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Analysis of an Interesting Cosmic Ray Event

Ray Hagstr_om

Department of Physics
University of California
Berkeley, California

ABSTRACT

We independently consider the possible interpretations of an unusual
cosmic ray event which was reported by Price ef al. among the primary cosmic
radiatiori.l This particle was observed in three separate track recording instru-
ments, a photographic Cerenkov detector, nuclear emulsions, and a track etch-
able dielectric stack. In this work, we will not be considering data from the ,
nuclear emulsions. From the data we shall consider, we will reach sevgral con-

clusions: Although this particle was identified by its discoverers as a Dirac

_monopole, we find that it may réadily bebexplained in terms of a wide class of

normal nuclei, all necessarily having speeds in excess of 8=v/c20.55 and hav-
ing |Z/8|=114. Some of these hypothetical normal nuclei need to have under-
gone nuclear fragmentation réactions to be consistent with the data as reported
by Price, et al. , but the lower bound, 8>0.55 obtains regardless of any
assumed se'quence of interactions. ‘We also propose a few less conventional
explanations of the data. These unconiventional explanations may prove to be

the most difficult to refute even when the nuclear emulsion data may be

brought fully to bear.
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1. Introduction

In this work we will consider interpretations of an unusual particle track recorded on Sep-
tember 18, 1973 as part of a collaborative experiment that measured cosmic radiation with a
balloon-borne detector package.! The package contained three types of detectors: polycarbonate

(Lexan) track-etchable sheets, nuclear emulsions, and a photographic Cerenkov detector. The

lf 1

polycarbonate detectors were prep_ared by P. B. Price and E. K. Shirk; the nuclear emulsions
were prepared by W. Z. Osborne; and the photographic Cerenkov detectors were prepared by L.
T S. Pinsky. '

In 1975 these -workers reported an unusaal track, which they interpreted as having been
made by a magnetic monopole. Th‘is interpretation was immediately criticized and has been the
subject of controversy ever since.>” Briefly, Price et al. based their interpretation on the con-
stant ionization rate inferred from the polycarbonate detectors and on the particle velocity indi-
cated by the Cerenkoy detectors and nuclear emulsion. The critics, on the other hand, main-
tained that the track could have been mede by certain normal nuclei undergoing nuclear reac-
tions. In this work, we will consider carefully a number of possible interpretations of the

experimental data of Price e al.

We shall limit ourselves to commenting upon the data from the Cerenkov deiector and
the polycarbonate detectors. We cannot consider the nuclear emulsion data because they have
not as yet been published. We will develop an understanding of the intrinsic limitations of the
photographic Cerenkov detector and show why this detector cannot provide good enough data
for our desired level of rigor. We shall also discuss how data from polycarbonate detectors are
customarily treated. Applying the customary treatment of the etch rate data we shall find a
large number of conceivable normal nucleus interpretations that could explain the tracks
observed in the polycarbonate detectors. We shall criticize the customary treatment of etch rate
data and shall find that this customary treatment is not sufficient to provide argumenté of . the
‘strength we desire, We shall develop a new method of treating the etch rate data. . This new
method will provide much more straightforward and uncontroversial conclusions than the cus-
tomary method of treating the data; we shall be able to set certain lower bounds upon the initial
speed of the particle in question, if it were a normal nucleus, without needing to invoke argu-

ments of a probabilistic or statistical nature.

Y In addition to considering the set of possible interpretations for the etch rate data as
allowed by the above mentioned analysis we shall point out classes of unexpected but conceiv-
able alternative‘ interpretations for the etch rate data. These unexpected possibilities follow
from the assumptidn of failure of some of the generally accepted assumptions regarding the

physical significance of etch rate measurements.
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We shall conclude that there is a wide range of alternative hypotheses that cannot be
eliminated by the etch rate data. We will, however, be able to cast considerable doubt on the

poSsibility that the unusual track was made by a Dirac monopole.

‘Since we find the data from the photographic Cerenkov detector unconvincing, we will be
forced to conclude that without convincing data from the nuclear emulsions, there can be no
hope of establishing the identity of the particle. In particular, we shall find that it is quite
unlikely that this particle will ever be established as some unique object. It will here be useful

first to consider the history of the controversy surrounding this event.

The cosmic radiation observed at the surface of the Earth and in balloon-borne experi-

ments such as those of Price er al. is due to the incidence of extraterrestrial particles.® These

so-called primary cosmic rays originate in part from the Sun, but there is a component of the -

primary cosmic radiation which is far too energetic to be originated by any conceivable mechan-
ism consistent with known facts about the Sun. This primary cosmic radiation is observed to be
highly isotropic in observations at the Earth, consistent with the widely held belief that the pri-

mary cosmic rays have their origins well outside the Solar System.

There are several puzzling éspects of the primary cosmic radiation as it has been meas-
ured. In particular, thefe is the energy confent of the primary cosmic radiation which is
believed t0 be huge under the assumbtion that observations at the Earth are tybical of what
would be measured anywhere within the Galaxy. Recent measurements offer further interpfe-
tations which imply that the primary cosmic radiation is absorbed by matter within the Galaxy
on a relatively rapid time scale, indicating that the cosmic radiation must arise from some
energy source of prodigious strength and efficiency. Thus, knowing the location and description
of thé source of the primary cosmic radiation has great fundamental physical interest as well as

great astronomical and cosmological significance.

The primary cosmic radiation as observed so far consists principally of positively charged
nuclei and various leptons. Present day observations are sufficient to allow the Ibelief that the
-.primary cosmic radiation contains every stable nuclide observed under la;boratory conditions on
Earth. In addition, it is widely believed that long-lived unstable isotopes including uranium and
possibly curium are present in the primary cosmic radiation. Because of the large energies
availabvle in the primary cosmic radiation, there has been a number of exotic objects observed as
secondary reaction products initiated by the primary cosmic radiation. In addition, there is the
possibility of the introduction of exotic particles into the primary cosmic radiation from the
present source of the cosmic radiation or from some primordial origin. It is thus conceivable

that there may be some Dirac monopoles among the primary or secondary cosmic radiation.

The concept of the Dirac monopole needs little introduction. Such a particle would be the

site of a net magnetic charge.? By analogy to the case of electric charges (electric monopoles) a

~
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magnetic charge would have a radially-directed magnetic field whose intensity decreases with
distance as 1/r2. It was observed by Paul Dirac® that quantum mechanical consistency argu-
ments suggest that the magnitude of allowable magnetic charges would be integral multiples of
Vre/a. Because of the great theoretical sihﬂplicity of the eoncept of magnetic charges, many
scnentlﬁc and technologlcal uses have been proposed should such objects be discovered and
become avallable The discovery of such an object would rank as one of the most profound

observations in the history of science.

Thefe have been intensive experimental searches for Dirac monopoles. These searches
can be classified by their assumptions‘regarding the origins of the particles. Many experiments
have examined the reaction products from high energy particle accelerators, while many other
have searched for monopoles of cosmological origins. Because of the high confidence needed
to put forward such an interpretation as the possible discovery of magnetic charges, these
_searches have relied upon uhambiguous properties believed to apply to magnetic charges, such
as: 1.) their acceleration in an applied magnetic field!® 2.) their characteristic induction of circu-
lating electrical currents,!! 3.) their characteristic coupling to Cerenkov and synchrotron radia-
ti'on,12 4.) their characteristic ‘dependence of ionization rate with penetration distance as they

come to rest.!?

The experiment we shall be considering here was balloon-borne so as to have as little dis-
turbance of the primary cosmic radiation by passage through the atmospl.lere as practical. The
Price particle was asserted to be identified as a Dirac monopole on the basis of the fourth
scheme mentioned in the previous paragraph. The particle in question did not come to rest
within theé experimental device so that the arguments needed to assure the identification are
somewhat obscured. During ihe early stages of analyzing their detector packeges, Price er al.
found the anomalops track that they thought could be explained only as a Dirac monopole of
strength e/a !. This interpretation was published immediately,! but received little favorable

response. For convenience we will refer to this particle as the Price particle from now on.

The monopole interpretation was disputed by several authors who found fault with the

then current, but incomplete, published descriptions of the Price particle. Coincidently with the

preparation of the responses of the critics, certain aspects of the earlier reported experimental
claims were being revised by Price er al These revised claims were published by Price in a
reply to the critics. 6 The details of the critical responses to the original interp.retation by Price et
al. dxffer somewhat among the various commentators, but the conclusxons of the critics Price et
al. were unanimous: The original publication of Price er al. had not properly taken into

account a certain class of normal-nuclei that might explain the experimental data.
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In order successfully to put forward their explanations, each of the critics needed to deny
some of the claims made in Ref. 1. In particular, Friedlander? rejected the interpretation of the
Cerenkov-detector of Pinsky, together with both of the nuclear emulsion measurement schemes
of Osborne. He proposed that the Price particle might be a fragmenting curium nucleus.
Alvarez* disallowed certain of the etch rate data points of Price and Shirk and rejected the
nuclear emulsion halo radius measurement of Osborne and proposed that the Price particle
might be a doubly fragmenting platinum nucleus. Alvarez also disallowed the quoted thickness
of materials in the éxperimental package of Price er al. Fowler® partially challenged the Ceren-
kov detector of Pinsky and rejected the halo radius measurement of Osborne to propose, quif‘e
independently of Alvarez, the alternative interpretation of the banicle in question as a doubly

fragmenting platinum nucleus.

Fleischer and Walker,’ in a joint publication. disallowed certain of the polycarbonate data
of Price and Shirk and then formulated a spectrum of alternative interpretations of the Price

particle, in terms of various nuclei fragmenting various numbers of times. Fleischer and

Walker did not take a stand regarding the Cerenkov or nuclear emulsion data; instead their.

results were presented in terms of specific conclusions should the controversy surrounding

those two measurement schemes ever be sufficiently settled to allow useful data.

Our discussion will delimit the set of normal-nucleus explanations that are consistent with

the etch rate data of Price and Shirk together with the photographic Cerenkov detector data of

Pinsky. Again, our treatment will be incomplete since we are unable to discuss the nuclear -

emulsion data. Our procedure will be, in this respect, similar to that followed by Fleischer and
Walker. On the other hand, we approach the etch rate data differently from Fleischer and
Walker.

In reaching our conclusions, we will critically evaluate the merits of the detector packages
and their interpretation.We will adopt a highly conservative and openly skeptical standard of
judging the experimental data. OQOur conclusions regarding the dependability of the measure-
ments in Ref. 1 will be that every important reservation of each of the published criticisms was

justified. In some cases our standards of judging the data will not allow us even to accept data

that was unchallenged by previous critics. In particular, we. will completely discard the data

" from Pinsky’s Cerenkov detector and accept data only from 28 of the 35 polycarbonate sheets.

2. Description of the Balloon Experiments of Price et al.

The Price particle was observed in a balloon-borne package of experimental equipment
flown from Sioux City, Iowa on September 18, 1973.! This flight was the second in a series of
three similar experiments. The first balloon was launched on September 4, 1970 from Min-

neapolis, Minnesota'* and the third balloon launched on September 25, 1973 from Sioux City.°

~
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Each of the‘ three balloon flights carried a detector package consisting of a thick polycarbonate
stack, at least one nuclear emulsion, and at least one photographic Cerenkov detector. The

Cerenkov detectors were untested and flown a$ an attempt at developing a new experimental

- technique. The differences between the de;ector packages in the three flights were small (seg

" Table 1). When we specify details, they apply to the second flight, in which the Price particle

was observed. The detector array is shown schematically in Fig. 1.

Let us interpret the differences among the three balioon flights represented in Table 1.
The differences affect the detectqrs in different ways. Balloon flight 1 was aloft far longer than
is customary for such missions because of certain mechanical malfunctions; the bulk of the
extra time aloft was, however, spent at altitudes considerably below the region for clear-cut
study of primary cosmic radiation. The time spent at electromagnetic shower altitudes -can be
regarded as detrimemai to the quality of the emulsion based data, i.e. the nuclear emulsions
and the bhotographic Cerenkov detectors. Timé spent in ground storage before exposure must
be consiciered to be particularly detrimental to the fast recording emulsion in the Cerenkov
detector. Likewise, the time lag between exposure and development processing is most det;i-
mental to the Cerenkov detector data. The effect of a time lag between exposure and develop-
ment of the polycarbonate data is not well know. The time spent in ground storage before and

after exposure is known to be somewhat detrimental to nuclear emulsions.

Although there were two extra nuclear emulsions and one extra photographic Cerenkov
detector present in balloon flights 2 and 3, there was less matter above the thick polycarbonate

stack in flights 2 and 3 than in flight 1. This difference was first pointed out by Alvarez* who

noticed that the detector thickness reported in Ref. 1 coincided with those from the much ear-

lier first flight, indicating that Price er al. might have been making unfounded assumptions of
equivalence between flights 1 and 2 and 3.
Another crucial difference, which was not at first knowh by the experimenters, was the

difference in the chemical composition of the polycarbonate detectors between flight 1 and

flights 2 and 3. The ultraviolet dye customarily put in Lexan to retard deterioration was not

- present in the polycarbonate stacks in balloon flights 2 and 3.. The subsequent discovery of this

chemical difference by the experimenters led them to revise their estimate of the particle’s ioni-

zation from 137 to 114 after the publication of Ref. 1.

3. Etch Rate Detectors: Theory and Interpretation

The interpretation of the tracks in the polycarbonate detectors is a cornerstone of any dis-

'cussion of the Price particle. The polycarbonate detectors provide a measure of the penetrating

properties of the incident particles. As we shall see, these etch rate data describe heavier nuclei

as being more penetrating than lighter nuclei. The etch rate data suggest that the Price particle

]
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was the most penetrating 'particle ever observed with any detector.

In the following discussion, we will cover the theory of etch rate detectors, the nature of
the data they yield, and the problems associated with the standard statistical interpretation of
the data. Again, our goal in all of this is to apply rigor to the iniefpretation of the Price parti-

cle.

Track etchable detectors made of materialsv such as polyéarbonales‘ have been widély used
since damage tracks were observed by Silk and Barnes.!® Simply stated, a heavily ionizing parti-
cle displaces electrons as it passes through the polycarbonate, altéring the chemical properties of
the plastic around the path of the particle. Whén the polycarbonate is treated with the proper
etching chemical, cones develop in the plastic. The dimensions of the cone are measured and
vused td infer the properties of the particle that made the track. A comprehensive discussion of

the techniques of track etchable particle detectors is gi’ven in Ref. 16.

3.1. Interactions of Incident Nuclei within Polycarbonate Detectors

Ionization

7 When a-nucleus passes through a material like Lexan polycarbonate, the electric fields
from the nucleus’ charge accelerate chemically-bound electrons from the polymer moiecules.
These electrons wander about within the plastic, in turn losing their. kinetic energy through
further ionization of the medium. Ultimately, much of the energy lost by the incident nucleus
is degraded into thermal energy. Some of the deposited energy is stored in the form of per-
manently éltered chemical structure, é.g. in the form of broken chemical bonds. This chemical
damage provides the physical basis for later detection of the nuclear track. Although the chem-
ical damage may, in prihciple, be at great lateral distances from the actual path of the incident
nucleus, the chemical properties of the plastic are significantly alteréd only in a very narrow,

column (about 30 Angstrom radius) about the nucleus’ actual path.!’

Fragmentation

In addition to ionizing encounters with resting electons within the polycarbonate medium,
the incident nucleus may undergo close encounters with the nuclei of the constituent atoms of
the plastic. The consequences of such nuclear encounters can be drastic. Nuclear collisiohs can
occasionally lead to complete destruction of the incident heavy nucleus, converting it into a

shower of tiny fragments. On the other hand, nuclear collisions can occasionally lead to the

i
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mildest elastic deflections of the incident nucleus, changing its speed and direction of motion by
negligible amounts. It is believed that a considerable fraction of nuclear encounters between
incident heavy nucléi and the constiiuent nuclei of the plastic lead to the stripping of a few
nucleons from the incident nucleus. * After undergoing such a so-called peripheral nuclear
interaction, the nucleus coniinues along its way at essentially the same speed,!® the only practi-

cal change being the decrease in the magnitude of its electric charge and mass.

