give‘a nearly zero value
of dR/dx and thus a nearly zero value of dV/dR. ‘The slope dV/dR would

be small enough to be compatible with the Lexan data if, for B = 0.3,

the mass were at least 3400 amu. Kinematics alone ensures that for
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B ~ 0.3 the distant energy deposition by a monopole with g = l37e.
would be quite low, perhéps even compatible with the visual and photo-
graphic data for the 200 um emulsion. We will discuss the difficulties
of the monopole interpretation in seétion'S.

A hypothetical superheavy nucleus, Z ~ 110 to 114, B = 1, gives
aﬁ excellent fit to the Lexan data. |In discussing the response of
Lexan, we showed that either eq. 4 (with K = 62) or eq. 5 gave an
adequate representation of the energy deposition at small radial dis-
tances. The last two rows of Table 1 show the charges predicted by
these two models, along with the charge predicted by the unsatisfactory
model in which restricted energy loss is used as the criterion for

‘track formation. An Fe nucleus with a speed B = 0.22 has Z*/B = 114

and an etch rate identical to the average rate for the monopole can-
didate. |If the particle were a nucleus with B = 1, the two acceptable
models predict Z = 114 and 109; if it were a nucleus with B = 0.98,
the two models predict Z = 112 and 108. These values are quite con-
sistent with the range of charges of hypothetical.superheavy nuclides
calculated to have long half-lives. We regard a nucleus with Z = 110
to 114, B > 0.99, and Z/B ~ 110 to 115 as compatible with the etch
rate data in Lexan and with the distant energy deposition in emulsion.
We will include this hypothetical superheavy nucleus in our discussion
in section 8.

A hypothetical particle with Z/B ~ 114 and a diffuse éhargé dis-
tribution extending to a radiél distance of <102 fermis could in prin-
ciple account for the small number of high-energy 6-rays'in emulsion.

We will not consider such a hypothetical particle because we want to
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focus discussion in this paper on particles that not only fit the
data but have beenApredicted.td exist.
8. Discussion |

Table'h summarizes the status of the evidence. The first fivé
columns, which relate to our own experiment, simply recapitulate what
has been said in sections 4 fhrough 7. Assuming fhat an entry repre-
sents a positive observation of é particular particle, column 6 indicates
whether if constitntes a serious discrenanny with searcnes by other

B . .
experimenters.

a. Was the event a normal nucleus?
The entries in the first three rows of Table 4 refer to

normal nuclei known or expected to exist in the cosmic rays (Z 96) .

If we accept the constraint from the Lexan data that ]Z/BI 2 110 ‘to
'115, then nuclei with B < 0.6 fail to fit the Lexan data and nnc]ei
bwifh B ; 0.5 faf]‘to fit the emulsion‘data. There ié thus nn Qélocity

for which arnormal nucleus would fit both the Lexan databann the
“emulsion data. Even if we admit the possibility that the‘nucleus
underwent an abnornally large number of properly spaced nuciear frag-
mentations or attached an unusually large numner of atomic electrons
' so as to match the Lexan data, it would; in order to_penéfraté the .
ALexan stank, have too high a velocity to fit the emulsion data.

We ndw cnnsider whether unexpectedjyvlarge systematic érrors
might allow a nnrmalrnucleus to fit both the'Lexén data aﬁ& the
emulsion data.  Again aécénting the constraint fnom the Lexan data
that |z/8] = 110 to 115, we would have to make the ad hoc hypothesis

of some unexplained failure in response of all three emulsions. The
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stétistics of 6-ray production along tBe track in the two emulsions
are poorer than for the track in the thick emulsion, and fewer events
have been studied in the thin emulsions than in the'thick emulsion.
Nevertheless, using the fluctuations of the data in Fig. 17 as a mea-
sure of §-ray statistics and of reproducibilityvof response of‘the
thin emulsions makes it appeaf qui te unlikely that the event was a
n6rmai nucleus. Consideration of the visual and photographic data

fdr the thick emulsion, together with'the AMID data for the thin emul-
sions, makes the case against a norma} nucleus very much.stronger than
if data were available only fqr £he thick emulsion or the two thin
emulsions.

Finally, we consider the strength of the constraint from the
Léxan daté that [Z/B] ~ 110 to 115. Referring to the last two rows
of Table 1, we see that an ultrarelativistic nucleus with Z = 89 to
90, B ~ 0.98 to 1, and Z*/B =~ 89 to 92 could produce the same track
etch rate as an Fe nucleus with Z*/B ~ 114 if the restricted energy
los§ model (eq. 2) were an adequate representation of the energy
deposition at small fadial distances. The distant energy deposition
by such an ultrarelativistic nucleﬁs would probably be compatible with
the track structure in the emulsion. However, the evidence in Table
1 shoWs that the restricted energy loss model does not fit the avail-
able data. Lest one think that a discrepancy of one:charge at Z = 10
is not significant, we point out that, because the track etch rate
increases roughly as the fourth or fifth pbwer of Z, a 10% error in
charge amounts to ét least a 50% error in etch rate. vAt Z =77 to 92

the discrepancy is about ten charges. Thus, both the low- and high-
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charge meésurements of standard particles summarized in Table | are
incompatible with a restricted enérgy loss model. By using/eq. i
instead of the restricted energy loss model and arbitrarily dropping .
the value of K from 62 to about 15 or 20, one could somewhat reduce

