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Abstract
The DIAS-ESTEC Ultra-Heavy Cosmic Ray Experiment 
(UHCRE) flew on board the Long Duration Exposure Facility 
(LDEF) spacecraft in low earth orbit for 69 months. The 
experiment consisted o f  a large number (~2 0 0 ) o f solid-state 
nuclear track detector stacks and its objective was to determine 
the charge abundance spectrum o f ultra-heavy (Z >70) galactic 
cosmic rays at energies o f a few GeV/nucleon. Many hundreds of 
such ultra-heavy cosmic rays were detected, including 35 
actinides (Z > 8 8 ), making this the largest sample o f such data to 
date.

An overview o f our current knowledge o f the ultra-heavy 
cosmic-ray flux is presented in Chapter 1. Charge, energy and 
isotopic spectra are examined and the clues they present to 
cosmic-ray origin discussed. Current theories o f fractionation of 
the cosmic-ray source matter during transport and suggested 
sources o f such matter are outlined. The possible insights provided by ultra-heavy cosmic- 
ray measurements are then suggested. Chapter 2 discusses the configuration o f  the UHCRE 
and the LDEF  spacecraft. Solid-state nuclear track detectors, detector processing and data 
extraction are discussed. Chapter 3 contains information on detector calibration and error 
analysis and discusses a Monte-Carlo simulation o f the apparatus used to corroborate the 
error estimates. Chapter 4 describes the corrections performed on the raw data for detector 
bias, detector-processing anomalies and fragmentation within the apparatus. The final 
charge-abundance spectra are presented. Chapter 5 outlines the conclusions which can be 
drawn from the data, comparing the results with theoretical predictions and other space- 
based observations. The experiment’s impact on theories o f the origin o f the cosmic rays is 
discussed.

UHCRE
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Platinum and Beyond: Studies o f  Ultra-Heavy Nuclei in the Galactic Cosmic Rays

1. Introduction
Explaining the origin o f  the galactic cosmic rays is a vast problem. It is difficult to think o f 

another in science which involves time spans o f billions o f years, distances o f galactic (and 

probably larger) extent, energies across at least 15 orders o f magnitude and  elements from 

hydrogen to the transuranics.

This chapter has three sections. We begin with a brief history o f research into cosmic 

rays (1.1), then examine what is known about their properties (1.2). Finally, we discuss the 

currently competing theories o f cosmic-ray origin (1.3), a complete explanation o f which 

has eluded us for almost a century.

1.1 A History of Cosmic-Ray Measurements

1.1.1 Light Cosmic Rays

he mysterious ionising radiation from space, first reliably evinced by Hess and

Kolhorster, was given its current name by Millikan in 1925. By extrapolating the 

known penetrating power o f y-rays as a function o f energy, he claimed the discovery o f 

discrete monoenergetic components in the radiation with energies close to the binding 

energies o f common nuclei. Millikan mistakenly assumed that the cosmic radiation resulted 

from the Universe’s matter formation process, leading him to christen them cosmic rays.

The first glimmers o f their existence were apparent around the year 1900. The rate at 

which the leaves o f an electroscope converged provided a measure o f  ionisation and it was 

found that they discharged even when kept in the dark and away from sources o f 

radioactivity. Though Rutherford later showed that most o f the ionisation was due to 

natural radioactivity, other experiments suggested the presence o f a further component. In 

1910 a German Jesuit, Fr. Theodor Wulf, conducted an experiment involving the Eiffel 

Tower. He found that as he ascended the 330 m tall structure, the ionisation fell from 6  ions 

cm ’3 to 3.5 ions cm'3, y-rays were eliminated as candidates since the ions created by y-rays 

from the surface o f the earth would have halved in intensity at a height o f just 80m.

The breakthrough resulted from a series of experiments begun by Hess and Kolhorster in 

1912 and 1913 respectively. They both made manned balloon flights; by 1912 Hess had flown 

to 5 km and by 1914 Kolhorster had reached 9 km. These experiments were often frankly 

dangerous, and entailed Hess ascending in an open gondola attached to a hydrogen-filled 

balloon while carrying his electroscopes -  all without oxygen.

1
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Hess and Kolhorster discovered that, above about 

increased with respect to that at sea-level. This was 

clear evidence o f  radiation arriving from above the 

Earth’s atmosphere. The radiation’s attenuation 

coefficient implied it was about five times more 

penetrating than y-rays from the decay o f  Radium C.

Hess’s conclusion came swiftly in 1912:

The results o f  the present observations seem to 
be most readily explained by the assumption 
that a radiation o f  very high penetrating power 
enters our atmosphere from  above, and still 
produces in the lower layers a part o f  the 
ionisation observed in closed vessels. F i g u r e  1.1 Victor Hess returning

from a successful balloon flight.

A seemingly reasonable inference followed: this radiation consisted o f y-rays with 

slightly more penetrating power than those observed in natural radioactivity and the extra 

ionisation was caused by elastic scattering with atomic electrons. Hess called this radiation 

the Hoehenstrahlung (“high-altitude radiation”).

In 1929, Skobeltsyn serendipitously obtained the first pictures o f a cosmic-ray track 

while using a cloud chamber. The same year saw the invention o f the Geiger-Muller 

detector, which allowed the detection o f individual cosmic rays. The very fast response 

time o f this instrument also allowed arrival times to be determined very precisely.

1929 was also the year when Bothe and Kolhorster introduced the very important 

principle o f  coincidence counting to eliminate background events. The aim was to 

determine whether cosmic rays were high-energy y-rays or charged particles. In the 

experiment, Bothe and Kolhorster used two counters (one placed above the other) to 

determine whether there were charged particles in the cosmic radiation with sufficient 

penetrating power to pass through both. The results indicated that such particles were very 

common. Since it seemed unlikely that separate secondary electrons could be ejected 

simultaneously into the two detectors, the radiation must be corpuscular in nature. As 

Bothe and Kolhorster put it:

...one can see that a quite exceptional accident must be supposed to happen i f  two 
electrons produced by the same y-ray should display the necessary penetrating 
power and the correct direction to strike both counters directly.

Further, on introducing slabs o f gold’ and lead up to 4 cm thick between the coincidence

* A gold bar was on loan from a local bank and its security was a matter of some concern!

1.5 km, the average ionisation

2
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counters, the attenuation o f the number o f  coincidences was measured. It soon became 

evident that the mass absorption coefficient in the absorbers was in parity with that o f the 

cosmic radiation. Bothe and Kolhórster noted that these particles could account for the bulk 

o f the observed intensity at sea-level and estimated their energies as being between 1 0 9 and 

1010 eV.

1.1.2 Heavy and Ultra-Heavy Cosmic Rays

Though it is now widely believed that diffusive 

shock acceleration from supernova remnants powers 

the galactic cosmic rays (GCRs) up to 1015 eV, one o f 

the longest extant mysteries in astrophysics is the 

exact origin o f their matter. Measurements o f the 

ultra-heavy cosmic-ray (UHCR) flux can provide 

many unique insights. Though the definition o f ‘ultra­

heavy’ is somewhat arbitrary, it can be assumed to be 

70 <  Z «S 92 for our purposes. The relative abundance

of these nuclei in the GCRs can be used to constrain Figure 1.2 A heavy cosmic-ray
 ̂ track in a photographic emulsion,

their possible sites o f origin in a number o f  ways. (Freier et al., 1948). Note the large
TT , i • j- c ,, ... number of slow electrons (8 -rays)However, nuclear binding energy falls with „ , ,

issuing from the dense filament of
increasing mass beyond iron, with the result that the silver grains which constitute the

track core.
actinides (Z > 8 8 ) are seven orders o f magnitude less

abundant than iron. Consequently, information on this very important region o f the charge 

spectrum is still scarce, despite decades o f research. Indeed, it was only in the late 1940s 

that the existence o f nuclei as heavy as iron was first discerned in the primary radiation. 

Balloons carried both a cloud-chamber and photographic emulsion plates to heights o f 

about 27 km (90,000') for up to three hours (Freier et al., 1948). The photographic emulsion 

recorded tracks many times denser than those recorded from fragments in nuclear 

interactions. In some cases, the range o f  the particles in the plates was > 20 g cm ' 2  Freier et

' The actinides (Z>8 8 ) and the elements of the platinum group (75 < Z < 79) are mainly synthesised 
by the r-process, while the elements of the lead group (80 «S Z < 83) are mainly s-process products. 
Consequently, enrichment of either process in the GCRs may indicate their site of nucleosynthesis.
At higher charges, anomalies may be revealed by comparing the actinide/subactinide ratio of the 
GCRs to those of the current and primordial solar system (obtained from analysis of the solar 
photosphere and meteorites respectively; Grevesse and Sauval 1998). The relative abundances of 
cosmochronological pairs such as 90Th and 92U can allow one to infer the mean time between their 
nucleosynthesis and subsequent acceleration. The transuranics can also be used as excellent cosmic- 
ray ‘clocks’ since the relative abundances of g3Np, 94Pu and %Cm fall drastically ~107 yr after 
nucleosynthesis (Blake and Schramm 1974).

3



1.2 The Cosmic-Ray Flux at the Top of the Atmosphere

1.2.1 Energy Spectrum

One o f the more striking properties o f the cosmic rays is the broad span o f their energy 

spectrum. Particles have been detected from the lowest energies unaffected by solar 

modulation up to 1020 eV nucleon1. Fig 1.3 shows the differential particle flux for 

hydrogen, helium, carbon and iron nuclei as a function o f particle kinetic energy per 

nucleon.*

Platinum and Beyond: Studies o f  Ultra-Heavy Nuclei in the Galactic Cosmic Rays

E  < 109 e V  nucleon1

At the very lowest energies (below 

about 60 MeV nucleon'1), there is a 

rise in the number o f helium nuclei. 

These are the anomalous cosmic rays, 

which are believed to be accelerated in 

the outer regions o f the heliosphere.

Clearly, there is a general 

attenuation o f all four species at 

energies < 1 GeV nucleon'1. This is 

because particles traveling from the 

interstellar medium (ISM) towards the 

Earth must diffuse against the out­

flowing Solar Wind. Disturbances in 

the interplanetary magnetic field 

(which vary with the solar cycle) 

baffle the particles’ progress and 

reduce the flux at Earth. On removing 

this solar modulation from the proton 

flux (the solid line in figure 1.3) the 

cut-off all but vanishes.

One other low-energy component are 

the solar energetic particles or solar

Kinetic energy/M eV  nucleon 1

F IG U R E  1.3 Differential energy spectrum of H, He, C 
and Fe cosmic rays as measured above the Earth’s 
atmosphere (Simpson, 1983). The solid line is the 
unmodulated H spectrum.

* Since the dynamics of high-energy particles in any magnetic field depend on their magnetic 
rigidity, different elements (lighter than iron) will be influenced in similar ways. So provided 
energies are expressed in kinetic energy per nucleon, the relative abundances of the different 
elements are unaffected by solar modulation and fig 1.4 remains valid.
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cosmic rays. These are locally created, originating mostly from Solar flares, coronal mass 

ejections and shocks in the interplanetary medium. Their composition is similar to that o f 

the GCRs, though very few have energies above 1 GeV nucleon'1.

I f f  e V n u c le o n 1 < E  <  1019 e V n u c le o n 1

At energies > 1 GeV nucleon 1 the differential energy spectra o f the various cosmic- 

ray species approximate power-law distributions o f the form: N(È)dE  = KE~xd E , where E  

is the kinetic energy per nucleon. A compilation o f still-higher energy (1014 to 1015 eV) 

results is shown in fig 1.4.

The slope of the energy spectrum from 1016 to 1019 eV, is well represented by a power 

law: N(E) q c  K 3M. This is steeper than at lower energies, where the exponent is between -

2.5 and -2.7. This ‘knee’ in the spectrum occurs at about 1015 eV. One o f the remarkable 

properties o f the knee is the relative smoothness o f the transition from a soft to hard 

spectrum. We will later see that supernova remnants can accelerate GCR particles 

approximately to this knee. Another explanation is that the knee represents the energy at 

which cosmic rays can escape more freely from the Galaxy. Greater anisotropy in cosmic- 

ray arrival directions above

this energy would confirm 

this. At energies above the 

knee and up to about 1 0 16 

eV, an anisotropic flux of 

cosmic rays is observed, 

which supports the theory.

E  > 10 19 e V  nucleon 1

Small statistics and 

calibration difficulties make 

exploring the highest 

energies problematic. There 

is some indication o f a
« . c ,, n . Figure 1.4 A compilation of 1014 < E < 1020 eV results

a ening o e ux again from Watson (]985)) Hillas (1984), Wdowczyk and Wolfendale
(ocE  2 5) at energies > 2 x (1989). Since the low-energy cosmic rays follow the law j(E )x  E~ 

19 25, the high-energy results are multiplied by E2'5 on the
10 eV. At this ankle there assumption that the function j(E)E2'5 they follow the same law.
is strong anisotropy which This makes the results independent of E. (Source: Longair, 1997)

7



lies suggestively close to the direction o f the Local Supercluster o f galaxies. Above the
20  *ankle, some cosmic rays attain enormous energies, in the region o f 10 eY . These

2 1 1particles are extremely rare and have arrival rates o f approximately 1 km' sr' century' . 

Their origin is unknown but topological defects (cosmic strings, domain walls and 

monopoles) have been proposed. A further conundrum arises if  we suppose them to be 

extra-galactic: as yet there is no explanation for how these ultra-high energy particles could 

survive intergalactic travel through the microwave background radiation that pervades the 

universe.

Other energy measurements

The energy spectra provide powerful diagnostic tests o f cosmic-ray origin models. The 

ratio o f secondary particles (those produced by nuclear interactions in the ISM) to primary 

particles decreases with increasing energy above a few GeV nucleon1. If the acceleration 

was continuous, particles with greater energy would have been traversing the Galaxy for 

longer and so would have a higher secondary-to-primary ratio. Thus continuous 

acceleration models (like the Fermi mechanism in interstellar clouds) can be eliminated.

Recent Pioneer and Voyager measurements in the outer heliosphere suggest that the 

local cosmic-ray energy density is ~2 MeV m ' 3 (Webber, 1987 and 1997; Webber & Me 

Donald, 1994) and the amount o f matter traversed is inferred to be ~10 g cm "2 at 1 GeV 

nucleon ' 1 (Webber, 1993). These values are roughly twice as large as previous estimates 

and imply that cosmic rays are energetically much more important in the Galaxy than 

previously assumed, y-ray measurements from Comptel aboard the Compton Gamma Ray 

Observer (CGRO) show that 20-30% of this energy is invested in electrons, several times 

that previously presumed.

The value o f  the GCR power (~1034 W) dramatically shortens the list o f astrophysical 

phenomena which could serve as acceleration mechanisms. The most likely candidate so 

far is diffusive shock acceleration in supernova remnants, which is effective up to ~1015 eV.

Re-acceleration o f previously accelerated cosmic rays has been considered as far back as 

Fermi (1949). If  cosmic rays are accelerated in supernova remnant shocks, re-acceleration 

will take place when previously accelerated particles encounter these shocks. Data from the 

Voyager and ISSE  spacecraft show that 49V and 51Cr have decayed by ~25-30% in the 

GCRs, much more than the 10% expected (Soutoul et al., 1998). These results imply an

Platinum and Beyond: Studies o f  Ultra-Heavy Nuclei in the Galactic Cosmic Rays

* This is about 16 J -  a macroscopic amount of energy contained in a single atomic nucleus.

8



upper-limit on re-acceleration o f ~20% in contrast to earlier values.^ Preliminary ACE  

measurements o f 49V and 51Cr and their daughter products 49Ti and 51V indicate only a 

weak re-acceleration o f Galactic cosmic rays. Further data are imminent.

One intriguing final congruence is that between the total energy densities o f  the E > 1 

GeV nucleon 1 cosmic rays (~2 MeV m '3) and those o f  the interstellar magnetic field (p2/^o 

»  0.2 MeV m '3), the Microwave Background Radiation (« 0.3 MeV m 3) and the local 

energy density o f starlight (« 0.3 MeV m’ ). Which o f these are physical correlations and 

which mere coincidences is still under debate.

Platinum and Beyond: Studies o f  Ultra-Heavy Nuclei in the Galactic Cosmic Rays

f Electron capture decay is only possible following electron pickup after particle acceleration. Some 
nuclides such as 49V and 51Cr (largely resulting from spallation of 55Fe) are entirely secondary in 
origin. During their propagation they have a probability for electron re-attachment and subsequent 
K-capture decay of up to 50% at 200 MeV nucleon'1. Such probabilities are a strong function of 
energy. Therefore, if cosmic rays are subject to significant re-acceleration, the electron-capture 
isotopes will have spent some time at lower energies and hence will have suffered significantly more 
K-capture decay. Simon et al. (1986) examined the cosmic-ray B/C ratio and found that its rigidity 
dependence was best explained with re-acceleration amounting to a factor of ~2. Re-acceleration, 
however, ultimately seems to create as many theoretical problems as it solves.

9
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1.2.2 Charge Spectrum

r n  i i i i t i r r r r r r r r r r n
He

A simple count o f the cosmic-ray flux arriving at the top o f the atmosphere reveals that 

it is 85% protons, 12% helium nuclei, 1% heavier nuclei and 2% electrons. The elemental 

abundances o f the cosmic rays provide clues as to their origin, acceleration and subsequent 

propagation to the Earth. Anomalies in the flux are identified by comparing them with 

‘typical’ cosmic abundances and two such sources are commonly used.

The first is the photosphere o f the Sun, the brightness o f which means that faint 

absorption lines are readily observable. The relative abundances o f the elements are then 

determined from these lines. The second reference source is meteorites, which have not 

undergone terrestrial fractionation and so should have chemical abundances similar to the 

primordial Solar nebula. The chondritic 

meteorites have chemical abundances similar to 

those o f the Solar photosphere and can fill gaps 

in our knowledge o f the rarer elements.

The elemental abundances in the GCRs at the 

top o f the atmosphere and in the Solar System are 

shown in fig 1.5 from J.A. Simpson (1983), both 

given relative to silicon. Measuring the chemical 

composition above about 1014 eV is problematic 

due to the need to stop the particles in a space- 

based instrument and obtain a large enough 

collecting area.

The main features o f the cosmic-ray spectrum 

in comparison to the Solar System spectrum are:

10“
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Hydrogen and helium are underabundant F ig u R e  1.5 The abundances o f  the
in the cosmic rays relative to the heavy elements in the GCRs at the top of the

Earth’s atmosphere (Simpson, 1983). The 
elements by a factor o f ~20-30. Since solid circles are low-energy data (70-280

MeV nucleon'1), the open circles are high- 
heavier nuclei have much larger cross- energy data ( 1 _2  GeV nuc,eon ') and the

sections, this cannot be an artifact o f diamonds are Solar System abundances.
All are normalized to [Si] = 100.

propagation through the ISM. Theories

usually maintain that it is caused by fractionation o f the source material due to a 

bias in the acceleration process or its injection mechanism.
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• The light elements lithium, beryllium and boron are grossly overabundant in the 

cosmic rays. These elements are not produced in nucleosynthesis and so 

presumably originate from spallation o f heavier cosmic rays. There is also an 

excess o f scandium, titanium, vanadium, chromium and manganese -  elements just 

lighter than iron (21 <Z<26), again probably due to spallation o f  the iron peak.

• Abundance peaks at carbon, nitrogen, oxygen and iron are present in both the 

cosmic rays and Solar System.

• An odd-even effect* in the relative stabilities o f  the nuclei according to atomic 

number is present in the cosmic rays, though not to as pronounced an extent as in 

the Solar System.

Though these differences are prominent and real, more remarkable still is the relative 

similarity o f both sets o f data, particularly as the second features on the list are due mainly 

to well-understood spallation during propagation through the Galaxy. See Section 1.2.4 for 

a discussion on the UHGCR abundances gathered by space-borne experiments.

1.2.3 Isotopic Measurements

Studies o f isotopic anomalies have proven insightful. To determine the source 

composition, these data must be corrected at an isotopic level for galactic propagation. One 

problem with this is the effect o f relatively large uncertainties in semiempirical nuclear 

cross-sections. These uncertainties make any such correction for spallation in the ISM 

difficult. However, the advantage o f isotopic studies is that differential cross sections 

should be similar for isotopes o f the same element.

Some nuclides (e.g. 22Ne, 25’26Mg, 29,30Si and 54Fe) contain comparable amounts o f 

primary and secondary material and source abundances can be inferred from propagation 

models to eliminate secondary spallation contributions. Another useful aspect o f isotopic 

studies is that some o f the species created in spallation reactions are radioactive and hence, 

can provide information about the transit time o f  the particles from their site o f origin to the 

Earth. Measurements o f secondary-to-primary ratios (e.g. B/C) can indicate the average

* There are two reasons why most elements with even Z are more abundant. Firstly, elements with 
even Z simply have more isotopes. Secondly, nuclei are especially stable if nucleons can "pair up" 
with their spins in opposite directions. This works for neutrons as well as for protons, but if Z is 
even, every proton in the nucleus can pair up, while if Z is odd, there must always be an unpaired 
proton.

Platinum and Beyond: Studies o f  Ultra-Heavy Nuclei in the Galactic Cosmic Rays
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amount o f ISM material traversed. The cosmic-ray confinement time (and thus mean path 

length, Xesc*) can then be estimated by measuring the abundance o f long-lived ß-decay 

secondary radionuclides.

Such data have recently been measured with increasing accuracy. Until recently, 

isotopic differences were thought to be widespread between the GCRs and the solar system 

abundances (with the exception o f the 22Ne/20Ne ratio, that shows a well-established excess 

in the cosmic rays). Voyager, Ulysses and now ACE have challenged this assumption^ 

ACE  in particular provides 10 times the statistical accuracy o f previous spacecraft 

measurements and is finally providing sturdy constraints for theoretical work.

The ACE  data (fig 1.6 ) have been used to derive GCR source abundances relative to 56Fe 

for 11 isotopes. They agree well (to within -20% ) with Solar abundances over four orders 

o f magnitude in energy (Weidenbeck et al., 2001). However some differences are present 

and the more notable anomalies, which will inform our later discussion on cosmic-ray 

origin, are discussed below.

n8 —i i—t—i—[—i—i i i i i—i—i—i—i—r i—i i i—r r i r i i r i i
^  lU  6 10 14 19 23 27 31 35 39 45 51 55 59 63

-  4 9 12 16 20 24 28 32 36 40 48 52 56 58 64

He Be C 0 Ne Mq Si S Ar Ca Ti Cr Fe Ni Zn 
Li B N F Na Al P Cl K Sc V Mn Co Cu

FIGURE 1.6 Relative abundances o f  low-energy galactic cosmic rays arriving near Earth. Shown are 
the cosmic-ray composition at ~100-200 MeV nucleon'1 as measured by ACE  ( • ) ,  the Solar-system 
composition (O) (Anders and Grevesse, 1989) and cosmic-ray isotopes involved in radioactive 
decays as parents (®) or daughters (0). (Source: Wiedenbeck et al., 2001)

Xesc is related to the mean ISM density traversed by the particles and the mean confinement time 
by x = Xesc / A «iSM fie) where /3c is the mean GCR velocity, «ism is the mean ISM density number 
and A is the mean atomic weight o f the ISM.

* Ulysses is a joint NASA and ESA project. The spacecraft was launched into a Solar orbit with a 
high heliographic latitude (~80° north and south). Part o f its mission was to measure the isotopic 
cosmic ray composition at a few hundred MeV nucleon'1. The Advanced Composition Explorer 
(ACE) spacecraft carried a suite o f high-resolution mass and charge spectrometers (measuring 
energies from ~1 KeV nucleon'1 to ~1 GeV nucleon'1).
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59Ni Electron (or K-) capture decay occurs when a parent nucleus captures one of its own 

electrons from the (innermost) K-shell and emits a neutrino. However, once an atom 

is stripped of electrons, as happens during acceleration to GCR energies, it is 

effectively stable with respect to K-capture decay. This phenomenon can be used to 

estimate the time between nucleosynthesis of the GCR seed nuclei and their 

subsequent acceleration. (If the time delay is much longer than the electron-capture 

half-life, the nuclei will have largely decayed into their daughter products.) Earlier 

data from the ISEE 3 (Leske, 1993), Voyager (Lukasiak et al., 1997; Webber, 1997) 

and Ulysses (Connell & Simpson 1997) spacecraft hinted at the decay o f 59Ni in the 

GCRs due to the electron K-capture decay 59Ni -> 60Co ( J m ~  1.1 x 105 yr), though 

with insufficient resolution to be definitive.

One of the ACE instruments, the Cosmic-Ray Isotope Spectrometer (CRIS) has 

recently detected significant depletion o f 59Ni in the GCRs (Wiedenbeck et al., 

1999). This implies that the time from nucleosynthesis to acceleration is >~105 yr. 

This important result is most pertinent to the debate on cosmic ray origin. If the 

ACE/CRIS data are taken at face value*, models in which cosmic rays attain their 

energies directly as a result of supernova ejecta must be rejected. The data are, 

however, consistent with models which imply an old seed material or with models 

which somehow avoid mixing supernova ejecta with ambient interstellar material for 

at least ~ 1 0 5 yr before acceleration.

22Ne One o f the more striking anomalies in isotopic composition is the GCR 22Ne/20Ne 

ratio which is about three times larger than that o f Solar material. One proposed 

explanation is an admixture of material from Wolf-Rayet (WR) stars. According to 

both theoretical models and observation, the strong stellar winds from these stars are 

enhanced in 22Ne.