Electron Pick-up

As an incident nucleus slows, it will have close encounters with the resting electrons of
the polycarbonate medium. In some of these close encounters the electron may aétually
become attached into a bound state of the incident nucleus. The inverse process may also

occur wherein the incident nucleus, when it has picked up electrons from the polycarbonate

" medium, may lose one or more of the attached electrons via some close electromagnetic

encounter with the constituents of the plastic. The net effect of such electron attachment and
stripping reactions is to alter the het electric charge on the incident nucleus (or, more properly,
the incident ion) while leaving the speed and direction of the incident particle as well as its

mass essentially unchanged. N

3.2, Track Etching to Yield Etch-rate Measurements

Currently, there is no coherent theory that describes track etching. Empirical procedures
for developing and interpreting track-etching data have been compiled in several different
laboratories. Although there is some disagreement over the details of interpretation, there is a

consensus as to the proper interpretation of etch rate data in cases where only the usual levels

Polycarbonate detectors are etched by immersion in a caustic NaOH bath. Etching

allows detection of the tiny cylindrical damaged regions because the damaged plastic is removed

' more rapidly than the surrounding undamaged plastic. To illustrate, let us consider the dam-

aged cylinder to be damaged uniformly throughout its volume, while at the same time we allow

for no damage whatsoever outside the cylinder. The process of etching such a track is indicated

- schematically in Fig. 2. We can see that the sub-microscopic cylinder of damaged plastic can be.

the source of two easily-measurable cones. The width (minor axis) of the ellipse deﬁning the
intersection of the etch cone and the surface pf the blastic is principally determined by the
duration of etching and the etch rate in undamaged plastic, provided the cone is much wider

than the cylinder. The length of the cone axis is determined principally by the duration of the
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etching.!® The most readily measured parameter is the. cone half-opening angle, 8,, which is
interpreted as

6, = sin"lll‘?- , _ (Eq.1)

v,

where 9C=half—bpening angle of the etch cone,
v,=etch rate in undamaged plastic,
vi=etch rate in damaged plastic of track cylinder.

The simplified model of Fig. (2) essentially reproduces the observed behavior because all
dimensions of the actually measured cones are much larger than the diameter of the cylinder

where appreciable chemical damage has occured.

That the damaged region is very small has been verified via two independent determina-
tions.!” Both of these‘ studies show the damaged region to be less than 200 4ngsirom in diame-
ter, while the measured cones are typically more than 30um long. Thg tiny size of the damaged
region allows a further important simplification; th_e etch rate measurements reflect the elec-
tromagnetic scattering from the incident particle by the electrons in the medium only for the

'very lowest momentum transfers, i.e. only for very small equivalent center-of-mass scefltering
angles. For this reason it is customary to assume that the etch rate data points reflect the value
of the parameter |Q/B| where Qe is the effective charge of the incident particle and 8 is its

speed.

Let us be quite specific in our definition of the parameter Q : We hypothesize that the
measured etch rates reflect the parameter |Q/B| regardless of the speed of the incident particle.
This assumption defines Q as a function of the true atomic ﬁumber, Z and the speed B8 of the
incident nucleus. Thus, we can think of Q as a function, Q(Z,8) . This shows that our ini-
tial assumption (that the Lexan records |Q/8| independently of 8) was actually quite empty:
AnyA functional dependence of the measured etch rates on the parameters Z and B of the

incident nucleus can be expressed by a judicious choice of the function Q(Z,B)_.

We shall make an important assumption, however, when we deal with Lexan measure-
ments of |Q/B] , namely, that the numerical value of Q is not greatly different from the atomic
number, Z, of the incident nucleus. This important assumption will be used throughout our
discussion unless explicitly stated to the contrary. Our motivation for introducing the function

Q(Z, B) instead of simply using the incident particle’s atomic number, Z, is because there is no

firm consensus of opinion regérding the response of polycarbonate etch rates to the charge and

speed of the incident particle. It is our opinion that the proper form for the function Q(Z,B) .

yields values of Q systematically lower (by amounts varying in the region of interest from 0 to

-~
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10%) than the true Z of the incident nucleus. . This effect is, in our belief, é consequence of the
reductionh of the avefage net charge of the slowing ion by its attachm'em of electrons from the
slowing medium. The beliefs of this author aside, we must acknowledgeﬂour assumption that Q
does not differ materially from Z, aS being a hypothesis subject to doubt so that we present in
Appendix D an assessment of how much our present conclusions may be affected by the possi-

ble failure of this assumption.

- Although we have agreed that each Lexan cone angle reflects the value of |Q/B]| for the
particle it records, this does not allow us directly to translate from cone angles to |Q/B8|. We
only can assert that the cone angles are some (as yet unknown) function of the physical param-
eter |Q/B| . To the best of our knowledge, no one has yet been able to predict before_hand the
actual response of any track etchable dielectric to nuclei' with known |Q/B] either theoretically
or empirically. The résponse depends upon the details of the chemical kinetics of etching radia-
tion damaged plastic. That such a complicated process should be imperfectly understood is
hardly surprizing. This ignorance necessitates a Ienéthy and thorough calibration of each etch
rate experiment on some fiducial set of nuclear tracks to determine the sensitivity and response
of the etch rates to various values of |Q/8| . The customary‘functional form used to describe,

phenomenologically, the etch rate response and sensitivity is:®

‘ . o | = VOI%I”

(Eq.2)

where: v,= the eich rate along the track,
ve= some phenomenological parameter,
p= some phenomenological parameter.

Recalling the functional form, Eq.(1), allows us to describe the cone angles in terms of the
pararﬁcter v . '

The power law form of function (2) also has not been predicted from any theoretical
model; the parameters v, and p are not even found to be constant from batch to batch of
Lexan. The parameter p varies from values below 3.0 to vélués as high as 5.0 or above depend-
ing upon as yet unknown systematics in the manufécture and etching of the plastics. The
corresponding values of the parameter v, also show -variability. This variability no doubt arises
in part from the fact that Lexan is itself a vaguely specified commercial plastic, its chemical
composition varying considerably from batch tb batch. Thus, we repeat, it is absolutely neces-
sary to measure some sét of fiducial nuclear tracks before making any quantitative estimates of
the numerical values of |Q/B| for any tracks through an uncalibrated batch of Lexan. The

accuracy of the calibration procedure of Price er al. represents another assumption which will
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underpin our conclusions; a discussion of the possible failure of the accuracy of the calibration
~ will be given in Appendix C. We will temporarily accept the calibration parameters vo and p as

reported by Price in Ref. 6 until taking up this question Aagain in Appendix C.

3.3. Difficulties in Applying Statistical Analysis to Etch Rate Data

Granted that we may now use formulae (1) and (2) to estimate |Q/B| from any given
-etch-cone angle, we must still know the random variability of that estimate. Very little is
known about the variability of etch cone formation in Lexan polycarbonate. For this reason the
proper statistical treatment of etch rate data is problematical. Let us consider, for purposés of
understanding the variability of response, the etch cones resulting from the passage of many
absélutely identical particles each having the same value of |Q/B|. Let us assume for concrete-
ness that we have 200 such sheets of Lexan, 100 each from two separate manufacturer’s pro-
duction batches. If we were to etch 50 sheets from each produélion batch in the identical

etchant bath, we would necessarily expect that the etch rates measured would be grouped about

separate means corresponding to the differing values of the calibration parameters v, and p of-

Eq. (2) for the separate manufacturing batches of Lexan. Of course, there would be no reason
to expect that the scatter of the measured values of etch rates about the respective means

i

should be the same. ‘

If we were now to etch the remaining 100 Lexan sheets in another etchant bath and
attempt to keep the conditions of etching as close to those of the first process as possible, we
would again find that the measured values of the etch rates would be grouped about the. same
two means as before corresponding to the two different manufacture batches. In the case of
" this second etch bath, however, the scatter of the measured etch rates about the two means
must not necessarily be expected to be the same as observed from the previous- etch bath, no

matter what precautions have been taken to assure that the two etch baths were equivalently

administered.!® Such variability has been experimentally observed although its origins are not

perfectly understood. We cannot rule out the possibility- that the techniques of track etching
might someday become sufficiently repeatable to allow the variability of Lexan response to
remain constant from etch bath to etch bath; this possibility has, however, not yet been demon-

- strated beyond doubt.!?

In practice, the tracks of the heaviest nuclei analyzed by etch rate measurements are
etche& one at a time, perhaps in several etch baths. Since such tracks are available only from
the cosmic radiation it is virtually impossible to obtain any sample of tracks which represent
truly identical incident particles. It is, thus, quite unlikely that any great advances may be made
soon in understanding the random variability of etch rate measurements on heavy nucleus

tracks: the heaviest nucleus which can presently be accelerated to relativistic energies is Fe,

™
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while the present Lexan experiments in the cosmic rays regard the Fe as an uninteresting back-

ground signal.

There exist standard- statistical techniques, which allow us ‘,meaningfully to treat certain
experimental data without a priori knowledge of their statistical errors. In particular, the F-test
allows one to compare quantitatively the quality of fit from two hypotheses to a set of data
without knowledge of the statistical errors in the data.?® It is our belief, however, that the F-test
as used by Price and Shirk in the analysis of their etch rate data is not properly applicable to the
generation of hngh confidence statistical arguments. One basis for our doubts about the applica-
bility of the F-test is that the measured etch rates of any given particle may show con51derable

correlation within the magnitude of the expenmental dispersion between successive cones.

These sheet-to-sheét correlations may, in fact, represent intrinsic variations in the ionization of

nuclei as they traverse a Lexan stack. Of course, the F-test is strictly applicable only when the

data are independent, normally-distributed random variables.

3.4. Assigning Hypotheses to Etch Rate Data by "Curve-fitting"

Let us now turn to the general problem of assigning nuclei to tracks in Lexan. Let us
briefly describe the assignment of hypotheses to etch rate data as practiced by Fleischer and
Walker.> These workers generally accept or reject hypotheses on the basis of the quality of
agreement of predicted smooth curves and the corresponding measured data points, i.e. by
"curve fitting".” Let us anticipate our case by considering the etch rate data from the Price parti-
cle. The etch rate data on Fig. (3) are of high quality when compared to other etch rate data
now available.?! Nevertheless, even the best etch réte data are so unruly that considerable judg-
ment need be exercised. We will systematically take an ‘approach more conservativevthan cus-
tomary in applying our judgment, i.e. we do not disallow any normal-nucleus hypothesis unless

it is very far from providing a good fit.

Let us briefly recall the sigﬁiﬁcance of the F-test and how this statistic relates to the x°
statistic that is more commonly used in physics. The x? statistic allows us to assign confidence
levels to the quality of fit to data by some hypothesis provided that the magnitudes of the prob-
able errors of measurement are known a priori. The statisti¢c x2 is computed for the hypothesis

as follows:
o n. n)- .
xi= Y .  (Eq3)

where: x,= the outcome of measurement n,

¥,= the hypothesis for measurement n,
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o ,= the experimental error known a priori.

and tables are used to assign numerical levels of significance to the hypothesis. Because the F-
test requires no a priori knowledge of the probable errors of measurement, it is no surprise that
the F-test cannot be used to assign confidence levels which are intrinsic to any one hypothesis,
as can be done with the x? statistic. The F-test can be used to assign the numerical significance
to the quality of fit to the data by one hypothesis relative to another hypothesis. This is

apparent from the formula for F:-

N )
MZ (Xn_yn)2
=1
F= —-i'ﬁ-——— (Eq.4)
NY (x,—z,)?
m=1
where: x,= the outcome of the n' measurement, .
Y.= the prediction of hypothesis number 1
for the n'" measurement,

z,= the prediction of hypothesis number 2

for the n'" measurement.

The confidence level from the x? statistic can be thought of as an estimate for the likelihood:

that the tested theory should actually have a given quality of fit to the data. The confidence
level from the F statistic can be thought of as the likelihood that hypothesis number one may

actually provide a better fit to the data than does the hypothesis number two.

For the F-test to provide meaningful estimates of confidence levels, 'the observations,
{x,}, in Eq. (4) must be independent, normally-distributed random variables. For the x? statis-
tic to provide mean'ingful estimates of cbnﬁdence levelé, the observations, {x,} , in Eq. (3)
must be independent, normally-distributed random variables and the experimental errors, {o,)
, must be precisely known a priori. We note in passing that many experiments are performed
without a priori knowledge of the experimental errors but which are subsequently (incorrectly)

interpreted via the x? statistic.

4. Analyzing the Etch Rate Data from the Price Particle

-~
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" 4.1. Selecting Polycarbonate Sheets for Analysis

Each of the polycarbonate sheets in the detector stack has been etched and the results
reported by Price.® Figure 1 shows the detector packége and the Lexan sheets used. The large
stack consisted of 33 sheets of thickness 0.987g/cm?. In addition to this thick stack, there were .
several extra sheets of Lexan not primarily intended for high-quality data taking, but rather to
indicate if a particular track originated on the ground before the flight.” In addition, certain of
the sheets in the thick stack were used solely as an aid in followirig the tracks from the emul-
sions into ;he thick Lexan stack; the etch cones from these sheets are unavoidably lost for pur- »

poses of data taking. We thus have no data from sheets 5 and 12.

Within the thick Lexan stack itself, the top three sheets and the bottom sheet have had
histories somewhat different from the rest of the sheets. On the basis of our earlier observa-
tions regarding the unpredictability of the magnitude of the experimental scatter of etch rate

measurements under carefully controlied conditions, we are unwilling to consider data from the

. sheets which have had treatment differing from the bulk of the stack. We would grant that

these outer sheets may be providing a few extra measurements of the quantity |Q/8|, but we
would be at a loss to assign these data equal significance compared with the .measure'ments
based upbn the sheets from the interior of the stack. We thus do not accept data from Lexan
sheets 4 and 35. v

‘Similar objections may be raised against. inclusion of data from Lexan sheets 1, 2, and 3,
but we take a more certain stance regarding data from these sheets. Sheets 1 and 2 were placed

in-a package completely separated from the rest of the polycarbonate sheets; these two sheets

were displaced with respect to each other at altitude to ensure that the studied tracks originated

in the cosmic radiation. Certainly these two polycarbonate sheets have had histories consider-
ably different from the sheets in the interior of the thick stack.. Furthermore, sheets 1 and 3
are reported to have thicknesses different from the other Lexan shéets in this experiment; this
implies ihat these sheets were manufactured under conditions different from the sheets in the
interior of the thick stack. We éonclude_, therefore, that the etch rate data from polycérbonate
sheets 1, 2, and 3 propefly should not be included in any rigorous discussion of the etch raté '

data from the Price particle.

In summary, we take the stance that ;hé exclusion of etch rate data from Lexan sheets 1,
2, 3, 4,5, 12, and 35 has a positive overall impact on the quality of the interpretations of the

Price particle, and that there is no obvious reason to exclude data from any of the other sheets.

The notation of expressing thickness of absorbing materials in units of g/(‘m2 gs very convenient. [f the {
thickness of some material (in cm ) is multiplied by its mass density- (in g/cm ) we obtain a measure of
the true amount of matter in the layer. Otherwise we would necessarily need to specify the linear thickness

- and density separately.

<
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Omitting the quéstionable etch rate data points reduces the usable -number of sheets from 35 to
28 and the total usable thickness from 1.373g/cm? to 0.856g/cm?. To date, none of the
critics“. of Price er al. have published substantial objections to. any Lexan data other ‘than the
questionable sheets which we have excluded. The exclusion of the questionable sheets coin-
cidentally has the advantage of avoiding the complications of extrapolating particle trajectories

through the miscellaneous material above the thick polycarbonate stack.