the discrepancy with the low- and high-charge measurements in Table |

and allow a nucleus with Z = 96 and B ~ 1 to produce a track like that

of an Fe nucleus with Z%/8 = 114. With this choice of K, the cosmic
ray abundance peak would move to Z = 70 instead of 67, and the ions
‘with Z = 10 would have charges calculated to be Z = 10.7 instead of
11. Even this "optimum choice of energy deposition equation could,
we believe, be reconciled with the data in Table 1 only by rejecting
the astrophysfcal eQidencé for r-process nucleosynthesis and an end
of the charge spectrum at Z = 92 to 96. Choosing a value of K between
20 and 62 does not help, because there is no knowh long-lived nuclide
with Z > 96. |
It is true that we have no direct measurement of the velocity

dependence of the track etch rate at very high Lorentz factor. One
might hypothesize that at high y the etch rate might increase enough
that a nucleus with Z =~ 90 to 96 could mimic a nucleus with low Y

and Z/8 ~ 114, However, the dgnsity effect is known to prevent an
increase of the enerQy loss due to distant collisions at High Y in a
condensed medium, whereas it does not affect the close collisions.
Regardless of whether eq. 2, 4, or 5 represents track formation in
Lexan better, it is clear that the density effect will prevent a

relativistic rise in the etch rate because etched tracks result from

energy deposited at small radial distances.
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We conclude that a normal nucleus cannot account for the event
uniess we invoke large downward fluctuations in the distant energy
deposition or in the response of all three emulsions;

b. Was the event a fast, heavy antinucleus?

As row 4 of Table 4 points out, an antinucleus with suitable
charge, velocity, and possible fragmentations is compatible with the
data in Lexan and in the emulsions. We consider now the theofetical
expectations; previous searchés, and indirect negative astrophysical
evidence for antinuclei in nature. The positron, the antiproton,

~and numerous other antibarticjes ub to anti-3He in mass have been pro-
'auced in accelerators, and even the most conservative physicists would

agree that highly charged antinuclei are not excluded by the laws of

physics. - In fact, the symmétry between particles and their charge
conjugate antiparticles is quite well established, whereas the symmetry
between electric and magnetic charge remains only avtheofetical
possibility.

The question of whether the present universe could be baryon-
symmetric is still under debate. Of the theoretical models purporting
to explain how large-scale regions of matter and antimatter could
separate and survive complete annihilation, the one by Omnes and co-
workers51 has been developed the most quantitatively and has been
discussed the most in recent years. Our vieﬁs and those of a number
of astrophysicists are that, though various aspects of the model have
been criticizedSz, it describes a scenario that might have occurred,
and that the question of whether large-scale regions of antimatter

exist will have to be answered experimentally.
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Gamma-ray measurements from satellites and balloons provide
uppef limits on the rate of annihilation of matter and antimatter in

52 They suggest that there is very little

different regions of space.
antimatter in'the_intergalaétic medium, in neighboring galaxigs, or

in gas in our Galaxy, and that the fraction of antiétars'in our Galaxy
is likely to be less than ~IQ'“; Howéver,»Stecker53 has argued that
the best explanation of the shape of the energy spectrﬁm of diffuse
Y-rays is thét they afe the prodgcts of annihilation integréted back

54

in time to redshifts of ~100. Further, Sofia and Van Horn” and
Vincent and Thomps_on55 have proposed that the much studied y-ray

bursts from space are caused by annihilation of antimatter.

The above evidence is indirect. Measurement of the sign of the
nuqlear charge of cosmic rays would Be direct. Searches with supercon-
ducting magnets havé Yielded only null results.52 The upper limit on -the
fractional flux of antinuclei .in the cosmic rays is ~10-°% to ~107" for
light antinuclei andv~10'3 to ~10"% for anti-irqn. There is, hbwever, no
direct negative experfmental evidence against the interpretation of our
event as anvantinucleqs with |Z| 2 76, because the total collecting power
. of all such experiments is about four orders of magni tude smaller than that
of Lexan and emulsion experiments. Furthermore, almost all of the previous
searching was done at high rigidity, whereas if our particle wés an anti-
nucleus it had a rather low rigidity. Even-}f one assumes locally identi-
cal charge spectra and rigidity spectra for positive and_negative nuclei,

a fractional flux of 107° to 107" is not seriously discbrdant with our
opservation of one bossible antinucleus. A tétal of ~102 particles
with |Z] > 60 and B > 0.6 have been identified with a Lexan stack and

have had their distant energy deposition measured with emulsion. To
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have found one antinucleus out of 102" normal nuclei would be regarded

as lucky but not statistically incompatible with an average ratio a
few hundred times lower.

c. Was the event a slow, supermassive particle?

Row 5 of Table 4 indicates that a hypothetical particle
with a huge ratio of A/Z'could fit the data and does not conflict
with previous searches for such particles.

Yockl'7 has proposed that hadrons are composed of heavy, highly
electrically charged "subnucleons,'" of which the heaviést stable one
”would have a mass of order 200 to 2000 amu and electric charge of
~order h0e. In section 7 we showed that if our event was a slow pafticle
with B8 = 0.4 and Z/B = +Il§, its charge would be Z = 46 and its mass
“would be 21840 amﬁ. Theéé numbers are consistent with those for Yock's

heaviest subnucleon.

56 57

Lipkin has noted that if free quarksvexist they should have

an attractive interaction with nucleons and shoﬁld form stable quark-
nuclei that might have very large values of Z and A. The quark-nucleus
with greatest binding energy per nucleon wouid have a Z greater than
that of iron, the ordinafy nucleus with greatest binding energy per
nucleon, and A/Z might be considerably larger than for ordinary nuclei.

8-50

Several theoristsh have discussed thé possibility of an abnor-

mally dense phase of nuclear matter with peculiar properties. The

range of masses, charges, and A/Z ratios contemplated in oﬁe or another

of these papers overlaps with the values required’of our particle.
There is stfll another hypothetical particle to consider.