The dominant process of WR formation appears to be mass loss due to radiation- 

driven winds in massive stars. By removing the stellar envelope, these winds reveal 

the products o f nucelosynthesis and thus become enriched in C and O (with respect

* One way to reconcile the ACE/CR1S measurements with a short delay between nucleosynthesis and 
acceleration is to hypothesise that the cross-section for the reaction 60Ni(/>, p«)59Ni has been 
overestimated. However, this value was extrapolated from measured cross-sections of analogous 
reactions of neigbouring nuclei so Wiedenbeck et al. regard this as unlikely, while stressing the need 
for direct cross-section measurements in this charge region.

Another possibility is the prompt acceleration of Fe-group nuclei to moderate energies (~150 
MeV nucleon'1) where they would be only partially ionised. They would then continue to accrue 
energy over timescales > 105 yr, enough time for K-capture of 59Ni, while preserving the source 
abundances of the seed nuclei in the GCRs. Since 105 yr of travel constitutes only ~\%  of the 
cosmic rays' total path length, the abundances will be preserved over this time period, while giving 
59Ni time to decay.
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to both H and He and the other heavier elements, which are synthesised deeper in the 

star and during the subsequent supernova explosion). This enrichment of heavy 

elements (including 22Ne) has been observed in practice (Willis et al., 1998; Dessart, 

2000).

10Be Radioactive secondaries can survive in the cosmic rays either because o f their

26A1 long half-lives or K-capture suppression after acceleration. The most well-known

36C1 o f these ‘cosmic-ray clocks’ is l0Be, which has a half-life o f 1.5 x 106 years. (See

Chapter 5 for a more detailed discussion o f cosmic-ray clocks.)

The l0Be, 26A1 and 36C1 data from Ulysses imply that the cosmic rays travel 

through a mean interstellar density o f 0.25 to 0.45 atoms cm '3. Since the Galactic
3 • •disc has an average density o f ~ 1  atom cm' , this result suggests that the cosmic 

rays spend some time out o f the Galactic disc and extend into the (lower density) 

Galactic halo. I f  so, these abundances are the best constraints available on halo 

size. These results also correspond to a mean cosmic-ray confinement time of 

-26!* Myr (Connell, 1998).

Other ACE  results show a 58Fe/56Fe ratio ~70 ± 30% over that o f the solar system, a

Nuclides factor 1 . 9  + 0.3 higher than that reported by Ulysses, which otherwise showed
2 5  2 6  2 9  • 3 0  ■values close to solar. Previously reported Mg, Mg, Si and Si 

overabundances in the cosmic rays are not apparent in newer Ulysses data. ACE  

data on these isotopes have not yet been published.

In summary, isotopic data have revealed:

• A delay between nucleosynthesis and acceleration o f > ~105 yr, as suggested by 59Ni K- 

capture decay.

• A mean confinement time o f -15-26 Myr and propagation through a mean interstellar 

density o f 0.25 to 0.45 atoms cm'3, inferred from 10Be, 26Al and 36C1 data from Ulysses.

• A weak (< ~20%) re-acceleration effect, from GCR 49V and 51Cr decay o f ~25-30%.

Forthcoming results from ACE  and further empirical cross-section data from particle 

accelerators promise more insights in the near future.

Platinum and Beyond: Studies o f  Ultra-Heavy Nuclei in the Galactic Cosmic Rays
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1.2.4 UH Spectra from  Spacecraft

Nuclear interactions in the Earth’s atmosphere means that the cosmic rays arriving at the 

surface are mainly secondary, tertiary and higher order reaction products. To obtain a 

sample o f  the primary flux, experiments must be deployed above the atmosphere.

Ariel 6 was launched by a NASA scout rocket on 3rd June 1979 into a near-circular 625 

km orbit inclined at 55°. The Bristol University cosmic-ray detector aboard the satellite 

consisted o f a spherical aluminium vessel o f  diameter 75 cm containing a gas scintillation 

mixture. This sphere formed a single optical cavity viewed by 16 photomultipliers. 

Individual particle charges were inferred by separately measuring the gas scintillation and 

the Cerenkov emission from the plastic shell. This was possible because o f the quite 

different distribution in time o f these emissions. Power supply problems meant that the data 

collection was restricted to 352 complete days at 100% efficiency. This corresponds to an 

exposure outside the South Atlantic Anomaly and auroral zones o f approximately 635 m 2 sr 

days, allowing for Earth-shadowing and selection effects on particle geometry.

The deconvolved abundances retained the overall overabundance throughout the 60 < Z 

<  80 region. Three actinide candidates were detected, in comparison to the 0.5 predicted by 

Brewster et al. (1983) for propagated Solar System material.

The High Energy Astronomical Observatory (HEAO) was a United States satellite 

launched on 20th September 1979 into a 495 km circular orbit inclined at 43.6°. The Heavy 

Nuclei Experiment (HNE) on the satellite consisted o f six ionisation chambers, one 

Cherenkov counter and two Pilot 425 plastic radiators viewed by eight photomultiplier 

tubes. Experiment C2 consisted o f five Cherenkov detectors, while HEAO-C3 was 

designed to measure the abundances o f the elements beyond the iron peak and up to the 

actinides. The resolution o f the experiment was insufficient to resolve individual elements 

and so the data were appropriately binned. In HEAO 's case, the binning was quite broad 

and in ARIEL'S even-charge nuclei were presented.

The similarity o f the HEAO and ARIEL data has led to their combination to reduce 

statistical uncertainties (fig 1.7). The HEAO dataset was deconvolved to remove anomalous 

width and asymmetry in its point spread function. The abundances reported were for charge 

pairs, the abundance o f each even charge being combined with that o f the (generally less 

abundant) odd charge immediately below it.
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FIGURE 1.7 Compilation of observed UHCR 
abundances. The Solar system abundances are meteoric 
(from Anders and Ebihara, 1982). Abundances over 
Z= 60 are normalized to the width of the charge bins.
UHGCR represents the combined Ariel VI and HEAO 
3 data. (Source: Binns et al. 1989)

Significant features o f the combined HEAO  and ARIEL spectra are:

• Agreements up to about Z = 42, (50 < Z < 58) and the (78 < Z < 84) peak.

• Again, spallation o f elements in these peaks seems to have increased the abundances at 

lower charges relative to the Solar System elements.

• The abundances o f the heavy elements relative to iron are (with some notable 

exceptions) similar in both the cosmic rays and in the Solar System.

Table 1.1 UHCR relative abundances normalized to Fe (= 106)

Elements (Z) Meteoritic* Ariel VI HEAO 3 Ariel VI + HEAO 3

6 2 -6 9 1.697 ±0.009 7.3 ±0.9 3.54 ±0.63 6.9 ±0.6

70 -73 0.514 + 0.006 1.9 ± 0.5 1 04 +0451 ,Vy -0  33 1.9 ±0.4

7 4 -8 0 3.76 ±0.14 5.7 ±0.8 4.38 ±0.71 5.4 ±0.6

81 -83 3.86 ±0.28 2 . 0  ± 0 . 6 i.04 ™ 1.6 ±0.4

>83 0.0472 ± 0.0023 0.4 ± 0.2 0-06 !°0; 5 0  13+01J-0.05

* Grevesse and Anders (1989).
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• HEA0-C3 yielded little evidence o f actinides (89 <  Z <  103) while ARIEL VI 

detected three actinide candidates (of charges 88.5, 93.5 and 97.0). The overabundance 

o f actinides reported by previous experiments was not seen.

Despite the differences, the overall impression is that the cosmic rays have been 

accelerated from material o f  similar composition to the Solar System.

The combined results agree with a step FlP-biased Solar System source (to within 

+35%) for 32 < Z <  60, but differ significantly for Z > 60 elements (with a substantially 

low “Pb”/“Pt” ratio* and substantially high “actinide” abundances). Z > 60 GCRs are ~3 

times more abundant than expected from a Solar System r-process source (relative to iron). 

This overabundance is mainly due to Pt-group abundances (actinide enhancement exerting 

little influence). A pure r-process source would go some way to explaining the Z > 60 

abundances but fails to address the gross overabundance o f the Z < 60 elements, 38Sr, 40Zr 

and 56Ba.

Though there is some evidence o f r-process Pt enhancements, s-process Pb depletion is 

less certain as the Pb Solar abundances are not as well determined. Binns et al. (1989) 

interpret the large GCR Pt/Pb ratio as direct evidence o f r-process enhancement at the GCR 

source. They suggest that although the composition is qualitatively similar to that o f the 

Solar System, there are quantitative differences indicative o f  a different nucleosynthetic 

history for material in the cosmic-ray source regions of the Galaxy. (See Section 1.4.3)

The US/Russian Trek was an array 

o f glass track-etch detectors deployed 

on the outside surface o f the Mir space 

station in 1991. Trek also detected a 

depleted Pb/Pt ratio (fig 1.8).

The experiment with the largest 

exposure factor in the ultra-heavy 

region, however, was the Ultra Heavy 

Cosmic Ray Experiment (UHCRE).

During its 69 months aboard the earth- 

orbiting Long Duration Exposure 

Facility (LDEF) it collected ^3000 

ultra-heavy cosmic-ray events in a 

solid-state nuclear-track detector array.

'  W here “Pb” s  (80.5 <  Z  <  83.5) and “Pt” =  (73.5 <  Z  <  80.5)

+2 events

70 72 74 76 78 80 82 84 86 88 90 92 94
C harge

Figure 1.8 Charge spectrum of >0.9 GeV nucleon' 1 

GCRs from the Trek experiment, including six 
actinides (Westphal et al. 1998).
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1.2.5 Overview

In summary, the more interesting GCR characteristics to have been discovered are:

1) Some elemental deviations relative to the Solar system abundances. The most 

significant include a paucity of: H and He (by factors o f between 20 -  30), N (by 

a factor o f -10) and O, S, Ar and Kr (by factors o f ~4). The cosmic rays also 

show enhancements in: the 22Ne/20Ne ratio (greater by ~3), Pt and the r-process 

lanthinides (both enriched by ~2 ) and (to an uncertain extent) the actinides.*

2) A low ”Pb”/“Pt” ratio . 1

3) A delay between nucleosynthesis and acceleration o f > ~105 yr.*

4) A mean confinement time o f ~15-26 Myr.§
3 II5) A mean local energy density o f ~2 MeV m'

6 ) A weak (< ~20%) re-acceleration effect.11

7) Traversal o f ~10 g cm ' 2 o f ISM matter at 1 GeV nucleon'1.

Points 1), 2) and 3) pose specific challenges for models which attempt to explain 

cosmic-ray injection, acceleration and possible fractionation. Point 4) provides a useful 

constraint on propagation models. Points 5), 6 ) and 7) indicate that the cosmic rays are 

energetically more important than previously assumed -  more energy is both required of 

their source and subsequently dissipated in the ISM.

In terms o f their elemental composition, the Galactic cosmic-rays and solar system 

abundances are broadly similar with three major GCR enrichments: i) elements with small 

first ionisation potential (FIP) or low volatility, ii) 22Ne and iii) nuclei heavier than H and 

He. The next section discusses models which address these anomalies.

* Anders and Grevesse, 1989; Grevesse and Sauval, 1998; Binns et al., 1985 and 1989.
f Where “Pt” = (74 < Z  <  80) and “Pb” = (81 « Z  <  83). See Binns et al., 1985 and 1989.
* Weidenbeck et al., 1999.
§ See for example, Yanasak et al., 2001; Brunetti et al., 2000; Connell, 1998.
11 Webber, 1997.
11 Soutoul et al., 1998.
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1.3 Cosmic Ray Origin

The cosmic-ray spectrum observed at Earth is a palimpsest which is written on at the 

cosmic-ray source, inside the acceleration mechanism and during the long journey through 

the Galaxy. Deciphering the earliest imprint, that o f  the source material, is challenging.

The Energetic Gamma Ray Experiment Telescope (EGRET) on board the Compton 

Gamma-Ray Observatory (CGRO) observed the distribution o f  diffuse ~1()0 M eV y-ray 

emission that is produced mainly by cosmic-ray proton collisions with the ISM (fig. 1.9). 

These collisions produce 7i° mesons which rapidly decay into >70 MeV y-ray pairs.

FIGURE 1.9 EGRET observations o f  the ~100 M eV gamma-ray sky. These gamma-rays are 
probably due to decaying 7t° particles created by cosmic-ray interactions with the interstellar 
medium.

Clearly, diffuse y-ray emission, and thus presumably the cosmic rays, pervade our 

Galaxy and so play an important part in heating and ionising the interstellar medium, 

effecting an interstellar exchange o f matter and energy and altering the chemical evolution 

o f the Galaxy. In this Section, we will examine the current theories which are advanced to 

explain their origin.

1.3.1 Supernova Remnant Shock Acceleration

The current consensus is that most o f  the cosmic rays o f E  < ~1015 eV are Galactic in 

origin. Somehow, ~1034 W must be imparted to these particles and the mere fact that the 

mechanical power supplied by Galactic supemovae (SNe) is about one order o f magnitude 

greater than this is suggestive. In our Galaxy, SNe occur once every 30 years or so; each 

one yields ~1044 J o f mechanical energy and ejects several solar masses o f material. 

However, adiabatic losses mean that SNe cannot directly power the GCRs. The particles o f 

a supernova (SN) explosion are coupled to the ISM and so are forced to push it outwards, 

performing considerable 'PdV' work in the process, which makes direct acceleration from 

SNe energetically untenable.

It is necessary to invoke an acceleration model efficient enough to power the GCRs but 

which also fractionates the initial injected ‘seed’ material to explain the anomalies in the
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GCR composition. The currently favoured mechanism is diffusive shock acceleration in 

supernova remnants (SNRs). This has two advantages.

Firstly, the adiabatic energy loss problem can be sidestepped by locating the acceleration 

not in the SN itself, but in the strong shocks o f the subsequent SNR. Most o f the explosion 

energy is processed through shocks when the remnant has a radius o f a few parsecs (where 

the maximum adiabatic loss is reduced by about an order o f magnitude). Secondly, 

collisionless shocks have been observed in the heliosphere with parameters similar to those 

in SNRs, though these are on smaller time and energy scales and so cannot generate ultra- 

relativistic particles.

The Fermi mechanism* can accelerate mildly supra-thermal particles to ultra-relativistic 

energies. The fact that this mechanism can work to such low energies creates much less 

stringent demands on the injection properties o f the seed particles. In nonlinear shock 

acceleration the shock-heated particle distribution has a nonthermal tail that extends to very 

high energies. Therefore, the process does not require a separate injection mechanism. In 

this model, then, any nonthermal seed nuclei in the upstream medium will be picked up and 

accelerated by the shock with essentially no fractionation.

The interactions o f the cosmic rays with shocks has been explored in detail (Ellison and 

Reynolds, 1991) and it now seems quite plausible that fully ~10-20% of the initial energy 

o f the SN explosion can be transferred into accelerated particles (Drury, 1983), as required 

by the energy arguments.

At energies below about 1015 eV, diffusive shock acceleration is largely successful in 

explaining the origin o f the GCR energy^ However, there is significantly less concord in 

models o f the origin o f GCR matter. Recent efforts have addressed cosmic-ray anomalies in 

terms o f injection biases rather than exclusively acceleration effects. Explanations for the 

anomalies tend to invoke either nucleosynthetic or atomic biases at the source.

* Fermi (1949) first postulated that diffusion among interacting interstellar clouds could 
statistically cause particle acceleration. One way to think o f this is that the particles are coming into 
thermal equilibrium with the ISM. It was realised that collisionless shocks in space plasmas could 
also power diffusive acceleration and transfer the shock’s kinetic energy to a non-thermal particle 
population. Collisionless shocks are those non-linear disturbances which facilitate energy and 
momentum transfer between particles mediated purely by plasma processes. One appealing aspect o f 
the Fermi mechanism in shock acceleration is that it naturally produces the power law dependence in 
energy as seen in the GCRs, albeit with a slightly harder spectrum (Drury, 2001).
* Most energy is processed through the outer remnant shock, which accelerates only ambient ISM 
particles. A smaller amount is processed by a reverse shock that propagates back through the 
supernova ejecta. The result is that between 90% to 99% of the cosmic rays produced are accelerated 
from the surrounding pre-supernova ISM and the remainder from the supernova ejecta. The 
implication is that the injected nuclei should have essentially the ISM abudances (which are still, of 
course, subject to fractionation in the acceleration process). If  the UH abundances in the GCRs 
indicate a pure r-process source (as suggested by Binns et al, 1989), this could present a serious 
challenge to conventional acceleration models.
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1.3.2 Nucleosynthetic Biases

Early reports o f  an enhancement o f heavy elements in the cosmic rays fueled speculation 

that discrepancies between cosmic-ray and solar system material could be due to a 

nucleosynthetic bias at the source (Binns et al., 1989).

For elements o f Z>  30, neutron capture is the dominant form o f nucleosynthesis. This 

may be modeled as either the s(slow)-process in which the neutron capture rate o f  a nucleus 

is low relative to the P-decay rate, or as the r(rapid)-process in which neutron capture 

occurs quickly (~seconds). Because o f  its long time-scale and synthesis through the P- 

stability valley, the s-process is incapable o f producing those naturally radioactive elements 

beyond 209Bi, as it is curtailed by falling neutron binding energy and (y, n) reactions.* 

Transbismuth elements are thus predominantly r-process.

Both s- process and r-process abundances are sensitive to the physical characteristics o f 

the site o f nucleosynthesis, such as temperature and neutron fluence. Thus GCR 

nucleosynthetic enhancements provide constraints for the physical conditions where the 

nuclei are synthesised. Locating the s- and r-process sites is important to such an 

interpretation.

The s-process occurs in asymptotic giant branch (AGB) stars which have degenerate 

carbon-oxygen cores. A helium-burning shell surrounds the core and supports the star with 

reactions which release neutrons. S-process elements formed with these neutrons eventually 

convect to the surface where they may be released in a stellar wind or subsequent 

supernova explosion.

The r-process occurs in extreme environments when a large flux o f  neutrons is available, 

creating transbismuth elements. This process continues up to A —260, when fission occurs. 

In stars about half o f  the trans-iron elements are produced by the r-process. At least ten r- 

process nucleosynthesis sites have been proposed over the last fifty years, falling into two 

broad categories. Firstly, sites in which elements are produced as primary products directly 

in a star (e.g. shock or je t ejection o f material from neutron-rich SNe cores). Secondly, sites

* The quantum-mechanical effects in the s-process impose certain features on the heavy GCR 
charge spectrum. For certain neutron numbers - N = 2 S ,  50, 82 and 126 -  neutron-capture cross- 
sections are much smaller than with neighbouring neutron numbers. These “magic” neutron 
numbers, then, act as bottlenecks for nucleosynthesis and elements corresponding to them (e.g. 88Sr, 
138Ba, 208Pb) will be especially abundant. A similar effect occurs with the r-process nucleosynthesis, 
but the nuclei created are often highly unstable and P-decay back to the line of stability, which 
creates peaks at slightly lower neutron numbers than those of the s-process. It is these peaks which 
contribute significantly to spallation products in the GCRs seen at Earth. S-process peaks are seen at 
A = 90, 138 and 208 while r-process peaks are seen at^4 = 80, 130 and 195.
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in which the r-process elements are secondary and which require pre-existing ‘seed’ nuclei 

which then capture neutrons (e.g. nova outbursts or neutron-star accretion discs).*

Spallation from the GCR 7sPt peak should increase the abundance o f its so-called heavy 

secondary (HS: 70 <  Z <  73) and light secondary (LS: 62 < Z < 69) elements. Because the 

cross-sections with large mass difference are smaller in the LS (eqn. 1 o f Shapiro & 

Silberberg, 1970), we would expect them to have a lower abundance than the HS elements. 

Binns et al. (1989) report that the reverse is the case, with the (predominantly r-process) LS 

events per unit charge outnumbering HS events by a factor o f ~2 in the HEAO data. They 

also report that the overabundance in the GCR (r-process) Pt-peak detected by HEAO could 

be fitted by an admixture o f heavy (Z > 60) r-process material in a medium which is 

otherwise similar to that o f the solar system. Binns et al. suggest that this implies an 

unusual nucleosynthetic history for the cosmic rays.

However, the first and second r- and s-process peaks (up to Z ^  60) show no particular 

nucleosynthetic enhancement or deficiency. This, coupled with the lack o f an s-process 

deficiency implies that GCRs do not primarily originate from SN-proeessed material, since 

no type o f SN synthesises s-nuclei. Explanations for the low “Pb” (s-process) / “Pt” (r- 

process) ratio* which do not require the GCRs to be biased by nucleosynthetic processes are 

available. These theories organise the cosmic-ray abundances on the basis o f atomic 

properties such as volatility and first ionisation potential.

1.3.3 Atomic Biases

In the 1970s, it was noticed that the detailed GCR source heavy-element composition 

could be ordered in terms o f the first ionisation potential (FIP)* o f its elements (Cassé & 

Goret 1978; Meyer 1985; Arnaud & Cassé 1985; Silberberg & Tsao 1990). As shown in fig

* On the basis o f (3-decay measurements, the r-process probably occurs in a high neutron density 
(nn > 2 0  cm"3) classical (n, y) equilibrium environment. Furthermore, the observed stellar abundances 
indicate that the r-process occurs in a single unique environment. The most likely candidate appears 
to be the ejection o f neutron-rich core material from low-mass type II supemovae, but more nuclear 
and astronomical data are necessary. Tsujimoto & Shigeyama (2001) have determined that the 
overabundance o f barium in the outer layer o f the SN1987A ejecta is due to r-process production 
synthesised during the explosion in the deepest layers o f the ejecta. They conclude that 20 M 0 
supemovae are the predominant production site for the r-process elements. The elemental abundance 
o f neutron catpure-rich stars CS 22892-052 and CS 31082-001 are very similar to that o f SN 1987A, 
from which they infer that these stars are bom from the ejecta o f 20 M0 supemovae such as SN 
1987A in the early Galaxy.

f Where “Pb” =  (80.5 <  Z <  83.5) and “Pt” =  (73.5 <  Z <  80.5).
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1.10, low-FIP elements (FIP <~8.5 eV) are enhanced by a factor o f ~5 relative to high-FIP 

(FIP > ~l \ eV) elements.

The Solar corona is also known to be overabundant in elements with FIP values < 1 0  

eV, an effect which has been observed in some other cool stars. This fractionation o f the 

solar energetic particles similar to that in the GCRs has lead some to posit coronal mass 

ejections from sun-like stars* as major contributors to the cosmic-ray source material. 

However, stellar flares are unable to accelerate the bulk o f  the GCRs up to GeV energies. 

The supposition is that FlP-biased, supra-thermal material is accelerated to MeV energies 

and then later preferentially accelerated by a second mechanism (probably SNR shocks) to 

GeV and TeV energies.

LOW-FIP INT.-FIP HIGH-FIP

FIRST IONIZATION POTENTIAL [eV]
F IG U R E  1.10 GCR source/solar abundances vs. FIP in the GeV nucleon'1 range. The solar 
system abundances are mainly from meteorite studies and are normalized to H. Elements 
denoted by filled squares violate the general FlP-volatility correlation and so can serve as 
‘clue’ elements to determine which parameter fractionates the GCRs. C and O are upper 
limits as these values may contain surplus contributions from Wolf-Rayet winds. For 12C, a 
non-Wolf-Rayet source abundance is estimated. UH elements whose abudances relative to 
iron are not unambigously known are identified by a dashed bar with a question mark. The 
“Pb” and “Pt” points are plotted arbitrarily where they would fit, assuming a standard FIP 
pattern (filled squares). Three FIP domains are defined: “low-FIP” (FIP < 8.5 eV), 
“intermediate-FIP (8.5 eV < FIP < 11  eV) and “high-FIP” (FIP > 11  eV). (Source: Meyer, 
Drury and Ellison, 1997).

* The FIP is a measure o f an element’s resistance to being ionised in a ~104 K gas (or in radiation 
o f similar energy).
* Later-type stars with cool, neutral-H chromospheres.
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The GCR 22Ne enrichment* cannot come from coronal-gas stars and so a third (and 

unrelated) component is required by this theory. The data imply the presence o f a pure He- 

buming material component, possibly from Wolf-Rayet (W-R) winds. Though the material 

expelled in a SN explosion is independent of the SN Type, the circumstellar environment is 

not. Type I SNe (and Type II’s with weak winds), will be surrounded by ordinary ISM material, 

presumably of solar composition. However, the more massive the SN progenitor star, the more 

important wind ejections become. Significant wind contributions imply that the circumstellar 

grains will be newly-formed and presumably of a different composition. The most massive W-

R stars have winds fierce enough to feed on their He-buming layers and so enrich the
* 22  12circumstellar environment with the products o f such reactions (including Ne, C and 

possibly ieO). This material can later be accelerated by the W-R star’s SNR shock.

However, recent Ulysses results (Connell and Simpson, 1997) show little, if  any, 

enhancement o f the neutron-rich isotopes o f Mg and Si, even though W-R models (Maeder 

and Meynet, 1993) predict sizeable enhancements (factors o f ~1.4 to -1.9). It remains to be 

seen if  the W-R winds can accelerate the enriched material with enough efficiency to 

sufficiently contaminate the ISM.

In the FIP model, then, the low temperature o f the parent gas (~104 K) coupled with the 

lack o f a depletion o f the GCR refractory elements locked in grains, implies that the GCR 

nuclei do not originate in the ISM, but in stellar surfaces.