In our diminished stack, we believe all of the plastic sheets are from the same manufac-

ture batch and all had approximately similar histories. . Thus we can use one pair of parameters,
p and vy, from Eq. (2) to translate measured cone angles to expected value estimates of |Q/B|

for all nuclei incident upon the stack.

4.2. Calibration of the Polycarbonate Sheets

Price calibrated the Lexan detectors by using the copious stopping iron tracks as the
necessary fiducial set of calibration tracks, together with a consistency check based upon the
relatively well-established platinum peak in the cosmic ray abundances. We summarize the

result by restating his formula in our notation:

5.07

w/hr. : A (Eq.5)

= ——g-—
y 0.900[ 50,155

A few comments are in order with respect to this calibration. The exponent of 5.07 is
abov‘e the rénge usually quoted from other Lexan etch rate experiments.® Price and Shirk attri-
bute the difference in part to the absence of the ultraviolet absorbing dye in the Lexan.b As
Price noted, this unexpected occurrence represents an advance for the discrimination of heavy
nuclei with etch rate detctors.® We recall here that the initial publication in Ref. 1 assumed that
the calibration parameters v, and p were "2=107%" and "==3.5" ,respectively, just as they were for

the etch rate data from balloon flight No. 1.

The experimental procedure for determining the polycarbonate calibration parameters v,
and p is not completely clear-cut. In particular, the experimenters relied somewhat on certain
theories of cosmic-ray abundances. These theories are, in large part, confirmed by the etch réte
measuremehts. The calibration procedure is discussed in some detail in Ref. 6. This potential
circularity in the process of assigning the polycarbonate calibration parameters is somewhat hard
to assess without accompanyingv data for ordinary nuclei seen simultaneously in another
independent detector, such as nuclear emulsions. Since the emulsion data of Osborne have not
been published, we cannot independently verify the Lexan calibration procedure of Price and

Shirk. Thus, we must accept as a hypothesis the calibration parameters as reported in Ref. 6.

™
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It is wbrthwhile to point out that the values of ¥, and p which we will use here are
different from the values used by the critics?® of Price er al. The initial report of Price er al.
was issued without any calibration of the Lexan response whatsoever; somewhat later a prelim-
inary report of the calibration was infbrmally issued by Price and, in Ref. 6, the final calibration
parameters Were released. These three reports were mutually inconsistent beyond the- stated
probable errors. Each of the critical analyses were based upon various interpretations of the
earlier, incorrect, versions of the calibrations. As we shall observe later, these differences of
calibration assumptions .do not produ-ce much difference in the final conclusions regarding

interpretations of the Price particle.

4.3. Examination of the Etch Rate Data from the Price Particle

We have considered the problem of treating etch rate data in general terms (see Etch Rate
Detectors: Theory and Interpretation) and, in the present chapter, we have identified those
polycarbonate sheets from the experiment of Price er al. that will provide high qualiiy data.
We are now in the position to deal with the actual etch rate data from the Price particle. Figure
(3) represents the experimental data reported by Price after we have omitted the questionable
polycarbonate sheets and removed the "error bars" (which can only be justified via the statistical

arguments of the F-test as applie_d by Price and Shirk to-their data).

Let us develop some intuitive , qualitative, ﬁnderstanding of the trends in these data.
First, notice that the zero of the scale on the etch rates has been displaced and that the data lie
roughly within a band about a line of constant measured et.ch rate near 2.9u m/ hr. The disper-
sion about this hy_pothetical' line of constant etch rate versus penetration depth into the Lexan
stack is about 5% of the mean value of the etch rate. Thus the principal behavior of the data
can be identified as : etch rate roughly unchanging with position. Especially with the shifted
zero on Fig (3), it is clear that there may be some structure in the dependence of measured
etch rate versus position. In particular, there is a possible downward jog in the etch rate at
about ‘lr.lg/ cm? after which the etch rates might be thought to rise steadily. The overall mag-
nitude of this possible discontinuity is comparable to the random scatter of the measurements
about the mean, however, so that it is impossible to assign much significance to its interpreta-
tion. Such apparent structure \in the behavior of measured etch rate versus position is fre-

quently seen in etch rate data.>16

It is unjustified to read much significance into the local, point-to-point, variations of any

set of experimental data from etch rate measurements. Although we believe that the etch rates

‘reflect the parameter |Q/B] as the particles traverse the stack, there are reasons why the form

of the debendence of etch rate upon position may not accurately reflect changes in the speed of

the incident partig:le:
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a.) The value of the nuclear charge need not remain constant while a particle traverses the

polycarbonate stack. Non-catastrophic nuclear interactions or electron-pickup reactions

frequently decrease the nuclear charges of .incident heavy nuclei by one or two units of
charge. We would expect the etch rate data from the track of a nucleus that undergoes
such reactions within the Lexan material itself to reflect, on average, some small discon-
tinuity which could be very easily masked by the inherent variations between successive

points in the data.

b.) The Lexan itself shows variability within the general statistical dispersion of the meas-
urements from sheet to sheet in its response to ionization. We recall that each polycar-
bonate sheet provides two of the data points represented on Fig. (3). The two cones on
each sheet show correlations in their response. Thi‘s intra-sheet correlation can be readily
seen by examining the etch rate data as represented in Fig. (3) for the tendéncy of suéces-

sive data points to become paired.

4.4. Assigning Normal Nuclei to the Price Particle by "Curve-Fitting” to the Etch Rate Data

As‘previously indicated,'we will include into our curve-fitting exercises a "confidence
level” computation on the basis of the F-test. These computations must of courSe be based on
some "standard hypothesis."” We use the "standard hypothesis” of Price, er al. that the particle
in question held a constant etch rate throughout the polycarbonate stack. This "straight-line"
hypothesis does not correspond to the behévior expected from any known particle; however, it
does match the expected behavior of certain conceivable undiscovered particles. It will become
clear in our later 'discussions that this "straight-line" hypothesis does provide the best fit of any
particle, discovered or otherwise, which we will be considering. Figure (4.) shows the etch rate

data with the "straight-line" hypothesis represented as a solid curve.

Now let us consider how the etch rate data from the Price particle can be matched with
the tracks of normal nuclei. The general behavior of |Q/B] for normal nuciei, slowing without
interacting, can be predicted from the standard stopping power formulae; | Q/B] increases as the
particle slows. For example, when a nucleus slows to the point that |Q/8]=114 (the mean
value of |Q/B| inferred from the etch rate data for the Price particle, |Q/8| should be
markedly increasing with depth into the polycarbonate stack. Of course, in order for a heavier

‘nucleus to have |Q/B8]|=114, it will necessarily be moving faster than a light nucleus.

Trivial calculations using the range-energy relations for nuclei show thaf, for a fixed initial
value of |Q/B| , heavier nuclei have longer residual ranges in Lexan than lighter nuclei. (
Note that this behavior is reversed when the |Q/8]| qualification is replaced by equating the ini-
tial speeds.) Thus, we should expect that heavier nuclei will better fit the etch rate data than

will lighter nuclei. Therefore, we want to compare the data to smooth curves which predict the

.
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+ variation of |Q/B| as a function of depth' into the Lexan stack for heavy nuclei.

As indicated earlier, we believe that the parameter Q does not change appreciably for

nuclei of interest as they slow so that the variations of |Q/B| principally reflect variations in the

- speed, B, of the incident nucleus. Thus, in order to compute the desired smooth curves we”

need to know the quantitative slowing behavior of heavy nuclei in the polycarbonate stack.

There exist sfandard formulae which accurately describe the energy loss rate, Tdixg , for

heavy singly charged particles slowing in media.?? Knowledge of the energy loss rate, or the

stopping power as it is called, and the mass of the incident particle is sufficient to determine the

variations of the speed of a particle as a function of its depth into the polycarbonate stack. The

customary treatment of stopping powers for heavy nuclei principally involves a simple scaling

hypothesis: 2

=22[d—E] S (Eq.6)
1.8

where: [%] = the stopping power of a nucleus with .
a,v -

charge ae, moving at speed v.

The customary treatment of stopping powers is, however, almost certainly in substantial
error when applied as above to heavy nuclei. As discussed in Appendix B, the customary treat-
ment assumes that the ﬁrst Born approximation is accurate forv computing energy transfers to
electrons. . Since the Born approximation is not strictly vélid in this case, we use the
corresponding exact theory for the scatterfﬁg of Dirac electrons from the incident nuclei

instead. The details of our improved stopping-powér calculations are outlined in Appendix B.

In order to calculate the desired smooth curves, |Q/B(x)|, for a particle, given-its speed
and stopping power, we need to know its mass as well. Throughout this section, we employ the

phenomenological relation:
A = 2.00+0.0150"'8, (Eq.7)
where: A= the mass of the incident nucleus in A.M.U.

Inherent in this relation is the assumption that the value of Q is close to the atomic number of
the nucleus in question, e.g. that there are few electrons attached to the nucleus as it traverses

the Lexan stack.
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4.5. Non-Fragmenting Nuclei "Curve-Fit" to Price Particle

Figs. (5)-(9) compare the Lexan data with various other normal nuclei as hypotheses. Let
us briefly consider how well the various normal-nuclei hypotheses agree with the etch rate data.
The heaviest element widely believed to be present in the primary cosmic radiation is curium
(Q = 96). Examining Fig. (5), we can see that the curium hypothesis appears to agree with
the etch rate data; the solid curve does not clash with the data points. In line with our previous
commeﬁts, we must expect that the hypotheses of normal nuclei for elements heavier than
curium, should such particles be present in the cosmic radiation, allow even better fits to the
etch rate data than that illustrated on Fig. (5). Figs. (6)-(9) show the hypotheses of various
nuclei, all lighter than curium. We can see that for lead (Q = 82) and lighter nuclei, the fit to
the Lexan data is quite unconvincing. There might be some debate about the quality of fit to
th.evdata by a uranium (Q = 92) nucleus. The F-test confidence level indicates that the fit is
not excellent while the solid curve does not appear to clash too badly with the data points to
make this to be an unacceptable explanation. Following our policy of treating experimental
claims conservatively, we cannot rule out the possibility of a non-fragmenting nucleus with Q

above 85.

4.6. Fragmenting Nuclei "Curve-Fitted" to the Price Particle

Of course, as mentioned earlier, nuclei can undergo interactions while traversing the
Lexan stack. With the inclusion of nuclear fragmentation, we will also need to augment the
confidence level estimates. We can still calculate the F-test confidence level to compare the
quality of -fit of any saw-tooth curve relative to our "standard hypothesis”, however, this
confidence level must be multiplicitively diminished by the probability for the fragmentation
reactions. This procedure for calculating confidence levels is widely used by Lexan -experi-

-menters, and was used by Price in Ref. 6.

To estimate the fragnientation probabilities for normal nuclei, we will use the geometri-
cally computed cross sections as cstimated by Fleischer and Walker.® Caution is in order
because the cross sections needed for the present work fall within a region of parémetefs Q and
B , which must be extrapolated from actual experimental data.’ Since the actual cross sections_
show smooth dependence upon the parameters, such an extrapooation procedure is not fragght
with more than the usual difficulties. The probability for interaction of the appropriate nuclei
can be variously estimated in the range between 0.10 and 0.03 , depending upon the extrapola-
tion procedure used.’® All estimates of the interaction probabilities yield values which are less
than 0.10, so that we will be following conservative procedu’re by adopting this as the probabil-

ity for any interaction in computing our confidence levels.

I
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With the inclusion of enough nuclear interactions, we can now, in principle, describe the
etch rate data in terms of almost any incident nucleus; if the nucleus is so light as to fit the data
poorly on its own right, we would allow it t§ fragment succesively through the polycarbonate
stack. The fragmentations will always allow a betfér match to the etch rate data in terms of a
new saw tooth curve lying more closely within the dispersion of the data points than without
the fragmentation. The confidence level does not always increase, however, because the

confidence level must always be multiplied by the probability for the fragmentations.

Figures (10) and (11) illustrate the fits to the etch rate data of various singly fragmenting
nuclei. We can now see that, whatever the objections to the previous non-fragmenting uranium
nucleus, the uranium hypothesis is excéllently matched to the Lexan data when one fragmenta-
tion is allowed. The singly fragmenting normal-nucleus hypothesis also makes a normal lead

nucleus a possibility.

We can proceed toward lighter nuclei, allowing more and more nuclear fragmentations to
broaden even further the range of normal nuclei that provide acceptable fits to the etch rate
data. Figures (12)-(15) illustrate various éttempts to fit multiply fragrher'lting nuclei to the etch
rate data. Hypotheses describing nuclei with more than five fragmentatioﬁs are poorly matc\hed
to the data and need not to be explicitly treated in this manner. Each of theée figures
represents a critical value of Q. For instance, Fig. 13 shows a 0=74 nucleus, triply fragment-
ing. We assert that this is the critical value of Q for triply fragmenting nuclei. All nuclei with’

Q below 74 must have more than three fragmentation interactions to fit the data acceptably.

4.7. "Curve-Fitting" to the Price Particle: Summary and Comparison to Earlier Work

The above essertially duplicates the alternative treatments of the etch rate data by the cri-

tics of the original interpretation of Price et al. Our results so far can be summarized as fol-

“lows: Many normal nuclei can be considered to fit the etch Eate data of Price and Shirk, espe-
cially when nuclear fragmentation is considered. Thus, our conclusions in this respect are in

virtually complete agreement with the conclusions of each of the critics. One difference

between our conclusions and those of the critics is that we have allowed no more  data points

than any of the critics so that the set of normal nuclei that we cannot eliminate is larger than

the corresponding range for each of the critics.

Itj is interesting to note that the conclusions reached by each of the critics are borne out
by our present analysis irrespective of the diﬂ'erence's' in the assumed calibration parametérs:
Each of the critics used values of the power, p, from Eq. (2) which were considerably smaller
than ;he value used hére, 5.07 . There are two offsetting effects when the value of p is taken
too small. First, the apparent mean value of |Q/8| becomes larger (137 for Ref. (2) and =121
for Refs. 3-5). The practical effect of assuming a value of |Q/B8| which is, all other effects
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aside, too high is to make the etch rate data harder to fit with any normal-nucleus hypothesis.
‘The offsetting effect is that, when too small a value of pis assumed, the fractional dispersion of
the several etch rate estimates of |Q/B8| becomes large(. In terms of the equivalent |Q/B|
values on Figure (3), the mean etch rate is eﬂ"éctively increased, but the spread vof the data
points away from the mean becomes more significant. The net effect is that the set of permissi-

ble nuclei is virtually independent of the details of the polycarbonate calibration. This observa-

tion is important because it suggests that our previous conclusions regarding the interpretation

of the etch rate data are insensitive to the specific details of the calibration.

4.8. Criticism of "Curve-fitting" Etch Rate Data Points

In the preceding sections, we have assigned certain normal-nucleus hypotheses to the etch
rate data from the Price particle. In many cases, the confidence’levels for these hypotheses are
apparently quite small. It would be conceivable to define the set of normal nuclei that are com-
patible with the etch rate data to be those whose conﬁdénce levels are computed to be greater
than some set value, say greater than 107°, and to disregard all other normal nuclei as
hypothesés. If this approach is to be useful we must believe that the numerical values of the
conﬁdence levels have the desired s'igniﬁcance.' For our confidence level calculations to be
épplicable, we need to know that the data points represent independent_, normally distributed
values and we need to have accurate estimates of the ‘probability for ﬁuclear interactions to
occur. As previously remarked, it is evident from the data points themselves that the etch rate
measurements may have some correlation with nearby measurements; this casts doubt on any

confidence level calculation based upon "curve fitting" to the etch rate data.