. 8
Hawklng5 has suggested that a large number of small black holes, of

mass 107° g upwards, may have been formed as a result of fluctuations
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in the early universe. The lower mass iimit is a consequence of

quantum gravitational effects, whiéh limit the minimum Schwarzschild
radius to about the Planck length. Given that the average density of

the universe is no greater than -1072% g/cm®, the flux of black holes

of mass >10"° g cannot ekceed ~10"%/m?y. The probability of such a

black hole striking one of our detectors is thus small but not impossibly
smali. However, Hawking59 has shown that a charged black hofe wéuld
spontaneously lose charge by pair creation and that even an uncharged
>black hole would lose mass rapidly by this process if its mass were

less than ~10'% g. Thus, a small black hole WOuId-be essentially neutral
and could not produce detectable effects in Lexan or emulsion.

The collecting power of Lexan/emulsion stacks so faf exceeds that
of all other deteétors in balloons or satellites that the failure of
other groups to detect a supermassive particle sych as Yock's subnuc-
leon, Lipkin's quark-nucleus, or an abnormally dense partftle at high
alti;ude is perfectly natural. Wé must consider also the possibility
that a slow, supermassive partfcle might reach sea level withouf a
destructive interactfon in the atmosphere. A particle with initial
velocity ~0.4 c and charge 46e would reach sea level at vertical inci-
dence if its mass exceeded ~2 x 10° amu and if it interacted only by
ionization loss. Such a slow'partfcle would not be accompanied by an
electromagnetic shower and could be detected at sea level or greater
depths only by a detector sensitive to a single particle of extra-
ordinarily high ioniiation rate. |t would probably have gone unnoticed
in one of the~giant emulsion or x-ray film arrays exposed at mountain

stations on various continents but would have produced a detectable
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track in a.sea-level Lexan array60 exposed at the General Electric
Research Laboratory with a colleét?ng power of ~20 m?y. It might

also be detected in a lafge electrdgic detector. At seé level several
such detectors have been installéd, following our first paper on the
monopole candidate. Né results have yet been published. |If its mass
were as great as ~10% amu it might penetrate deeﬁ enough underground
to pfoduce a large signal in the neutrino detector of Reines and
vco-workérs.61 Their accumﬁlated totalbnumber of events with unusually

1

large signals corresponds to a flux no greater than ~0.02 m~2y~! at

a depth of 10® g/cm?. Neither this limit nor that computed from the’
sea-level Lexan experiment poses a compelling conflfct with our obser-
vation of a singlé event. Highly ionizing, electrically charged

! would appear to have no

supermassive particles at a flux of ~1 m™2%y~
observable large-scale éstrophyéical consequences unless their tdtal
mass were so great as to contribute significantly to the expansion rate
of the universe. This limit, ~10"7 g per particle, seéms so high as
to be uninteresting. We conclude that the interpretation of our event

as a slow, electrically charged particle of mass >10% - 10* amu is not

ruled out by theory, previous searches, or astrophysical effects.

d. Was the event a monopole?

Row 6 of Table 4 summarizes the case against a monopole.
Ahlen's analysis showedbthat a glow monopole would have a lower dE/dx
and a lower restricted energy loss than a fast monopole, because of
the existence of a velocity-dependent log term. However, the restricted
energy-loss model does not fit data for heavy charged particles and the

two models that‘do fit the data, eqs. 4 and 5, would have either a
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very weak or non-existent velocity dependence when modified to apply
to magnetic monopo]es.‘ We regard a slow monopole as incompatible
with the Lexan data. At a speed 8 = 0.4 the distant energy deposi-
tion by a monopole would be compatible with the emulsion data.

The observation of one monopole in experiments with a total
collecting power of ~1 m?y would constitute a very large discrepancy
with previous negative searches and with astrophysical effects unless
its mass were enormous. Ross62 has summarized the negétive searches,
several of whith had a collecting power ~IOGItimes greater than that
of the Lexan/emulsion experiments. The searches for ancient tracks
in mica or obsidian63'wefe aimed at relativistic monopoles and might
not be'sensitive to slow monopoles because the thresholds for track-

recording in mica and obsidian, though poorly known, are thought to

be marginally able to detect a particle with Z/8 =~ 137 but might not

" be able to detect a particle like ours, with Z/B ~ 114, Experiments

that used strong magnets to extract monopoles from ferfomagnetic ocean
sediments and direct them through a plastic tfack detector6h oruelec;
tronic detectors65 would have given null results if the monopoles had
masses gréater than ~10" amu, because they would have missed the detec~
tors. The collecting power of the lunar experimgnts of Alvarez and
co-workers66 decreases rapidly for monopoles of large mass, which wou]&
bury themselves at great depths instead of in the shallow sub-surface’
soil. The maximum available center-of-mass energy at the Fermilab and
CERN lntersécting Storége Rings accelerators is inadequate to pfoduce
monopoles with mass greater than 14 and 30 amu respectively. Searcﬁes

67

at those accelerators have given null results.
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Through their interactions with the 2.7° K ba;kground radiation
and with galactic magnetic fields, monopoles might have profound
astrophysical effects. OSborne68 has‘oBtained very restrictive limits
on fluxes of monopoles of éither galactic or extragalactic origin by
considering energetic~photons thaf would originate in inverse Compton
scattering of 2.7° K background photons on energetic monopoles. For
a monopole mass greater than ~10° amu these limits are no longer
restricfive. Parker6-9 has shéwn that the stability of the interstellar
magnetic field limits the flux of monopoles residing in the Galaxy to
~3 x 107%° m~2y~!; a higher flux would extract energy from the field
fastér thén it could be replenished. The flux of pfimordjal-extra-
galactic monopoles of sufficiently high energy (210'! GeV) is not
restricted by the above argumenf, because they would give energy to
the magnetic fields in a galaxy thrqugh which they passed as often
asvthey would extract energy.70 In order to have B = 0.4, such mono-
poles must have mass 210'! amu. Thus, to reconcile the detection of
a monopole with a colleéting power éf only ~1 m’y with both.astro-
physical constraints and previous negative searches without invoking
a huge statistical fluctuation, the monopole must have a masé
210! amu. Such a large mass is not excluded by theory but is perhaps
of fensive.