The FIP model is based on the assumption that only atoms from the gaseous ISM are 

efficiently accelerated. Meyer, Drury and Ellison (1997; see also Ellison, Drury and Meyer, 

1997) invert this assumption by invoking an old idea o f  Epstein’s (1980) -  the preferential 

acceleration and sputtering o f dust grains. They model the entire process o f cosmic-ray 

injection and acceleration in one mechanism. They assume that the observed FlP-bias in the 

GCR abundances is actually a volatility-based bias. This helps explain specific cosmic ray 

abundances while taking non-linear acceleration into account.

The more refractory elements in the ISM condense into dust grains which constitute 

about 1% of the Galactic ISM by mass. These grains are partially-ionised and can be 

considered to behave as extremely heavy ions. Their large A/Q  (mass-to-charge) ratio 

means that although they are injected very efficiently*, they are not accelerated quickly, but

Platinum and Beyond: Studies o f  Ultra-Heavy Nuclei in the Galactic Cosmic Rays

* This is the only known significant GCR source isotopic anomaly, besides possibly low I3C/I2C 
and 180 /160  ratios and a high C/O ratio.

f One early concern with diffusive shock acceleration at SNRs is that the process could actually 
be too efficient and that there might not be enough energy to accelerate many of the particles to 
relativistic energies. The solution is found when one considers that protons (which dominate the 
energy budget) have small gyroradii and so are more prone to dissipative processes in the (contd.)
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slowly reach energies o f about 0.1 MeV nucleon'1. Friction with the ambient gas-phase ISM 

induces sputtering in the grains, the products o f  which are swept back into the shock and 

again accelerated (with little further fractionation) to GeV and TeV energies.

Gas-phase elements (with relatively low condensation temperatures) are exalted directly 

from the thermal plasma and accelerated to become cosmic rays.

This model then, predicts two components in the GCR composition: a general 

enhancement o f  the refractory elements relative to the volatile ones (by a factor o f ~ 1 0  

relative to H; fig 1 .1 1 ) and b) among the volatile elements, an enhancement o f  the heavier 

elements relative to the lighter ones (or, more probably, an A/Q  enhancement; fig 1.12). 

These two components may have separate injection and/or acceleration processes, though 

in their analysis Ellison, Drury and Meyer assume both are subject to the same shock 

acceleration.

Thus the low H, He and N GCR abundances are explained as A/Q  (or rigidity) 

depletions and the high 22Ne, 12C and 160  abundances as contributions from Wolf-Rayet 

stars. In this model, however, the W-R wind component need not be unrelated to the GCR 

source nuclei. If  the W -R star itself becomes a supernova, the resulting shock will 

presumably accelerate atoms from its 22Ne-, 12C- and 160-enriched circumstellar envelope 

as well as from standard ISM material. This accounts for the over-abundances o f these 

elements in a natural and continuous way.

The GCR source abundances relative to solar used in this discussion derive from 

measurements made between roughly 1 and 30 GeV nucleon'1. The composition does not 

appear to change much up to at least 1000 GeV nucleon ' 1 (except possibly for H, see 

Shibata 1996). The observations for Z > 60 have limited charge resolution and so charge 

groups are usually used. Furthermore, the abundances o f (for example) “Pt” or “Pb” relative 

to Fe have uncertain significance*. This is because (in view o f the increase in the total 

nuclear cross-sections with mass) the derived source abundances o f these elements with 

respect to Fe are very sensitive to the propagation parameters, many o f which may have 

large errors.* Thus, though Solar values are generally well known, the GCR abundances 

are known to varying satisfaction.
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shock. These m echanism s essentially act as a m agnetic rig id ity  filter: particles o f  high rigidity are 
preferentially injected into the acceleration m echanism  w hile those o f  sm all rigidity (such as protons) are 
not. The reason is that high-rigidity  particles do not react strongly to  the small-scale fields and structures 
that cause this suppression. This A/Q  fractionation is a key consideration in  the volatility-bias m odel o f  
M eyer, D rury and E llison (1997).
* Here, “P b” =  (81 <  Z  <  83) and “P t” =  (74 <  Z  <  80).
* A n  excess o f  very short path  lengths relative to the generally  assum ed exponential path-length 
distribution could yield an observed excess unrepresentative o f  the source com position.
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REFRACTORIES SEMI-V. VOLATILES HIGH-VOLAT.

* —  CONDENSATION TEMP. Tc [K]
FIGURE 1.11 The same G C R  source solar abundances as in figure 1.10, this tim e plotted against 
condensation tem perature, Tc. The enhancem ents decrease with increasing Tc, except for the “highly- 
volatiles” . H ere, plotting against Tc is not helpful and they are plotted in  order o f  increasing mass. For 
these elem ents, the A /Q  b ias is evident (except for H). O and C are plotted as upper-lim its to indicate 
possible W -R  enhancem ent. The large spread o f  enhancem ents in the “sem ivolatiles” and “volatiles” can 
also be interpreted as a m ass effect. (Source: M eyer, D rury and Ellison, 1997).

MASS A -  (A/Q)
F ig u r e  1.12 T he sam e G C R  source solar abundances as in figures 1.10 and 1.11, p lotted against element 
atom ic m ass num ber, A . The m ore refractory elements appear generally m ore enhanced than the volatile 
ones. The “highly-volatile” G CR source elem ents seem  enhanced roughly oc ^ 08±02 0ver solar 
abundances, w ith the exception o f  H. This (m ost likely A/Q ) enhancement is not evident in  the refractories 
(which are in  any case enhanced overall w ith respect to the gas-phase or volatile elements). (Source: 
M eyer, D rury  and Ellison, 1997).
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An important question is whether the GCR nuclei are, broadly speaking, the flotsam 

(grains) or jetsam (low-FIP particles discarded from stars) of the Galaxy. Volatility and FIP 

are, o f course, related by chemistry -  high FIP elements (hydrogen, non-metals and noble 

gases) form volatile compounds which condense at quite low temperatures, if  at all. Fig 

1.13 illustrates the correlation and also shows those elements which violate it -  low-FIP 

volatiles or high-FIP refractories. These ‘clue’ elements can help determine which type o f 

fractionation has affected the GCR population -  FIP or volatility.

g  M___________LO W -FIP__________ Hyr.-Fp  H IG H-FIP

FIGURE 1.13 A  cross-plot o f the condensation temperature Tc o f each element against its FIP. Tc is 
defined as the 50% condensation temperature o f the dominant solid compound formed by the 
element at a solar initial gas composition o f 10"4 atm. There are four classes o f volatility: “highly 
volatiles” (Tc <  400 K), “volatiles” (400 K< Tc <  875 K), “semivolatiles” (875 K <  Tc < 1250 K) and 
“refractories” (Tc >  1250 K). Large filled dots indicate elements whose GCR source abundances are 
well known while those enclosed in boxes violate the general FIP-volatility correlation and are 
useful as ‘clue’ elements. (Source: Meyer, Drury and Ellison, 1997).

The abundances o f nine o f these elements are relatively well determined. O f these, five 

(i6S, 29CU, 30Zn, 3 iGa, 34Se) are more or less equally consistent with FIP or volatility 

(though some initially appear to support the FIP model, these can also be explained as an 

A/Q  effect). The remaining four -  nNa, 32Ge and 82Pb (low-FIP volatiles) and i5P (a high- 

FIP refractory) -  are consistent with volatility fractionation.
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nNa Sodium has a very low FIP (5.1 eV) but is relatively volatile (Tc = 970 K). It seems 

deficient by a factor o f 2.0 ± 0.8 relative to Si (Ferrando 1993; Du Vemois and Thayer 

1996). These abundances are excellently measured and indicate that volatility is the more 

relevant controlling parameter. However, the combination o f uncertainty in its spallation 

cross-sections and the large number of Na secondaries in the GCRs complicates the 

interpretation.

15P Phosphorus is an intermediate-FIP (10.5 eV) semivolatile (Tc = 650 K) element. It seems 

to be depleted by a factor o f 1.5 ± 0.7 (consistent with being undepleted). Though it seems 

to slightly favour the volatility model, this interpretation has the same caveat as that o f Na.

32Ge Germanium is a low-FIP (7.9 eV) volatile (Tc = 825 K) which has been observed with 

adequate statistics and good charge resolution by both the HEAO-C2 and HEAO-C3 

experiments. The Ge/Fe ratio seems depleted -  0.57 ± 0.10 o f solar values (Lund, 1984; 

Binns ei al., 1989; Binns 1985). The derivation o f the source Ge/Fe ratio from the 

observed one is solid, since the secondary contribution to the observed Ge is minimal and 

Ge and Fe have similar cross sections. The Ge/Fe ratio is a strong argument in favour o f 

volatility-bias in the GCRs.

82Pb Lead is reliably observed both by HEAO-3, Ariel-6 and Trek. “Pb-group” elements are 

mostly low-FIP (~7.4 eV), volatile (7^ Pb = 727 K) and primarily s-process while elements 

in the “Pt-group” are intermediate-FIP (~9 eV), refractory ( r c, pt = 1408 K) and r-process. 

The low “Pb”/”Pt” ratio seems quite well established and interpreting this value as a low 

s-process abundance seems unlikely given the lack o f any such effect in the first and 

second s-nuclei and r-nuclei peaks. Depending on propagation conditions the FIP model 

predicts a GCR source enhancement o f between ~1.3 and ~2.6 o f solar. The GCR source 

value is about 3.9 ± 1.1 times lower than the FIP prediction, and so indicates a volatility- 

bias. (Clinton & Waddington, 1993; Waddington, 1996, 1997)

One problem with the FIP proposal is that the dwarf star ejection must survive long 

enough to encounter SNR shocks while simultaneously avoiding being swamped by other 

ISM particles accelerated in the shock. The volatility model maintains the advantage of 

elegance; the same process both fractionates and accelerates the source material in concord 

with observed abundances.
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1.3.4 Light Element Evolution

The light elements which are abundant in the GCRs (Li, Be and B) are largely bypassed 

by stellar nucleosynthesis, and are in fact destroyed rather than produced in stars. Though 

some o f  the isotopes o f these elements are believed to be primordial in origin (e.g. 7Li, 11B), 

most are almost certainly products o f nuclear interactions in the ISM. In cosmic ray 

spallation, high-energy protons and helium nuclei collide with C, N  and O atoms in the 

interstellar medium to produce 6Li, Be and B daughter products.*

It is assumed that as the Galaxy ages, the incremental increase o f heavy SN 

nucleosynthesis products in the ISM (and thus in the stellar population) will cause a steady 

increase in stellar metallicity, Z*. As a consequence, there is an accumulation o f Galactic 

carbon and oxygen with time. This would make the spallation process more efficient, as H 

and He GCRs would have a greater number o f carbon and oxygen ‘targets’. Galactic 

chemical evolution should, therefore, mean that carbon and oxygen abundances (and so the 

Li, Be and B production rates) will be proportional to Galactic metallicity. In other words, 

6Li, Be and B abundances will be proportional to (ZGalaxy)2-

Observations have been made to confirm this. The halo phase o f the Galaxy corresponds 

to a metallicity o f < ~10 ' 1 (i.e. in this epoch the Galactic iron abundance is less than 10% 

that o f the current Solar abundance). Galactic halo stars (most easily observed in globular 

clusters) provide much o f our observational data on the early Galaxy. The halo stars 

observable today are small, metal-poor and roughly as old as the Galaxy. Their 

compositions should be little changed from the early Galactic epochs.

The observations revealed that for stars o f  10' 3 <  Z < 10"1 the Be/Fe abundances rise 

proportionally with Z (and not Z as expected). I f  metallicity is taken as a measure o f time, 

the implication is that Be production has been more or less constant throughout the 

evolution o f the Galaxy.* How can sufficient Be be produced in the early Galaxy? It can

In actuality, in verse  spallation is thought to be the dominant effect (i.e. high-energy C and O 
nuclei interacting with H and He at rest in the ISM). Under inverse spallation, the 6Li, Be and B 
production rate depends only on the properties o f  the high-energy ‘projectile’ particles rather than 
the ISM ‘target’ particles (which are largely H and He in the metal-poor early Galaxy). This scenario 
makes for a more efficient Li, Be and B production process -  no energy is imparted to those H or He 
particles which do not interact with interstellar C or O. Thus in the early Galaxy, the C and O parent 
nuclei are present not in the ISM, but in the GCRs.

* Here, stellar metallicity is nonnalized to Solar values; i.e. Z = Fe/H = (Fe/H) star / (Fe/H)0.
* Type la supemovae were relatively rare in the early Galaxy. During this epoch, most o f  the iron 

is thought to have been produced in Type II and Type lb supemovae, which produce an average o f 
about 0.1 M 0 o f iron each, independent o f epoch. The implication is that Galactic metallicity 
increased at a linear rate and so the constant Be/Fe ratio with metallicity could not be due to low iron 
content o f  the early Galaxy and so implies a linear production rate for Be.
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only be generated in GCR spallation with the ISM, but the Galaxy was C- and O-poor in 

this era.

Ramaty et al. (1998) used these data to surmise that the cosmic rays of the early Galaxy 

(or at least their C and O) must have been accelerated from freshly-nucleosynthesised 

matter rather than the metal-poor ISM. They argued that if  all the GCRs were accelerated 

from the ISM, an unacceptably high amount o f energy would be needed per supernova to 

produce the observed Be/Fe ratio at the lowest metallicities (earliest epochs). Their 

conclusion was that the volatility (grain) and FIP (coronal mass ejection) scenarios are invalid 

in the early Galaxy without a component o f fresh nucleosynthetic matter.

Lingenfelter, Ramaty & Kozlovsky (1998) argued that the GCRs, at least in the early 

Galaxy, originate from supemovae accelerating their own ejecta, specifically: freshly- 

formed high-velocity refractory grains.* After this point, the theory resembles the 

volatility-based scenario o f Meyer, Drury & Ellison (1997), namely the acceleration of 

grains to ~0.1 MeV nucleon ' 1 resulting in atomic sputtering and subsequent acceleration of 

the resulting suprathermal atoms in the SNR shock.

Furthermore, Lingenfelter et al. rejected the possibility o f contributions from Wolf- 

Rayet winds to the C and O population because the presence o f these winds is a function o f 

metallicity (Maeder and Meynet, 1994). If one accepts that metallicity is related to Galactic 

age, this would imply a varying production o f C and O (and so Li, Be and B production 

rates), at odds with the observed constant Be/Fe output.

SNe do indeed eject huge amounts o f C and O, as required by the light element data, but 

these ejecta must somehow reach SN shocks in order to be accelerated. Two possibilities 

present themselves. Either a) the CRs accelerated by the forward shock are somehow 

confined and interact in the SNR (which contains a lot o f C and O) or b) the reverse shock 

accelerates material that contains large fractions o f C and O. However, Parizot and Drury 

(1999) show that the required surplus o f C and O cannot be accelerated by either the 

forward or reverse shocks o f an isolated SNR.

* The rapid optical dimming and simultaneous infrared brightening o f the Type II SN1987A (e.g. 
Moseley et al. 1989b) was cited as evidence o f dust grain absorption beginning 450 days after the 
explosion. Lingenfelter et al. (1998) have estimated that o f the 0.23 M Q ejecta which condensed into 
grains during the first two years after SN1987A, only ~2 x 10 4 is necessary to account for the 
average injection o f cosmic-ray metals per supernova.

Lingenfelter et al. discuss the 59Ni decay data (see Section 1.2.3) in terms o f a false assumption. 
The 59Co/Ni ratio o f  10 + 3.3% was interpreted (Lukasiak et al., 1997) as excluding, at the 2cr level, 
the acceleration o f fresh SN ejecta less than 3 x 104 yr after the explosion. This interpretation 
assumed that the GCR 59Co resulted solely from the decay o f 59Ni and a 2% spallation contribution. 
Lingenfelter et al. dispute the 59Co/Ni interpretation, citing Woosley & Weaver (1995) predict an 
equal production o f 59Co and 59Ni during SN nucleosynthesis.
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1.3.5 Superbubbles

A riposte to the SN ejecta origin model is to not accept that stellar metallicity is related 

to age. Higdon et al. (1998) instead posit the acceleration o f  enriched material within 

superbubbles.

Most supemovae are not isolated but occur in OB-type stellar associations in the ISM. 

When several SN explosions occur in proximity in both space and time, a ‘ superbubble ’ 

forms -  an area which is surrounded by a shell o f swept-up ambient ISM gas. The bubble 

interior contains a mixture o f the ejecta o f previous SNe (with a possible wind contribution 

from massive stars) and some interstellar material. These hot, low-density shells o f SN- 

enriched matter can reach dimensions o f several hundred parsecs. A  new supernova inside 

the bubble accelerates those particles which ultimately create Li, Be and B through 

spallation. In this model, cosmic rays are accelerated by the recurrent (every ~3 x 105 yr) 

SNR shocks inside the bubble.* Acceleration takes place predominantly after 105 yr and up 

to the bubble’s lifetime o f 5 x 107 yr (to allow the necessary decay o f 59Ni).

This theory avoids a slow and simultaneous buildup o f light elements (e.g. C, O, and 

thus Li, Be and B) and metals and implies a discontinuous increase in Li, Be and B due to 

each supernova. Parizot and Drury (1999)+ estimate that after about 30 Myr a superbubble 

will supply ~ 8  x 104  M s o f high metallicity (Z —10’ 1 Z0) matter which mixes with the 

relatively metal-poor (Z — 10-4 ZQ) ambient ISM. The superbubble will break up and, 

depending on how well its matter is diluted with ISM material, the metallicity o f 

subsequent stars will vary over about three orders o f magnitude and not as a function o f  the 

stellar age. These stars will therefore have varying metallicities but similar abundance 

ratios (i.e. those o f the parent superbubble). The result is that two stars forming from the 

same superbubble-processed gas can exhibit different metallicities, depending on the 

degree o f dilution o f the high metallicity material. The Be/Fe ratio (for example) will be 

constant even though metallicity (e.g. Fe/H) varies over a wide range. Seen this way, a 

large Fe/H ratio will almost always be accompanied by a large Be/H ratio, as the former 

indicates a small amount o f dilution by the (mostly H) ISM. Under this model, the linear

The basic idea is to use the collective effort of many SNe exploding close to one another, so 
that the C- and O-rich ejecta of one of them is accelerated by all subsequent SNe. This should also 
optimise the production of Li, Be and B since forward shocks (which are ten times stronger than 
reverse shocks) can perfom most of the acceleration.

* Note that in the Parizot and Drury model, the accelerated particles are not necessarily identified 
with the GCRs, but are simply labelled energetic particles (EPs). The volatility-bias mechanism of 
Meyer, Drury & Ellison (1997) should work similarly inside a superbubble or in an isolated SNR 
surrounded by standard ISM material.
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increase in Be/Fe with metallicity can be seen as a dilution by Fe, rather than an increase in

For most SN explosions inside superbubbles, a well-ordered SNR will not last very long 

(due to pre-existing magnetic turbulence). Nor will much matter be processed by the shock 

(in the low-density environment, a 10 parsec sphere will contain only ~ 1 M s). However, 

particle acceleration by shock turbulence is still thought to be very efficient (Bykov and 

Fleishmann, 1992; Parizot, 1998, Higdon et al., 1998).

The superbubble model can account for the current observational constraints arising 

from the evolution o f the light elements. According to the MacLow and McCray (1988) 

model o f superbubble evolution, the bubble interior consists o f swept-up ISM with a few 

percent o f material enriched by SN ejecta and W-R stellar winds, in good agreement with 

the GCR data.

1.3.6 Summary

A final caveat on all discussions o f cosmic-ray ‘anomalies’ is to consider the reference 

abundances against which they are identified. The cosmic rays are relatively young 

(probably a few tens o f Myr) and are not influenced by Galactic chemical evolution, unlike 

the (-4.6 Gyr-old) Solar system.* The assumption that the local Solar values are somehow 

‘normal’ is motivated mostly by our thorough knowledge o f these abundances.

Space-bomc instrumentation has improved to the point where one o f the larger 

uncertainties in determining the GCR source abunances is now due to ill-defined isotopic 

and elemental cross-sections o f the nuclei in question. These energy-dependent partial and 

total cross-sections are vital to models o f GCR propagation. Simpson (1998) esimates that 

current propagation calculations are in error by as much as ±20-30%. These factors limit 

the precision with which source abundances can be deduced, no matter how accurately the 

local abundances are known (unless these abundances are measured at energies at which 

the cross-sections do not vary with energy). There is an urgent need for further cross- 

section measurements from particle accelerators, particularly for the ultra-heavy and 

actinide elements.

* Previously, it was believed that stellar photospheric conditions (at least for low-mass stars like 
the Sun) were generally unaffected by the activity in their cores and so would reflect the 
composition o f the primordial nebula from which they formed. Recent models indicate a 
fractionation o f the heavier elements with respect to H as they settle towards the sun’s core during 
its evolution. This means that the proto-solar and current photospheric elemental abundnaces differ. 
See reviews by Christensen-Dalsgaard (1998; 2002) and Section 1.4.2 o f this volume.
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It remains to be seen whether GCR composition is representative o f the ISM as a whole 

or merely characterises particular Galactic regions (e.g. superbubbles). Metallicity* is 

higher towards the Galactic core (a consequence o f higher star-formation and SN rates) and 

Wielen et al. (1996) suggest that the Sun actually formed ~ 2 kpc closer to the core than it 

is now. Ultimately, the anomalous nature or otherwise o f the Solar abundances will be 

determined by improved spectroscopic observations o f other stars and the ISM.

The models outlined in this chapter are all models o f  matter origin, since no theory other 

than acceleration by SNe can yet account for the Galactic cosmic rays’ energy. Though 

each o f the theories have their strengths and weaknesses, some become more cogent than 

others. The Trek data (Westphal, et al. 1998) which confirm the low “Pb”/”Pt” ratio in the 

GCRs disfavour a stellar-chromospheric source (i.e. the FIP model) and are equally 

consistent with a volatility-biased or r-process enhancement model. The superbubble model 

could be ruled out if  a delay between nucleosynthesis and acceleration o f much greater than 

a few tens o f Myr (the mean lifetime o f these formations) could be established. Minimum 

GCR ‘age’ limits (from isotopic ACE  data) are currently two or three orders o f  magnitude 

below this limit.

The observational data are steadily improving, but are still too porous to conclusively 

support a single model of cosmic-ray origin. However, measurements o f the actinide and 

transuranic abundances can provide a new set o f quite strong constraints. Though they 

cannot address specific nucleosynthetic, FIP or volatility biases (all actinides being r- 

process, low-FIP, refractory elements), their relative abundances make excellent 

chronometric pairs. For example, the nucleosynthesis production ratio o f 96Cm/90Th is 1.06 

(Pfeiffer et al., 1997), but 107 yr later most o f the 96Cm will have decayed and the ratio will 

have dropped dramatically to less than 0.2. A large number o f transuranics (9 4PU or 96Cm) 

relative to 9oTh in the GCRs would imply a relatively fresh r-process enhanced source. The 

Ultra Heavy Cosmic Ray Experiment (UHCRE) recorded the largest ever sample o f GCR 

actinides. We examine the impact o f these unique data on theories o f cosmic-ray origin.
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* In practice, [Fe/H] is the principal measurement of metallicity, Z. Stellar metallicity in our 
Galaxy covers a broad range (10' 4 < Z/Z0  < 3; McWilliam, 1997) and for its age, Z0  is -60% higher 
than that of the surrounding local neighbourhood. The Sun may be on the iron-rich side of a wide 
(-3 orders of magnitude) distribution in Galactic metallicity.
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1.4 Insights from Ultra-heavy GCR Abundance Measurements

In  th is section, w e outline w hat can be in ferred  from  m easurem ents o f  u ltra-heavy  GCRs.

1.4.1 P r o p a g a tio n  o f  u ltr a -h e a v y  G C R s

A  cosm ic-ray  nucleus w ill in teract w ith  atom s o f  bo th  the in terstellar m edium  and  the 

detec to r apparatus itself. T he cross-sections o f  these charge-changing nuclea r in teractions 

depend  on  the p ro jec tile  type -  heav ier elem ents are particu larly  susceptible. The resu lt is 

tha t the charge-frequency  h istogram  o f  G C R s observed  at E arth is d istorted  from  that a t the 

source. O btain ing  the  cosm ic-ray  source abundances is thus critica lly  dependent on  using 

accura te  cross-sections for the appropriate pro jecile , p ro jectile  energy and  target.*

T he m odel w h ich  is adopted  to sim ulate G C R  propagation  is also im portant. The 

confinem ent tim e along  a line o f  sight through the d isk  o f  our galaxy is rough ly  103 years,
n i i

so ev idence o f  a  m u ch  longer confinem ent tim e (e.g., - 1 0  years) im plies a diffusive 

transport process.^ T he ra tio  o f  secondary  to  p rim ary  elem ents im plies that the G C R s have 

traversed  a m ed ium  o f  low er density  than  tha t o f  the average galactic ISM . T his indicates 

tha t G C R  diffusion occupies a  halo beyond  the d isk  o f  the galaxy itself. In  the diffusion 

halo  m odel (D H M ) o f  cosm ic-ray  propagation, one expects a grad ien t in G C R  density  aw ay 

from  the galactic disk, im ply ing  a  constan t infusion o f  cosm ic rays from  the d isk  into the 

halo.