There is some reason even to doubt our estimates for the probability of fragmentations to
occur. The gstimates that we have used aré based on extrapolations from observations of
interactions of primary incident nuclei.’> When we estimate the probability for several such
interactions to occur, we are in effect assuming that the nucleus which emerges from a previous
interaction has the same interaction length as the same spécies would have were it of primary
origin, i.e. that secondary nuclei have the same interaction cross sections as do primary nuclei.
This hidden assumption of ours has been challenged by several observers outside the context of
the Price particle. These workers make a case that secondary nuclei have considerably shorter
interaction lengths than do primary nuclei. This possibility is somewhat non-intuitive and ‘we
find the experimental techniques of these workers to be equivocal; there has been at least one
publication which has questioned their experimental techniques and has arrived at conflicting
conclusions.?® We cannot, hbwever, clearly settle this controversy here, so that there may be
reason for some observers to question our estimates for the probabilities of nuclear interactions

to occur.

Ly
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As mentioned earlier, it is possible for nuclei incident upon the polycarbonate stack to
pick up electrons as they slow. The practical effect of such electron pickup is similar to nuclear
collisions; the net charge on the ion is reduced and its speed is essentially unchanged. Unlike
the case in nuclear fragmentation, the cross sections for electron pick-up are not even known to
within an order of magnitude in the realm' applicable to the Price particle. Data do not exist for
electron pick-up by nuclei with Z >26 moving wiih relativistic épeeds, and the reliability of an

extrapolation from existing measureménts is clouded by the rapid variation of the cross sections

‘'with the charge and speed of the incident ion._ Our knowledge of this process is so incomplete

that we are reluctant to begin creating the curves which would be appropriate to repeat our pre-

vious curve-fitting procedure, allowing for electron pick-up.

~ For the reasons stated above, we believe that curve fitting to etch rate data points can pro-
vide conclusions of only moderate certainty. We are led to formu}ate for the etch rate data
points for the Price particle a novel interpretation which depends solely upon the measured
thickness of the polycarbonate stack and the inferred mean value of the parameter |Q/8|. This
technique will allow us to arrive' at conclusions which are completely independent Qf the varia-
tion of thel measured etch rates with depth into the stack; completely independent of the proba-
bilities for nuclear interactions or electron pick-up to occur, and completely independent of sta-

tistical arguments.

5. Treating Etch Rate Data in a Non-Statistical Way

We will now develop a new method for treating the etch rate data for the Pri;e particle.
This method is based on our relatively well-founded estimates for the total rates of energy loss
by the incident particle. The only aspect of the data needed for this method to be applied is\ the
mean value of the measured etch rate together with the thickness of the experimental stack. In

particular, there is no need to deal with statistical arguments regarding the response of the vari-

- ous polycarbonate sheets to the incident particle. This method allows conclusions 1o be drawn

completely independently of the possible sequences of nuclear fragmentation collisions and the

possible sequences of electron attachment to the incident nucleus. This method allows us to

state with high confidence that the particle in question could not have been any normal nucleus )

whose initial speed was less than 0.55c¢.

In any slowing medium,'the energy loss rate for a nucleus as it decelerates is nearly pro-
portional to |Q/B|% In particular, the energy loss rate increases faster than linearly with [Q/8].

It is easily verified by a simple variational calculation that among all functional forms for

~|Q/BI(x) subject to the restriction that <|Q/B|(x)>=114, the straight line at |Q/8|(x)=114,

independent of x, leads to the smallest total energy loss by the incident particle. That the

straight line functional form for |Q/B|(x) happens to fit the etch rate data well is a coincidence

Yot
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and is in no way related to the above conclusion.

This simple observation allows us to place a rigorous bound upon the initial speed of the
nuclei which could ever be conceived compatible with the etch rate data for the Price particle.

It is conceptually simplest to work from the bottom of the polycarbonate stack upwards. At the

bottom of the stack the particle in question certainly had some kinetic energy; it penetrated the -

disallowed sheet, sheet 35. We certainly know that the particle had kinetic energy at the bot-
tom of sheet 34; we thus may place a lower bound on the kinetic energy of the particle at each

position within the polycarbonate stack by appealing to our above observation:
KE(x) 2 KEpn(x), | (Eq.8)
where: x= the distance "above". sheet number 35, |
KE (x)= the kinetic energy of the particle in question,
KE in(x)= a function which satisfies the following

differential equation:

dKEmin [dE
—— = s KE in(0)=0,
dx dx Qx),B(x) o

where: B(x) = the speed of the nucleus
when it has kinetic energy KE,,

and| Q8| (x)=114 exactly.

Any particle which starts at position x above the bottom of Lexan sheet 34 with energy less
than KEi,(x) will necessarily come to rest before reaching the bottom of the stack regardless

of its fragmentation behavior, provided.that it meets the restriction that < IQ/B‘I (x)> = 114.

5.1. Treating the Etch Rate Data from the Price Particle in a Non-Statistical Way

It is interesting to note the implied behavior of a nucleus which obeys the optimal solu-
tion KE(x) = KEn(x). This nucleus would penetrate thickness x of the stack, come to rest
at the bottom of the stack having lost only KE,,(x) of energy while maintaining
<|QB|(x)>=114 this nucleus would also have |Q/B(x)|=114 precisely for all x. Since the
particle would come to rest at x=0, Q(x) would necessarily also vanish as x approached zero to
maintain the ratio |Q/B8(x)|=114. Therefore, in conclusion, we see that for a nucléus to exhi-
bit ihe optimal energy loss behavior, that nucleus must successively lose eVery one of its

-charges via interactions.

>
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Of course, we do not seriously mean to propose that it is reasonable to describe the Price
particle as; for instance a Z=70 nucleus which underwent 70 separate nuclear interactions, los-
ing one unit of charge in each collision; that is, in our opinion, quite an absurd possibility. Our.
" intention, however, is to ﬁse the variational calculation and its 6ptimal solution to place a
bound upon the speed of the particle in question when it was at the top of the polycarbonate
stack. - We will specify this bound by computing the initial speed of the unrealistic optimal solu-
tion which we have described above. All other nuclei, regardless of their fragmentation
behavior will’ necessarily -have greater initial speeds (provided that these nuclei penetrate the
stack and maintain <|Q/8](x)>=114 Given that we have used an accurate energy loss formula
and that we correctly know the thickness of the material traversed, our resulting lower bound

upon the initial speed of the incident particle will be correct.

One certainly may wonder whether we ére being too wasteful by computing our bound
upon the speed with such an unrealistic optimal behavior; one cannot doubt that the lower .
bound upon the initial‘lspeed is a correct lower bound. There are, for instance, many ways that
physical nuclei differ from the optimal behavior: The optimal solution represents a particle
which decreases continuously in charge as it penetrates the stack while, in fact, the physical
charge is in units of e. The optimal solution exhibits precisely the straight-line dependence of
|0/B(x)| while the actual measurements show some scatter away from the Straight-line
behavior. The optimal solution loses every one of its charges via interactions while it is
unlikely that a physical nucleus undergoes very many interactions. The optimél solution comes
to rest above polycarbonate sheet 35 while a physical nucleus would probably emerge with con-
siderable residual kinetic energy. Each of these inaccuracies of the optimal solution implies that
we could be too conservative by accepting only our proposed lower bound upon the incident
speed computed from the optimal solution. We shall see in a later section that our apparent
conServatism in this matter has not greatly modified the quantitative conclusions based upon

the etch rate data.

To compute our rigorous lower bound on the initial speed of the Price particle as a normal
‘hucleus', let us deﬁne.the eﬁ”eétive thickness of the experimental stack over which the particle
has been measured to have <|Q/B|> =114 . We certainly must include those sheets of Lexan
that were allowed into our restricted data set in the previous sections. In addition to the sheets
from which dependable data may be obtained, we add sheet 12. 'No data were taken from sheet
12. Sheet 12 is represented in Fig. {(3) as a gap among the data points at about 0.65g/cm? depth
into the polycarbonate stack. We believe that the measured etch rates for the 12 data points
above sheet 12 and thé 44 data points below’ s_heet 12 show that the particle had a smooth
behavior of etch rate above as well as below sheet number 12. These two smooth sections

appear to match up quite well across the gap so that we think it appropriate to assume that the
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particle had smooth behavior in the missing sheet, 12. Therefore, we consider it approbriate to
include the interpolation through the 4% of that total depth which lies within sheet 12. Of
course, the length of path must be calculated to take into account the 11° angle of inclination of

the track from the vertical.

We will want to anticipate the possible outcomes of the unpublished |Z/B| measurements
in the nuclear emulsions of Osborne: It is well known that accurate measurements of the phy-
sical parameter |Z/g8| for incident nuclei can be obtained from properly calibrated nuclear emul-
sions.?! If the assessment of |Z/B|=114 is substantiated in the thick nuclear emulsions, the
thickness over which the ionization rate remained constant will.be expanded from 0.897g/cm?
to 1.104g/ cm?. If the thin nuclear emulsions were to be added, the thickr;ess would be further

increased to about 1.25g/cm?.

Calculated values of B, are summarized in Table (2). For < |Q/B|>=114, we calculate
Bmin=0.561. These rigorous bouﬁds on the class of normal nuclei are seemingly close to our
earlier class of normal nuclei which could easily enough be imagined to fit the etch rate data.
For instance, we calculate, for penetrating the 0.897g/cm? of the polycarbb‘nale stack, that the
optimal solution with <|Q/§| >=114 has initial speed équal to f=0.561. This optimal solution
describes the behavior of a Z=64 nucleus which enters the top of the stack with 8=0.561 and
which, as it slows to a stop progressively loses each one of its charges via nuclear interactions.
For Figure (15); we calculated by means of c'urve‘-ﬁtting to the same etch rate data that a Z=68
nucleus with initial speed 8=0.62 could penetrate the same thickness of the polycarbonate stack

needing to lose only 10 of its charges via nuclear interactions. Thus, there is a drastic increase
in the necessary number of charges to be lost when the initial speed is changed from 8=0.62 to
B=0.561. '

This increase occurs because of the progressive steepening of the function |Q/Bl(x) as B
assumes smailer values. Examining Fig.(15), we consider the behavior of each of the smooth
segments of the sawtooth curve as they cross the value |Q/8|=114. On Fig.(15) there are six
such segments, each successive segment corresponds to a nucleus of lower charge than its
predecessor. Thus, at the point where each curve crosses the value |Q/B|=ll4, each succes-
sive nucleus is slower than was its predecessor. We can see on Fig.(15) that the slopes of the
smooth curves are becoming successively steeper. If we were to imagine a Z=64 nucteus
incident with B=0.561, the successive smooth segments would become so stecp that the
nucleus would necessarily dissipate all of its charges before penetrating to the bottom of the
polycarbonate‘ stack.

We have mentioned that nuclei may have other than nuclear interactions while penetrat-

ing the polycarbonate stack. Incident nuclei may pick up electrons as they slow in the polycar-

bonate medium. It has been suggested in an unpublished pre-print that electron pick-up may
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be responsible for the apparent penetrating behavior of the Price particle.?® As we have men-
tioned before, it is very difficult to estimate the probabilities for any sequence of electron pick-

up. Fortunately, our present non-statistical way of treating the etch rate data makes no refer-

.. ence to the probabilities for nuclear interactions so that we may equaily well apply our present

formalism to the case of electron attachment. The only practical difference between the two
cases is that.we must assume different formulae for the stopping power of the incident ions

together with a different assumed rate of mass loss: As an ion attaches charges, its mass does

" not change appreciably while its net charge is decreased. As a nucleus loses charges via nuclear

interactions, its mass is diminished by approximately the same fraction as its charge is dimin-

ished.*” We explicitly outline our energy loss rate calculations in Appendix B.

Tabie (3) shows the results of our calculations allowing for electron .pick-up. The results
are presented analogously to those of Table (2). We can see that in the limit of the optimal
solutions, nuclear f;agmentations -allow a slightly slower initial speed than. does electron pick-up.
Thus, we conclude that the optimal solution for nuclei incident upon the polycarbonate stack is
for nuclei with initial speed 8=0.561. We can have the highest confidence in the conclusion
that, if ‘the Price particle is a normal nucleus, it necessarily must have had initial speed in

excess of 8=0.561, or, for a round number, 8=0.55. This final estimate for 8 should afso allow

for the possibility of both nuclear fragmentation and electron pick-up occurring along the

particle’s path.

6. Can the Etch Rate Data Allow the Price Particle to be a Dirac Monopole?

In this work, we have considered only part of ’the data bearing upon the Price particle, we

have not considered the nuclear emulsion data. On the basis of the data we have considered,

. we cannot rule out any"of a rather broad class of normal nuclei as hypotheses to explain the

event. It may, therefore, be premature even to discuss how well the data fit exotic hypothetical
explanations. The possibility that this particle might actually be a Dirac monopole is, of course,
the cause of its notoriety. Therefore, we feel that it is proper to show why the Price particle

probably cannot be a magnetic monopole.

Since the polycarbonate detector is assumed to record the distant encounters for incident
nuclei with resting electrons, we at first should expect that a Dirac moriopole of strength e/«
would leave etch cones corresponding to those from a nucleus which had |Q/8|=137. The
basis for this statement lies in the (relativistically correct, non-quantum mechanical) standard
expression for the differential scattering cross section for scattering of spinless "electrons” from
a static magnetic monopole potential center.?” For the smallest center:of-fnass scattering angles,
the monopole ‘scattering cross section becomes equal to the Rutherford scattering cross section

for electrons scattering from a nucleus with the parameter |Q/8|=1/a. Since this result obtains
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regardless. of the speed of the hypothetical monopole, we should naively expect to see in etch
‘ rate data a characteristic signature for monopoles.?® The etch rate measurements would yield
estimates corresponding to. a nucleus which held its value of [Q/Bl=137 constahtly throughout
the depth of the stack regardiess of the assumed initial speed or the slowing behavior of the

monopole.

It, thus, might at first appear that a Dirac monopole could never be consistent with the
‘measured value |Q/8|=114. It was, however, quickly pointed out by S.P. Ahlen that one must
expect that, as a Dirac monopole comes to rest, its apparent value of |Q/B| drops continuously
frdm the expected value of 137 to zero. Ahlen qualitatively calculated the behavior of the poly-
carbonate etch rate with respect to speed' of Dirac monopoles. His calculation was based on the
treatment of stopping powers by Fermi.’® Table (4) summarizes the results of Ahlen’s calcula-
ti{on. Taking his results at face value indicates that the Price particle must have a speed 8=0.28

to be interpreted as a Dirac monopole.

‘The calculation of Ahlen uses the following assumptions: First, that the Fermi theory of
energy loés rates accurately estimates the amount of energy loss into a tiny cylinder in the poly-
carbonate detectors. These energy losses can then be cbmputed in closed form for all nuclei
moving at all speeds and for Dirac monopoles moving at all speeds. Second, that the measured
etch rate in the polycarbonate is determined solely by the energy'loss into a cylinder whose
radius.is of a certain size. This second assumption allows one to identify fz_amilies of nuclei and
monopoles which should produce the same mean values of measured etch rates. In particular,
at each speed of a monopole of charge e/a it should produce the same etch rate as one family
of nuclei. Third, the specific numerical estimates from ihe etch rate data (for instance, the
number |Q/8]=1 14) are assumed to have a particular physical significance. More specifically, it
is assumed that all particles that have etch rate measurements of |Q/B| of any fixed value lie
within the family of nuclei and monopoles which includes an ultra-relativistic nucleus with
atomic number |Z|=|Q| exactly. In particular, this latest assumption allows one to make
quantitative predictions for the speed of an incident monopole which would be needed to pro-

duce etch rate measurements indicating |Q/8|=114.