We conclude that there is no jusfification for referring to the

particle as a ''monopole candidate.”

e. Was the event a superheavy nucleus (Z > 110 to 114)7?

Of the three candidates in Table 4 that give more or less
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acceptable fits to all.the data, the highly relativistic, superheavy
nucleus can be accommodated most comfortably within the framework of
theory, previous experiments, and'astrophysical effects. There is
general agreément7] among nuclear structure theorists that shell closures
at Z = 114, N = 184, will.give rise to an island of increased stability
around Z = 114, A = 298. >Thqugh the calculated decay constants for

beta decay, alpha decay, and §pontaneous-fission for nuclides in this
island are uncertain by orders of magnitude, fhere is a fair body of
obinion71 that the lifetime of at least one nuclide may, in its ground

72,73.

state, exceed 10° years. In two independent calculations , the

most stable nuclide was féund to have Z = 110, A’=.294, and a half-
life greater than 10° years. The doubly magic nuclide, Z = 114,

A = 298, was calculated to be beta-stable and to havé a longer spon-
taneous fission Iifetime but a much shorter alpha decay lifetime,

with an overall half-life of ~1 year. All nuclides witth < 110 were
calculated to have very short half-lives. Time dilation increases the

observed half-life of a relativistic nuclide by its Lorentz factor, but
{

the flux of cosmic rays with energy greater than yMc? decreases as y- 1S,

so that it would be unlikely for a nuclide with a half-life in its
rest frame less than ~10° years to survive in the cosmic rays.

Some theorists feel it is unlikely that, in the conventional
r-process, heavy nuclides capturing neutrons and moving upward in A
along a path to the neutron-rich side of the beta-stability line can
avoid figsion until they réach the island of stability.7] Even so,
it is possible that superheavy»elements‘might belsynthesized ina low

temperature decompression of neutron star matter by following a path
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near the neutron drip line where the fission barrier remains above
zero.7h The calculations involve large extrapblations‘;nd are quite
uncertain. The issue must in the end be decided experimentally.
Experiments with heavy ion accelerators at Berkeley and Dubna have
been unsuccessfuf in producing superheavy eléments, but attempts are
continuing. The interested reader should consult ref. 71'f§r recent
papers on the subject of superheavy elements.

Anders and co-workers75 have isolated rare phases in certain

meteorites that contain traces of xenon gas with a peculiar isotopic

éomposition. Théy have interpreted the'isotopic distribution as
evidence for ia-situ decéy by sbontaneoUs fission of small quantities

of a superheavy element and haQe attempted to characterize its chemistry.
The interpretation is bold and not without its critics. Blake et al.76
sﬁowed that if this indirect evidence is correct, the relative abun-
dance of superheavy elements in the cosmic rays can be estimated,
provided several assumptions are made. They éstimatéd an abundance
ratio [Z > 110]/[74 < 2 < 87] between 0.0002 and 0.006; which does

not conflict with our ratio, 0.004, based on one event out of ~250

events with 74 < Z < 87 in all Lexan or emulsion experiments to date.

We conclude that an ultrarelativistic nucleus with Z = 110 gives
an acceptable fit to the Lexan data; gfves a distant energy deposition
in acceptable agreement with the emulsion data and'substantially lTower
than that for nuclei with Z/B = +114, Z < 96, and 0.6 < B < 0.84; is
_predicted by theory to have a long enough life-time yT in the labora-
tory frame to survive in the cosmic rays if made in astrophysical
nuclear reactions; and is consistent with the existing, indirect,

positive meteoritic evidence.

-88-



f. Can the event be explained by a freak occurrence associated

with one or more normal nuclei?

Several imbrobable scenarios have been suggested, none of
which account for both the Lexan data and the emulsion data. Hodson76
has proposed that a cjosely collimafed jet of ~10" felativistic,
singly~-charged pérticles reSUItinQ froﬁ the fnteractioﬁ of a primary
cosmic ray with energy 2101°'eV in the’material just above the first
Lexan detettor.might account for the data. We wi]l disregérd the
fact that'the.flux of protons of such energy_is extraordfnarily low
and that the probability of ihteraéting'within ~1 mm of the top Lexan
sheet is also quite iow. We will aCCepf Hod#on‘s main argument that
because of destructive interference,vCérenkov.emission might be
'suppressedvfn a sufficiéntly clbsely collimated jef consisting of
practically equal numberé 6f’pbsifi§e ah& négatfve secondaries. How-
ever,‘the.suggéstion of a jet must be rejected'becausé it cannot.
account for- the nearly éoﬁsfant.etch rates thEoughout'the Lexan stack.