T he D H M  com petes w ith  the L eaky B ox  M odel (LB M ), w hich  is an  equilib rium  m odel 

in  w hich  the  cosm ic-ray  sources are held  in  a confinem ent volum e, are constan t in tim e and 

have no  density  g rad ien t in  any  direction. Thus, the LB M  transport p rocess is based  no t on  

diffusion  b u t on  an  invoked leakage process a t the (im aginary) boundaries o f  the 

confinem ent volum e. T he physical size o f  the confinem ent volum e and the escape 

m echan ism  (though re la ted  to the C R  energy) are no t addressed .1 T hough the D H M  is m ore 

physically  realistic, the LB M  is m ore popular, possib ly  due to its sim pler m athem atical 

structure.
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* For example, the abundance o f Pt with respect to Pb can drop by ~50% when projectile energy varies 
from 1.5 GeV nucleon" 1 to 4.0 nucleon 1 (Waddington, 1996).
+ This idea is strengthened by the isotropy o f  the GCRs, that implies that the initial trajectories o f  the 
cosmic rays have been scrambled by Galactic magnetic fields.
1 Also, though energy loss processes in the ISM are generally acknowledged, reacceleration is not so well 
accepted even though there are good physical reasons to do so -  particles scattering on turbulent magnetic 
field irregularities will naturally encounter acceleration via 2nd order Fermi processes.
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Standard  ca lcu la tions from  such m odels ind icate  th a t the  source “P b-group”/“P t-g roup” 

ratio  is ~1.65 tim es h ig h er th an  tha t observed  a t E arth  (B inns e t  a l . ,  1989; M eyer, D ru ry  &  

E llison, 1997; L ingenfe lte r e t  a l . ,  2003). U ncerta in ties in  p ropagation  param eters, how ever, 

m ean  th a t th is fac to r co u ld  b e  anyw here b e tw een  ~1.3 an d  ~2.6  (C lin ton  &  W adding ton , 

1993; W addington , 1996, 1997; M eyer, D rury  &  E llison , 1997).

T hough  cross-sections fo r som e u ltra-heavy  (i.e. 60 <  Z  <  82) nucle i h av e  been  

determ ined  using  heavy-ion  accelerators, little  is k n o w n  abou t the cross-sections o f  the
9 *

actin ides (Z  >  88). A c tin ide  nucle i have ex trem ely  sh o rt m ean  free  paths (~1.0  g c m ' ) and 

so th e ir observed  e lem enta l abundance re la tiv e  to  m u ch  ligh ter nucle i w ill a lter 

sign ificantly  from  tha t a t the sourced

A n absence o f  transuran ic  elem ents in  the  G C R  ac tin ides w ou ld  sim plify  ac tin ide 

propagation , as it w o u ld  reduce the  nu m b er o f  channels  fo r the  p roduc tion  o f  fragm ents. 

T he on ly  ad justm ent n ecessary  w ou ld  then  be tha t fo r 92U  produc tion  o f  <joTh, w h ich  is 

expected  to  be  sm all, s ince 90T h posesses on ly  one long-lived  iso tope (232T h) and  m o st 92U  

in teractions should  rem ove several neu trons for every  p ro ton .

T he fact tha t m ost ac tin ide  in teractions w ill re su lt in  fission , p recludes the p ro d u c tio n  o f  

secondary  ac tin ide fragm ents and  fu rther s im plifies G C R  actin ide  propagation . C h erry  e t  

a l. (1994) show ed tha t th e  p robab ility  fo r fission o f  a  79A 11 n ucleus in  a  com posite  m ed ium  

(such as a  n u c lea r em ulsion  o r po lycarbonate) is 5%  a t 0 .92 G eV  n u c leo n '1. T hough  little  is 

know n abou t th e  fission  cross-sections o f  the  ac tin ides, a t s im ilar energ ies the  fission  

p robab ility  for 92U  in hydrogen  is abou t 70%  (G re iner e t  a l. ,  1985). A lso , s ince the 

actin ides have sim liar in teraction  cross-sections, th ey  w ill large ly  m ain ta in  th e ir  re la tive  

source abundances afte r p ropagation  th rough  the  ISM .

Hence, given the current statistical w eight o f  G C R  actinide m easurem ents, the abundances 

o f  the G CR actinides r e la tiv e  to  ea ch  o th e r  are not strongly affected by  propagation.
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* The destruction path-length for Th and U nuclei at 1 GeV nucleon 1 is ~0.6 g cm ' 2  in a pure hydrogen 
environment (Wenger e t al., 1999). In the local interstellar gas, this corresponds to a mean propagation 
time o f about 1 Myr (for a typical diffusion mean free path o f  about 0.3 to 1 parsec; Higdon and 
Lingenfelter, 2003a). This implies that cosmic-ray actinides travel only 300 to 500 parsecs [d ~ (Acty'/l] 
before succumbing to spallation or fission, and must therefore derive from our own Galactic 
neighbourhood. There are several OB associations within this distance which should be sites o f 
supemovae within the last few Myr. Lighter-nuclei have propagation times o f about 10 or 20 Myr 
(Yanasak et al., 2001; Brunetti et al., 2000; Connell, 1998).

 ̂This situation is further complicated by the paucity o f  data on actinide cross-sections and fission 
probabilities (both o f  which are energy-dependent).
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1.4.2 R e fe r e n c e  V a lu es

T here are th ree types o f  e lem ental abundance reference values: “m eteoritic” , 

“pho tospheric” and  “Solar System ” (o r “pro to -S o lar”).* “M eteoritic” refers to  elem ental 

abundances from  type C l  carbonaceous chondrites, “photospheric” refers to  spectroscopic 

m easurem ents o f  the S u n ’s pho tosphere and  “Solar System ” (or “pro to -S o lar”) abundances 

re fer to  those from  the Sun at the tim e o f  its form ation.

C om pared  w ith  results from  photospheric  spectroscopy, C l  carbonaceous m eteorites are 

dep le ted  in  elem ents w h ich  read ily  form  gaseous com pounds (e.g. noble gases, H, C, N  and

O ) and  are enriched  in  elem ents p rocessed  in the Sun (e.g., Li). O therw ise, they  have 

com parable elem ental abundances and  in  prev iously  reported  data^ photospheric and 

m eteoritic  abundances w ere assum ed to represent Solar System  abundances.

R ecen t m odels o f  the S uns’s evolu tion  show  that helium  and o ther heavy  elem ents have 

settled  tow ards th e  S u n ’s in terio r since its form ation  4.55 G yr ago. T hus the photospheric 

abundances o f  these heavy  elem ents have fractionated  relative to hydrogen  (but n o t  relative 

to each  other). P ro to -S o la r abundances are therefore representa tive o f  the Solar System ’s 

average com position  w hile  c o n te m p o r a r y  pho tospheric  abundances are not.

L odders (2003) has p rov ided  updated  and  com prehensive photospheric and  m eteoritic  

elem ental abundances, recom m ended  values o f  w hich  are collated  in  T able 5.2.

1.4.3 7s P t a n d  s2P b  R a t io s  (7 0  <  Z  <  8 7 )

T he re la tive abundance o f  elem ents w ith  Z  sim ilar to 7gPt and 82Tb provide useful 

constra in ts on m odels o f  cosm ic-ray  origin. E lem ents in  the Pt-group* are m ain ly  

in term ediate-FIP , re frac to ry  and r-process, w hile  in  the “P b-group” § low -FIP , vo latile  and 

p rim arily  s-process elem ents predom inate. Thus an  anom alous G C R  “Pb-group”/“Pt- 

g roup” ra tio  (relative to  Solar values) w ould  show  up  any nucleosynthetic (s- or r-process) 

o r atom ic (FIP o r volatility ) b ias in  the  source abundances. T his ra tio  is m ore enlightening 

than  (fo r exam ple) the  Pt/Fe or Pb/Fe ratios as it is re la tively  unaffected  by  in terstellar 

p ropagation .

* The term “cosmic” abundances, used in older literature to denote Solar System abundances, is avoided 
here.
f Specifically, Cameron (1973, 1982), Anders & Ebihara (1982), Anders & Grevesse (1989) and Grevesse 
& Sauval (1998).
1 Where “Pt-group” =  (73.5 <  Z  <  80.5).
§ Where “Pb-group” =  (80.5 «  Z <  83.5).
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F ow ler e t  a l. (1987) and B inns e t  a l. (1985) hav e  m easu red  G C R  abundances w ith  the  

A r ie l  6  and  H E A O  C 3  experim ents respectively . B inns e t  a l. (1989) com bine the sam ples 

from  bo th  spacecraft to derive a G C R  “P b”/“P t” ratio* a t E arth  o f  0.30 ± 0.08. W estphal e t  

a l. (1998) repo rt a  value  o f  0 . 2 1 ^ 5 .

T he m ost p rom inen t findings to  date  in  th is charge reg io n  h av e  been:

1. A n  overabundance o f  Pt, the P t-secondaries (62 <  Z  <  73) and  the actin ides. B inns 

e t  a l. (1989) cla im ed  th a t the P t and  P t-secondaries w ere  b es t fit by  a p redom inan tly  

r-process source w ith  a  step FIP fractionation. P t e lem en ts are p rim arily  the  resu lt 

o f  one or m ore  r-p rocess events, w hich  w o u ld  cau se  general r-process enhancem en t 

in  the G C R s o f  th is charge region. B inns e t  a l. suggest an  adm ixture o f  h eavy  (Z  >  

60) r-p rocess m ateria l in  a m ed ium  o therw ise s im ila r to  tha t o f  the S o lar System . 

H ow ever, w h ile  invok ing  such an r-p rocess en h an cem en t fits the  da ta  above Z  =  60, 

it does no t fit th a t o f  the low er charges.

2. A n  apparen t underabundance o f  Pb  (81 <  Z  <  83). A  d ifficu lty  w ith  in terp re ting  

th is is that the  P b-group abundances are n o t as w e ll-d e term in ed  as those o f  the P t- 

group. G revesse &  M ey er (1985) suggest th a t the  pho tospheric  abundance o f  Pb is 

about 0.63 o f  the standard  m eteoritic  abundances (A nders &  E bihara, 1982).  ̂ I f  this 

is true, the  observed  G C R  Pb abundances are  in  ag reem en t w ith  those o f  the  S o lar 

pho tosphere , b u t n o t  w ith  m eteoritic  abundances. T he sm allest reco rded  S o lar 

System  Pb abundance com es from  the p h o to sp h eric  data  o f  G revesse &  M eyer 

(1985) o r A nders &  G revesse (1989). A  Pb S o lar System  abundance o v er th is value 

w ould  ind icate  (from  the  data  o f  B inns e t  a l .)  dep le tio n  o f  Pb in  the G C R s.

B inns e t  a l. assert th a t the  low  P b/P t ra tio  in  the  G C R s is m ore  likely  to  ind icate  a  P t 

enhancem ent re la tive  to  Fe, th an  a Pb deficiency. T h is conc lusion  is b ased  on  the  m easu red  

P t/Fe and  Pb/Fe ra tios. T he p rob lem  w ith  th is assum ption  is th a t (in  v iew  o f  the increase in  

the  to tal nuclea r cross-sections w ith  m ass) the  derived  source abundances o f  these elem ents 

w ith  respect to Fe are very  sensitive to  the  p ropagation  param eters, m any  o f  w h ich  m ay  

have large errors.*

* H ere, “Pb”/“Pt” =  (81 <  Z  <  83) / (74 <  Z  <  80). 
t  See Section 1.4.2.
* For example, an excess o f  very short propagation path  lengths relative to the generally assum ed 
exponential path-length distribution could yield an observed excess unrepresentative o f  the source.
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T he H E A O  3 , A r ie l  6  and  T re k  experim ents (B inns e t  a l. , 1985, 1989; W estphal e t  a l., 

1998) observed  “P b ”/“P t” values abou t 3.9 ±  1.1 tim es low er than Solar, im plying a so u r c e  

value abou t 2 .4 ± 1 .3  tim es low er than  Solar. H ow ever, based  on  a  p lain  Solar source, one 

w ould  expect a F lP -b iased  “Pb”/“P t” value ~1.6 tim es h ig h e r  than  Solar.1 T he m easured 

value is therefore 3.9 ±  2.0 tim es lo w e r  than  a  F lP -b iased  source w ould  suggest. W ith  a 

F lP -b ias rendered  unlikely, o ther theories w hich  explain the  d ifferences betw een  Solar 

System  and  G C R  com position  m ust be exam ined. T he rem aining theories com patib le w ith  

the G C R 's low  P b /P t abundance are e ither nuclear (i.e. an  enhancem ent o f  r-process 

com ponents like Pt)* o r atom ic (i.e., a paucity  o f  vo latile  elem ents in  in terstellar dust 

g ra ins).§

T he num b er o f  u ltra-heavy (i.e., Z  >  70) events co llec ted  by H E A O  C 3  and T rek  

am ounted  to  ju s t a few  dozen and  192 respectively. T he U H C R E  w ould  collect m any  

hundreds o f  u ltra-heavy  G C R s (w ith  a  com m ensurate im provem ent in  statistical 

sign ificance) and  p rovide the best estim ate yet o f  the relative abundances o f  Pb and P t in 

the cosm ic rays.

1.4.4 A c tin id e  R a tio s  (8 9  < Z  <  1 0 3 )

V arious theories have been  advanced  fo r the apparen t overabundance o f  actin ides in  the 

cosm ic rays. It m ay  b e  due to  an  overall r-process enhancem ent, ind icating  that the source 

m ateria l cou ld  be fresh ly-nucleosynthesised  SN  ejecta. It m ay  also  be an  acceleration bias 

w herein  easily  ion ised  (i.e., low -FIP) elem ents are m ore read ily  accelerated , o r one in 

w hich  re frac to ry  elem ents found in  in terstellar dust grains are p referen tia lly  accelerated.

T he cosm ic-ray  actin ide ra tios cannot address these m odels d irec tly  (since all actinides 

are r-process, low -FIP  and refractory). H ow ever, due to their rad ioactive nature, their 

re la tive abundances can  p rovide un ique inform ation  about the age o f  the  cosm ic-ray  m atter; 

a young age w ould  ind icate  a  fresh (probably  r-process enriched) com ponen t w hile an older 

age w ou ld  im ply  orig in  from  the ord inary  in terstellar m edium . Thus, the m ain  use o f  G C R  

actin ide abundance ra tios is to  “date” the  cosm ic-ray  m atter.
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* A djusting for propagation, the “Pb”/“P t” ratio is believed to be ~ 1.6 times higher at the CR source 
than at E arth (Binns et al., 1989; Meyer, D rury & Ellison, 1997; Lingenfelter e t al., 2003).
* Pb elem ents are all low-FIP (~7.4 eV) while P t elements are mostly intermediate-FIP (~9 eV).
1  A s in B inns et ah, 1985, 1989.
§ M eyer, Drury &  Ellison, 1997.
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T o do this requ ires know ledge o f  r-process e lem en ta l p ro d u c tio n  y ie lds and  th e ir 

evo lu tion  w ith  tim e. I f  these in itia l abundances (and  rad ioac tive  decay  p aram eters) are  

accura te ly  know n, the  G C R  ac tin ide abundances can  b e  u sed  to  estim ate the  tim e elapsed  

b etw een  nucleosyn thesis and  acceleration . T his helps de term ine  w he ther th e  cosm ic rays 

w ere accelera ted  o u t o f  fresh supenova ejecta, superbubb le m ateria l o r old , w e ll-m ixed  

galactic  m atter.

G C R  actin ide m easu rem en ts can  also  b e  com pared  w ith  the  abundances o f  ligh ter 

nuclei, as in  the p ropagated  ac tin ide/P t-g roup  o r ac tin id e /”sub- 

ac tin ide” ra tios reported  b y  W estphal e t  a l. (1998) and  B rew ste r 

e t  a l. (1983) respectively .

O f  all the ac tin ide  iso topes, on ly  seven  have life tim es w h ich  

exceed  106 y r and  w h ich  are therefore likely  to  be  detec tab le  in 

the G C R s (T able 1.2). A s d iscussed  earlier, these nucle i m u st be  

nucleosyn thesised  th rough  the r-process, w ith in  an  env ironm en t 

o f  h igh  neu tron  density . H ow ever, d irec t r-p rocess p ro d u c tio n  

accounts for on ly  a sm all fraction  o f  the la te r abundances o f  the 

m ost stab le  actin ides, w h ich  depend  on  h eav ie r a -d eca y in g  p a ren t nuclei.

In itia l r-p rocess p roduc tion  abundances m u st b e  ca lcu la ted  from  theo re tica l m odels. 

Subsequen t decay  can  th en  b e  sim ula ted  by  chem ical evo lu tion  m odels and  these 

p red ic tions can  b e  com pared  to  G C R  m easurem ents to  h e lp  da te  the  cosm ic ray  m ateria l in  

the fo llow ing  ways:

Table 1.2 The A ctinide 
isotopes w ith significant 

half-lives

Isotope Half-life
(M yr)

232Tb 14 ,1 0 0
235u 704
236u 23
238u 4,470
244Pu 81
247Cm 15.6
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ooTh and 92U* T he re la tive abundance o f  chronom etric pairs such as 90TI1 and 92U  can

prov ide an  estim ate o f  the tim e elapsed  since their nucleosynthesis. 

G oriely  e t  a l. (2001) have calcu lated  a U /Th r-process y ield  o f  0.96.

L ingenfelter e t  al. (2003) derive an  r-process U /T h yield o f  ~ 0 .86 .t 

T h ey  have also calcu lated  the evolution  o f  th is ratio  (and others) after 

nucleosynthesis (see F ig 1.14). N ote that 92U /90TI1 in itia lly  rises due to the 

rap id  decay  o f  transuranic isotopes. H ow ever, it drops again  w hen the 92U  

iso topes beg in  to decay  (~10 M yr afte r the r-process event). In agreem ent 

w ith  o ther m odels (e.g. B lake and Schram m , 1974) L ingenfelter e t  al. 

pred ic t th a t 92U /90TI1 w ill then rem ain  above u n ity  until approxim ately  1 

G yr after the in itia l nucleosynthesis.

Transuranics A fte r an r-p rocess event, the abundances o f  93NP, 94PU and 96C m  are

each  in itia lly  com parable to (o r g reater than) tha t o f  Th.* T he transuranics 

are excellen t nucleosynthetic ‘c lo ck s’ because abou t 107 yr after 

nucleosynthesis, th e ir abundances p lum m et d ram atically  relative to 9oTh 

and  92U  (B lake &  Schram m , 1974; G orie ly  & A m ould , 2001). A bout 109 

yr afte r nucleosynthesis, all three o f  these elem ents have essentially  

van ished  and  9oTh becom es m ore abundant than  92U. D etection o f  

elem ents beyond  92U  in  the G C R s (m ost likely  94PU o r 96Cm ) w ould  

therefore im ply  the p resence o f  freshly  synthesised m aterial.

T he unam bigous presence o f  96C m  (t>/2 «  107 yr) w ould  also suggest the 

p resence o f  younger m ateria l in  the GCRs. I f  the  m ateria l is sufficiently  

fresh, th en  the observed  abundances o f  the actin ides w ould  re flect the 

p rim ary  nucleosynthetic yields o f  the r-process. These yields are very 

im portant, as th ey  are unm easured  (and poorly  constrained) param eters in 

cosm ochronological m odels w hich  aim  to d iscover the age o f  the G alaxy 

itself.
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* The astrophysical importance o f  the G CR abundances o f  these elem ents has been additionally 
enhanced by the observation o f  T h  in  some very m etal-poor stars and U in one o f  them  (Sneden et 
al., 1996; Cayrel e t a l., 2001). These m easurem ents m ake plausible a nuclear-based evaluation o f  the 
age o f  individual stars other than the sun.
f Thielem ann e t al. (1983) report calculations o f  238U / 232Th (i.e. isotopic) r-process production 
ratios varying from  approxim ately 0.52 to 0.71 depending on the mass law  used and the (3-delayed 
fission assum ptions made.
* M ost recent r-process calculations predict, for example, Cm /Th yields o f  ~1 (Pfeiffer, 1997).
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T o date, a to ta l o f  on ly  n ine cosm ic-ray  actin ides have b een  detected . H E A O  C 3  

detec ted  th ree and  T re k  six (tw o o f  these  w ere  o f  indeterm inate  charge, th ree  w ere  U and  

one Th). T he U H C R E 's exposure facto r m eans tha t it shou ld  have co llec ted  dozens o f  

actin ides, enough to  form  a  rud im en tary  ac tin ide  Z  spectrum .

A note on r-process production yields:

R ecen t ca lcu la tions o f  r-p rocess y ields in  core-co llapse  supernovae (K ratz  e t  a l . ,  1993; 

P feiffer e t  a l . ,  1997) use  the  T hom as-F erm i p lus S tru tinsky  in teg ra l and  q uench ing  (E T FSI- 

Q) nuclea r m ass m odel. T hese  m odels p red ic t values com parab le  to those  found  in  m etal- 

p o o r halo  stars (e.g. C ow an e t  a l . ,  1999 and 2002) and  to  Solar System  r-p rocess 

abundances. G orie ly  &  A m o u ld  (2001) have exam ined  32 d ifferen t com binations o f  m odels 

for the ca lcu la tion  o f  n u clea r m asses, (3-decay rates, P -delayed  p robab ilities  and  fission 

p rocesses. T h eir co lla ted  resu lts show  th a t the  im portan t iso topes (232T h, 238U an d  235U ) are 

w ith in  5 to  10% o f  the E T FSI-Q  m odel. T he p red ic ted  varia tion  o f  e lem en ta l abundances 

after a  sing le r-process even t is show n in fig  1.13.
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FIGURE 1.13 Theoretical evolution o f actinide abundances after an r-process 
event at t  = 0 (Goriely & Amould, 2001).

T he au thors acknow ledge th a t th e ir m odel is p rob lem atic  due to  uncertain  astrophysical 

and nuclear-physics param eters. A strophysica lly  sim plify ing  the m odel seem s unavo idab le  

g iven the lack  o f  know ledge ab o u t the  site(s) o f  the r-p rocess and  the physical cond itions

* The r-process nucleosynthesis yields from core-collapse supemovae are believed to be independent o f 
the mass o f  the supernova progenitor star.
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therein . C om pounding  the astrophysical uncertain ties, the requ ired  nuclear properties* o f  

m ost nucle i involved  in the r-process rem ain  unknow n. G orie ly  & A m ould  conclude by 

no ting  tha t even obtain ing  re liab le  error bars on r-process actin ide production rem ains an 

elusive goal and tha t m u ch  w ork  still lies ahead.

L ingenfe lte r e t  a l. (2003) have used calcu lated  r-process y ields from  core-collapse 

supem ovae* to determ ine actin ide abundances averaged  over d ifferen t tim e intervals. T hey  

th en  used  a standard  G alactic chem ical evolution m odel for the actin ides (e.g., Fow ler, 

1972; T hielem ann, M etzinger &  K lapdor, 1983) to  p red ic t actin ide abundances in  the 

p resen t in terste llar m edium . T hey  assert that since the bu lk  o f  core-co llapse supem ovae 

occu r in  the supernova-active cores o f  superbubbles, the m aterial in these cores should 

com prise the b u lk  o f  the G C R  source m aterial. T hey  then  calcu late  U /T h  and other actin ide 

abundances expected  in  the S N -active cores o f  superbubbles. F inally, they  derive expected 

galactic  cosm ic-ray  actin ide ra tio s from  a m ix  o f  acceleration  sites and SN types (see fig 

1.14).

3.0 

2.5

2.0

x :
£  1.5
3

1.0 

0.5 

0.0
1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09 1.E+10

SN ejecta accumulating over various times

FIGURE 1.14 Calculated Evolution o f  U /Th Abundnace from  r-process 
yields in accum ulating core-collapse SNe ejecta (Lingenfelter et al., 2003).
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* Such as the («, y) and (y, n) probabilities, a -  and (i-decay half-lives and fission probabilities. 
t D eveloped by Kratz et al. (1993) and Pfeiffer et al. (1997).
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2. Experimental Configuration
2.1 LDEF Mission and Configuration

T he L ong D ura tion  E xposure F acility  (L D EF) w as designed  and  b u ilt b y  the  N A S A  

L angley  R esearch  C entre to  accom m odate  experim ents fo r long-term  exposure to  the 

space environm ent. It w as a low -cost, reusable, unm anned  and  free-fly ing  spacecraft 

designed to  transport experim ents into space v ia  the  Space Shuttle, free fly  in  E arth  o rb it 

fo r an ex tended  period  and be  re trieved  on a  la te r flight for analysis. T he 57 experim ents 

aboard  the  L D E F addressed  the fields o f  b asic  science, techno logy  and  app lica tions 

problem s. T hey  m easured  specific space environm ents (m eteoroids, m an-m ade debris and  

rad ia tion  levels) and  the effects o f  the  space env ironm ent on  bo th  typ ical spacecraft 

hardw are and  on  sim ple form s o f  life.

T he LD E F w as launched  on  6th A pril 1984 on  the STS-41C  C h a lle n g e r  m ission  and  

deployed in  E arth  o rb it on  the fo llow ing  day  (fig. 2.1). T he C h a lle n g e r  acc iden t and 

consequent scheduling  p rob lem s m ean t th a t the L D E F w as n o t re trieved  on  19th M arch, 

1985 as p lanned. Instead, it w as re trieved  on 9th January  1990 b y  STS-32 (shuttle 

C o lu m b ia )  after spending  69 m onths in  space -  58 m ore th an  p lanned.

L D E F dep loym ent and  re trieval occurred  close to  

so lar-m inim um  and so lar-m axim um  respectively.

T he o rb it w as alm ost circu lar (perigee 473.9  km , 

apogee 480.0 km ) and  a t an  inc lination  o f  28.5°. T he 

geom agnetic cu to ff  for u ltra-heavy G C R s in  th is 

o rb it w as ~1.5 G eV  nucleon ' 1 o r  P »  0.92 

(T hom pson e t  a l . , 1993).