Granted the three underlying assumptions stated above, the model of Ahlen allows, in the
language of this present work, quantitative estimates of the behavior of the function Q(Z, 8).
We have not included any such explicit model into our earlier efforts to define the set of nor-
mal nuclei which could exblain the Price particle; our results regarding these normal nuclei are
more general than could be obtained from the model of Ahlen because we did not make
specific assumptions regarding the ﬁature of track formation in polycarbonate detectors. Ahlen »
estimates the value of 8 for monopoles to produce the measured etch rate of the Price particle.

His best estimate is 8=0.28, while the monopole interpretation of the experimental data of
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Price er al. requires a monopole with speed near B=0.55!% (This restriction on the speed of
monopole arises from certain interpretations of the nuclear emulsion data which we shall not be

considering here.)

This apparent quantitative disagreement between the model predictions of Ahlen and the
expenmental claxms of Price er al. is ascribed by Ahlen? and, later, by Pnce6 to failings of
Ahlen s model due to the -uncertamty of its assumptions and calculations together w1th experi-
mental uncertainties from the etch rate data. It is not surprising that models predicting such
complex phenomena as chemical etch rates in polymeric media should have large inherent
uncertainties. We think it appropriate to attempt to corroborate the calculations of Ahlen and,
if possible, to try to clarify the origins of the apparent disagreerhem between the mode! of

Ahlen and the experimental interpretation of Price et al.

We will calculate similarly to Ahlen, making certain discretionary changes in his model
assumptions. Qur assumptions can be outlined -in para-llel with our previous outliﬁe of Ahlen’s
assumptions. We assume: First, that the Bohr theory of energy loss may be used to calculate
the energy lost.into a tiny cylinder by incident nuclei and monopoles.*® Thus, we do not use the
Fermi treatment as does Ahlen; this difference is insignificant because the two theories agree
quantitatively in the regions we shall be considering.”® Second, we assume that the measured
etch rates can be predicted Aby calculating the energy loss into the identical size of cylinder as
does Ahlen. Thus, there is no difference whatever between the two models in this respect.
Third, we assume that the specific numerical estimates from the etch rate data (for instance,
the number |Q/B8|=114) have a pai‘ticular physical significance. More specifically, wé assume
that all particles having |Q/B8| measurements of any fixed value, say 114, lie within the family

of nuclei and monopoles which contains an iron nucleus with (Z=26)/8=|0/B| exactly.

Our third assumption thus differs somewhat from Ahlen’s third assumption; he chose to

consider ultra-relativistic nuclei as the calibration standard while we choose iron nuclei. We

“"choose iron for this purpose because Price reports that he has used iron in his calibration.® We

note here that there exists no calibrated source of ultra-relativistic nuclei heavy enough to
register etch cones in Lexan so that it seems to us unlikely that a convincing case could be

made that Price er a/ have ever calibrated their detectors with respect to ultra-relativistic nuclei.

Let us now start our quantitative calculations. First we calculate the energy loss into an
arbitrary‘tiny cylinder of\ the polycqrbonaté following the textbook. treatment of Bohr’s formal-
ism by J.D. Jackson (complete details may be obtained from that reference.)*® The electrons of
the slbwing medium are approximated as being harmonically bound at frequency determined by
the Planck relation, wg=1. ﬁere_l is the characteristic binding energy of electrons in the poly-

carbonate, /=69.5¢V The energy transfer to such a harmonically bound charge is precisely:



AE = -’1|F(w0)|2, o (Eq.9)

where: F(w)= T;——;f F(r)e 'v'qr,

F= the perturbing force on the electron.
The electromagnetic fields surrounding an electric charge moving along the Z axis are

—ZeyBt o '
£ = (b2 2822) 2" ' (Eq.10)

/

_ ZeyBb y
x (b2+y2B22)32" :

B, = BE,.
all other components of E and B vanish.
where. b= the impact parameter of the incident

nucleus with respect to the electron.

while those from a moving magnetic charge are:

_ —YeyBt - '
B. = (b, 282D ' (Eq.11)

B - Yeyb
x = (bz,h,zﬁz,z)z/z '

E =-BB,, ,
all other components of Eand B vanish,

where: Ye= the magnitude of the magnetic charge in esu.

Performing the Fourier transforms yields:

- _ —iZe\/T wb wb
E:(w)_— ——B‘yb p —')'B Ky —YB , (Eq.12)
= Ze\/-z—wb' wb
E. = ——K,|—1,
@ =36V 7y85|38

for incident nuclei, and, for incident monopoles: '
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(Eq.13)




-29 -

Thus we can compute the restricted energy loss for incident electric and magnetic chérges as
J .

being:
dE am [ za @] 71 o @ot wob |
dE = N AT | Za || ©0 {_Kz_"— K= l}bdb 14
ldx]>bmin ° m B ‘)’ﬁ [’J.min yz ’ YB ’ l 'YB (Eq )
ar 2o |’ .
No—’il-—ﬁl {gxl(f)m,(s) - wae| K7 (6)-K3 (f)]],
ml| B . . _ :
where: £ ©obmin
re. B m——,
¥B
and,

dE| - _ N AT 2 Yo 220_1’ g
[debm Nom(Ya)[yﬁl 1 kil a, (Eq.15)
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respectively. These formulae represent the rates of energy loss only to those electrons of the

slowing medium which originally lay outside distance b, of the path of the incident paniéle.
An assumption common to the two treatments of this problem is that (—Zf—) b corresponds to
the energy deposited within a tiny cylinder. |

At each_ given speed We can now compute the apparent energy loss rate of a Dirac mono-

pole in pblycarbonate,(1569.5eV) in terms of the value of (—%L‘,,mm for the monopole and

compare this to the corresponding value of (%f—} >bo for an iron nucleus. More specifically, at -

each given speed of monopole we find the particular value of |Q/B8| for an iron nucleus which

will have the identical restricted energy loss rate as does the monopole. As stated earlier, we

~ take the identical value for the parameter b, as in Ref. 29, b.;,=0.117 Angstrom We thus

can produce an alternative version of Table (4) based on our present treatment, Table (5). We
can see that, according to our calculations, a Dirac monopole must be very slow indeed to pro-
duce the measured Lexan- signature of |Q/B8]=114 ; if our results are taken at face value, we
must have 8=0.14. '

The magnitude 'o‘f the difference between Ahlen’s and our estimates of the speed needed

for a Dirac monopole is due to the difference in our assumed set of calibration nuclei. We

_believe that our assumption that the polycarbonate data were calibrated with respect to non-

relativistic iron nuclei is a more accurate description of the experimental procedures of Price er
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al. than is Ahlen’s assumption of calibration with résect to ultra-relativistic nuclei. We, there-
fore, believe that our estimate of 8=0.14 for a monopole to fit the Price particle is more accu-
rate than Ahlen’s estimate of 8=0.28 . In any event, we must notice that both estimates of 3,
0.28 and 0.14 are far below the value of 8=0.5 needed for the monopole interpretation of Price
et al. We conclude that it is quite unlikely that the Price particle can be interpreted as a Dirac
monopole because its measured. etch rate differs so greatly from the values expected from

monopoles with speed 8==0.5.

7. Etch Rate Data: Summary and Conclusion

We have proposed a large number of normal-nucleus hypotheses which can be considered
compatible 'with the etch rate data for the Price particle.. These hypotheses are §ummarized in
terms of the permissible set of initial charges and speeds of incident nuclei which might ever
give rise to etch rate data similar to those measured. The set of acceptable normal nuclei con-
tains all nuclei with Z2>63, each having Z/g8 close to the value 114 . No normal nucleus with
initial speed less than 8=0.55 can ever be considered compatible with the etch rate data; this

holds true regardless of any assumed sequence of nuclear fragmentation reactions and any

. assumed sequence of electron pick-up reactions.

We have briefly considered the possibility that the Price particle might have been a Dirac
monopole. By pursuing an alternative calculation we have considered Ahlen’s estimate that a

monopole with speed 8=0.28 could producé the etch rate data of Price er al. We estimate that

" the needed speed is 8=0.14. The differences between our calculation and Ahlen’s principally

“reflect differing assumptions about the set of calibration nuclei; we have taken iron nuclei as

the calibration set while Ahlen has taken ultra-relativistic nuclei. We believe that our choice of
iron as the calibration standard reflects the experimental procedures of Price e al. Indepen-
dently of the proper choice of calibration standard, we observe that our model and Ahlen’s
model both estimate that a monopole should be slower than the speed B=0.5 needed for
interpretatidn of the Price particle as a monopole. We conclude that it is quite unlikely that the
Price particle could be a Dirac monopole quite independently of the large apparent discrepancy
of that interpretation with previous experimental searches. ‘

Let us briefly compare our conclusions from the etch rate data to those of other authors. !
¢ Table (6) summarizes our interpretation of the results of the various authors when their ana-
lyses of the etch rate data alone are used. We find no conflict whatsoever between our results
and the conclusions from Refs. 2-5; therefore, we find complete agreement with each of the
critics of the original paper of Price er al. of course, we do find unavoidable disagreement with
the conclusions of Ref. 1. In addition, we find considerably stronger conclusions in Price’s

reply to the critics (Ref. 6) than we can support by our present analysis. We attribute these
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differences to-the higher level of certainty allowed by our analysis: the analysis of Ref. 6 is

based upon "curve-fitting”" with the use of confidence levels from the F-test.

In Ref. 5, Fleischer and Walker make statements which'might be taken to imply that nor-
mal nuclei with initial speeds below B=0.60 are too improbable to fit the etch rate data.
Fleischer and Walker use "cur,ve-ﬁtﬁng" to draw this conclusion..'By comparison, we have
proved that initial speeds below 8=0.55 are ruled out without regard to probabilities. These
two conclusions are in agreement of course; we havé simply taken a more conservqtive stance
with respect to the desired level of certainty. We do not disagree @vi'th the possibility that
8<0.6 are completely unre&listic hypotheses for normal nuclei; it is, however, possible for us

to prove ‘only our stated limits.

L .
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8. Photographic Cerenkov Detectors

8.1. Introduction

Photographic Cerenkov detectors were in the detector packages of the balloon flights we
have been discussing. ’Altho‘ugh this «detector was still in the development stage at the time of
the flights, the investigators hoped it would provigie data that would allow accurate estimation of
the speed of the incident particles. As we have shown, knowing the speed of the -particles
makes the interpretation of the polycarbonate tracks a relatively straightforward matter. In their
identification of a magnetic monopole, Price et al. claimed that the absence of a Cerenkov
image in the photographic Cerenkov detector indicated that the particle in question had a velo-
city less than 0.68 c. This velocity and the etch rate of the polycarbonate detector were impor-
tant pieces 6f the evidence that led to the monopole claim. However, after a thorough evalua-
tion of the Cerenkov detector we find that the technique has fundamental weaknesses and we
believe it is doubtful that the photographic Cerenkov detector could ‘ever have performed as

intended.

Today, the photographic Cerenkov detector technique is still an unproved experimental
tool. Complete 'speciﬁcations of the device and details of its interpretation are not published.
Therefore, we must base our discussion of the limitations of this device principally on the
manufacturer’s specifications for the photographic recording emulsion. The reader is referred
to Ref. 31 for a more complete and general description of the physivcal basis of photography.
Our conclusions can be sumrﬁarized: 1.) The photon signal available to produce images that are
unambiguous is weak by a factor of 100 below the manufacturer’s nominal sensitivity. 2.) The |
characteristic features, which need to be resolved in order unambiguously to identify the images
as being originated by Cerenkov radiation, are so small that they would become obscured by

’ AVigOI'OUS chemical development. 3.) The photon signal from Cerenkov radiation in this device
is so short that it might leave no permanent photographic image regardless of its intensity. 4.)
There is far more energy deposited in all regions of the recording emulsion by the ionization
accompanying the passage of any nucleus than by Cerenkov photons. 5.) It is possible that all
of the images previously studied with this kind of detector could be due at least in part to
sources other than Cerenkov radiation. In conclusion, it does not appear that this detector

yields data good enough to warrant serious consideration.
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8.2. Theory of Operation

The concept behivnd the Cerenkov detector is elegantly simple.3? Figure 16 represents the
- photographic Cerenkov detector schematically. A fast nucleus impinging from above will cause
Cerenkov radiation‘to be emitted as it traverses the transparent dielectric rédiator material.
These Cerenkov photons would be recorded by an ideal photographic emulsion as a conic sec-
tion with the nuclear path as a focus. The size and shape of this ideal photographic image is
determined solely by the speed and dir,ectibn of the incident nucleus, independently of its
charge. Thus, the photgréphic Cerenkov detector should ideally provide an excellent compan-
ion to ionization measurements, which record essentially the quantity |Z/8] independently of

speed, 8.

8.2.1. Marginal Sensitivity

Let us consider the response of the Cerenkov detector to a vertically incident, fully .
_stripped, nucleus of speed 8 and charge Ze . The expected Cerenkov photon energy flux imp-
inging upon the recofding emulsion is given by:

df_ _ wZ
dwdA 4mp

sin26 (Eq.16)

~ when: 0{p<Atan9c,
where:. p= the cylindrical radius
Ze=.the charge on thé nuclet_ls,
B= the speed of _thg nucIeys,

a= the fine structure Constant,

6.= the Cerenkov half—opening angle, cosglc=;1§,
n(w)= the refractive index of the radiator medium,

_w= the angular‘ Srequency of the emitted photon,.

"A= the thickness of the ‘radiator.

We will want to find a rigorous upper bound. to the photon energy flux. First, observe
that there are rigorous estimates for the energy flux of expression (16). If we assume that the

recording emulsion is insensitive outside some interval of photon frequency, w)Sw<w,, we
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can compute the precise value of the relevant energy flux

dE 2% f o oo ,
A~ dp wsin(20.(w))dw. (Eq.17)

@)

The function sin(20.) assumes its maximum value at some. particular frequency, w,, in the
interval [w; w,]. We can now compute a rigorous upper limit on the energy flux

% < 74Z-7’2_%sin[209c(mo)][i‘)zi---u;—12 ' (Eq.18)
We will want to estimate the.appropriate values of w; and w, for. the recording emulsion used in
all cases by Pinsky, Eastman Kodak EK2485.16.1433:3% Figure (17) shows the spectral sensitivity
of EK2485 as measured by the manufacturer.35 We take the values of w,=1.6eV and w,=4.25¢V
from Figure(17). Also ffom Fig. (17) we estimate the nominal sensitivity of the recording
emulsion to be 0.04 erg/cm? across the useful range of frequencies. To reduce the question of
the relative sensitivity of the recording emulsion to dimensionless terms, we can divide our
rigorous upper bound to the photon energy flux by the liberal estimate of the nominal sensi-

tivity of the emulsion

1 df -
— S . 4
b, dAd lpxlO

2q¢ )
Zsin[28. (@)l (Eq.19)

where: p is measured in um.

As we shall soon see, there is a relatively prodigious competing source for formation of
images on the recording emulsion, namély the ionization energy which is incidentally deposited
with the passage of the nucleus to be observed., This ionization energy deposition must be
expected to leave an image similar in appéarance to those seen in nuclear emulsions; it should
be relatively dark at the center with darkness tapering off gradually with increasing distance

from the center, becoming indistinguishable from background at some large distance.

In order clearly to distinguish an image on the recording emulsion as being caused by
Cerenkov radiation, it is necessary to observe the characteristic implied sharp demarcation of
the edge of the illuminated region. It is, therefore, at the very least, necessary to observe the
darkening somewhere at the edge of the image. The radial distance to the edge of the Ceren-
kov photo illumination is A‘tanec, so that we compute the relative strength of the energy flux at.
the position of the edge using Eq. (19): '

1 dE _ 2.x107%Z?