The possibility that a jet could produce an etchable track was quanti-

77

tatively’discdssed ten years ago’’, and it was shown that such a track
could not exceed a few microns in-length. The reason is that the
spacing of ;he bundle Qf particles increases, and the ionizétion den-
sity decreases, with distance from thé point of interaction, so that

the track etch rate Will decrease with depth. About half of the total

number of particles in the jet will be included within an angle 6 = (YCM)‘lg

where Yem is the Lorentz factor in the center of momentum system. For a
- primary energy- of 10'8 eV, half of the particles will emerge at angles

greater than ~2 x 10”° rad, which in a stack of thickness ~1 cm amounts to
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a lateral spread greater than 2000 A. Compared to a single particle

with Z/8 2 114, which forms an etchable track by enérgy deposition

mainly inside a cylinder of radius s]Ob K;.fhe density .of radiation

damage_by.the jet will be reduced by a factor at least (2000/100)2 =

Loo at the bottom of the stack. Only in the top sheet of Lexan would

the radiation damage density be great'enough to form an etchable'track;'
,A similar argument.applies to suggestions that the particle might

have been a nucleus that fissioned above the stack, a relativistic

dust grain, or a relativistic molecule chtéining many nuclei,with

charges such that ;ziz ~ 1142, " Scattering of the individual constit-

i
uverits would cause the track etch rate to decrease from top to the

A

‘ géttoh of the étack. - v '.

| ' A nucleus that passed upward through the stack could explain the
réported absence' of a Cerenkov signal, because the plastic:radiator
film was coated only on the boftom with the fast réCOrding film, but
it could not explain the combination of data in the Lexan stack and

in the three emulsions.

g.  Future expanded searches for more particles

To a]qu for the possibility that the average flpx of particles
sihilar to the monopole éandidate may be far.lower than given by the
reciprocalkof the overall cq]lecting power'of Lexan/emu}sion experi-
‘ments to date, future_searéhes ought to have a vastly greater collecting
power. The space shuttle will eventually make it possible to expose
pass%ve arrays of defectors up to sevefal hundred mz_in area above the
earth's atmosphere for times of the order of one year. If emulsion

were used to measure the distant energy deposition, shielding or a
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near equatorial orbit would have to be employed to re&uce the back-
ground exposure by ionizing particles in the trapped radiation belts.
An array of plastic detectors, including a well-shieldéd émulsion array,
could prbvide a factor ~10% increase in collecting power over the
présent vé]ﬁe of ~1 m?y. The feasibility of such an experiment is
under study. |

In the summer of 1976 a colleague at Berkeley, M. Salamon, began
an exposure of a 1500 m? array of Lexan detectors at a sea-level site
at Lawrence Livermore Laboratory. The array consists of four:layérs
of Lexah separated by cardboard absorbers giving a total thickness of

~0.5 g/dmz, all double-bagged in waterproof plastic and covered with

va_light layer of gravel to prevent démage by heat, light and wind.

An analysis of the stack after a two-year exposure would give us about
a 200-fold increase in collecting power over the General Elec}ric

. 60 ' .
sea-level experiment. It could not detect fast superheavy nuclei

‘or fastlantinuclei, both of which would disintegrate high in the

atmosphere, but it is a relatively simple way of looking for.extremely
massfve, electrically or magnetically charged particles that might

ﬁot disintegrate and that might not produce showers of be detectable
in other types of monopole experiments.

Further in the future it should be possible to build electronic
arrays ten or more square meters in area that would orbit the earth
for several years and record both the close energy deposition (thus
giving IZI/B)_and tHe distant energy deposition by particles such as
the one we have detected. As a specific examplg, instead of séarching

for heavy antinuclei in space with a superconducting magnet of limited
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.area, one could use a large plastic scintillator, which responds only
to the distant energy depositfon79, together with a detector such as

a gas-filled proportional counter, which responds to the total dE/dx,
and a detectOr»that measured velocity, such as a Cerénkov detector.
9. Summary and Conclusions

We have presented detailed evidence that the event in module 104,
referred to for convenience as the monobole candidate, had the follow-
ing two characteristics:

2 thickness of detector stack it

(1) Throughout the ~1.4 g/cm
had a roughly constant value of |Z|/B = 109 to 114, derived from
measurements of track etch rate, which depend on energy deposition.
at radial distance <10°2 um.

(2) 1ts energy deposition at radial distance 220 um, judged'
visually and photographically in the I1ford 200 um G-5 emulsion and
measured with an imége dissector in two independent Kodak 10 pm NTB-3
emulsions, was consistent with that from nuclei with Z/8 ~ 80 to 90
and 0.6 < B < 0.9, and was incompatible with that expected from‘known
cosmic ray nuclei with Z/B = 109 to 114, Z < 96, and 0.6 < B < 0.84,

If these two characteristics are accepted, calculations of energy
deposition that-empléy the exact (Mott) nucleus-electron scattering
cross section show that. known cosmic ray nuclei (Z < 96) are iﬁcompa-
tible with the data, eVen if unlikely fragmentation sequences or
effective charges are allowed. A monopole is incompatible with the_v
data. Three classes of hypothetical parficlés thét deposit less energy

at large distances than do known nuclei with the same |Z|/8 = 109 to

114 are compatible with the data:
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(1) A slow, supermassive particle with 8 =~ 0.4, charge =45 e,
and mass >10°-10" amu.

(2) A fast antinucleus with Z/B = -109 to -11k and
76 < |Z|,5 96 that might ffagment with loss of one or two charges.

(3) A very fast nucleus with Z = 110 to 114 and B > 0.99.

The particle wogld have been a normal Qucleus only if at least
one of the above two'characteristics can be réjected. Consider the
two possibilities:

(1) The interpretation of the Léxaﬁ data may be in error. For
ultrarelativistic velocities, perhaps Lexan responds not to Z/B but
to the restricted energy loss (eq. 2), so that the particle might
have bgen a nucleus with B8 ~ 1 and Z ~ 90. This is inconsistent with the
evidence in Table 1 that the velocity dependence given by eq. 2 does
not fit the data at high Z and high B, and we have pofnted_out that a
relativistic rise in energy deposition should occur only for close
collisions, not for the distant collisions that lead to chemically
etchable tracks.