T he facility  w as in  a  g rav ity-gradien t stab ilised  

orbit: g ravity  grad ien t to rques m ain ta ined  the L D EF 

in a  position  in  w h ich  the axis o f  m in im um  m o m en t 

o f  inertia  w as a ligned  w ith  the local vertical -  one fig u r e  2.1 LD EF deployment in orbit, 

end o f  the LD E F alw ays p o in ted  tow ards th e  centre

o f  the E arth  and  the  o ther o u t to deep  space. C oupling  torques stab ilised  the  facility  abou t 

the longitud inal ax is and  resu lted  in  one o f  the  sides alw ays po in ting  forw ard  in  the 

d irection  o f  travel.

T he L D E F w as configured  as a 12 sided, 4.3 m  diam eter, 9.1 m  long  alum in ium  open  

grid fram e [fig. 2 .2(a); Levine, 1991], T h e  structure had  72 equal-sized  rectangu lar
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openings on the sides and  14 openings on the ends w hich  w ere designed  to m ount 

experim ent trays. T he to ta l m ass o f  the spacecraft w as approxim ately  9,700 kg  (4,000 kg o f  

w h ich  w ere structure and  system s and the rem ain ing  5,700 kg trays and experim ents). A t 

1,250 kg  (over 20%  b y  m ass o f  the entire payload), the largest LD EF experim ent w as the 

U ltra-H eavy  C osm ic-R ay  E xperim ent (U H CRE).

T he L D EF therm al contro l w as com pletely  passive, relying on  surface coatings and 

in ternal h ea t paths. T he stable attitude o f  the spacecraft (one end E arth-poin ting  and a 

lead ing  and  trailing  side) resu lted  in one side facing the Sun o r space for extended periods 

o f  tim e. A ll in terio r experim ent and structure surfaces w ere pain ted  w ith  an em issivity  

b lack  pain t, C hem glaze Z306 (s =  0.90), to allow  m axim um  radiation  coupling across the 

facility  and  to m inim ise the therm al gradients around it. T he in ten tion  w as to m ain tain  an  

average in terio r tem peratu re  o f  betw een  10°F (-12 °C) and  120°F (49 °C).

2.2 The Ultra- Heavy Cosmic-Ray Experiment (UHCRE)

T he U H C R E  w as housed  in experim ental trays, 1.2 m  in  area, w hich  w ere  d istributed 

a round  the  surface o f  the LD EF. T here w ere 16 U H C R E -designated  trays and each 

con tained  th ree a lum in ium  cylinders, each cy linder in  turn  contain ing four SSN TD  stacks 

[fig. 2 .2(b)], T hus the experim ent to talled  192 detec to r stacks w hich  y ielded a to tal surface 

area  o f  ~10.2 m 2. A llow ing  for E arth  shadow ing, the to tal U H C R E exposure factor for 

h igh-energy  u ltra-heavy  G C R s w as 170 m 2 sr yr.

T o  p rov ide  bo th  m echanical stability  and  therm al insulation, the detector stacks w ere 

em bedded  in  sets o f  four inside cylindrical rig id  po lyurethane foam  resin  (Eccofoam ) 

m ould ings. T hese w ere then  p laced  inside the experim ent’s 48 cylindrical a lum inium  

p ressure vessels (d iam eter 25.4 cm , length 117 cm  and  w all thickness 0.24 cm ) (Thom pson 

e t  a l. ,  1979). 47 o f  these vessels con tained  a d ry  oxygen-nitrogen-helium  m ixture 

(20:70:10) a t 1.0 bar, w hile  one w as vented  to space. E xam ination  o f  the vented  detector 

stacks revealed  p o o r signal strength, p robab ly  due to  a lack o f  oxygen, w hich  rendered 

th em  unusable. P ost-fligh t analysis revealed  that no gas leakage had  occurred  in the sealed 

cy linders a fte r 5.8 years in  space. T he U H C R E  spent 69 m onths in orb it at a m ean 

tem peratu re  o f  - 2 0  °C A fter d isassem bly, the U H C R E  detectors spent approxim ately  eight 

m onths at N A S A  and E ST E C  facilities at room  tem perature before entering long-term  

storage at the D ublin  Institu te  fo r A dvanced S tudies (D IA S) at a tem perature o f -3 1  °C.
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Elevation

Spaceward
End

Earthward
End

Aluminium
cylinder

letector stack

10 Lexan sheets

5 Lexan sheets 

5 Lexan sheets 
5 Laxan sheets 

5 Lexan sheets 

5 Lexan sheets

35 Lexan sheets

Bottom of Stack

(a)

F i g u r e  2.2 (a) The LDEF spacecraft w ith the locations (shaded boxes) o f  U H CRE experim ent 
trays, (b) A  typical U H C R E-designated experim ent tray, (c) A typical U H CRE stack configuration, 
in this case, type A.

D e-in tegration  o f  the detec to r in  a c lean  room  w as carried  ou t at the K ennedy  Space 

C entre in  early  1990. T he U H C R E  experim ental trays w ere  sh ipped  to the  E uropean  Space
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R esearch  &  T echno logy  C entre (E ST EC ) in  N oordw ijk , H olland, excep t for six w hich  w ere 

sent to be  ca lib ra ted  at the B erkeley  B evelac partic le  accelerator in  C alifornia. A t ESTEC, 

the a lum in ium  cylinders w ere opened  and  exam ined  and in  A ugust 1990, the detector 

stacks w ere  sen t to the D IA S for analysis.

T he U H C R E ’s cy lindrical p ressure vessels w ere secured to the supporting  tray  fram e by  

insu lating  w ashers, and  the detectors rad ia tively  decoupled  from  the support tray by  low- 

em issiv ity  bare  a lum in ium  on the bo ttom  h a lf  o f  the detector cylinders. B lack  pain t (P rim er 

Pyrolac 123, C hem glaze Z306) on the top  halves o f  the cylinders therm ally  coupled them  to 

the underside o f  a  therm al contro l b lanket w hich  covered each  tray  (L evine 1991). Further 

discussion  o f th e  U H C R E ’s tem peratu re m onitoring  can  be found in Section 3.2.1. See also 

A ppendices C  and D .

2.3 Solid-state Nuclear Track Detectors

Solid-sta te n u clea r track  detectors (SSN T D s) w ere developed on  the princip le  that the 

passage o f  a  heav ily  ion ising  partic le  through m atte r creates a narrow  dam aged  region 

along its path. T his dam age trail (o r tra c k ) possesses a h igher chem ical reactiv ity  than the 

undam aged  parts o f  the detector and  w hen chem ically  etched becom es v isib le in  an optical 

m icroscope. F leisher, P rice and  W alker (1975) have w ritten  a thorough descrip tion  o f  the 

technique.

A  p articu la r de tec to r p late  w ill y ield  a signal w hich  depends on the incident particle 's 

Z tp. N ote  th a t partic les o f  d ifferent Z  and  P m ay  cause an  identical response in  the sam e 

plate. To separate  these param eters (i.e. determ ine the partic le 's Z), m easurem ents m ust be 

m ade o f  the sam e partic le  in  a  num ber o f  ju x tap o sed  p lates (a  detector 'stack'). The 

resu ltan t series o f  m easurem ents w ill y ield  a response curve w hich  is a un ique shape for 

each value o f  Z.

In  the U H C R E , bo th  L exan and  T uffak polycarbonates w ere used  to  record  incident 

cosm ic rays o f  Z /p  >  65. L exan (sto ich iom etric form ula C 16H 14O 3, density  1.2 g  cm ' ) has a 

high reg istra tion  th resho ld  (Z /p = 60) m aking  it ideal for studying u ltra-heavy  cosm ic rays 

w hile  filtering out the m ore abundant low er-charge nuclei. Particles in  the Z /p  <  70 charge 

reg ion  w ere also reco rded  using  A D C  polym ers such as C R-39 (plain), C R -39 (DN P), CR- 

39 (D O P) and  C R -39 (D IO P).
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E ach U H C R E  SSN TD  stack  h ad  a surface a rea  o f  26.5  x 20 .0  cm  and  th ey  co n sisted  o f  

com binations o f  p la tes o f  L exan  po lycarbonate (each  o f  th ickness ~250 (j.m), lead  (~500 

jj,m), C R -39 (~500 (am) and  T uffak  po lycarbonate (~250 (J,m).

T he stacks w ere  o f  th ree  m ain  types: A , B  an d  C . A  s tacks consisted  o f  70 p la tes  o f  

L exan po lycarbonate  in terleaved  period ically  w ith  6 lead  p la tes, w h ich  served  as velocity  

degraders and  electron  strippers [fig. 2.2 (c)]. S ince the  n u clea r in teraction  len g th  (fo r a 

given abso rber m ass) o f  fast u ltra-heavy  nucle i is ten  tim es g reater in  lead  th an  in  

po lycarbonate, the lead  p la tes increased  the p ro b ab ility  th a t cosm ic rays w o u ld  pene tra te  

the  en tire  s tack  w ith o u t in teraction . B  stacks con ta in ed  60 p la tes  o f  L exan  and  4  o f  lead. 

Som e A  and  B  stacks also  con tained  C R -39 p la tes  in  various com binations. C  stacks, 

how ever, h ad  no  lead  p la tes and  consisted  o f  24 d ifferen t com binations o f  L exan , C R -39 

and  T uffak  polycarbonate.

In all, an  average stack  h ad  a  th ickness o f  app rox im ate ly  5.6 g  cm ' (2.0 g  cm ' o f  w h ich  

w as po lycarbonate, 0.3 g  cm '2 A D C  and  3.3 g cm '2 lead), th e  L exan  equ ivalen t th ickness for 

a  1.0 G eV  nucleon ' 1 partic le  b e in g  4.1 g cm '2 (T hom pson  e t  a l . ,  1979).

2.4 Detector Processing

W hen im m ersed  in  a  su itab le etchant, the  p lastic  o f  a SSN T D  undergoes tw o 

sim ultaneous processes: chem ical d isso lu tion  along  the p artic le  track  at a  lin ear ra te  (F t, 

the  track  e tch  ra te ) and  general a ttack  on  the  e tched  surface a t a  lesser ra te  (V a , the  b u lk  

e tch  rate). It is th is p re feren tia l etch ing  along  the p artic le  track  (due to  its h ig h er chem ical 

reactiv ity ) that form s charac teristic  cone-shaped  p its  at an  io n ’s en try  and  ex it po in ts  in  a 

detec to r plate. O ptical m easu rem en ts o f  these ‘cone p a irs ’ a llow s geom etrical ca lcu la tion  

o f  the cosm ic ra y ’s F t, and  inference o f  its ion isation  at tha t po int. B o th  e tch  ra tes are 

d irec tly  invo lved  in  the determ ination  o f  a cosm ic ra y ’s charge and  w ere  carefu lly  

m onitored . E tch ing  cond itions can  be in fluenced  b y  the n o rm ality  and  tem peratu re  o f  the 

e tchan t and  the concen tra tion  o f  e tch  products.

2.4.1 E tc h in g

E tching  o f  the U H C R E  stack  detectors w as p erfo rm ed  in  th ree e tch  tanks, each  w ith  a 

capacity  o f  150 litres. T he e tchan t w as an  aqueous sodium  hydrox ide (N aO H ) so lu tion  o f  

norm ality  6.25 +  0.01 N . T he so lu tion  also  consisted  o f  5.0 ±  0 .2%  D ow fax  2A1 surfactan t
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w hich  p rov ided  superio r surface quality  to the etched  L exan plates. T he solution was 

m ain ta ined  at 40 .00  ±  0.01 °C by  a negative feedback tem perature transducer and kept 

c ircu la ting  b y  a stirring  p rope lle r connected  to an  unin terruptab le pow er supply.

T he so lu tion  w as satura ted  w ith  L exan polycarbonate etch  products by  im m ersing 

several unused  p la tes into the etch  tanks for a suitable tim e (typically  several days). E arlier 

w ork  (e.g. Peterson , 1970) has dem onstrated  a relationship betw een Vq and the 

concen tra tion  o f  etch  products. T hough the bu lk  etch  ra te in itia lly  rises w ith  the 

concen tration , there  follow s a p la teau  in  Vq beyond  the solubility  saturation  value (a t a 

concen tra tion  o f  —2.2 g/1). A ll ac tin ide etches fo r this w ork  lay  on this p lateau (w here 

concen tra tion  o f  e tch  products >  ~3 g/1 and VG « 0 .1 5  m icrons hour"1). T he concentration 

(and  so Vq)  w as kep t stable by  regu larly  rep lacing  a fraction o f  the solution w ith  fresh (i.e. 

unsatu ra ted ) N aO H .

Vq values w ere  ob ta ined  from  three sam ple p ieces o f  L exan detec to r p laced  in every 

etch. T he th ickness change in  each o f  these w as m easured  u nder an optical m icroscope by  

th ree  techn ical assistants.

T he effects o f  random  etch-tank  variations on  V j values w ere m onito red  w ith  track  etch- 

ra te  m onito rs  (T E R M s). TE R M s w ere p la tes from  SSN TD s w hich  had  been  exposed to 

partic le  acce lera to r beam s (both  10.5 G eV  nucleon "1 79AU and 158 G eV  nucleon "1 82Pb 

beam s w ere  used). T hese p la tes w ere etched  along  w ith  all actin ide etches and served as a 

standard  reference. T he resulting  T E R M  cone-pairs w ere m easured  after each etch  to obtain 

a  m easure  o f  the ta n k ’s etch ing  strength. Sections 3.2.3 and 4.3.2 detail the m ethods by  

w hich  these resu lts  w ere used  to  norm alize the events. No statistica lly  significant variation 

o f  V j w ith  etch-product concentration, etch ing  tim e o r dip angle (the angle o f  the cosm ic 

ra y ’s tra jecto ry  re la tive to the surface o f  the detec to r p late) w as observed.
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J S -
Original Surface--------------------------------------------------------------

Etched Surface v

FIGURE 2.3 (a) The form ation o f  etch cones in the surface o f  a solid-state nuclear track detector due 
to an  incident nucleus o f  0 =  45° (where 0 is  the dip angle -  the angle o f  the cosm ic ray ’s trajectory 
relative to the surface o f  the detector plate), (b) A conical etched track as seen under an optical 
microscope.

E tch  tim es varied  w ith  the  function  o f  the etch. A m m onia-scann ing  etches (see below ) 

took  m an y  days. E tches to g a th er da ta  on  cosm ic-ray  events o f  Z  sim ilar to P t and  Pb  

typ ically  took  120 hours and  etches in tended  to  reveal h igh ly -ion ising  ac tin ide events w ere  

m uch shorter (as low  as 12 hours). A  tan k  con tain ing  an  aqueous HC1 so lu tion  w as used  to  

term inate etching.

2.4.2 D a ta  S e le c tio n

A  sem i-autom atic  am m onia  gas-scann ing  techn ique w as im p lem en ted  to  locate cosm ic- 

ray  events in  each  stack. D uring  an  etch , cone p a irs  w ith  su ffic ien tly  h igh  vertical V j  

com ponents (i.e. V j s in #  >  ~1.6) w ill co -jo in  to  form  a  ‘tu n n e l’ from  one side o f  the 

detec to r p la te  to the  other. A fte r etching, the p la tes w ere  b onded  to  am m onia-sensitive 

p ap e r and  exposed  to an  am m onia-gas environm ent. T he am m onia  gas reac ted  w ith  the 

p aper a t po in ts concurren t w ith  etched  ‘tu n n e ls’, ind icating  the  p resence o f  a  cosm ic-ray  

event. T his techn ique w as app lied  to  a sub-sam ple o f  p la tes from  each  stack. T hese  p la tes 

w ere overla id  on  m easu rem en t p la tes to  p rov ide location  and  d irection  in fo rm ation  for 

every  cosm ic-ray  event.

O f  the  U H C R E ’s 192 detec to r stacks, on ly  162 w ere  d irec tly  accessib le. T he rem ainder, 

w hich  w ere exposed  to  ca lib ra tion  b eam s from  partic le  accelerato rs, p roved  to be  satu ra ted
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w ith  events and  w ere elim inated  from  the sam ple. 58 o f  these stacks w ere pseudo-random ly 

selected  fo r full p rocessing  -  p rov id ing  an unbiased sam ple from  all sides o f  the LD EF 

spacecraft. T he am m onia-scanning  technique w as used to locate all u ltra-heavy events in 

these stacks, w h ich  w ould  provide a  relative-abundance charge spectrum  from  Z >  70. 

S horten ing  the am m onia-e tch  tim e m ean t that on ly  those events w ith  very  high VT values 

form ed tunnels. T his technique w as used to locate the com plete sam ple o f  actin ide (Z  >  88) 

events co llec ted  during  the ex p erim en t’s exposure period  in the rem ain ing  104 unprocessed 

stacks.

T he am m onia-scann ing  technique revealed  »18 u ltra-heavy  (i.e., Z  >  «60) nuclei per 

d e tec to r p late . T he fo llow ing selection  criteria  w ere applied  to the sam ple:

•  W hile  am m onia scanning  can  detect high-Z  events, the tech n iq u e’s efficiency drops at 

lo w er charges. In o rder for an  event to  be  detected  in  a  g iven detec to r plate, the vertical 

com ponen ts o f  the track  etch  ra tes o f  the tw o cones m ust be  great enough to m eet and 

form  a tunnel. In  practical term s, this m eans that events w ith  a low  v a l u e  o f  VT s in # a re  

less lik e ly  to  b e  detected  by  am m onia scanning.

•  E very  event w ith  d ip  angle less than  30° w as elim inated  from  the sam ple because the 

charge-assignm ent error on such events is large.

•  T he etch ing  technique applies a  charge-dependent angular cu t-o ff  to the sam ple. F or an  

inc iden t p artic le  causing  a particu la r V j  in the detector, there  is a lim iting  dip angle, 

0max, beyond  w h ich  m easurab le etch-cones w ill no t form . T his occurs w hen the vertical 

com ponen t o f  the track  etch  ra te (i.e., V j sin#) is less than  o r equal to the bu lk  etch  rate, 

Vq . W hen  this is so, the track  is d issolved b y  the etchant befo re  it can form  an etch 

cone. F o r a  given elem ent there is a lim iting  dip  angle, #cutoff below  w hich  an  etch  cone 

w ill no t form.

F igure 2 .4  show s the  angular cutoffs im posed on various elem ents by the above criteria. 

G C R s above the 30° line and  to the right o f  the Z -dependent c u to ff  w ill be accepted. Som e 

events w ill have dip angles falling  betw een  30° and the Z-dependent cutoff. T he m ethod o f  

com pensa ting  for these events is ou tlined  in  Section 4.2.
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C harge (Z)

F i g u r e  2.4 Z-dependent angular cutoffs for Z > 70 GCR 
events in the UHCRE (at -20°C and 5 GeV nucleon1)

In addition , further quality  control m easures w ere im plem ented:

•  C osm ic rays w hich  fell below  the reg istra tion  th resho ld  of, o r dem onstra ted  nuclear 

in teraction  in, the detec to r are elim inated . T he la tter u sually  m an ifested  its e lf  in  the 

form  o f  a rap id  change in  d irection, dip  angle ( 0) o r V j b etw een  consecutive p lates. T he 

accu racy  o f  the SSN TD  techn ique depends on tak ing  V j  m easurem ents over as long a 

path  length  as possib le  th rough  the stack. U sing only  those V j  m easurem ents occurring 

befo re  a nuclear in teraction  w ou ld  thus resu lt in  a large charge-assignm ent error.

•  E vents failing to penetrate the stack  w ere  elim inated . L exan polycarbonate  has a 

reg istra tion  th resho ld  o f  Z /p  >  60 and  w hile this is suffic ien tly  high tha t on ly  u ltra ­

heavy  (i.e., Z  >  -7 0 )  re la tiv istic  nucle i w ould  leave a signal th roughout the entire 

th ickness o f  the stack, rap id ly  slow ing  Fe-group nuclei cou ld  reg iste r over som e portion  

o f  the stack. Such events w ere  detec ted  b y  am m onia-scann ing  a selec tion  o f  p la tes  from  

throughout the stack. Events w h ich  fell below  the d e tec to r’s reg istra tion  th resho ld  at 

any p o in t in the stack  w ere assum ed to  be slow ing Fe events and  w ere  elim inated.

•  E vents w hose tra jec to iy  to o k  th em  outside the  26.5 x 20.0 cm  area o f  a stack w ere 

elim inated.
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T he rem ain ing  events, w hich  constitu te  the U H C R E ’s u ltra-heavy G C R  sam ple, are further 

co rrec ted  for geom etrical b iases, earth-shadow ing (Section 4.2) and fragm entation w ithin 

the detec to r (Section  4.4).

2 .4 .3  D a ta  M e a su re m e n t

E tched  cones w ere m easured  using L eitz-O rtholux  optical m icroscopes w ith  xlO  and 

x25 eyepieces and a xlOO o il-im m ersion  objective lens. M easurem ents in the p lane 

horizon ta l to the m icroscope stage (and  the  detec to r p late) w ere conducted  w ith  a calibrated  

eyep iece graticu le  ( o f  p recision  ±  0.05 jam). M easurem ents in the p lane norm al to the 

de tec to r p la te  availed  o f  a  transducer connected  to the m icro sco p e’s m ovable eyepiece 

(w hich  m easured  to a p recision  o f  ±  0.05 (im).

T he m easurem ents consisted  of: ZT (the vertical dep th  o f  the top etch  cone), ZB (the 

vertical dep th  o f  the bo ttom  etch  cone), Z  (the p late  th ickness) and, x  (the horizontal 

d istance  betw een  the tips o f  the  etch-cone pair). Z  m easurem ents w ere all re lative to the j -  

point* o f  the top and  bo ttom  p la te  surfaces.

T hese  m easurem ents w ere perfo rm ed  for each cone pair, y ield ing  tw o F t m easurem ents 

fo r each  detec to r plate. Typically , tw enty  p lates w ould  be etched  together to p rovide 40 

m easu res o f  Ft th rough  the stack 1 T hese data w ere entered into spreadsheets w hich flagged 

and  elim inated  ZT, ZB, 9  o r F t m easurem ents w h ich  dev iated  b y  m ore than 2 a  from the 

m ean. T he resu lts w ere then  stored  in  text files and com pared to  calib ration  data to  in fer the 

charges o f  the orig inal incident partic les.

Summary
A n im portan t p o in t to no te here is tha t au tom atic scanning  procedures w ere largely 

avo ided  in p rocessing  the U H C R E  -  every  m easurem ent used to  identify  the cosm ic rays 

w as ob ta ined  m anually . T hese  m easurem ents w ere conducted  under stringent quality- 

con tro l p rocedures and  the resu lt is a huge dataset o f  carefully-gathered, unbiased 

m easurem ents. A ny  rem ain ing  sources o f  error w ere  closely  m onitored  and  are d iscussed  in 

detail in  C hap ter 3.

* They'-point is the point at which the focal plane passes through the detector plate surface and is 
signaled by the apparent disappearance o f etch-pit imperfections on the plate surface. 
t An etch cone would commonly have ZT and ZB mmeasurements o f a few tens o f microns, while the 
typical plate thickness (Z) would be —250 |im and the average dip angle (0) was 54°. The mean 
difference in VT between charge units is 0.050 microns hour’1 in the Pt-Pb region and 0.145 microns 
hour"1 for the actinides (see Section 3.2.1 for details).
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3. Calibration and Sources of Error
In this chapter, the ca lib ra tion  o f  the U H C R E, using  beam s o f  re la tiv istic  nucle i and  the 

restric ted  energy  loss (R E L) m odel, is d iscussed. U ncerta in ties  due to varia tions in  detec to r 

response, de tec to r p rocessing  and  reg istra tion  tem peratu re  are exam ined. T he to ta l charge- 

assignm ent errors are derived  and  finally, a po in t-sp read  function  for the de tec to r response 

is ob tained  w ith  a M onte-C arlo  sim ulation. T he resu lts  are all show n to concur w ith  

prev ious research  carried  ou t at the DIA S.

3.1 Calibration

I nferring  the charge o f  a  cosm ic ray  inciden t on a  solid-state n u clea r-track  detec to r 

requires one to  define a  re la tionship  b etw een  the p a rtic le ’s essen tia lly  im m easurab le  

ion isation  (J ) and  its read ily  m easurab le track  e tch  ra te  ( F t ) .  This re la tionsh ip  is assum ed  to 

be o f  the form  VT =  a  J ", w here  a  and  n  are determ ined  b y  calibration . A s show n in fig 3 .1, 

th ree data sets are  required: one re la tin g  ion isation  to  energy  (cf. sec tion  3 .1 .1), ano ther 

range to  energy (cf. sec tion  3.1.2) and  the  last V T to  energy  (cf. sec tion  3.1.3). T hese  d ata  

are u sed  to generate  theore tical ^ - g r a d i e n t  curves (cf. section  3 .1 .4) fo r every  possib le  

charge o f  cosm ic ray.

J R Vr

z J V
<
O'
CD
_l
<
O

J - E R - E V t - E
(Benton & Nix) (Barkas & Berger) (DIAS calibration)

V
Vt-E-J-R  P

(for various Z and 7)

V e f r - G
(for various Z and 7) 

V,n

Vr

s  °  ¡8
73 1  m o
m

cn
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FIGURE 3.1 O verview  o f  the cosm ic-ray charge-assignm ent procedure for the U H CRE.
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M easurem ents o f  actual events in  the U H C R E ’s detectors are used to derive a 

single V  ejf and  G  po in t for every  cosm ic ray. In terpola tion  betw een the theoretical 

ca lib ration  curves to  this po in t p rovides an  estim ate o f  the cosm ic-ray’s charge.