2
Dy dd S A cos%9 (wg). (Eq.20)
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The thicknesses for the transparent radiator in the two Cerenkov detectors in balloon
flight 2 have been reported to be 100um and 200#.'”1 , respectively.® We will use the thinner of
the two thicknesses begause this choice is more optimistic with respect to the success of the
detector. Furthermore, for purposes of this discussion, we will usé Z=105 , the highest charge
seen on any nucleus to date, and we will also assume that 6, (w,)=45° both very optimistic

estimates. The final result of these calculations can be summarized as

o LdE oo
| oo s <ol | (Eq.21)

at the edge of the Cerenkov photon image.

In order to support the experimental claim that the detector of Pinsky could not miss
Cerenkov radiation from any nucleus, it must be shown, at the very least, that a photon signal
100 times weaker than the nominal sensitivity of the recording emulsion could not have

escaped detection!

8.2.2. Image Blurring

In addition to detecting the very weak Cerenkov photon signal, the experimenter must be
certain that he has not missed any discontinuity in the image darkness which would indicate the
edge of the VCerenkov photon signal. The edges of the images must be clearly resoived before

they can be attributed to Cerenkov radiation with certainty.

Especially when photographic emulsions are vigorously developed, such features as the
edges of an image become blurred; the more heavily processed a film is, the more blurred its
images become. Figure (18) shows the modulatioh transfer function for EK2485 under two
processing procedures.’* The modulation transfer function can qualitatively be interpreted as
the ratio of the amplitude of the variations in developed darkness to the amplitude of the varia-
tions in exposure intensity from a spatially modulated photon signal. Figure (18) clearly shows
the tendency for increasingly vigorous processing to obscure larger features of the emulsion.
For purposes of orientation, the largest possible Cerenkov image would be 200u m wide, while
the typical Cerenkov image should be about 50um wide. Remembering that it is essential to be
able to resolve the edges of a Cerenkov image, one must be able to resolve features not much
wider than 5@ m. Such a feat would be very difficult even with the gentler processing technique |
' indicgte’d on Fig. (18), and becomes more difficult for any processing techniqué more vigorous

than that indicated on Fig. (18).
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8.2.3. Short-time Reciprocity Failure

One very important consideration is the so-called short-time reciprocity failure of the pho-
tographic emulsion. A related phenomenon, long-time reciprocity of failure, is known in astro-
nomic photography.

In common practice, the response of photographic emulsions depends only upon the total
ener'g;' deposited in the recording emulsion and is independent of the duration of the exposure
to the photons. When the emulsion is exposed beyond a certain time duration, however, the
recording efficiency of the emulsion drops so that a higher rotal of energy deposifion is needed
to achieve any specified level of emulsion darkening. This is the familiar reciprocity failure, or
more accurately, long-time reciprocity failure. At the opposite extreme, when the exposuvvre
becomes very short, there is a similar drop in the effective efficiency of the recording of photo-
graphic emulsions. This so-called "short-time reciprocity failure” has long been known;

specifications for this behavior are routinely provided with high speed photographic emulsions.

Cerenkov photon pulses are notably brief, being very close to theoretical bounds in the
optical frequencies. For the photographic Cerenkov detector as described, the Cerenkov pho-
ton pulse certainly is shorter than 10725, so that to get estimates of the effect, one must extra-

polate from published measurements. Figure (19) shows present measurements of the recipro-

city characteristics of EK2485 photographic emulsion. The vertical scale can be interpreted as-

the relative efficiency of an erg/cm? deposited by photons. The relevant extrapolation is to esti-
mate where the solid curve will pass through the shaded region. While this cannot be reliably
done, we can see from the measured data that the relative efﬁciency is fallipg for pulses briefer
than 107%s. It is conceivable that the curve may make a dramatic drop between 107%s and
10713,

Another critical .point which can‘be raised on the basis of Fig. 6 of Ref. 35 is that, for
faint images, the effects of short-time reciprocity failure are apparently more extreme than for
strong irﬁages; the desired Cerenk-ov radiation images certainly must be quite faint oh the basis
of our Eq. (21), so that we might be led to believe that our conclusions on the basis of Fig.

(19) may be optimistic in comparison to the actual performance of the detector.

Another factor to consider with respect to reciprocity failure in the photographic Cerenkov

detector is that reciprocity failure and marginal sensitivity are frequently exacerbated by low

temperatures’! of the sort frequently encountered at balloon altitudes.

One might think that short-time reciprocity failure would preclude the possibility of ever

‘recording Cerenkov photons in all cases. Of course, Cerenkov photons have been frequently

observed phdtographically in charged accelerator beams. The short-time_reciprocity failure

problem is irfelevant in these cases because the photographic emulsion records the
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superposition of many individual Cerenkov pulses.

Because the manufacturer of the recording emulsion regards its composition as proprietary
information, we were forced to do a very approximate calculation in compiling Fig. (20). We
have modeled the recording emuision medium as polyethylene plastic adjusted to have density
2.5gm/em’. The thickness of the emulsion layer was taken to be 12um and we have used the
crude model of Fowler’ to estimate the ionization energy deposition about the track of the
incident nucleus. . In computing the Cerenkov photon energy deposition into the recording

emulsion, we have assumed 100% absorption of the photons.

8.3. Competing Ionization Signal Possibly Respdnsible for all Images Seen to Date’
1

At this point in our discussion, we might wonder if any images at all were observed in the
photographic Cerenkov detector of Pinsky.” There has not been any publication of photomicro-
graphs which depigt the images in fhe recording emulsion in either flight 2 or 3. Half-tone
reproductions of photomicrographs of the images of five nuclei observed in flight 1 have been
published.33:34 ‘

One must won_der how those images originated sin_ce the Cerenkov photons provide so lit-
.lle signal. There is at least one obvious compe'ting'source of darkening of the photogréphic
emulsions. Images, which might be mis-identified as being due to Cerenkov photons, may
actually be due'to the ioriization energy, which necessarily accompanies the passage of each
nucleus. Fig.(20) shows the energy deposition expected due to delta-rays ejected from the
quk:leus“ trackvin the recording emulsion of the photographic Cerenkov detector from a
vertically-incident nucleus at B=0.75 and; separately, due to Cerenkov photons. Since both
processes, ionization and Cerenkov radiation, occur with amplitudes nearly proportional to Z2,
the ratios indicated on Fig.(20) hold for any charge of the incident nucleus. The units are in
terms of the nominal photon sensitivity of the emulsion. Even in the thickgst Cerenkov detec-
tor of this design flown to daté, the Cerenkov images are narrower than 400 /m so that all of
the images reported to date have been within regions where there has been more ionization

energy deposited than Cerenkov photon energy.

The presence of a well-defined boundary of the proper shape about the darkened region is
about the only convincing signature for origin;s'of the image from Cerenkov photons. None of
the reported images appears to differ obviously from the continuously‘ diminishing darkness vs.
distance relation characterisﬁc, of nuclear emulsion tracks, which are due solely to ionization.
What might be identified by the present author as a blurred edge of an ellipse in the image in

| Ref. 14 has the wrong orientation, being rotated about 30° from the described trajectory projec-

- tion onto the plane of the image.
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The basis of Pinsky’s ir;terpretation of the origins of his images as Cerenkov photons
depended on a modified design of the detector, including an extra recording emulsion (see Fig.
21). The Cerenkov photons are directed along the direction of the nucleus’ motion so that
 they should typically illuminate only the bottom reéording emulsion. Thus, we would éxpect to
" find no image or, at most, only a small image in the upper emulsion even when a large Ceren-

kov -image was left in the lower emulsion. There have been only two.photos of the upper
images published corresponding to the tracks which have been seen to date, both, of course,
from flight 1.3

These published half-tone rgproductions indicate upper images which are smaller than the

corresponding lower images. However, one may easily see, for instance in Ref. 14, that the top

emqlsion sheet has a much lower level of background as indicated in the periphery of the pub--

lished photomicrographs. The apparent difference in background level, if due to processing

differences, is so great as to make comparison quite obscure.

Even more significant in undermining the usefulness of the differences between the upper
and lower images to identify the Cerenkov origins of the images is that the claimed differences
are not unequivocal: It is well known that the ionization energy deposition about a nuclear track

is selectively depleted near the point of entry of the nucleus imb a medium.?® This is due to‘the
selective loss of the knock-on electrons from the medium through its surfaces before they have
surrendered all of their kinetic energy. We thus expect that nuclei should leave smaller ioniza-

tion images, especially at relatively large lateral distances from their tracks, in the top emulsion.

There is, furthermore, the definite possibility that the registration between the top and the
bottom recording emulsion sheets was not correctly measured; no details of the image location
scheme on the Cerenkov films from balloon flight 1 have been published. There would cer-
tainly be dozens of darkene'd images on the upper recording erhulsions within any likely area of
experimental imprecision due to the ionization of unrelated stopping nuclei unless some ela-
borate location scheme were used. We remain uncertain whether the published images from
. the upper emulsion were actually made by the same particle as were the published lower

images.

8.4. Difficulties in Comparing Photographic Cerenkov Detector Data from Diﬂ'eren\t Flights

Even if we were to accept for purposes of argument that the photdgraphic Cerenkov
detector of Pinsky did work as claimed in ghe balloon flight 1, we may still entertain doubts
regarding its interpretation in respect to balloon flight 2. The recording emulsion on flight 1
was certéinly from a different manufacturer’s batch than that in flight 1. Since the recording
“emulsion necessarily is expected by the experimeniers to perform in a manner outside its

specifications, there is little reason to believe that the same performance would ‘be obtained in
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both cases. In particular, we must re-open questions regarding the sensitivity, image blurring,
reciprocity faiiure, and response to ionization with respect to the new batch of recording emul-
sion regardless of its assumed behavior in bailoon flight yl. In addition there is the imponder-
able effect of the six-months’ pre-flight ground storage and possible subsequent post-flight
storage before the emulsion was developed. It is the experience of this author that EK2485
recordirig emulsion degrades in image quality even under the best storage conditions. Before
any clear-cut interpretation can be obtained for the Price event the conditions of storage of the

emulsions for balloon flight 2 should be carefully examined.

8.5. Photographic Cerenkov Detéctors: Conclusions

In response to an inquiry from this author, Price et al. have recently stated a modified
position regarding the size of the image of the .particle in question in the Cerenkov detector
recording emulsion. They say: "At this point in the re-ana.ly‘sis of the previously reported
. Cerenkov data, no definitely proved limits on the size of the Cerenkov spot can be supported.

"37 1t seems to us that

Continuing analysis of this detector may lead to claims in the future.
there are good reasons to doubt even the possibility of obtaining a convincing physical interpre-
tation of whatever claims might be made for the size of the images in question. We are cer-
tainly forced to exclude from this present discussion the possibility of using the Cerenkov

detector to support any claims for the uniqueness of the particle in question.

Let us briefly consider a possible explanation for Why our conclusions regarding the poten-
tial performance of the photographic Cerenkov detector differ so greatly from Pinsky’s conciu-
sions. In Fig. (22) we compare two versions of the spectral sensitivity of EK2485 recording
emulsion. One of ihe smooth curves is from Fig. B-1, page 195 of Ref. 32. This is the only
version of the spectral sensitivity puBlished by Pinsky _fo date. The other smooth curve is the
Kodak specification for the spectral sensitivity for D = 1.0 above background from Ref. 35.
~ There is a general agreement between the form of the curves of Figs. (22A) and (22B), but the
scales are labeled differently. To translate from Kodak specification to Pinsky’'s curve, one
might assume a re-labeling of Pinsky's vertical scale. By comparison to the Kodak specification,
Pinsky’s curve indicates a factor of 10 increase in sensitivity and a square root compression of
the peak-to-valley ratios in the spectral sensitivity. The precise resolution of this discrepancy is-

not yet known. . - - ' ;
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9. Conclusions

We find that the etch rate data of Price and Shirk allow one conclusion of the highest cer-
tainty, namel)} that, if the Price particle actually were a normal nucleus, it must have had initial
speed greater than 8=0.55 when incident upon the thick polycarbonate stack. Our conclusion
obtains independently of any assumed sequence of interactions of the particle within the poly-
carbonate stagk. This conclusion is in complete agreement with the conclusions of each one of
~ the published criticisms? of the original interpretation of Price er al. This conclusion is, there-

fore, in disagreement with the original interpretation of Ref. 1.

We also find some disagreement with the spirit of Price’s repiy to the“ critics (Ref. 6).
Ref. 6 can be read to imply that it is unacceptably remote to consider the possibility that the
etch rate data can be matched to any incident nucleus with charge lower than platinum (Z=78).
We have found even by curve fitting that many such hypotheses are viable. The apparent
disagreement between our conclusions and those in Ref. 6 principally reflects the higher level
of cerfainly which our anal_ysis allows. - We find severe limitations for the photographic Ceren-
kov detector as built by Pinsky. We find that this detector is expected to perform far beyond
‘the manufacturer’é specifications for its sensitivity, image quality, and reciprocity characteristics.
We find that there is more energy deposited within the recording emulsion by the ionization
incident to the passage of a heavy nucleus than is available from the desired Cerenkov pho-
tons. It is conceivable that all images seen in‘this detector to date may be due to this ionization
energy and not to Cerenkov photons alone. We conclude that this detector cannot provide data

of sufficient quality to be useful at our desired level of certainty.

We recall that the nuclear emuisions have not been treated here. We thus have not
exhausted the possibilities for the experimental data of Price er al. to show that the Price parti-
cle may be unique. We have, however, defined the task which must lie upon the nuclear emul-
sion interpretation: To make any such claim, the particle must be shown»to be incompatible
with any normal nucleus hypothesis that has 8<0.55 at the top of the thick polycarbonate
stack. 'Even the most rigorous interpretation of experimental data can be mfsleading when
there are questioné of systematic effects and freak occurrences unaccounted for. We will briefly

discuss some of these issues in the Appendices.’
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Appendix A: Equations for Coulomb Scattering of Electrons

To comptite energy loss rates, we must have the formulae that describe Coulomb scatter-
ing. The reader is referred to the review article by Motz, Koch, and Olsen?® for a thorough dis-
cussion of this issue. Throughout this section, we neglect the effects of binding the electrons.

The starting point in our discussions of Coulomb scattering is the Rutherford cross section:

2

do _|__Ze | - . (Eq.Al)
TR Y
pBsin 5

where. p=momentum of "electron”,
B=speed of "electron”,
0=scattering angle of "electron”.

This equation describes the ‘scattering of non-relativistic , spinless-electrons from a static
Coulomb potential of mégnitude Ze at rest in the laboratory frame. If we now take the point
of view that the incident nucleus is a static Coulomb potential moving with respect to the
laboratory frame at Speed B8, we can re-express Eq.(Al) in terms of the spectrum of kinetic’
energies transferred to the electrons initially at rest in the laboratory frame (i.e. "knock-on"
energies): v

2 . '
do _2m|Za} 1. :
= l 5 | 7 . (Eq.A2)

" when: 0<E<2mpBiy?*
where: Ze= incident nucleus charge,

B= incident nucleus speed,

\

E= electron knock—on kinetic energy.

The Rutherford formula is the first Born approximation to the Coulomb scatte;jng prob-
lem for the case of spinless particles scattering from a static Coulomb potential. The Ruther-
ford formula ignores particle production effects, real or virtual, all effects due to finite size of
the nucleus and effects due to higher electric and magnetic moments residing on either the |
nucleus or the scattered electron. All of these conditions are _apprdximately met for the rela-
tively large impact parameter (small center-of-mass scattering angle, small knock-on energy)

collisions with free electrons. Thus we must expect that, no matter how much we refine Eq.
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(A2), the correct formula must approach Eq. (A2) for small knock-on energies. Thus, it will
be convenient to express the improved versions of Eq. (A2) as a ratio to the Rutherford resuit
(Eq. A2). Another aspect of Eq. (A2) is also preserved: all improved versions of the Coulomb
scattering treatment contain the same (kinematic) upper energy cut-off.