(2) The interpretation of the emulsion data may be in error.
The low energy deposition at large radial distances might be either
real but due to a downward fluctuation or apparent and due to local
regions of decreased sensitivity around the track. However, we believe
that Hagstrom's Monte Carlo calculations'h show that it is extrémely
unlikely that fluctuations in distant energy depositioﬁ by a normal
nucleus can account for the appearance of the track in the 200 um
emulsion. Further, our calibrations of the sensitivity of individual

emulsions by measurements of the optical density of Fe tracks of
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known B provide evidence that the low density of silver grains around
the track of the particle was not caused by an abnormally insensitive

region in the 200 um emulsion. The independent measurements of a

small distant energy deposition by the particle in the two thin

emulsions provide strong support for our view that neither a down-

ward fluctuation by a normal nucleus nor a locally insensitive region

of emulsion can account for the emulsion data.

We have considered several freak occurrences associated wi th
one or more normal nuclei and find that tHey cannot account for the
evént.

Although the identity of the particle rémains ambiguous, we
"believe the evidence for a new class of High]y ibnizing barticleé is
sufficiently strong to justify intensified searches with instruments

of increased collecting power.
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Table 1

Tests of Various Models of Trécks in Lexan, Using Standard Particles

Fe nuclei with same etch z Z Z
Source Standard particle rate as standard particle from from from
YA B Z*/B BFé (Z*/B)Fe Z*x/8 J(K=62) (dE/dX)w
mode mode model O
10 .1k 66.1 .39 66.5 ©10.0 10.2 11.0
Accelerator 14 24 105.9 26 1085 . 13.8 14.0 14.6
(ref. 2,21) b 149 90.6 .295 87.0 13.4 13.6 14.3
18 b9 1136 22 113.2 | 17.9 18.0 18.5
22 . 149 v 135.1 .18 134.4 , 21.9 22.0 22.2
~39 .60 - 65 .38 68 ‘ Ly Lo 39
Lexan/emulsion Ak 60 .73 35 Th - bl - 41
stack on Sioux 50 .69 | ~72 34 | - 76 ' 53 52 491
Falls flight ~70 .78 ~90 .27 9 73 o 64 -
(refs. 21,22) .76 >.97 77 .32 80 80 78 67
~92 .65 ~139 A7 143 9k 92 81
Lexan on peak at >.90 ~81 ~.32 ~82 - peak at peak at peak at
Skylab ' z=77 (B=0.95) - 78 76 67
(ref. 9) (57 events) | '
Lexan on other peak at >.88 ’ ” peak at peak at peak at
balloon experi- L 2=177 (B=~0.93) ~83 ~.31 ~84 78 76 67
ments (ref. 10) (58 events) | '
Monopole candidate, ? =1.0 ? .22 114 114 109 89

if a nucleus ? = .98 ? : .22 114 112 . 108 90



&

Table 2

Likelihood of Nuclear Fit to Lexan Data for Several Initial Velocities

Initial Best No. of ~ Conf. level Total prob. Likelihood

B initial frags. ~ from in any (col.4 x col.5)
Z ' : F-test - : flight

>0.99 e 0 0.6 7 ?

0.952 108" 0 I o ?

0.856 96 1 1 0.3 - 0.3

0.820 92 - | 1 0.1 0.3 0.03

0 .74k 82 2 0.005 0.005 2x10-°
0.704 76 2 105 0.005 5x1078
0.600 67 8 0.1 10-17 10718

“Note that no elements with Z > 96 have been seen before in the cosmic

rays and no elements with Z > 106 have been made in accelerators.
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Table 3

Events Shown in the Micrographs in Fig. 16

Event, Zenith

numbe r angle z B Z/8
173-102 9% 69 0.95 73

99-3 8° 52 0.69 75
04121 10° 7 ? 114
9.1 e 53 0.66 80
156-113 % 83 0.95 87
121-4 1° 56 0.60 93

83-11 1° by 0.37 120
119-1 13 57 0.5 106

7%6-1 1 - 75 0.67 112

xThe first number is the module number.
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Table 4

Compatibility of Particles with |Z]/8 = 114 with the Data and with Other Searches

Lexan
Type of Data from o+ Discrepancy with Overall
particle Properties Lexan data 3 emulsions emulsions other searches? compatibility
nucleus 0.6<B<0.84, acceptable, but unacceptable unacceptable none no
Z/B=+114 see Table 1
nucleus 0.5<Bs0.6; unacceptable acceptable unacceptable none no
Z/B=+114 CL<jo~!® if B~0.5
nucleus 0.4¢B<0.5, unacceptable acceptable unacceptable none no
Z/R=+114 CL<10-18
antinucleus 76s|Z|s96, acceptable acceptable acceptable indirect negative yes
Z/B=-114 evidence
supermassive  Bz0.4,Z/R=+114, acceptable acceptable acceptable none yes
M>10%-10% amu :
magnetic Bx0.4,g=137e unacceptable acceptable unacceptable large discrepancy no
monopole M>10° amu : unless M210*'amu
nucleus 820.99,Z=110 acceptable acceptable acceptable none yes
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1.

2.

Figure Captions

Vertically expanded view of detector array with depths in

g/cm?

Lexan equivalent. The particle traversed the stack
at a zenithbangle of ~10°. Details of the wrapping and

of the shifting mechanism are not shown. |

Comparison of measured abundances of ultraheavy cosmic rays
with calculated abundances of material with r-prdcess com~
position énd with solar system composition, after distortion
resulting from ffégmentafion and radioactive decay in
intersfellar space. Corrections to actual counts in top
two.histograms allow for detector efficiency. (From ref. 9)
Smoothed response curves for the majority of the ultraheavy
particles found on the Sioux City balloon flightsr A few.
slow particles with very steep curves are not plotted. |

Calibrated Lexan data for the monopole candidate.