3.1.1 E n e r g y -Io n isa tio n

W e confine o u r d iscussion  to very  m assive, heavily-ion ising  partic les. For these, it is a 

very  good approx im ation  that the p artic le s’ trajectories are unaltered  b y  m ultip le-C oulom b 

scattering. B ecause o f  the  ex trem ely  sm all (~ 1 0 10) ratio  o f  nuclear to  atom ic cross sections 

w e can  ignore the nuclear force. Inelastic nuclear co llisions are also rare. W e lim it 

ourselves to velocities above those at w hich  shell corrections becom e im portan t for singly- 

charged  partic les (P~0.2) and  below  those at w hich  po in t radiative corrections becom e 

evident (y~ 100).

T he scenario  is tha t a partic le  (o f  m ass M  and electric charge Z e)  penetrates a m aterial 

com posed  o f  atom s (o f  atom ic num ber Z 2  and m ass M 2 , w here M 2 =  A 2  am u). U sing  the 

elastic cross sections ca lcu la ted  by  B ethe (1930) it can  be show n that the ratio  o f  energy 

lost in  elastic co llisions to  th a t lost in  inelastic co llisions is, at m ost, o f  the order m eZ 2  /  M 2 , 

w here m e is the  m ass o f  the electron. H ence, less than  0.1%  o f  the p ro jectile  energy goes 

into atom ic d isp lacem ent. In calcu lating  the stopping pow er w e need  m erely  sum  over the 

various atom ic excita tion  energies w eighted  b y  the cross section for such excitations.*

A  cosm ic ra y ’s ion isation  (i.e., its rate o f  loss o f  k inetic energy due to  ionisation 

reactions in an  absorber, d E /d x )  m ay  be re la ted  to its energy  by  a suitable energy-loss 

m odel. T hese m odels have trad itionally  been based  on  the  B ethe-B loch equation, a  detailed  

derivation  o f  w hich  is p rov ided  b y  L ongair (1992). T he uncorrected  B ethe-B loch equation

is:

d i ;  m ec 2 A 2 p 2

d E  A n e ' N . Z 2 Z 2 [  f
—  = -------- — ~  In

a<lj 7

w here:

B, is the d istance traveled  in  g cm '2 (E, =  p x ),

N e is the electron  density  o f  the absorber,

Z2 is the m ean a tom ic num ber o f  the absorber,

A 2 is the m ean  atom ic m ass o f  the absorber, 

m ec 2 is the rest energy  o f  the electron (0.511 M eV ),

* These excitations are essentially ionisations of the stopping medium’s atoms by the passing ion.



/ adj is the  m ean  ion isa tion  po ten tia l o f  the  abso rb er (in  eV). T his value is sem i- 

em pirical and  is determ ined  b y  app ly ing  the  B ragg  ru le  o f  the additivity* to  the 

sto ich iom etric  com ponents o f  the po lycarbonate  track  detector,

Zeff is the effective charge o f  the ion ising  partic le , a sem i-em pirica l value  used  b y  

P ierce &  B lann  (1968): Zeff =  Z  { l-ex p (-1 3 0 p /Z 2/3)}. T hough  stric tly  on ly  

valid  fo r em ulsions, this equation  can  be used  for o th er solids, ex cep t for very  

heavy  ions a t low  inciden t velocities (B en ton  &  N ix , 1969; P ierce  &  B lann, 

1968).

and  -  y /( l) -  Rey/(l + i v )  is the B loch  co rrec tion  fo r low -veloc ity  partic les.

T his equation  is valid  on ly  fo r m assive ( m  »  m e) low -charge (Z  <  30) ions traversing  a 

gaseous absorber. O therw ise, in tegration  o f  th is equ a tio n  allow s us to  d eterm ine the range 

o f  any partic le  in  any  stopping  m edium . E m pirical m easu rem en ts o f  such  ranges in  h igh-Z  

non-com posite  absorbers have d iffered  g reatly  from  ca lcu la ted  values. T hese  d iscrepancies 

d isappear i f  a  co rrec ted  B ethe-B loch  form ula, in troduced  b y  A h len  (1982) and  W adding ton  

e t  a l. (1986) is u sed  (see below ).

N o full theo ry  o f  la ten t track  fo rm ation  in  a  so lid -state  nu clea r-track  d e tec to r is 

available. P reviously , tw o  track  reg istra tion  m odels w ere  used: the  p r im a r y  io n isa tio n  (P I)  

and  to ta l  e n e r g y  lo s s  (T E L ) m odels.

T he T E L  m odel (F le ishcher e t  a l . ,  1964) is b ased  on  the  B ethe-B loch  equa tion  and  is 

know n to d iffe r from  experim ental data  at h ig h  energ ies (F le ishcher e t  a l . ,  1967). T he PI 

m odel assum es tha t th e  portion  o f  ion isation  dam age th a t gives rise  to  a track  is confined  to  

a cylindrical reg ion  around  the tra jecto ry  o f  the  inc iden t ion. T his reg ion  has a  n e t positive 

charge due to  ion isa tion  o f  the atom s o f  the stopping  m edium . T he P I m odel neg lec ts the 

secondary and  h igher-o rder ion isation  p ro d u ced  b y  the electrons (i.e., 8-rays) e jec ted  from  

the track-form ing  region.*

The opposite view  is adopted by the restricted energy loss (REL) model. According to 

Benton & N ix (1969) the REL is the rate o f  energy loss o f  the bom barding particle due to the 

distant collisions w ith electrons o f  the stopping m aterial. The em phasis here is not on the total 

energy lost by a fast-moving ion in  an absorber, but rather only on those losses w hich

* National Academy o f Sciences -  National Research Council Publication -  1133 (1964).
* The PI model has the disadvantage that absolute values of the primary ionisation in plastics are not 
known -  relative values must be used for calibration. Furthermore, experimental data on track 
registration in cellulose nitrate and Lexan requires that one o f the model's parameters (70 -  the 
ionisation potential o f  the outer shell electrons o f the stopping atoms) to be set to 2 eV. This value 
appears to be much lower than the energy required to ionise an atom in practice.
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contribute to the track form ation process. Such losses are due to collisions w ith large impact 

param eters (i.e., involving distant electrons). These collisions impart energy lower than some 

threshold value (co0) to the absorber’s electrons, w hich in turn deposit their energy around the 

incident partic le’s path -  thus forming a track. Therefore co0 represents a boundary in energy 

between those electrons which contribute to track formation and those w hich do not. Note that 

co0 m ust fall in the range such that, for close collisions, the atomic electrons can be treated as 

free particles, while for distant collisions, the incident heavy particle is treated as a point 

charge.

The UHCRE has been calibrated using the REL model. Benton & N ix find that a value o f  co0 

= (1.0 ±  0.2) x 103 eV  gave the best agreem ent with experimental data and this value has been 

adopted for the U H CRE analysis. The REL for fast, heavy ions in  dense absorbers is a 

corrected Bethe-B loch equation (W addington e t  a l., 1986):

dE_

d 4

4 x e 4N {, Z]ff

m  c A  P 1
In 2 mec2p 2y

adj

- P 2 - S - S  +  M - B  +  R b - A r

N ote that the com plete quantic Bloch term, -t//(l)-R ey /(l + i>), is due to close collisions and 

therefore should not appear in the REL equation. The new  term s are correction factors: the 

inner-shell correction (S; Barkas & Berger, 1967), the density effect (5; Stem heim er & Peierls, 

1971), the M ott scattering correction (M; approxim ated by Ahlen, 1982), the B loch and the 

relativistic B loch corrections (B  and R B), the Leung correction (A R) and the low-velocity 

correction (F ). O f these, the Bloch, relativistic Bloch, M ott and Leung corrections are due to 

collisions close to the incident particle and are irrelevant to track formation under the REL 

model. The inner-shell and low-velocity corrections are due to both close and distant collisions. 

The form er m ay be ignored since its effects are negligible for swift, heavy ions in a low-Z 

absorber such as a  polycarbonate SSNTD. The latter is excluded since the use o f  the effective 

charge, Z eff, accounts for the same physical process (charge pickup o f  the ionising particle).

However, the density effect is  relevant to the UHCRE. An im plicit assum ption o f  the Bethe- 

Bloch result is that the absorber is a very dilute gas. However, in a solid-state track detector, the 

interatom ic spacing is reduced by a factor o f  ~10 and the incident ion cannot be considered to 

act on one atom  at a time (Ahlen, 1980), so the m edium  can be polarised. A t low energies the 

distant-collision contribution increases as ln (p V )- However, as the partic le’s energy increases, 

its electric field flattens and extends, so that (d E /d x )  then grows only as ln([3y). The density 

correction therefore removes the assum ption that the energy transfer to the electrons is 

incoherent and accounting for such absorber polarisation lessens the energy loss at high
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velocities (typically by  ~10%  for the cosm ic rays encountered by  UHCRE). The value o f  8 is
*

com puted from  a param eterisation:

T a b le  3.1 D ensity  E ffect C o rrec tion  (8)

X 0 < X  0
X0 < X <  X \  log (gm m ) +  C  +  a {X x - X f  

X >  X \  log {gm m )  + C

Here, X =  0.21715 logl0(gmw) and X 0 and X x are particular values o f  X , such that w hen X  <  

X 0, 8 = 0 and when X >  X u 8 has reached its asym ptotic form. For the UHCRE, X 0 =  0.14 and 

X i -  2.0.* C -  -3.21, a  = 0.456, m  =  2.78 and gm m  =  {(is +  m0c 2) /m 0c 2}2 - 1 .

The dE/d%  o f cosm ic-ray ions in  an UHCRE detector is calculated in arbitrary units using 

the following expression:

d E _

d Ç 'CO <  co„

Z\eff
10 ,0 0 0 /?2

In - P 2 - Ô

N ote that for the reasons outlined above only the density correction is included. F ig 3.2 

dem onstrates the influence o f  this density effect as projectile energy increases.

ê
c
3

&

A
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Energy (GeV nucleon'1)

FIGURE 3.2 Ionisation losses for 92U and 79Au projectile ions in a Lexan polycarbonate detector, 
both with and without the density effect.

e.g., Stemheimer & Peierls, 1971.
* Ahlen (1980) uses the following values for solids and liquids: X  =  log10(Py), X 0 = 0.14 and X x =
2.0 (fo r/ <  100 eV) or 3.0 ( fo r /  >  100 eV), C  = -{2 In (I/h w p) } - \ ,  a =  {-(C + 4.606X0) / (X, -X 0)m} 
and m =  3.0, where /  is the mean excitation potential for the electrons o f the medium and hcov is the 
corresponding plasma energy (ficop = 28.8(p¿ZIA0) m  eV, where p0 is the density o f the material and 
Z and A 0 are its atomic number and atomic weight respectively).
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P ro jectiles in o ther m edia  generate qualita tively  sim ilar curves. N ote tha t the ionisation
2 /ra te  is a  very  sensitive function o f  partic le  energy  (°c- p  ). A t low  energies (y -1 ) partic les o f  

d ifferen t rest m ass b u t o f  equal m om entum  can  b e  d istinguished b y  their d ifferent rates o f  

energy loss.* A t in term ediate energies (> - 1  G eV  n u cleo n '1) the stopping pow er decreases 

to  a  m inim um . T h is  is due to the com bined  effects of: a) a  decrease in  energy loss caused 

b y  the -p 2 te rm  (since a t high energies, p  saturates at unity) and b) a  re lativ istic rise caused 

b y  the ln(y2) term . A t high energies (>  - 1 0  G eV  n u cleo n '1) there is a re lativ istic rise in 

ion isation  th a t segues into an  energy-independent region. A t still h igher energies (> - 1  T eV  

n u c leo n '1) rad ia tive effects becom e im portan t and  partic les cannot be d ifferentiated  purely  

on the basis o f  ion isation  losses.

3.1.2 R a n g e -E n e r g y

B arkas &  B erger (1964) p rovide em pirically  derived range-energy  tables for the ideal 

p ro ton  -  a partic le  o f  pro tonic  m ass and charge tha t does not capture electrons o r suffer 

close co llisions w ith  nuclei. W hen  these are com bined  w ith  a  heavy ion  ex tension (cf. 

B en ton  &  H enke, 1969) a re la tionship  betw een  range and energy can  be inferred  for 

p artic les o f  various Z:

R ( P ) = M / Z 2 \A ( P ) + B Z(P )\,  

w here  M  and  Z  are the m ass and charge o f  the incom ing particle. k  is the ideal pro ton  

range, values o f  w hich  have been  pub lished  (B arkas &  B erger, 1967) for various energies 

and stopping  m aterials. B arkas & B erger expressed electronic stopping pow er as a 

un iversal function  o f  tw o variab les (the k inetic energy o f  the incident partic le  and the m ean 

excita tion  energy  o f  the stopping m edium ) using  em pirical data. T hey  then  system atised the 

ca lcu la tion  o f  p ro ton  ranges in  all m ateria ls as follows:

2  » ( 11.1  +  1 . 3 4 / 2 ) ! ^  g C m ‘

I  is the m ean  excita tion  poten tial fo r the  electrons o f  the m edium  («  69.5 eV  for L exan 

po lycarbonate -  ca lcu lations fo r w hich  are provided  in A ppendix  A ).

B y  is the heavy-ion  range extension. This range extension is caused by  charge p ickup  

near the stopping  end  o f  the track  and  is dependen t on the Z  and P  o f  the incom ing ion and 

the A , Z  and  7 a d j  o f  the absorbing m edium : B z ( l adj, /? ) «  (48.0 +  5 .81 5J *)— x 1 O' 5 z 5/3/7 g  cm  2

* Also, at energies < 1 GeV nucleon '1 the details o f the stopping medium are important as electron 
capture can alter the Zeg  o f the incident ion.

« 8
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T h e  ca lcu la ted  v a lu e s  o f  ran g e  as a  fu n c tio n  o f  en e rg y  fo r 79A u  an d  92U  p ro je c tile s  in  

th e  U H C R E  d e tec to rs  is sh o w n  in  fig  3 .3 .

FIGURE 3.3 C alculated residual ranges for 92U  and 79A u ions in  Lexan polycarbonate at various 
energies.

3.1.3 F t -E n e rg y

T he track-etch  ra te , Ft, is a m easure o f  the bom bard ing  cosm ic ra y ’s ion ising  pow er. T o 

ca lib ra te  a  detec to r stack, Ft m easu rem en ts in  the stack  m ust b e  m ade a t d ifferen t energ ies 

and  exposure tem peratu res (to a llow  adjustm ent for the reg istra tion  tem peratu re  effect, cf. 

Section  3.2.2). Such m easurem ents w ere  com pleted  fo r bo th  the ac tin ide and  P t-Pb  charge 

regions.

For ac tin ide calib ration , a 0 .96 G eV  n u cleo n ' 1 92U  beam  from  the heavy-ion  acce lera to r 

a t the G ese llschaft fu r Schw erionenforschung  m bH  (G SI), D arm stad t, G erm any  w as used. 

In N ovem ber 1996, U H C R E  d etec to r stacks w ere exposed  to th is beam , y ie ld ing  a VT- 

energy  re la tionship  a t various po in ts  th rough  the  detector. T h e  beam s w ere exposed  a t tw o 

reg istra tion  tem peratu res (18 °C and  -7 8  °C). T he resu lts  from  these exposures are 

sum m arised  in  T ab le 3.2.

Table 3.2 92U  ca lib ra tion  b eam  response

E nergy  
(MeV nucleon1)

Tem perature
(°C)

Ft
(microns hour1)

500 jf -78 6.67
t +18 3.78

800 j
f -78 3.78
t +18 2.11
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To enab le ca lib ration  o f  the P t-Pb region, DIA S Lexan polycarbonate SSN TD s w ere 

p rev iously  exposed  to 79AU calib ration  beam s at the B rookhaven N ational Laboratory  

(B N L) in  January  1996. T he beam s w ere o f  various energies (2 .0 , 4 .0  and 10.5 G eV  

n u c leo n '1) and w ere exposed at several d ifferen t tem peratures. T he results are sum m arised 

in  T able 3.3.

T a b le  3.3 79AU calibration  beam  response

Energy Tem perature VT
(GeV nucleon"1) (°C) (microns hour1)

To 7 Tot  -20 0.92

4  0 i  -7°  0 9 2
_________1 -20_____________0 ,8 4 ______

R ange-energy  (R -E )  and energy-ion isation  (E -J )  values w ere ca lcu la ted  for all 70 <  Z <  

100 elem ents, p rov id ing  a tab le  o f  R -J -E  re lationships across a w ide energy spectrum . 

T hese tab les w ere  com bined  w ith  the calib ration  V j-E  m easurem ents. In this w ay, R -J -E - V j
*

tab les w ere com piled  for all u ltra-heavy  elem ents at all re levant tem peratures.

3 .1 .4  P a r t ic le  Id e n tif ic a tio n

A  cosm ic ra y ’s Vr  can be  m easu red  at various poin ts along  its  trajecto ry  through the 

de tec to r (i.e., a t various residual ranges, R ). In theory, a com parison  betw een the VT-R  

curve o f  the ion and those o f  the calib ration  partic les should allow  charge identification. 

H ow ever, i f  the cosm ic ray  penetrates the entire detec to r w ithout com ing to a halt, its 

residual range (i.e., the d istance from  its stopping poin t) cannot be  determ ined. In this case, 

the g r a d ie n t  m ethod  is em ployed.

T w o differen t datasets are required: R -J -E -V T calibration  tables for every Z and 

m easured  values o f  the cosm ic ra y ’s V j and  R. T hese are used to generate theoretical Vef f -

grad ien t curves fo r every  Z  (fig 3 .4 ) and a  V ejf and  G  poin t for every  cosm ic ray. The 

curve c losest to the po in t is the in ferred  charge o f  the incident ion.

* Calibration values were obtained at two different temperatures and linear interpolation was used to 
compensate for the registration temperature effect (see Section 3.2.2) in which VT varies with the 
temperature o f  the SSNTD at the time o f track registration.

«n
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FIG U R E 3.4 Actinide calibration curves for 88 <  Z <  98 ions in Lexan polycarbonate at a 

registration temperature o f -2 0  °C. A cosmic ray can be plotted as a single point ( V e// and G )  on 
this graph.

The fractional etch-rate gradient, G , is defined as (Fow ler e t a l., 1977):

G =
VTj

dVT 
dx

It is thus a m easure o f  the rate o f  change o f  VT w ith  respect to  distance travelled by the ion. I f  
two etch rates, Vn  and VJ2, are m easured at tw o points separated by a distance Ax, then G  is 
given by:

' 2(VT2- V TI) \
G  =

(Vn +Vn )Ax

The second quantity to be defined is the effective track-etch rate, Veff, given by:

V„„ - (2 VT1VT2 )

(Vn  + VT2)

In a SSNTD stack o f  n plates, a cosm ic-ray track w ill leave 2n etch cones and the overall m ean 
value o f  G  is given by:

Z [ ( 2 ( F 2ii+w -  Vt)Wt) /  ((F2n+W +  VJAx,)]
G =  -^ --------------------------------------------------------------

± w .
/=l

where x  (zlx,)2 and is a weighting factor and V, is the track-etch rate o f  the zth cone.’ The 
overall value o f  Veff\n  such a stack o f  detector plates is:

nv  —__
Veff n

SK + V2n+\-i V W tv ^ ) \
i=i

* The error associated with this etch-rate gradient is: AG = (6In) 1/2 (a/A.rinax), where n is the number 
of cone pairs measured, a  is the fractional standard deviation in the measured etch rate o f a cone and 
Axniax is the maximum path length (Fowler e t a l., 1977).

s i
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In  p ractice, system atic errors in  partic le -accelerato r beam  m easurem ents required  the 

use  o f  in ternal calibration. In the  actin ide region, a 12% increase in  calib ration  VT values 

p rov ided  optim um  reso lu tion  o f  the $>oTh and 92U peaks (as w ell as ensuring  that a  very  

h igh-charge transuran ic event w as b inned  as 96Cm ). In the P t-Pb region, a 20%  decrease in 

ca lib ra tion  VT values y ielded the optim um  7gPt and 82 Pb peaks. T he causes o f  these 

system atic errors in the calib ration  are m ost likely  due to inaccuracies in  the calibration  

b eam  energy, errors in  the recorded  reg istra tion  tem peratures (cf. section 3.2.2), differing 

e tch ing  conditions betw een  the calibration  stacks and the U H C R E  detector stacks (cf. 

sec tion  3.2.3) and  the d ifference in  energy betw een  the partic le  accelerato r beam s and those 

o f  the cosm ic rays detected.

3.1.5 C a lib r a tio n  T ests

Previous w ork  at D IA S has tested  the calib ration  model* by  using a beam  o f  1.125 GeV 

n u cleo n ' 1 79AU ions exposed to  a  typical IJH CRE stack. T he inferred  charge o f  these test 

even ts w as Z  =  79.1 ±  1.1, dem onstrating  that the m odel cou ld  successfully  extrapolate 

from  92U  to  79Au.

To test energy  ex trapolation , U H C R E  stacks w ere exposed to  ions from  a 79A u beam  for 

analysis. T hese ions w ere  o f  low  (100 <  E  <  400 M eV  n u c leo n '1) and high (10.3 <  E  <

10.6 G eV  nucleon"1) energies and  w ere identified  as being Z  =  78.3 ± 1 .0  and 78.9 ± 1 .0  

resp ectiv e ly  (B osch, 1994). T his successful iden tification  im plies that the values o f  a  and n 

in  the ca lib ra tion  are essen tially  energy-independent in the range o f  energies encountered  

b y  U H C R E  (m odal value «  2-3 G eV  n u c leo n '1).

N ote th a t these beam  exposures w ere conducted  w ith  the detec to r stacks in  their original 

experim en tal configurations (i.e., still sealed  inside E ccofoam  and  their pressure vessels). 

T hese  tests dem onstrated  the sturdy nature o f  the calib ration  m odel and  its ab ility  to 

ex trapo late  from  the actin ide reg ion  to the P t-Pb region (across at least 13 e) and  from  

energ ies as low  as 100 M eV  nucleon ' 1 to as high as 10.6 G eV  n u c leo n '1.

* The model is based on a 92U calibration. In May 1992, 12 UHCRE detector stacks were exposed to 
a 0.96 GeV nucleon"1 92U beam at the Lawrence Berkeley Laboratoiy, California.
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3.2 Z-Assignment Error Estimates

A  num ber o f  separate  errors con tribu te to the  overall erro r in  G C R  charge iden tification  

(AZ). T hese  errors are due to: in trinsic  detec to r im perfections (cf., Section  3.2.1), chang ing  

tem peratu re a t the tim e o f  track  reg istra tion  (cf., S ection  3.2.2), vary ing  etch ing  conditions 

(cf., S ection 3.2.3) and  la ten t track  effects (cf., Section  3.2.4).

3.2.1 I n tr in s ic  E r r o r

T he in trinsic  erro r in  a  single cone p a ir  m easu rem en t w as determ ined  em pirica lly  b y  

exposing  detec to r m ateria l to  a  beam  o f  *  10.5 G eV  n ucleon ' 1 79A u ions. L ead  degraders in  

the detec to r s tack  reduced  the energy  o f  the  b eam  to 2 G eV  n u c leo n '1. Sam ples o f  th is 

exposed  po lycarbonate  w ere p rocessed  during  a  series o f  etches spanning  over a year. A s 

m any  as tw en ty  cone pairs w ere m easu red  in  each, resu lting  in  442 ind iv idual cone-pair 

m easurem ents o f  ZT (the vertical dep th  o f  the  top  e tch  cone), ZB (the vertical dep th  o f  the 

bo ttom  e tch  cone), Z  (the p late  th ickness) and, x  (the ho rizon ta l d istance b e tw een  the tips o f  

the etch-cone pair). T hese m easurem ents y ie lded  a  value  for the  m ean  standard  dev ia tion  in  

a single e tch  (T ab le 3.4). Here, “F iltered” re fers to the sam ple afte r the sam e quality  con tro l 

im posed  on  the  U H C R E ’s cosm ic-ray  events is app lied  (i.e., m easurem ents dev iating  by  

m ore than  2 a  from  the  m ean  w ere rem oved). F iltering  red u ced  the sam ple size to  345 cone 

pairs.

T a b le  3.4 M ean  standard  errors (a )  on  a  single cone m easurem ents o f  a 79AU ion*

•79AU beam Ft
(microns hour'1)

A Ft
(microns h o u r1) %

U nfiltered 0.616 0.027 4.4

Filtered 0.618 0.016 2.5

T hough there  w ere  insufficien t m easu rem en ts for a  defin itive p o in t-sp read  function  

(PSF), the overall F t  d istribu tion  appears quasi-G aussian  (fig  3.5), po ssib ly  possessing  a 

lo w -F t tail. H ow ever, our charge iden tification  m odel is b ased  upon  V eff, w hich  depends on 

the  m e a n  o f  a  se t o f  FT values. S ince the  d istribu tion  o f  a sam ple o f  m eans is c lo ser to 

G aussian  than  tha t o f  the datase t itself, o u r em pirica lly -derived  PSF  represen ts an  u p p e r -  

lim it  on  the  asym m etry  o f  FT d istribution.

Note that these errors are upper limits as higher-charge events (with larger cones) are more easily 
measured.

a?
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Fig ure  3.5 VT distribution o f 345 cone pairs from a 79Au ions in UHCRE detector material. The 
sample was filtered to remove measurements deviating by more than 2a  from the mean.