As it turns out, Eq. (A2) is correct even reiativistically for 'spin-zéro electrons in the first

Born approximation. When the first Born approximation is applied for Dirac electrons, Mott’s

well known formula for scattering cross section is obtained:

(Eq.A3)

l ]F/rsl Born = [1_ E

2my?

[ ] Rutherford

Note that this inclusion of the electron spin always diminishes‘the scattering cross section rela-
tive to the Rutherford scattering. Note also that the scattering cross section is independent of
the sign of the charge of the nucleus. This latter condition is true only in the first Born approx-
imation, and will certainly be violated in the next order of perturbation, while the former pred-
iction depends upon the supposed validity of the first Born approximation. That the Coulomb :
scattering cross sections for electrons is not independeni of the sign of Z, can be seen explicitly

by examining the second Born Approximation:?

do
| |
Second Born [l_ E - +#ZQH 1—_\/ £ 3 ] -(Eq.A4)
ﬂ)_'_l : 2'71‘)' Zmy 2~my
dE Rutherford

It is a matter of experience that the Born series for the problem of Coulomb scattering is poorly
convergent and awkward to calculate term by term. Another approximation method yields

- results more easily.

The broblém of computing exact phase shifts (relative to the problem of non-relativistic .
. Schrodinger Equation Coulomb scattering) also was first solved by Mott.*’ The scheme is to
separate the Dirac equation in polar coordinates as usual and solve the radial wave equations
_explicitly in terms of hypergeometric functions. Knowing the explicit asymptotic behavior of
these radial wave functions allows exact calculations of the various phase shifts. The phase
shifts can be reconverted into the exact scattering cross section by doing a somewhat awkward

numerical summation;

[do'

F?

Mou |F|2+

= 62 3 IGI%|. (Eq.A5)
N R ==
Rutherford ) .

2mpBiy?
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where: m= electron mass,

E

electron knock—on energy,

nucleus speed,

W
N

y=(1-8)~",

Ze= nucleus charge,

F=Y F,
=1
G=2‘G1.
I==1
iZ o E
1 . Ta-=%) ( '"[—_ﬁ
i (el
ra+=<= B")
Fi= E
- ‘/;[ID,+(1+1)D,+1]_P, po | L
" A2, 2
Za][?.mﬂg 3 P—
G/= . E .
1
?[lle—_(lﬁ'l)zD/H]P,['—nEz—y—z-—l1 120,
—iml I‘[1_270‘.] - ""'P/ lpl_,_Zﬁ
where: D= ¢ -
1+ ZBal r 1+-I-%g- prti ZB ” p,+t———]
p=vI'—(Za)?

P= Legendre polynomial of order |,
I'(z)= Gamma function of complex argument.

We use, for £<0.017mB%?, the result of Bartlett and Watson®! to approximate the above cross

section as follows:

dcr

Mon

(Eq.A6) -

TZa /__E_
1+ 5 I COSY

l ] Rutherford
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iZ o iZo
- Th+S5rh-=£%
. B B
where: e'X=
iZo iZo
re—<2rp+£*
[ B 3

and find expression to be accurate to better than 2% compared with the tabulations of Doggett

and Spencer. The function cosy(Za/B) is plotted in Fig. (23).

~ Examination of formula (A6) shows the somewhat surprising result that the first Born
approximation cross section for Coulomb scattering of electrons is smaller than the Ruvtherford
cross section, whereas the exact scattering cross section (from positive nuclei) for electrons
exceeds the Rutherford cross section at the smallest scattering angles. This simple fact does
have some consequences for experimental s‘ituations. In .particular, the standard, so-called
Bethe-Bloch stopping power formula is theoretically based solely upon the first Born Approxi-
mation Eq. (A3), to account for the eﬁects of close collisions and most attempts to improve
this treatment have relied upon the second Born Approxlmanon 36 Eq. (A4) instead of formula
(AS). Appendix B presents modification to the Bethe-Bloch treatment of stopping powers

including formula (A5) together with formula (A6).

In order to use the cross sections implied by Eq. (AS), we need numerical vaiues. We
use for this purpose the numerical tabulations of Doggett and Spencer,*? interpolating their

widely-accepted results according to the instructions of that reference.
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Appendix B: Calculating Energy Loss Rates for Heavy Nuclei

Unfortunately, there is no completely suitable theoretical treatment for the problem of
calculating the total energy-loss rate of various heavy nuclei. We follow the general approach

of the review article of Uehling®’ to compute energy-loss rates. In doing so, we consider only

" the Coulomb encounters between the resting electrons of the stopping medium and the incident

nucleus, neglecting all other modes of energy loss. We can, as Uehling has done, divide
Coulomb encounters into two classes, the close and distant collisions. This division is neces-

sary to allow sufficient simplification of the problem for numerical calculations to be done.

Close collisions are those in which the chemical binding of the electrons can be neglected.
For close collisions, the effective scattering cross section is given by the Mott scattering formu-

lae, EqS. (A4) and (AS), vand the energy-loss rate can be computed simply by

2,2
gg] T ,__[ do
= I¥g .
dx Close collisions 1 dE

where: Nq= Number density of electrons

dE, : (Eq.B1)

Mot

- .in stopping medium,
’ - I= Characteristic binding energy of electrons

in the stopping medium.

.This can be considered to be a classical treatment of the close collisions in the energy-loss prob-

lem. Energy loss rates for the distant collisions can be treated via semi-classical computation
schemes such as the Bohr treatment or the Fermi treatment of stopping powers. In the case of
the standard, so-called Bethe-Bloch stopping power formalism, the entire energy-loss rate can

be computed in the first Born approximation:*

4Ny [ za Pl (2mats? :
l_d_E_ _ 47N, Za] [ln 2mpBcy -Bz}- (Eq.B2)
AX - orhe—Bioci m |\ -B ‘ 1

We may apply our exact form for the contribution due to close collisions by simply adding the
right-hand side of Eq. (B1) to the right-hand side of Eq. (B2) and subtracting the contribution

due to the close collisionsvas calculated in the same context as Eq. (A3), namely the first Born

approximation. Eq. (B3) is the resuit.
dE| | 4E . | :
ERE |

Bethe— Bloci
aE
dx

Close collisions
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This result is very near to that of Eby and Morgan,

27TNO
m

.
Za 2mpB2y?2
: ] [’[ 7

“ except their treatment formally

“includes several terms to allow for shell effects of the stopping medium, the density effects,
étc., which are frequently applied to the problem of stopping unit-charged particles. It is not
clear how these latter computations (which depend on various calculational schemes) should be
modified for the cases that we shall be considering, namely for high charges of the slowing par-
ticle. We will, therefore, neglect such detailed considerations, restricting our formulae to

nucleus speeds in the range 0.4< 8< 0.99 .

We can, however, make one minor improvemeni to the calculation of the stopping of
highly charged nuclei. Ashley, Ritchie, and Brandt® have computed, by semi-classical means,
the equivalent of the second Born approximation calculation for the energy-loss rate due to dis-
tant collisions. Their result is stated in terms of a correction (of order Z’) to the usual stop-
ping power formula. This correction is of minor importance in the overall magnitude of the
total stopping power calculation, and it is included only to verify that we have not erred too far

by being unable to compute any exact formula for the stopping power due to distant collisions.

- Our resulting expression for the stopping power of a bare nucleus of charge Ze moving

with speed 8 is

lg_E_

_[eE | |
T - + | (Eq.B4)

" Bethe— BiocH'

Z.B8
Poioad +
Close collisions

Distant collisions
4n Nyl Za 2 n 2mBly? g
m B i )

Equation (B4) is our calculation for the energy-loss rate for a nucleus of charge Ze mov-

ing with speed 8 having no attached electrons. We will also want to calculate the stopping
powers for nuclei with afbitrary numbers of attached electrons. The customary elementary

treatment of stopping powers®® will be sufficient to verify the magnitude of these modifications.

In this elementary treatment of stopping powers, it is assumed that the classical impulse
approximation relation between impact parameter, b, and energy transfer, § E, applies for all

relevant impact parameters: i
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2
21 Z 1
£ - No | AE(8)2mbab,

b

min

where: Ng= number density of electrons in medium.

The ininer impact parameter, b, is determined to be 1/(mpBy), while b,,,, is determined to be

bmax={(287v)/1, where I is the characteristic binding energy of the electrons in .the medium.
Although these estimates are crude, it should be understood that the dependence on the impact

parameters is masked by the weak (logarithmic) dependence of the stopping power on their
B ) 2 -

numerical values. The resulting estimate for % happens to be correct to order YTINIE

IH(LIBL)

dE _ 4mNy [ Za ]21 [ 2mBiy?
——— = n
dx m

(Eq.B6)

To modify the above treatment to allow for the presence of N electrons around the
nucleus of charge Ze , which electrons reduce the net charge on t‘he ion to Qe , we will divide
the region 'ot" integration over impact parameter into two separaté regions, {b,,, b,] and
(6, bmin]. In the region [b,;, b,], the effective charge of the ion for collisions with electrons is
taken to be Ze while, in the region [, bmayl, the eﬁectiw{e charge is taken to be Qe . This pro-

cedure yields an estimate for the stopping power:

| Za ] [ Lo

_ The numerical value for the cross-over parameter b, can be phenomenologically picked as

dE _ 4nN0[
dx

Qoz

[ max ” (Eq.B7)

0.95 1

ma ZV3[14+0]¥3" (Eq.B8)

bo“

It can be seen that this result is intuitively correct by examining the limiting cases when only

one electron is attached:

095 1 |
by = o near ———. (Eq.B9)

and when the ion is completely neutralized in the usual Fermi-Thomas approximation:

by = , near the usual .
maZ'3 maZ3
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Of course, our final result depends only logarithmically upon tie exact numerical value of b,
chosen. Our final estimate of the stopping power of any ion with net charge Qe and atomic
number Z is obtained by taking the ratio of Egs. (B6) and (B5) and muitiplying this ratio times

the correct stopping power formula as computed earlier for a fully stripped nucleus with atomic

number Z .
b B
Zn b‘f +04 [ ;‘] ,
[% - min 0 ["—El , (Eq.B11)
028 3| bmax )72
Znj——
bmin

b =2BY

max— I’
1

bmin=_—-'
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Appendix C: Sensitivity of Our Conclusions to Systematic Errors in Calibration of the Etch
Rate Data

Throughout the body of the text, we have adopted as hypothéses ihe aumerical values of

the etch rate based estimates for |Q/8] . Here, we will show that our condusions for the Price

' particle do not depend very sensitively on the precise values of these numerical estimates. An

error in the estimates for |Q/B| from the etch rate data could arise from some unknown Sys-

tematic error in the calibration procedure of Price and Shirk, Thus, we will assume for the sake

- of argument that the values of v, and p from our earlier Eq. (2) were emoneously estimated,;

we will now, therefore, be assuming that our much used mean value of |Q/8| , 114, was actu-
ally in error. To test the sensitivity of our conclusions to this assumed error, we simply repeat
our previous calculations using arbitrarily assumed values for the mean of }@/B8| , equal to 110
and 118, respectively. Thesev_re‘sults are summarized in Table (2) and Table {(3). We easily can
see that our estimates for the minimum sp'eed‘of incident nuclei are not greatly changed when
the value of |Q/B]| is changed by 4 units. We do not, of course, know the true magnitude. (or
even the true sign) of any likely systematic errors in the Lexan calibration procedure of Price

and Shirk, so that we cannot say absolutely that the systematic calibration errors can have no

significant effect upon our conclusions, but the sensitivity of our conclusions to such systematic

errors is at least relatively small.
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Appendix D: Consequehces from Failure of Our Assumed Form for the Lexan Response

We have explicitly assumed throughout lh_is work that the measured etch rates accurately
reflect the physical parameter |Q/8] , independently of the speed of the ‘incident nucleus. This
assumption was seen to be rather empty when we noted that the parameter Q was not assumed
to be the atomic number of the incident particle. - In fact, Q was assumed to be an unknown
function of the speed 8 and the atomic number Z of the incident nucleus. What we have in
effect assumed at various places in the bulk of the text is that Q does not depart too far from
being numerically equal to the atomic number of the incident nucleus. We will now examine.

the possible consequences of this assumption not being true.

~The basis for proposed uniqueness of the Price particle must lie within its apparently
highly-penetrating behavior in the polycarbonate stack. We are, therefore, interested in study-
ing systematical errors in our assumpiion that |Q/B8]=|Z/B| for this particle. We are most
interested in systematic errors which might allow [Q/B| to overestimate |Z/B| considerably.
Thus, it will be of interest here to assume that there might be some means by which the value

of Q may actually exceed the atomic number of the incident nucleus.

~ The most reasonable means by which the value of  may become larger than Z for a cer-
tain cléss of nuclei would be if the etch rates actually were determined by the total energy lost
within the sub-microscopic cylinder in the plastic. This model is not unreasonable. It is, in
fact, the model used by Ahlen? in computing his estimates for the expected behavior from

slow Dirac monopoles.

The overall trend of energy deposition into the tiny damage cylinder is shown, as calcu-
lated after the model of Ahlen, in Fig. (24). Notice thét there is a rather steady rise in the
energy deposition with increasing values of the speed of the incident nucleus even when the
~ value of {Q/B] is held fixed. Thus, if we Were to accept the hypothesis that the polycérbonate
actually records the restricted energy loss according to Ahlen’s model, we should consider what
effects this would have on our conclusions. Instéad of our previous assumption that Q nearly
equals Z for the incident nucleus, we now have Q a slowly rising function of 8 for each fixed

value of Z .

Now let us consider, within the context of Ahlen’s model, the set of nuclei that can be
responsible for the formation of any given measured etch cone. In the bulk of our text we
have assumed that all such nuclei should have very nearly the same values of |Z/B8| , quite
independently of their speed. With the assumptions of this Appendix, however, the slow nuclei
in our set must have higher value of the |Z/~/3! than the faster nuclei in our set. Our conclu-
sions depended only indirectly on the measured values of |Q/8| and directly on another param-
eter, the total energy-loss rate. Figure (25) illustrates the variation of the total energy-loss rate

among all nuclei with their expected etch rates equal to the mean of the measured etch rates



N ;e
for the particle in question according to Ahlen’s model. Notice that the total energy-loss rates

are systematically higher for the faster nuclei in the set.

This makes it more difficult to match the polycarbonate data with slow nuclei and easier td
match thgm with fast nuclei. The thrust of the arguments in the main discussién is that the
etch-rate data provide no undeniable guérantee t_hét the particle was not a fast nucleus, but that
the particle in question couid never have been a very slow nucleus, 8=0.55 or less. Thus,
both of the conclusions reached in the main discussion are strengthened by assuming that the

value of Q exceeds the value of Z for fast nuclei.
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Appendix E: Less Conventional Explanations for the Price Particle

We have dealt in the body of the text with a restricted ciass of potential normal nucleus
explanations of the Price particle and its behavior in the polycarbonate stack. These explana-
tions centered around the possibility that normal nuclei might fragment several times ‘or capture
electrons with in the polycarbonate plaspic. In this appendix we will list several additional posSsi-
bilities for explaining the data. These possibilities must be regarded as freak occurrences whose
likelihoods, though very small, cannot easily be estimated. These possibilities will be simply
listed; we will not discuss their possible experimental resolution. We do not assert that these
explanations may or may not be excluded by careful interpretation of Price’s experimental data.

The expianations with an asterisk are not original with the present author.