Determination of the response to slowing Fe nuclei of the

‘sheets etched 30 hours in Lexan module 104, which contained

the monopole candidate.
Etch rate response curves of several stopping ul traheavy

nuclei as a function of residual range, along with the

.curve for Fe from Fig. 5. The parameters in the power

law response, eq. 6, were determined from a fit to these
data. Note that the curves of Fig. 3 become nearly
straight when plotted on a log-log scale with residual

range as abscissa.
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Figure 7. Evidence‘thaf the responses of the sheets etched 20 hours
- and of the sheets etched 30 hours were the same. (See
text)

Figure 8. Efch raté response data for several u}traheavy nuclei,
showing examples of fragmentations and small, systematic
variations in response of sheets 1, 2, 3, 4, and 35.

Figure 9. Response curves for several combinations of initial Z and
B and fragmentations thét approximately pass through the
data. |If the initial B is small, the number of successive
fragmentations must be large. |

Figure 10, Observed correlation Qf core radius, R;, with Z/B for slow
(8 < 0.58) and fast (B > 0.58) particles in the Minneapolis
and Sioux City flights. The point for the monopole can-
didate is labeled X. A geometric correction tha; takes into
account distortion due to shrinkage of the emulsion gives
the improved correlation shown on the right.

Figure 11. Observed correlation of halo radius, R,, with Z/B8. The
halo radius for the monopole caﬁdidate, labeled X, is much
less than expected if it were a nucleus with B.z 0.58.

The data show that slow nuclei (B < 0.58) tend to have

smaller halo radii than fast nuélei with the same Z/8.

Figure 12. Comparison of halo radius, measured visually in the G-5
| emulsion, with the quantity Krms’ which is a mea;ure of
the optical density distribution determined with a photo;
densitometer. Each point is labeled by the vélue of B

truncated in tenths.
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Figure 13.

Figure 14,

Figure 15.

Figure 16,

Figure 17.

Evidence that the sensitivity Qf the region of G-5

emulsion near the monopole candidate track was closely the
same as the:sensitivity of the emqlsions traversed by other
ul traheavy éosmic rays. The photodensftometric readings
with the slit centered on thé track axis show the same.
distribﬁtﬁon with Z/8 for Fe tracks near the monopole can-
didate'traﬁk and in other emulsions.

Photomicrographs in G-5 emulsion of (a) the monopole candi-
datevtrack, with Z/B8 = 114 and zenith angle 6 = 10°, and
(b) the track of ‘a nucleus with Z = 75, B = 0.67, Z/B = |12,
and 6 = 14°, For both tracks the region in focus is about
one-third of the way below the top surface of the emulsion.
Photomicrographs of tracks of the events in Table‘Z, which
have.similar zeni th angjes and values of Z/B rangiﬁg from
73 to 120. .The ébndrmally small density of silver.grains
for the monopole candidate trackvis obvious.

Other tracks at zenith angles similar to those in Fig. 16.
In thé left column are tracks of particles with Z/B between
79 and 87; in the middle column the Z/B is between 112 and-
118; in the right.column Z/B is greater than 125.

Density of silver bliobs in a cylinder of 30 um radius
around the track in thin emulsion as a function of Z/8

for tracks with 6 < 18°, Reprpduc}bility of measurement

at each point is better than the size of the point. In

both emulsions the silver grain density for the monopole
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Figure 18.

candidate (at Z/B = 114 on the graph) is much lower than

expected from the least squares line for normal nuclei.
Radio of exact Mott cross section to Rutherford cross
section as a function of kinetic energy or range for an

electron initially at rest to be scattered by a fast nucleus

'or antinucleus with IZ|/B = 114. Radial diffusion distance

of an electron from a track in emulsion is much smaller

" than the range.

109



T/W /’ - lexan 6
W%/ / - exan
: / L 34

———
<
=3
4
A

XBL »783-7780

Fig. 1

110



40
30
20

10

30
20

10

30

Number of events

20

10

30

20

10

[ Skylab data

| | l

— —

---- Actual counts
| = Corrected number _|

[

| | —1 " e

| I T
Fowler et al. (1977)

T — T b
- M —_r-process abundances
after A= 5 g/cm?_
and 7=107y

| 1 T
| Solar system
Ny p—— abundances

g_ffer
A=5g/cm? _

| | |

70 80 90 100
Nuclear charge |

Fig. 2 | XBL 784-8312

-111-



TRACK ETCH RATE (um/hr)

;7f [
|

/

ONOPOL

|

)

-—

E CANDIDATE -

i I | 1

1 1 1

4

8 10 12

POSITION IN MAIN LEXAN STACK (mm)

Fig. 3

-112-

XBL 784-8299



-1~

TRACK ETCH RATE (MICRONS/HOUR)

~
o

w
(&)

N
On

@
(@)

s 20-HOUR ETCH

20 * 30-HOUR ETCH _
o LATER ETCH
0Ll | - | L il |
0 02 04 - 06 08 1.0 1.2 1.4

POSITION IN DETECTOR PACKAGE (g/cm? LEXAN EQUIVALENT)

Fig.

4

XBL 784-8305



10

N

Track etch rate (microns/hour)

o©
o

0.3

= o I R B
- Calibration of 30-Hour Etch —
= Using Slowing Cosmic Rays ]
- 1 —
1 ]] —]
1 ]:
7 Vo —]
1
- 1] —]
1
= _
— Scanning cutoff -
| 1
-
1
| N _
1 1
. 1
l I N S | |
0.1 0.2 0.5 1.0 2.0

“Range (mm)
XBL 784-8300
Fig. 5

-114-



200

100

s
(@)

—_ N
o o

Track etch rate (microns/hour)
O

1.0

0.5

Fe calibration
| |
01 0.2 0.5 1.0 2 5 10
Residual range (mm)
XBL 784-8304

- Fig., 6

-115-



Track etch rate (microns/hour)

o

o
W

0.3

M .