T his spread o f  FT values is due to  im perfections in trinsic to  the detector m aterial and 

w ill in  tu rn  induce errors in  m easured  values o f  bo th  V  a n d G ,  w hich  are used for 

charge-iden tification  o f  every  cosm ic ray  detected  by the U H C R E  (fig 3.6). N ote that the 

m agn itude o f  these errors w ill depend on the energy o f  the  cosm ic ray  -  h igh-energy  events 

(i.e., those  w ith  low  gradients) w ill have re la tively  low  errors. Thus, m ean values for

A V eff and  A  G  are used.

FIGURE 3.6 An intrinsic error in VT measurements causing an error in charge assignment 
o f a 92U ion.

AA
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Ves, is ob tained  from  a  nu m b er o f  ind iv idual V j m easurem ents and  so A V eJr is inverse ly  

proportional to  Vn, w here  n is the nu m b er o f  cone-pairs  m easured. S ince n is typ ically  

betw een  10 and  20 (a fte r filtering) the average erro r on  Veff is re la tiv e ly  sm all -  typ ically  ±  

0 .036 and  ±  0.022 m icrons hour ' 1 in  the P t-Pb  and  ac tin ide  reg ions respectively . T hese 

uncertain ties co rrespond  to  charge-assignm ent errors o f  ±  0 .72 e (in  the P t-Pb  reg ion) and  ±  

0.15 e (in  the ac tin ide region).*

E rrors w ere  estim ated  b y  apply ing  the m ean  in trinsic  A V T (+  4 .4% ) to each  cone-pair 

m easurem ent o f  every  ac tin ide even t and  every  P t-Pb  event. T hese a ltered  m easurem ents 

w ere then  p ropagated  through  the en tire  charge-iden tifica tion  procedure. T he resu lts 

p rov ided  an  estim ate o f  the  u p p er and  low er errors on charge assignm ent due to  in trinsic  

detec to r erro r (tab le  3.5).

Table 3.5  M ean standard  in trinsic de tec to r errors (a )  fo r ac tin ide and  P t-P b  ions
(expressed  in  e)

Z  reg ion
E rro r
B ar

m ean  A Z  

from  A  V eff

m ean  AZ 
from  A G

T otal m ean  
in trinsic  AZ

A c tin id es*
+ 0.2 0.9 1.1

(Z > 8 8 ) - 0.2 1.1 1.2

P t-P b + 0.4 0.5 0.6

(70 <  Z  <  8 8 ) - 0 .4 0.8 0.9

3.2.2 The R e g is tra tio n  T em p era tu re  E ffe c t (RTE)

T he varia tion  o f  signal strength  w ith  reg istra tion  tem peratu re in  SSN T D s (the 

reg istra tion  tem peratu re  effect o r  R T E ) w as first repo rted  b y  D IA S (T hom pson  e t  a l., 1979 

and O ’Sullivan e t  a l. , 1980). T he strength  o f  a la ten t ion -track  in  a SSN T D  is a  function  o f  

the  tem perature o f  the  stack  at the tim e o f  reg istra tion ; h ig h er reg istra tion  tem peratu res 

reduce the la ten t track  strength. Subsequently , T hom pson  and  O ’S ullivan (1984) d iscovered  

that the strength  o f  the effect itse lf  varies w ith  ion isation  and  is m ore  p ronounced  in  

incident ions o f  h ig h er Z/p. C onsequently , the U H C R E  detectors w ere  under carefu l 

tem peratu re contro l and  m onito ring  during  the  exposure period.

Elements in the Pt-Pb region are separated by an etch rate difference o f 0.050 microns h o u r1 (at 
their mean gradient o f  0.01 g"1 cm2). For the actinide region, elements around 92U are separated by 
0.145 microns hour' 1 (at their mean gradient o f  0.033 g 1 cm2).
+ Actinide errors are upper-limit estimates, since (lie fractional AVT will be smaller for these events.

a *



Platinum and Beyond: Studies o f  Ultra-Heavy Nuclei in the Galactic Cosmic Rays

T herm al decoupling  from  the spacecraft fram e b iased  the detec to r stack  tem peratures to 

over 20°C  below  that o f  the LD EF itse lf  (Thom pson, 1990). T ray  tem perature 

m easurem ents w ere  recorded  at intervals o f  112 m inutes for the first 390 days o f  the 

L D E F ’s 2 ,105-day  flight. N A S A  com m issioned  L ockheed  to  perform  a therm al analysis o f  

the spacecraft. The 16 individual detectors each had  m ean  tem peratures o f  betw een  -1 5 .5  

°C  and  -2 3  °C, w ith  an  overall m ean  o f  - 2 0  °C. S tandard  deviations in tray  tem perature 

varied  from  2.2 °C to  6.8 °C, averaging  at 4.3 °C (Sam pair, 1991; B osch, 1995).

E stim ates o f  the R T E  indicate  a  variation  o f  ±  0.14e in  L exan for U ranium  ions at 960 

M eV  n u c leo n '1 (T hom pson and O ’Sullivan, 1984). S ince the average cosm ic ray  in the 

U H C R E  sam ple is o f  bo th  low er charge and h igher energy, this figure safely over-estim ates 

the m agnitude o f  the R TE. U sing this figure im plies that tem perature variations contribute a 

Icj erro r on charge-assignm ent o f  ±  0.6e in  the actin ide region and considerably  less in  the 

(low er-ionisation) 79P t-82Pb region.

C alibration  V j m easurem ents w ere m ade at tw o d ifferent tem peratures and  linear 

in terpo lation  w as used  to  ad just the calib ration  curves to the m odal tem perature o f  cach 

U H C R E  experim ental tray.

3.2.3 D e te c to r  P r o c e s s in g

T he U H C R E  detectors w ere all etched in  an aqueous N aO H  6.25N  solution at 40°C. As 

suggested  b y  F le ischer, P rice and  W alker (1975), this solution was saturated  w ith  etch 

p roducts to a  stable p la teau  w here the bu lk  etch  ra te  (V q)  becam e independent o f  the etch 

p roduct concentration. Vq w as m onitored  b y  m easuring  pre- and post-etched  strips o f  Lexan 

in  each o f  the approx im ate ly  40 separate chem ical etches. V ariations o f  the bu lk  etch  rate 

are show n in figure 3.7. S ince such variations are accounted for in  charge-assignm ent 

calcu lations (and A VG is «1% ) they  contribute neglig ib ly  to  the charge-assignm ent error.
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F ig u r e  3.7 VG variation during UHCRE detector processing. Since the 
error on these average VG measurements is «  1%, error bars are omitted.

T rack  etch-rate  ( F t )  m onito ring  w as facilita ted  u sin g  spare de tec to r m ateria l exposed  to

10.1 G eV /nucleon ' 1 79A u  and  158 G eV /nucleon ' 1 82Pb nuclei. T hese track  e tch  ra te  

m onitors (or T E R M s) p ro v id ed  80 m easurem ents o f  V j  fo r every  detec to r etch. A  three- 

year study  d iscovered  a  m ax im um  varia tion  in  F t b e tw een  etches o f  app rox im ate ly  10% 

from  the m ean  (fig .3 .8).

Track etch rate variation
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FIGURE 3.8 VT variation during UHCRE detector processing. Since the 
error on these average F t measurements is < 1%, error bars are omitted.
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T he average V j  o f  a particu la r etch  w as obtained  by  norm alising  to  the m ean o f  the VT 

m easurem ents from  all etches. T his value w as then  used to ad just the Ft  m easurem ents o f  

all ac tin ide events and  rem ove the  effect o f  etch ing  variations. C om pensating  for these 

variations e lim inated  a m ean  system atic standard  deviation o f  7.5%  in signal strength (for 

raw  m easurem ents) and  7.1%  for filtered  m easurem ents. T hese translate  to a charge- 

assignm ent erro r o f  ±  l . l e  in the P t-Pb reg ion  (fo r bo th  raw  and  filtered  events) and  a 

m axim um  o f  ±  l . l e  (fo r raw  events) and ±  1 .Oe (fo r filtered events) in  the actin ide region.

3.2.4 L a te n t T ra c k  E ffec ts

A  laten t (unprocessed) dam age trail in  a track  detector is susceptib le to therm al 

annealing, i.e., fad ing  due to  storage at a re la tive ly  high tem perature. T he studies o f  A dam s 

and B eahm  (1981) o f  the annealing  o f  Fe tracks in  L exan reported  a 10% reduction in 

signal strength  afte r storage for one year a t +27 °C. Salam on e t  a l. (1986) have also shown 

annealing  w h ich  is detectab le  at 0°C over a period  o f  years and significant over several 

m onths a t room  tem perature.

It has also  been  know n for som e tim e tha t the track  response o f  a SSN TD  is influenced 

b y  environm ental conditions such as the atm ospheric com position  during and im m ediately  

afte r exposure. Sam ples stored in  oxygen at a pressure o f  1.7 atm ospheres increased 

logarithm ically  fo r a t least six m onths afte r exposure. This effect is thought to  be due to the 

com bination  o f  oxygen  w ith  the free rad icals o f  the detec to r’s broken  bonds. Those stored 

in inert gases show ed no significant change, w hile those in  a vacuum  decreased  in track  

e tch  rate.

Follow ing  69 m onths in  space at a  m ean tem perature o f -2 0  °C, the U H C R E detectors 

spent app rox im ate ly  eight m onths at N A S A  and E ST E C  facilities a t room  tem perature 

before en tering  long-term  -31 °C  storage a t the DIA S. T he detectors w ere exam ined for 

bo th  annealing  and  ageing effects.

P revious research  a t D IA S has show n that la ten t track effects in the U H C R E are 

m inim al. T w elve detec to r stacks w ere exposed  to a  0.96 G eV  nucleon ' 1 U  beam  from  the 

heavy  ion  accelera to r at the L aw rence B erkeley  Laboratory, C aliforn ia  before and after the 

L D E F m ission  (M ay 1983 and M ay 1990, respectively). U sing the p re-fligh t 92U beam  as 

calibration , the post-fligh t ions w ere successfully  identified  as Z  =  92.8 ±  1.3 e (B osch 

1995). T he stab ility  o f  track  response o f  the U H C R E ’s detectors over the seven-year
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m ission  confirm s ea rlie r D IA S studies w hich  saw  no  ind ica tion  o f  long-term  ag ing  o f  la ten t 

tracks.

D om ingo e t  a l. (1990) m on ito red  signal strength  in  th e  L exan  detec to rs from  six  to  eigh t 

w eeks after exposure fo r th ree years (from  1984 to 1987). T hey  d etec ted  no  sign ifican t 

change in  detectors stored  a t tem peratu res varying from  - 7 0  to  +25 °C.

In addition, track  etch  ra te  m onito rs  w h ich  w ere  exposed  to  b eam s o f  A u and  Pb  ions 

(cf. S ection 3.2.3), dem onstra ted  no  system atic change in  Ft a fte r storage a t -3 1  °C  for six  

years. T he T E R M  m easurem ents fu rther illustra te  the lack  o f  a  detec tab le  system atic  effect 

on  laten t tracks over a th ree year perio d  o f  continuous e tch ing  and  co ld  storage.

O ther research  at the D ub lin  Institu te  for A dvanced  S tudies (B osch, 1995) has show n 

tha t as long  as therm al annealing  is avo ided  b y  storing  the  track  detec to rs a t b e lo w  -2 5  °C  

(as w as the case w ith  the  U H C R E  stacks) storage tem peratu re  h as  little  effect up o n  la ten t 

tracks. T he influence o f  tem peratu re  on  laten t track  response can  therefo re  be  re stric ted  to  

the R T E .l

3.2.5 T o ta l C h a r g e -A s s ig n m e n t E r r o r

A n estim ate o f  the overall charge-assignm ent erro r resu lting  from  the  above effects is 

show n in  T ab le  3.6. N o te  th a t the  las t co lum n displays the  to ta l error for the ac tin ide events 

afte r the detec to r p rocessing  erro r has b een  rem oved  usin g  T E R M  m easurem ents (cf. 

Section  3.2.3).

Table 3.6 M ean a  errors for actinide and Pt-Pb ions expressed in fundam ental charge units (e)

Z  reg ion
E rro r
B ar

Intrinsic* R T E 1
D etec to r

P rocessing T otal AZ T otal AZ*

A ctin ides
+ 1.1 0.6 1.0 1.6 1.3

(Z > 88) - 1.2 0.6 1.0 1.7 1.3

P t-Pb
+ 0.6 0.6 1.1 1.4 -

(70 <  Z <  88) - 0.9 0.6 1.1 1.5 -

* Actinide errors are upper-limit estimates, since intrinsic AFT will be smaller for these events.
* Pt-Pb errors from the RTE are upper-limit estimates, as this effect is lessened for these lower- 
ionisation events.
* After variations resulting from the detector processing o f actinide events were removed.
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T he errors agree w ith , o r are larger than, those ob tained  in  p rev ious w ork  (±1.3e for 

u ran ium  events and  ±0 .9e fo r go ld  events; B osch, 1994), suggesting  tha t any  additional 

erro r in  ca lib ra tion  m easurem ents is  neglig ib le . S ection  3.3 describes a  M onte-C arlo  

m eth o d  u sed  to  m ore accu ra te ly  determ ine the  intrinsic charge-assignm ent error b y  

m o d elin g  the  in teraction  o f  cosm ic-ray  ions o f  various energies and  dip  angles in  the 

U H C R E  apparatus.
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3.3 Monte-Carlo Simulation of Errors

A  M onte-C arlo  sim ulation  w as u sed  to  ob tain  a s tochastic  estim ate  o f  the in trinsic  charge 

spread in  the U H C R E  detectors. W eighted  p robab ilities  for various cosm ic-ray  energies, 

cosm ic-ray  dip  angles and d e tec to r s tack  types w ere  calcu lated . A  correc tly -w eigh ted  

d istribu tion  o f  a large nu m b er o f  s im ula ted  cosm ic rays co u ld  th en  be  created . E vents in 

th is sam ple w ere classified  b y  charge-assignm ent softw are iden tica l to  tha t u sed  fo r genuine 

G C R  events.

3.3.1 E n e r g y  D is tr ib u tio n

T he sim ulated  cosm ic rays w ere  d istribu ted  in  energy  accord ing  to  a  doub ly-trunca ted  

inverse pow er law  (w herein  n , the  n u m b er o f  cosm ic rays at a  g iven  energy, oc E~2'6). T his 

pow er law  w as com bined  w ith  a  geom agnetic  transm ission  function  as ca lcu la ted  from  the 

C R E M E 96 w ebsite  (h ttps://crem e96 .n rl.navy .m il/). T he energy  range considered  w as th a t 

for typ ical U H C R E  cosm ic rays, i.e ., 0 .9  to  4.1 G eV /n u c leo n '1. See Fig. 3.9 (a).

3.3.2 D ip  A n g le  D is tr ib u tio n

A n ideal p lan ar SSN TD  surface u n d er an  iso trop ic flux  o f  cosm ic rays w ill encoun te r a 

flux p roportional to  !/2sin2 0 . T h is  d istribu tion  reaches a  m ax im um  at 0 =  45° and  a 

m in im um  w h en  9 =  0° o r 90°. C learly , th is w ill a lte r th e  d istribu tion  o f  d ip -ang les in  an 

incom ing iso tropic flux o f  GCRs.*

In addition , the L D EF's low -earth  o rb it m ean t th a t a sizeable po rtion  o f  the sky 

surrounding  the spacecraft w as screened  by the d isc o f  the  earth . T his earth  “shadow ” thus 

reduces the experim ent's co llec ting  p o w er in  a tra jec to ry -dependen t m an n er and  fu rther 

com plicates the  dip angle d istribu tion  o f  the  cosm ic-ray  flux. T he fo llow ing  expression  

defines the E arth 's  horizon  (i.e., the edge o f  the sh ielded  area) as a  function  o f  an  inciden t 

G C R ’s dip angle (0) and az im uthal angle ({()):

sin20 <  1 - sin2 ah  /  sin2 <|>, 

w here ah  is the angle b etw een  the earth 's horizon  and  the az im uthal angle, <)>.* T his 

function  is p lo tted  in  fig 3.9 (b) and  w ill c lea rly  influence G C R  flux as a function  o f  0.

* The charge-dependent thresholds inherent in the UHCRE’s detector efficiency which were 
described in Section 2.4.2 will also alter the the distribution o f dip-angles o f the incoming flux as a 
function o f 0. Only ions both above and to the right o f the red and blue lines respectively in fig 2.3 
will register in the detector. However, these cutoffs will only affect ions o f Z  <  79.
* For the LDEF spacecraft’s orbit, ah = 20 ± 2

n 1

https://creme96.nrl.navy.mil/
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T he com bined  effect o f  bo th  the earth  “shadow ” and 0 -dependen t detector efficiency is 

show n in  figure 3.9 (c). T his function  is used to  assign dip angles to M onte-C arlo-sim ulated  

cosm ic  rays.

3.3.3 S ta c k  C o m p o s itio n

A s described  in S ection 2.3, U H C R E SSN TD  stacks w ere o f  several d ifferen t 

com positions, any  o f  w hich  m ay  in teract w ith  the trajecto ry  o f  a sim ulated  cosm ic ray  

event. W eighted p robab ilities w ere used to determ ine the frequency o f  each stack 

com position .

3 .3 .4  R e s u lts

A  sim ulation  w as perform ed w ith  100,000 M onte-C arlo-generated  92U  cosm ic rays. T he 

d istribu tion  o f  d ip-angles is show n in  fig 3.10 (a). N ote  the sim ilarity  to that o f  the 

theore tical d ip-angle d istribu tion  in  fig 3.9 (c).

T he po in t-sp read  function o f  10,000 o f  these events is show n in fig  3.10 (b). As 

expected , it is gaussian  (or pseudo-gaussian) w ith  a m ean Z  o f  92.0 e and a standard 

d ev ia tion  o f  0.8 e. T his is fu lly  consisten t w ith  the upper-lim it em pirically-derived 

estim ates o f  in trinsic erro r on the  actin ides o f  +  l . l e  and -1.2 e (see Section  3.2.1). T his 

M onte-C arlo  value is also consisten t w ith  earlier DIAS w ork  w hich  estim ated  the low- 

energy  (i.e., m axim um ) in trinsic  a z  fo r 9 2 U  to  be 1.3 e (B osch, 1995). T he M onte-C arlo 

sim ula tion  thus corroborates the em pirical error estim ates co lla ted  in  T able 3.6.

Summary
T he energy-loss m odel used b y  the U H C R E has dem onstrated  its ab ility  to successfully  

id en tify  the charges o f  inciden t rela tiv istic  nuclei (Sections 3.1.5 and  3.2.4).

E rrors arising from  detec to r processing, intrinsic detector anom alies and tem perature 

v aria tions have been  studied. T he d iscovery  o f  a Ft varia tion  betw een  detector etches is o f  

g reat im portance. T he results o f  correcting  for this large (-1 0 % ) effect on signal strength in 

the  detec to r can  be seen in  S ection 4.3.2.

T hese  investigations o f  charge-assignm ent errors in  the U H C R E  (as w ell as a M onte- 

C arlo  sim ulation) have y ielded  resu lts in broad  agreem ent w ith  previous D IA S research. 

A ssum ing  a gaussian d istribution , the m axim um  total Z -assignm ent errors w ere +1.4e/-1 .5e 

in  the subactin ide reg ion  and  ±1 .3e for the actinides. T he effects o f  these errors on the m ore 

im portan t charge abundance ra tio s are presented  in  Section 4.6.

7 0
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FIGURE 3.9 (a) Distribution o f the kinetic energies o f simulated 92U GCRs. (b) The Earth's horizon as seen from an UHCRE experimental tray as a function o f dip angle (0) 
and azimuthal angle (<j>). (c) Distribution o f GCRs as a function o f dip angle due to: the earth’s shadow, an isotropic flux on an ideal detector and the resulting total effect. This 
last is used to determine the dip angles o f simulated cosmic-ray events.
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FIGURE 3.10 (a) The dip-angle distribution o f 100,000 Monte-Carlo simulated cosmic-ray events, (b) Charge distribution o f 10,000 Monte-Carlo-simulated 92U cosmic rays. 
(Z =  92.0 and cj = 0.8 e)
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4. Results

T he hundreds o f  m anually -m easured  

events from  the U H C R E  com prise 

the largest cu rren tly  ex isting  database on 

u ltra-heavy  cosm ic rays. S tringent 

controls w ere app lied  to  reduce 

system atic and  statistica l errors on these 

data (c.f. C hap ters 2 and 3).

T his chap te r describes the  m ethods used 

to com pensate fo r these errors and 

presents the resu lting  final charge 

abundance spectrum . Section 4.1 

describes the unprocessed  data  w hile  

Sections 4.2 and  4.3 d iscuss data- 

filtering and  the corrections im posed  for 

various detec to r and  etch ing  biases. T he 

discovery  o f  an  im portan t detector- 

p rocessing  error fo r actin ide events is 

explained. S ection  4.4 describes the 

procedure used to com pensate  for 

cosm ic-ray  fragm entation  in  the U H C R E  

apparatus and  the LD EF. F inally , Section

4.5 presen ts the final in ferred  spectrum  

o f  cosm ic rays outside the spacecraft.

Subactinides Actinides
(Z = 70 - 87) (Z = 88-103)

UNFILTERED
DATA

ih

w
I .O

CNI
''fr
C
o

Quality Control
(stopping, interacting & exiting events removed)

sCO n h 31
Earth Shadow 
and 6 cutoffs

3J

2a filtering, 
TERM corrections

CO

o3
CO

FILTERED
DATA

J J -
Fragmentation a

-U

U N F R A G M E N T E D
DATA

CO

■fr­
u ì

Fig u r e  4.1 Processing the U H C R E data.

Firstly, the da ta  ex tracted  from  the detec to rs are p resen ted  in an  un filtered  form  (Section  

4.1). T hese da ta  w ere corrected  on ly  for b u lk  etch-ra te  varia tions in  the  etch  tank. 

Secondly, the abundances o f  elem ents a round  7XPt and  82Pb w ere p ro cessed  fo r quality  

control and to correc t detec to r b iases (S ec tion  4.2). T hirdly , the  actin ide abundances w ere  

corrected  fo r quality  control and  track  e tch  ra te  ( F t )  varia tions during  the e tch ing  p rocedure  

(Section 4.3). F inally , all e lem ental abundances w ere correc ted  for fragm entation  w ith in  the 

detector (S ection  4.4). T he charge spec tra  resu lting  from  all o f  these ad justm ents are 

p resented  in  Section  4.5.
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A ctin ide (88 <  Z  <  103) and subactin ide5 (70 <  Z <  87) cosm ic rays w ere collated  using 

d ifferen t methods. The form er were extracted from  all 162 accessible detector stacks. The latter 

derived from a subset o f  58 stacks in which all ultra-heavy nuclei events were measured.

4.1 Uncorrected Data

4.1.1 S u b a c tin id e  C h a r g e  S p e c tru m

O f the  U H C R E ’s 192 detec to r stacks, only  

162 w ere accessib le  (i.e., possessed  a standard  

a tm osphere during  th e  m ission  a n d  w ere 

uncom prom ised  b y  ca lib ration  beam  

exposures). O f  these, 58 w ere  pseudo-

T ab le  4.1 Total num bers o f  Detected 
Events in 162 accessible stacks

Charge
region

58
stacks

104
stacks

UHCR
E

Pt-Pb
(Z 5* 70) 643 - -

“Actinides” * 
(Z >  88) 15 18 33

All charges* 919 1842 2761

sam ple from  the L D E F spacecraft. T he am m onia-scanning  technique (c.f. Section 2.4.2) 

w as used  to locate every  Z  >  70 event in  these stacks. These events w ere subsequently  

m easured  and  their dip  angles and  estim ated  charges w ere com piled  in to  spectra  (figs. 4.2 

and  4.3).

T he rem ain ing  104 accessib le 

stacks w ere am m onia-scanned  and  the 

num bers o f  events in  each  recorded.

E stim ates o f  the  to tal nu m b er o f  u ltra­

heavy (i.e., Z  >  «60) events co llected  

in  th e  U H C R E ’s 162 accessib le  stacks 

are co lla ted  in  T ab le  4.1. N o te  that 

these data  are unprocessed  and  that 

m ore accurate  abundance estim ates 

can  b e  found in  Section  4.5.

3 0  4 0  5 0  6 0

Dip A ngle (d a g raa s)

Fig ure  4.2 The distribution o f dip angles (9) in the 
subactinide sample. Note the similarity to the overall 
theoretical spectrum in fig. 3.9 (c).

* These 162 stacks represent the entire accessible detector surface area o f the UHCRE. This result is 
geometrically weighted as described in Section 4.1.2. The number o f Z  >  70 events detected was 
2596.
* Here, the term “actinide” denotes particles o f Z >  88, although more formally the term refers to 89

103.
* Note that this is not the sum o f the rows above as these data do not include events o f Z  <  70.
§ i.e., those elements in the 78Pt and 82Pb-region.

"7A
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FIGURE 4.3 Subactinide abundance spectrum for 629 events ( l a  statistical error bars are shown).

4.1.2 A c tin id e  C h a r g e  S p e c tru m

T o com pile  a charge-spectrum  o f  89 <

Z  <  103 events a c t in id e  s k im m in g  w as 

em ployed. T his v arian t on the actin ide 

scanning  techn ique (c.f. Section  2.4.2) 

involved  reducing  the  am m onia-e tch  tim e 

so th a t on ly  events w ith  very  h ig h  values 

o f  F t cou ld  form  ‘tu n n e ls’ th rough  the 

polycarbonate p late . T his techn ique w as 

used  to locate  the  com plete  sam ple o f  

ac tin ide events in  th e  rem ain ing  104 

unprocessed  stacks (fig. 4.4).