1.) The interpretation of Price ef al. can be qualitatively understood as describing a parti-
cle that is 510\;ver at the top of their experimental stack than it is at the bottom. The particle
might be considered as a normal nucleus incident from below.” I1.) We have assumed
throughout this discussion that the track was made by a single nucleus. If several highly rela-
tivistic heavy nuclei were to hit the detector package, there might be effects which we have not

allowed for. We might assume that more than one nucleus traversed the Lexan stack in close
proximity, giving rise to a single etch cone and an etch rate of some unexpected value. There
are two separate ways in which we might imagine that nuclei might traverse the Lexan stack in
close proximity; It is possible that the nuclei of the atoms in some incident molecule incident
up'on the stack might traverse the stack in close proximity.” There is evidence that cosmic parti-
cles of extremely high energies are present at the top of the atmosphere. Such particle initiate
very largev electromagnetic showers as they penetrate the atrﬁosphere. The effects of such an
imagined electromagnetic shower of charges upon the polycarbonate stack is not easily -
predicted. IV.) The particle rhight in fact be a negative nucleus which particle maj/ or may not
need to have fragmentation collisions depending upbn its initial speed and charge. V.) There
may be a massive failure of the ass.umed response of the etch rate for ultra-relativistic incident
particles. It may be that the measured mean value of |Q/B|=114 corresponds to ultra-
relativistic nuclei with |Z/8| assuming a much smaller value. The possibility of such an effect
is qualitatively suggested by the literal interpretation of the- model -of Lexan response used by
Ahlen and later quoted by Price. This hypothetical failure of the response seems to this author
to be particularly difficult to rule out since there exist no unequivocal experimental data with

which to identify the response of Lexan to ultra-relativistic particles.

In the context of this last possibility, we offer a quantitative exampie of the possible
" consequences. Figure (25) represents the consequences from our interpretation of the response
model of Ahlen. The results are expressed in terms of the true values needed by the parameter

|Z/B| to mimic the mean value of |Q/8|=114 measured for the Price particle. Keep in mind
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that Ze is the true charge on the incident nucleus, while Qe is an artifact of etch rate data. We -
can see from Fig. (25) that the slower incident nuclei need larger true charges than is necessary
to have |Z/B|=114 , while faster speeds imply that the particles actually have smaller true
charges than.corresponding to |Z //3|=114 . The question is, at §vhat speed does the calibration
procedure of Price and Shirk make |Q/B| equal to |Z/B| ? For purposes of preparing Fig. -
(25), we have taken 8=0.45 , a speed typical of the speeds of the slowing iron nuclei, which are

actually used by Price and Shirk to calibrate their Lexan.

Let us now consider what the charge of an ultra-relativistic incident nucleus would have
to be for |Q/B|= 114. Referring to Fig. (25) we can see that for B=1.0 , the corresponding
value of |Z/B| is invitingly near 92, so that we might expect that the etch rate data could be
explained in terms of an ultra-relativistic uranium nucleus if the Lexan response rpddel of

Ahlen is actually correct.

We note in passing that it is our opinion that the emulsion track expected from an ultra-
relativistic uranium nucleus should be considerably smaller than the emulsion tracks exbpected
-from most normal nuclei that would have Lexan estimates of |Q/B|=114 . This possibility may
.prove to be the most appealing hybothesis for the ultimate explanation of this very interesting

cosmic ray event.
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Comparison of balloon flights

Flight 1 Flight 2 Flight 3
Area of array 17.8s5q.m lO.sq.-rh 20.sq.m
Time aloft - 350Hr. 60Hr. 60Hr.
Time at altitude “60Hr. (60Hr.) (60Hr.)
Altitude reached (6 gm) 3gm Sgm
Time on ground | : v A
before launch ? (>6Months) | (>6Months) |,
‘| Time at shower altitudes | ("250Hr.) (“3Hr.) ("3Hr.)
‘| Number of Cerenkov Detectors 1 2 2
Type of Cerenkov Detectors 2 Lavers 1 Layer 1 Layer
Nuclear emulsibns -
200 micron G.5 1 1
10 micron NTA 0 2 2
Matter between Cerenkov
| and polycarbonate stack 0.8gm 0.4gm 0.4 ém
Thickness of
polycarbonate stack 9gm 1.0 gm 1.0gm
Number of sheets in .
polycarbonate stack 30 33 33
Number of Polycarbonate -
sheets not in thick stack 10 2 2
Total thickness of package 1.7gm 1.4 gm 14gm
Time lag to processing .
polycarbonate data ? 20 Mo. 20 Mo.

TABLE 1 Comparison of the experimental packages flown on the balloon borne experiments
of Price er al. Entries in parentheses must be considered approximately - known. All

thicknesses quoted in units of gm are in Lexan equivalent g/cm?.
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Lower limits to initial speeds of normal nuclei
- Lexan Lexan and Lexan and
ionization V only thick emulsion  all emulsions
rate v/¢ minimum  v/c minimum  v/c minimum
110 0.555 0.591 0.609
14 0.561 0.59 - 0.614
118 0.568 0.602 0.619

TABLE 2 Lower limits to the speed of normal nuclei which can be thought to fit the etch rate
data from the Price particle. Regardless of the_inumber of nuclear imeraclions, no nucleus
slower than the stated limits could fit the data. The "ionization rate” refers to the equivalent
mean value of the paramater |Q/8| while the stack description defines the thickness over which
the mean ionization rate might be measured. In the present work, we assert only that the ioni-

zation rate has been measured through the Lexan.

{
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Lower limits to initial speeds of normal nuclei
Lexan Lexan and Lexan and-
ionization only thick gmulsion all emulsions
rate "v/c minimum  v/c minimum  v/c minimum
110 0.573 - 0.609 0.627-
114 0579 = - 0.614 0.632
118 0.585 0.619 0.636

TABLE 3 Lower limits to the speed of normal nucle{ which can be thought to 'ﬁt the etch rate
data from the Price particle. Regardless of the number of electron attachments, no nucleus
slower than the stated limits could fit the data. The "ionization rate" refers to the equivalent
mean value of the paramater | Q/8]| while the stack description defines the thickness over which‘
the mean ionization rate might be measured. In the present work, we assert only that the ioni-

zation rate has been measured through the Lexan.



- 60 -

Predicted speed of monobole
lonization rate  v/¢ mbnopole
80 -

90 0.05
100 0.10
110 0.21
114 0.28
120 0.44
130 0.66
135 0.93

TABLE 4 Equivalent values of |Q/8| for slow monopoles of strength e/a. ‘These relationships

are computed directly after the model of Ahlen.
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.Predicted speed of monopole
i’dnization rate  v/c monopole
80 ) -
90 -
i 100 007 o | \
| 110 012 -
- o 114 - 0.14
| 120 0.17.
130 0.24
135 0.29

TABLE 5 Equivalent values of |Q/8| for slow monopoles of strength.e/a. These relationships
are computed by modifying the model of Ahlen to conform to the calibration procedures

described by Price for his experimental data.
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Published estimates for initial speeds
Interpretation Author
v/c<1.00 car{not fit | 'P.B.Price, et al. (ref.1)
v/e>0.75 do fit M.W Friedlander (Ref.2)
v/c>0.68 do fit L.W.Alvarez (Ref.4)
v/c>0.69 do fit P.H.Fowler (Ref.3)
v/c>0.60 may fit R.L.Fleischer and

R.M.Walker (Ref.5)

v/c<0.74. do not fit | P.B.Price (Ref.6)
v/c>0.55 may fit Present work
v/c<0.55 cannot fit | Present work
v/c>0.60. do fit Present work

TABLE 6 Comparison of published interpretations for the Price event. Various authors have

published claims regarding the possible range of initial speeds for normal nuc_lei which might fit

the reportedvexperimemal data. All of the claims of all of the authors with the exception of the

claims in Refs. 1 and 6 are consistent with one another.
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Figure Captions

Fig.1

- Fig.2

Fig.3

Schematic representation of the experimental configuration of Price et al. All approxi-

mate thicknesses are given in units of so-called Lexan equivalent g/cm? Each

_ material in the stack has it own stopping power for relativistic charged particles. When

the stopping power is computed in each layer of the apparatus, the stopping power is

the same as for a particular thickness of Lexan plastic expressed customarily in terms

. of its physical thickness times the mass density"of the hypothetical Lexan layer. This

figure is taken from Fig. 1 in Ref. 6.

" Schematic depiction of dielectric track etching. Fig. 2A shows the column of damaged

plastic due to the passage of a highly ionizing nucleus. Fig. 2B shows, in super-
microscopic scale, the removal of plastic during a very short initial time period after
etching begins. The plastic removed in this interval is shaded; Notice that the dam-
aged plastic is chefnically eroded more quickly than the surrounding undamaged plas- ‘
tic, leading to the formation of a tiny pit cente;ed about the nucleus’ path. Fig. 2C
shows the removal of plastic during the second infinitesimal time period. Notice that
the walls of the damaged region continue to be etched, but at the slower rate charac-

teristic of undamaged plastic, so that the etch pit is enlarged even beyond the region
~

- where any chemical damage has occurred to the plastic while the length of the etch pit

grows at the enhanced etch rate characteristic of the damaged plastic. Fig. 2D shows
the. net effect of etching the plastic for a sufficiently long time period. The scale is
now greatly increased to the microscopically visible. The etch pits have ideally become
measurable cones. Notice that the mouths of the two cones on each Lexan sheet
shQuld be congruent conic sections, typically ellipses, their precise size and shape being
determinedwpfincipally by the erosion rate of the undamaged plgstic, the inclination of
the nuclear track and the total time spent in the etching bath and are therefore nearly

independent of the ionization properties of the incident nucleus. Notice that the depth

of the etch cone is determined principally by the erosion rate in the damaged plastic

and the total time spent in the etching bath.

Estimated values of |Q/B]| as a function of depth through the Lexan stack for the track
in question. This data set is edited so as to remove from consideration all Lexan
sheets to which any objection can be made regarding their having had differing
manufacture or handling from the rest as described in the text. This data set conforms
to the most severe reservations raised by any of the critics of the original interpreta-
tion of Price ef al. in fegard to the unreliability of the data from any of the individual
Lexan sheets. Also excised are the "error bars" of Price and Shirk, since these are

unknown without the use of certain questionable statistical arguments. The data



Fig.4

Fig.5

Fig.6

- Fig.7 -

Fig.8
Fig.9
Fig.10

Fig.11
Fig.12
Fig.13
Fig.14

Fig.15
Fig.16
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represented in this figure are the totality of points from the Lexan which will be quan-

titatively used in our discussions.

Etch rate data of Price and Shirk with "straight-line" hypothetical fits imposed. This

"straight-line" hypothesis provides the basis for confidence level estimates based upon

the F-test in this work and in Ref. 6. We use. these statistical tools only for purposes

of discussion. This figure is Fig. 3 with the addition of the continuous curve.

Comparison of expected behavior for a non-fragmenting normal (Z = 96) nucleus
with the etch rate data of Price and Shirk. Data are edited as per Fig. 3. Curium is
the heaviest nucleus commonly believed to be present in the cosmic rays. This fit is

deemed to be excellent.

Comparison of expected behavior for a non-fragmenting normal uranium (Z = 92)

nucleus with the etch rate data of Price and Shirk. Data are edited as per Fig. 3. This .

_ fit is deemed to be acceptable.

Comparison of expected behavior for a non-fragmenting normal lead (Z = 82)
nucleus with the etch rate data of Price and Shirk. Data are edited as per Fig. 3. This

fit is deemed unacceptable.
Same as for Fig. 7. except that Z = 78.
Same as for Fig. 3 except that Z = 65.

Comparison of expected behavior for a singly-frégmeming normal uranium (Z = 92)
nucleus with the etch rate data of Price and Shirk. This fit is deemed completely

acceptable.

Comparison of expected behavior for a singly-fragmenting norma! lead (Z = 82)

' nucleus with the etch rate data of Price and Shirk. The fit is quite good.

Comparison of expected behavior for a doubly fragmenting normal Z = 82 nucleus
with the etch rate data of Price and Shirk. This fit to the data is deemed completely

acceptable.

Same as Fig. 12 except that Z = 74 and triply fragmenting.
Same as Fig. 12 except that Z = 70 and qﬁadruply fragmenting.
Same as Fig. 12 except tha_t Z = 68 and five times fragmenting.

Schematic representation of the photographic Cerenkov detector of Pinsky. The parti-
cle under study, incident from above, passes through the transparent radiator medium
emitting faint visible radiation via the Cerenkov effect. When the emitted photons
impinge upon the recording photographic emulsion below the radiator, an extended

image is formed which, under highly idealized conditions, would depend solely upon



Fig.17

Fig.18

Fig.19

Fig.20

Fig.21
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the speed of the incident particle, independent Qf its charge. '

Measured spectral sensitivity of Eastman Kodak EK?2485. high speed photographic

2 over the

recording - emulsion. This graph gives an upper bound of 0.04 erg/cm
bandwidth of photon energies ranging from 1.6 eV to 4.25 eV on the useful sensitivity
and useful bandwidth of the recording emulsion used in Pinsky’s Cerenkov detector.

This figure is after Fig. 4 of Ref. 35.

Modulation transfer funciton for EK2485 photographic emulsion. Given a light pat-

tern with amplitude varying sinusoidally with position, imperfect image rendition on

“the recording emulsion will tend to blur the image, reducing the amplitude of the

sinusoidal variation. The abscissa of this figure corresponds to the wavelength of the
spatial variations (not the wavelength of the source light) and the ordinate corresponds

to the fractional reduction'of the amplitude of response. The smaller the desired pho-

.tographic image, the more of the higher spatial frequencies are needed to accurately

record it. The inverses of the maximum sizes of needed features of the Cerenkov
images in thé two det_eclors are indicated. Figure taken from Fig. 5 of Ref. 35 with
additions. _ ,
Measuied reciprocity behavior of Eastman Ko_dak EK2485 high speed recording emul-
sion. The ordinate on this figure corresponds to the effective sénsitivity relative to
that obtainable under the conditions where the data of Fig.17 were taken. The data on
this figure were obtained from Fig.6 of Ref.35 The shaded region represents the range
of light pulse durations of the desired Cerenkov photon signal in the Cerenkov detec-

tor of Pinsky.

Comparisori of ionization and Cerenkov energy deposition in the photographic record-
ing emul’sion.v The energy deposition estimate must be considered approximate
because of the unavailability of a description of the piiysical and chemical composition
of the emulsion from the manufacturer. The energy deposited in fhe recording emul-
sion by knock-on electrons accompanying the passage of the nucleus (Z= 80, 8 =
0.75) far exceeds the energy deposited by the desired Cerenkov photon signal. The
production of ionization and Cerenkov energy both are roughly proportional to Z 250 -
that this ﬁgure accurately reflects the disparity between the two competing signals ‘for

all nuclei.
!

Schematic represematioﬁ of the configuration of the Cerenkov detector as flown in.bal-.
loon flight 1. The relatively diminished sizes of the upper recorded images reported
on three nuclear tracks compared to their lower recorded images was used as evidence °
for the Cerenkov origins of the lower images. Alternative explanations are given in

the text.



Fig.22

Fig.23

Fig.24

Fig.25
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Comparisoh of spectral sensitivity curves for EK2485 recording emulsion as published
by Pinsky and as published by the manufacturer. Curve A is from Pinsky, Curve B is

from Kodak. We note the discrepancy in labelling of vertical scales. Figure after Fig.
B1 of Ref. 32 and Fig. 4 of Ref. 35. ' '

The function cosy as it depends on the variable Za/B. This function is useful for

computing the small-angle approximation to the Mott scattering cross section.

Departure of Lexan response from constancy for nuclei with the same values of |Z/B|
. but with differing speeds as calculated from the restricted energy loss model of
Ahlen.? o '

Values of |Z/B| needed to produce the measured mean etch rate giving |Q/8|=114 as
calculated after the restricted energy loss model of Ahlen.?® This plot is based on the
model of Ahlen with our assumption that the value of |Q/B8| equals the value of

|Z/B| for iron nuclei.
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