20- and 30-Hour Data  —

L L —

Intercomparison of  _|

| \, |
, ‘A
= _
| ¢ 30-hr etch; Fe tracks 1\ _
o
| & 20-hr etch; same Fe events AK
l | I N A I | l
0.2 0.5 1.0 2.0

Range (mm)

Fig. 7 XBL 784-8311

, -116-



1.6

(al T T T T 1 T »
1.4+ ((] ET ?l. |
. SHAE '703 Z po 58, Bz 070, 8 - 620 . ..Q [ ]
1.2+ o ’ 2 3)/ 7
.l
10} V4,35 e i
e 5.34 L
08} ' /')" .
| 5 [T

06 ’ * FX i | —
FRAGMENTED, AZ=3 J

0% | | | ] J ] A ¢

. 0 0.4 0.8 1.2 1.6 20 2.4 28 3.2
s 45 T 1 T T T T

_g 4 O (b) . ° i .: -

\ . r . C )
£ Z~82, B~073, 0 =34° .

235 v . * s{ . -
L TP < FRAGMENTED,

S 30p SOt AZ=34 .

- ve®e ﬁ‘
£ 25

(E]

- . ',QX
o~ g o/..-. ]
U o 0 ) ..‘ [ ]

O S I e

06 — avV ) s‘... ./. . -
v Z=~61 B~074, 8 =33°
051 _

(d) o
055+ o ¢ v ]
v * . °® * o
- - 2S eqee 2t —ee—
0.50} o e o % ¢ . ¢ e © ]
) Zx79, B>0.96, 8=30°
0.45}5 ]
ol 1 L ! ! | ! |
0 0.2 0.4 0.6 0.8 10 1.2 1.4 16

Position in detector package
(g9/cm? Lexan equivalent)

Fig. 8

-117-

XBL 784-8308



T T T T T T

3-5 I~ ° —

sof-,

AZ=2 AZ=2 p7-9

zsr°
7=83, B; =0736

Track etch rate (um/hour)

ast-* o : o

o
o a ) .
3.0 . . o o -

. © . *
. * a2 o’ S Anad

L = L)

° -....A. ®, ® ., a4 e*

251" Z=114, B;~1 ) i

or . .
g/e=132%5, B;~04, M>875 GeV
2.0+ . -1
0[ 1 i L i 1 ] I J
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

Position in detector package (g/cm? Lexan equivalent)

Fig. 9 XBL 784-8301

-118-



~61T~

core radius in emulsion (um)

R, =

~N

o

O

I

w

[ i ] | | ] | [ ] 1 | |
Measured core radius Corrected core radius
o

. <058 1L ]

) :B > (0.58 ) ° o.

x The event . °

o °
— ® X e I e X —
o ° o
)
- o 0 e of o ° 8 o' —
o o . o 0 o
o e oOe [ o o° 0 o
oo ® o
0g° ©
— o ©o o o o I o o g ®. -]
) ° o0 ° ° o .°°°o°o° °
® o O e 0O e O é .o.gb.p oo
©o e e ¢ °° O‘Boq;o
—eo Swoeq® o o 1 F°® g ° gg. —
o o o
e DO ® e %
40 QPD D 00 00 .'“ .o
o) o oe e © .
— o o Soow o @ —J - —]
) o ) ) |
| | | | | | [ [ | | | | B | J

60 80 100 120 60 80 100 120

Z/B (from Lexan)

XBL 784-8309
‘Fig. 10



11 "S14

LOEB-¥8L 18X

(upxal woy) g/7

orl 00l 09 00l 09
_ | | | | | _
L 850>¢ JL 850<¢ -
- .
° < °
| o o &1 o —
° _ ° ° .
° 8 e
o X o [ X L 1%
— ° ° ° - ®e amess —
o0 _ oeﬁ’o
o0 o o ®
° ° ° dmee @ o
— ° —+ e e o o —
° ° ° ®
o o °
o o o o o °
— ) —teo -
° °
| | | | | | |

o
= zéj

o
v

o
0
w7/) uois|nws ul snipoJ ooy

o
N
(

-120-



- =TZ1-

Halo radius in emulsion (um)

R, =

100

80

60

40

N
o

b

K,n. = Photodensitometric parameter

Fig. 12

— 45 —
6 46 6 5
= 77 —
5
— 9 56 —
5 8 . 758 4 5
56966778 8
— 6 75 9 775 3 —
9 567 6 664
— 6 66 6 ' —
0y, .
— 9 6 —
9 7
] | | | i
5 10 15 20 25 30

XBL 784-8310



-ZZI-

1 T 1 | ! I R
- ® Fe tracks near “monopole” °
’3 3801~ o Fe tracks in other emulsions -
= °
c :
p_8
| .
O 540 ]
=
8
5 T
£ 500 °
(75}
c
o
3 i
Je
+ 460 B
o
QO _
420 L 1 l L | | 1
58 60 62 64 66 68

XBL 784-8303



=123~

XBB 783-3218

Fig.-14



GT *STd
9TZE-€8L €dX

o0l = SITONYV HILINIZ “ ‘ —TTL, oY/

124~



LTCE-EBL

gdax

9T *31g

-125-



o

Number of filled cells per um? within 30 um radius
N ~

Kodak NTB-3 Emulsions

O Top emulsion

pra . -—ﬂ
® Bottom emulsion
| il |
60 80 100 120
Z/B

Fig. 17 XBL 784-8306

-126-



This report was done with support from the Department of Energy.
Any conclusions or opinions expressed in this report represent solely
those of the author(s) and not necessarily those of The Regents of the
University of California, the Lawrence Berkeley Laboratory or the
Department of Energy.




TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