N o te  th a t the num b ers o f  events in  figs.

4.3 and  4 .4  c a n n o t  b e  d irec tly  com pared  as th ey  derived  from  d iffe ren t sam ple sizes. 

H ow ever, the  f r e q u e n c y  h istogram s in  Sections 4 .2 , 4 .3, 4.4 and  4.5 allow  fo r such 

com parisons.

E ven  g iven the un filtered  natu re  o f  th e  above spectra, som e featu res are a lready  

apparent. 78P t and  82 Pb peaks are v isib le  in  the  subactin ides. T he fo rm er is c lea rly  larger 

than  the  latter, in  s tark  con trast to  the re la tiv e  abundances found in  so lar-system  m ateria l. 

A s expected , the abundances fall o f f  from  the g2Pb peak , as the elem ents im m ed ia te ly  

h eav ier than  83B i are qu ite  unstable. T hus a  gap in  abundance is expected  b etw een  the

14

12

£c 10 a>
UJ

i!
E

U

nh

M . J ill
89 90 91 92 93 94 95 96 97

FIGURE 4.4 Abundance spectrum for 33 
actinides (derived from all 162 UHCRE detector 
stacks). I cj statistical error bars are shown.

nn
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subactin ides and  the  actin ides. T his natural d iv ision  is useful as it a llow s us to  trea t 

subactin ide even ts separate ly  from  the actinides. T he presence o f  ac tin ides is confirm ed, 

though  in  th e  raw  sam ple no 9oTh o r 92U  peaks a re  visible. O ne very  h igh  charge event (Z  =  

97) is also  presen t.



Platinum and Beyond: Studies o f  Ultra-Heavy Nuclei in the Galactic Cosmic Rays

4.2 Corrected Charge Spectrum (subactinides)

A s described  in  Section  2 .4 .2 , the  fo llow ing  quality -con tro l m easu res w ere app lied  to  the 

sam ple:

1) E vents s topping  in  stack  w ere  elim inated*

2) E vents in teracting  in  stack  w ere  elim inated

3) E vents ex iting  the stack  area  (i.e., m oving  o f f  the  edge o f  the  stack) w ere  elim inated  

and

4) E vents w ith  d ip  ang les <  30° w ere  elim inated.

T he effect o f  de tec to r an d  earth -shadow  geom etry  w ere  to  ap p ly  the fo llow ing  add itional 

selection  crite ria  to  the  events:

4) A n am m onia-scann ing  threshold* and

5) A  lim iting  d ip  angle threshold*.

Fig. 4.5 (a) show s the ang u lar cutoffs im posed  on  elem en ts o f  various Z b y  the las t th ree  

o f  the above criteria. G C R s above the 30° line and  to  the rig h t o f  the Z -dependen t c u to ff  

w ill be  accepted. C learly , a  m eth o d  o f  com pensating  fo r th e  lack  o f  even ts w ith  d ip  angles 

falling  betw een  30° and  the  Z -dependen t c u to ff  is required .

Firstly, any  anom alous events fa lling  w ith in  th is d ip -ang le range w ere  rem oved  from  the 

sam ple. Secondly, the range in  question  (e.g., fo r Z=  70, the  d ip  angle range is 0 =  30-79°) 

w as considered. T he fractional area u n d er the ‘to ta l’ d ip -ang le  b ias  curve in fig. 4.5 (b) tha t 

corresponds to th is d ip -ang le range is assum ed  to  equal the fraction  o f  events th a t go 

undetec ted  due to Z -dependen t cutoff, ad justed  for d e tec to r and  earth -shadow  effects. T he 

orig inal abundance o f  each e lem en t is ad justed  upw ards u sing  th is fraction. T h is p rocedure  

is on ly  necessary  for events o f  Z  <  78 as, a t these energ ies h igher-ion isa tion  events are all 

above the Z -dependent th reshold .

* i.e., those falling below the registration threshold o f the detector.
* i.e., (Ft sin# x etch time) must be > Vi the detector plate thickness to be detected.
* To form a track, VT sin6  must be > Vq. Therefore, for a cosmic ray o f given Z subjected to etching 
conditions with a given Vq, an etch cone will not form below some limiting dip angle (#Cutoff)-

nr\



Platinum and Beyond: Studies o f  Ultra-Heavy Nuclei in the Galactic Cosmic Rays

Charge (2 )  Dip angle (0)

(a) (b)

Figure 4.5 (a) Z-dependent angular cutoffs for Z  >  70 GCR events in the UHCRE (at -20°C and 5 GeV 
nucleon'1), (b) Distribution o f GCRs as a function o f dip angle due to: the earth’s shadow, an isotropic flux 
on an ideal detector and the resulting total effect.

T he resu lts  are  p resen ted  in T able 4.2 and the adjusted  histogram  is p lo tted  in fig 4.6 

(note tha t h ere , f r e q u e n c y  abundances are quoted).

Table 4.2 M easured  and w eighted  elem ental abundances

Charge
N o. o f  
events

D ip angle 
range

Fractional
area

R em oved
events

A djusted  
no. o f

“events”
Frequency*

70 23 30-79 0.74 19 15.6 0.023
71 24 30-65 0.56 12 27.2 0.040
72 28 30-56 0.42 7 36.1 0.054
73 30 30-50 0.32 1 42.7 0.063
74 36 30-45 0.24 5 40.8 0.060
75 38 30-41 0.18 1 44.9 0.067
76 50 30-37 0.11 2 54.2 0.080
77 70 30-34 0.07 3 72.0 0.107
78 96 30-31 0.03 0 98.7 0.146
79 74 - - - 74.0 0.110

* Frequencies are relative to the estimated total number of (Z > ~70) events in the UHCRE’s 162 
accessible detector stacks, in this case adjusted for the geometrical effects described in this section.
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Fig ure  4.6 Charge histogram o f 629 measured Pt-Pb (70 <  Z <  87) events adjusted for the 
effects o f cutoffs, thresholds, detector bias and the screening influence o f the Earth. 
Frequencies are relative to the estimated total number o f events in the U HCRE’s 162 
accessible detector stacks. Error bars correspond to l a  (c.f. Gehrels, 1986).
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4.3 Corrected Charge Spectrum (actinides)

4.3.1 Q u a lity  C o n tro l

0.0 1.0

T he quality  control m easures w hich w ere applied

to P t-Pb  events (as described  in Section 4.2) w ere

also app lied  to  all actin ide events. N am ely, events

w hich  stopped  in the stack, in teracted  in the stack,

ex ited  the stack  area o r  had dip  angles < 30° w ere

elim inated . In  addition, non-linear curve fitting was

app lied  to  each actin ide cand ida te’s ^ -g ra d ie n t  data.

A ny  m easurem ents deviating b y  m ore than  2 a  from

this curve w ere rem oved  (e.g., fig. 4.7). 2 a  filtering

led  to  the  rem oval o f  ~ 8%  o f  actin ide detec to r plates. _  . _ . ™
F ig u r e  4.7 An actinide (in this case, a 90Th

See A ppend ix  B  for quality  contro l plo ts and other event) with non-linear curve fitting and 2a erro
bars.

details  o f  all detected  actinides.
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1.8

1.6

1.4

1.2

g 1.0

0.6

0.4

0.2

0.0
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4.3 .2  T ra c k  e tc h -r a te  a d ju s tm e n ts

A  further im provem ent o f  actin ide charge reso lu tion  becam e possib le  w ith  the discovery  

o f  a  varia tion  in  V j due to changing  etching conditions in the chem ical e tch  tank (see figs. 

3.8 and  4.8). T his varia tion  con tribu ted  a m ean error to  F t m easurem ents betw een etches o f  

~10% . A s exp lained  in  Section 3.2.3, the average F t o f  a p articu lar etch  w as obtained by 

no rm alising  to the m ean  o f  the FT m easurem ents from  all etches. T his value w as then  used 

to  ad just the F t m easurem ents o f  ac tin ide events and rem ove the effect o f  etching 

variations. C om pensating  for these variations elim inated  a m ean  m axim um  standard 

charge-assignm ent error o f  + 1 .0e (for p rocessed  actin ide events).

A ctin ide  abundances before and  after etching variations have been  rem oved are show n 

in T ab le 4.3. T he frequencies show n are re la tive to the entire U H C R E  sam ple o f  Z  >  70 

events.

87
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Table 4.3 A ctinide abundances before and after VT adjustm ent

Original
Etching Variation 

Removed

C harge
No. of 
events Frequency No. of 

events
Frequency*

88 4 0.0014 5 0.0018
89 6 0.0022 2 0.0007
90 4 0.0014 11 0.0040
91 7 0.0025 4 0.0014
92 8 0.0029 8 0.0029
93 1 0.0004 3 0.0011

94 2 0.0007 1 0.0004
95 0 0.0000 0 0.0000
96 0 0.0000 1 0.0004
97 1 0.0004 0 0.0000

Total 33 0.0120 35 0.0127

Figure 4.9 show s the 

im provem ents gained  b y  

applying quality  control, by  

filtering da ta  > 2ct from  a 

fitted  curve and  by  

e lim inating  etch ing

variations. P rom inen t 90T h 

and  92U  peaks are now  

visible. In  addition , the 

event w h ich  w as p rev iously

15 

10 

>  0 
c
c  0
o
*3
.2 -5
<Q>
55 -10

-15

-20

assigned a charge o f  97 F igure  4.8 Percentage variation in V y over a number of different
etches.

(97B k) is no w  96C m  -  a

m ore p lausib le  cand ida te  because  97B k  has a  very  short half-life , w h ile  the  longest-lived  

isotope o f  96C m  has a  half-life o f  15.6 M yr.

N ote  th a t th is track  e tch-rate  ad justm en t has a larger effect on  the re la tive  abundances o f  

the ac tin ides than  those outlined  in  S ection  4.3.2. Fx-gradient curves an d  fu rther details  o f  

every  ac tin ide  event are p resen ted  in  A ppend ix  B .

* Frequencies are relative to the estimated total number o f Z  >  70 events in the U HCRE’s 162 
accessible detector stacks, in this case adjusted for the geometrical effects described in section 4.3.2.
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FIGURE 4.9 Corrected histogram o f  35 actinide (i.e., Z  >  88) 
events. Note the prom inent go'fh and 92U peaks in the new 
spectrum. Statistical Error bars correspond to l a  (c.f. Gehrels, 
1986).
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4.4 Fragmentation Corrections (actinides & subactinides)

A  cosm ic-ray  nucleus w ill in teract w ith  atom s o f  b o th  the in terste lla r m ed iu m  and  the  

detec to r apparatus itself. T he cross-sections o f  these charge-chang ing  n u clea r in teractions 

depend on the p ro jec tile  type. S ince h eav ie r elem en ts are particu la rly  suscep tib le , the 

charge-frequency  h istog ram  o f  the G C R  flux  w ill therefore show  a  p au c ity  o f  these 

elem ents in  com parison  to  tha t a t the top  the detector. In  add ition  to  these cen tra l co llisions 

in  w h ich  the  n u cle i are to ta lly  d isrup ted , periphera l co llisions resu ltin g  in  so-called  

“spec ta to r n u c le i” m ust be considered. W hen  m easu ring  the G C R  charge spectrum , fission 

in teractions lead  to  an  underestim ation  o f  the  flux  in  each  p articu la r bin , w h ile  peripheral 

in teractions can  b e  seen as “po llu ting” the lo w er b ins w ith  th e ir low er-charge reaction  

products. T his effec t is seen  on  a m u ch  grander scale in  the abundances o f  L i, B e  and  B , 

w hose p resence in  the G alaxy  is largely  due to  spalla tion  o f  h eav ie r nuclei in  the in terste llar 

m edium .

O btain ing  the  cosm ic-ray  abundances a t the  top  o f  the  de tec to r is thus critica lly  

dependen t on  using  accura te  partia l ( a partiai) and  to ta l (<Ttotai) cross-sections fo r the 

appropriate p ro jec tile , p ro jec tile  energy  and  target. B efore the advent o f  re la tiv istic  heavy- 

ion  accelerators, such cross-sections cou ld  b e  determ ined  on ly  fo r ce rta in  rad ioactive  

iso topes p ro d u ced  b y  p ro to n  b o m bardm en t o f  target nuclei. C ross sec tions o f  heav ie r 

targets w ere  subsequen tly  in ferred  b y  sem i-em pirical extrapolations. D a ta  from  the 

L aw rence B erke ley  L aborato ry  B evelac acce lera to r (lim ited  to energ ies o f  ~1 A  G eV  for 

u ltra-heavy  nucle i) ind icated  th a t m any  o f  the im portan t charge-chang ing  fragm entation  

cross sections w ere  still vary ing  a t th is  m ax im um  energy. E nergy  independence (i.e., 

lim iting  fragm entation) for the heavy  nucle i cou ld  only  b e  reached  la ter b y  the  B rookhaven  

N ational L aborato ry  A lterna ting  G rad ien t Synchro tron  (o r A G S). T his facility  accelera ted
197A u nucle i to  10.6 A  GeV . T he A G S d etec to r a rray  m easu red  cross sec tions for the 

charge-change in  each  targe t and  a partiai fo r the fragm entation  o f  79A u n u cle i to elem ents 

w ith  charges from  ~  50 to  80. H ow ever, the  im prac tica lity  o f  m easu ring  every  perm uta tion  

o f  targe t and  p ro jec tile  at various energ ies necessita tes p aram eterisa tion  o f  the  cross- 

sections b ased  on  re levan t variables.

A  useful assum ption  in  fo rm ulating  these  m odels is tha t o f  f a c to r i s a t io n .  O lson  e t  al. 

(1983) have show n tha t for iron  and  ligh ter nuclei, p ro jec tile  and  targe t dependences can  be  

separated  and  it seem s reasonab le  to  app ly  th is  p rincip le  to  heav ier nuclei.

F acto risation  is b ased  on the concep t th a t the cross section  fo r a  g iven  p ro jec tile  and 

target can  be separated  into tw o factors: one th a t is independen t o f  the targe t and  one that is

Platinum and Beyond: Studies o f  Ultra-Heavy Nuclei in the Galactic Cosmic Rays

8 5



Platinum and Beyond: Studies o f  Ultra-Heavy Nuclei in the Galactic Cosmic Rays

independen t o f  the fragm ent. T he cross section for the production  o f  a fragm ent F  from  a 

p ro jec tile  nucleus P  in teracting  w ith  a targe t nucleus T can  b e  w ritten:

a ( F J > ,T )  =  y ( F ,P ) r ](P ,T )  

w here  y(F ,P )  depends on ly  on the species o f  pro jectile  and fragm ent b u t no t on the target 

and  7) depends on ly  on the pro jectile and  target bu t no t on the fragm ent. This is “w eak 

facto risation” . “S trong factorisation” restric ts the second dependence to the target only. The 

above equation  is taken  from  O lson  e t  a l. (1983).*

4.4.1 T o ta l N u c le a r  I n te r a c tio n  C r o ss -S e c tio n s  ( crtotai)

T he U H C R E  sam ple contains only  events w hich  com pletely  penetrate  the detector 

stack. F ragm entation  in the detec to r w ill reduce the m easured  abundance o f  all elem ents in 

the  sam ple in  a charge-dependent m anner, and so d istort the charge abundance spectrum . 

T hus, Gtotai m ust b e  ca lcu la ted  for each elem ent and  used  to  ad just the elem ental 

abundances upw ards to their p re-fragm entation  levels ou tside the LD EF spacecraft.

A  num b er o f  theoretical m odels have been  suggested to  form ally  calcu late total cross- 

sections. A  (by  no m eans exhaustive) sam ple o f  the reported  data and m odels is show n in 

T ab le  4.4. T he scm iem pirical param eterisa tion  o f  m easured  data by S ilberberg and Tsao 

(S ilberberg  &  T sao, 1990; S ihver e t  a l. , 1993; T sao e t  a l., 1993) is based  on proton 

bom bardm ent o f  heavy  targets. T hough accurate to w ith in  35% , this param eterisa tion  

in troduces a num ber o f  non-physical d iscontinu ities in  the partia l cross sections and  uses a 

large num ber o f  param eters and special cases, leading to  a  com plicated  algorithm . T hough

Olson e t al. examine three theoretical models: an opaqu e d isk  geom etrica l model of colliding 
nuclei, abrasion-abla tion  theory and an excitation  model.

In the opaqu e d isk  g eo m etr ica l m odel, r[(P,T) is proportional to an impact term o f the form 
(yl]>1/3 + A j 'n) -  the combined radii o f  the projectile and target nuclei, and y(F ,P ) is the width o f an 
annular band on a disk o f this radius and contains details o f  the physics o f  the interaction.

In the abrasion-abla tion  model, when two high-energy nuclei collide, the overlapping portion 
o f their volumes is sheared away (abrasion). The remaining spectator portion o f the projectile 
maintains essentially the same velocity but is highly excited by the abrasion. It subsequently decays, 
emitting y-radiation or nuclear particles -  the ablation stage. The predictive accuracy o f abrasion- 
ablation models has been hampered by the need to estimate the (unknown) pre-fragment excitation 
energy. The cross-section equation for abrasion-ablation violates the factorisation principle because 
the fragmentation channel depends on the impact parameter (and thus on the target). If  measured 
data on much heavier projectile nuclei were consistent with factorisation, this would be an argument 
against the abrasion-ablation model.

The excitation  model follows factorisation with r\(P ,T) proportional to the sum o f the target 
and projectile nuclear radii plus a constant and y(F ,P) proportional to an integral over excitation 
energies o f the probability for producing a given energy in a collision involving one nucleon in the 
projectile nucleus, times the probability for that level o f excitation to produce the given fragment.
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a b r a s io n -a b la tio n  m o d els  (see footnote on  p rev io u s p ag e) have  p rov ided  accep tab le  fits to  

p rev iously  pub lished  m easurem ents, those o f  T o w n sen d  e t  a l. (1993) and  B ad av i e t  a l. 

(1987) w ere  u nab le  to  p red ic t the d ata  o f  N ilsen  e t  a l. (1995) fo r 84K r and  109A g  p ro jec tiles  

in  targets ranging  from  H  to Pb. T rad itional h ard -sphere  m odels have p ro v en  m ore 

effective.

Table 4.4 R ep o rted  to tal cross section  ( a tota i) d a ta  gath ered  from  b eam  exposures

Author(s) Projectile(s) Target(s) Energies

Silberberg & Tsao (1973) H Li —» Ni > 0 . 1

Westfall et al. (1979) Fe
H, Li, Be, C, S, Cu, 

Ag, Ta, Pb
1 . 8 8

Greiner (1985) U H —» Pb 0.9

Binns et al. (1987) Kr, Xe, Ho, Au H, Al, C, CH 2 »1 (for Au)

Cummings et al. (1990) Kr, Xe, La, Ho, Au H, C, Cu, Al, < 1 (for Au)

Nilsen et al. (1994) Ag, Kr H —» Pb
1 0 . 6  

0 .5 -  1.4

Geer eta l. (1995) Au CH 2  ->  Pb 1 0 . 6

Hirzebruch et al. (1995) Au H —» Pb 1 0

Nilsen eta l. (1995) Ag
Kr H -»  Pb

0 .6 7 -1 .5
0 .4 7 -1 .4

Waddington eta l. (1995) Au H -»  Pb 1 0

Bhattacharyya (1997) U Al 0.9

Waddington (1999a’b) Au H ->  Pb 0 . 9 - 4

In the  sim ple hard  sphere m odel, first in troduced  b y  B rad t and  Peters (1950), the  to tal 

cross section  is tha t o f  a  p a ir  o f  hard  spheres co llid in g  w ith  a  sm all overlap:

&(Rp, i ? T ) =  7 i ( i ? p  + Rt — A/?)2 

w here Rp and  R T a re  the  p ro jec tile  and  targe t n u c lea r rad ii and  are u su a lly  tak en  as R  =

1/3
roA , w ith  A  being  the  m ass num ber o f  the  nucleus and  A R , the  overlap  param eter, is 

w ritten  as A R  =  rod, w ith  ro and  8 to be  determ ined .

U sing  56Fe nuclei accelera ted  a t the  B evelac  to  1.88 A  G eV  targets rang ing  from  

hydrogen  to  u ran ium , W estfall e t  a l. (1979) derived  values o f  r0 =  1.35 ±  0.02 frn and  5 =  

0.83 ±  0 .12 fo r the B rad t-P eters  form , b u t found  it n ecessary  to assign A H =  0 .089  fo r a 

hydrogen  target. T h is  re la tio n  assum es tha t th e  overlap  requ ired  before a charge-chang ing

* indicates a range o f elements; e.g., H ->  Li denotes hydrogen through lithium inclusive.
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1/3in teraction  occurs is m ass-independen t and  that a nucleus has a rad ius given b y  r$A . T hey  

suggest tha t there is no  sign ifican t energy dependence in  crtotai from  a few  hundred  M eV  

nucleon"1 to abou t 2 G eV  n u c leo n '1, lim its w h ich  fortunately  correspond to those o f  the 

U H C R E  data. T h is energy-independence g reatly  sim plifies the treatm ent o f  fragm entation 

w ith in  the detectors.

A n earlier expression  p roposed  b y  H agen (see N ilsen  e t  a l. ,  1995 and  references 

there in) fits m ost o f  the sam e data b y  the relation:

c r (A p , A T) Ha =  1 0 ^ (1 .2 9 )2 { 4 /3 + A lJ 3 - 1 .1 8 9  e x p [ -  0 .0 5 4 4 6  m in  (A T, A p ) ] f  m b

T his equation  assum es a m ass-dependen t overlap, w here  m in(/lT, A P)  is the lesser o f  and A j  

and Ap. In this case, A  \  fo r hydrogen  is set to 1, though  the m odel does not provide a good 

fit to  the hydrogen  data. R esults from  th is m odel also show  p o o r agreem ent w ith  those o f  

N ilsen  e t  al. (1995) and  W estphal e t  a l. (1979) and  w e do no t consider it further.

B inns e t  a l. (1987), used  heav ier p ro jectiles (Kr, Xe, H o and  A u) in  targets varying 

from  hydrogen  to  a lum inium  and a m odified  overlap  term : AR =  ro8(Af> +  A T )E, w ith  5 =  

0 .209 ±  0.003 and  s  =  1/3, w hile  m ain tain ing  W estfall e t  a / . ’s values fo r r 0 and An- 

Physically , this expression  corresponds to  an  overlap  m odel w ith  the overlap dependent on 

the m asses o f  b o th  nuclei involved. T hese m odifications w ere consisten t w ith  W estfall e t  

a / . ’s cross section  m easurem ents for the ligh ter p rojectiles and  yielded  an  im proved 

represen ta tion  o f  the behav iou r o f  the heav ier p rojectiles.

H izebruch  e t  a l. (1995) also m easured to tal cross sections using BP-1 glass track  

detectors w ith  sim ila r A u p ro jectiles from  the A G S. These resu lts are in  excellen t 

ag reem ent w ith  those  o f  G eer e t  a l. (1995) w ho report charge-changing cross sections o f

10.6 G eV  n u c leo n '1 A u  ions in  targets o f  polyethylene (C H 2), C, A l, Cu, Sn and Pb.

W ebber e t  a l. (1990) fitted  m easurem ents o f  B evalac pro jectiles o f  carbon  to n ickel on 

targets o f  hydrogen, h e lium  and  carbon, using an  overlap  term  o f  the form: AR  =  r 0[8 -  sA j  

-  b ’v4P1/3 A i V\  w ith  r0=1.35 fm , 8=1.0074, s=0.013 and ¿ ’=0.048. H ow ever, the lack o f  

sym m etry  b etw een  the pro jectile  and  target nuclei in  this form  leads us to  no t consider it 

further.

N ilsen  e t  al. (1995) report to tal cross-sections for 36K r and 47A g nuclei in  targets o f  

from  iH  to 82Pb. T hey  fit the cross sections from  these m easurem ents w ith  new  param eters 

in  the hard  sphere m odels, w ithout regard  to energy.* These fits are perform ed both  w ith

* None o f these new fits to the 36Kr and 47Ag data, however, have "/2 values lower than 
approximately 6.59.
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and w ithou t the inclusion  o f  ten  additional B evelac cross sections (reported  by  B inns e l  a l . ,  

1987) and  six additional h ig h er energy  A G S 10.6 A  G eV  A u p ro jec tile  cross sec tions from  

G eer e t  a l. (1995) . Inclusion  o f  these add itional cross sec tions resu lted  in  lo w er % values, 

m ost likely  because o f  the inclusion  o f  m ore values a t the  h ig h er energ ies (w here the energy  

dependence o f  the  cross sections appear to  be  reduced).
1

Furtherm ore, N ilsen  e t  a l. m odified  the assum ption  th a t R  oc A  to  ob ta in  a  som ew hat 

b e tte r fit to  the  m easu red  to tal charge-chang ing  cross sections. E lec tron  scattering  

experim ents (C ollard  e t  a l . ,  1967; de V ries e t  a l . ,  1987) have determ ined  n u clea r charge 

radii, R e. T hese are a function  o f  a tom ic m ass o f  the fo rm  R  oc ^ ° '28I± °'003, w h ich  differs
• | /'a

significan tly  from  the  com m only  used  A  . T hey  dem onstra te  th a t u sing  these n u c lea r 

charge rad ii reduces the  fluctuations in  cross sec tion  ca lcu la tions and  b rings the cross 

sections o f  h igher-charge nucle i into concord  w ith  th o se  o f  low er charges. A no ther 

advantage o f  th is approach  is tha t it is no  lon g er n ecessary  to  trea t hydrogen  as an  

exception. T he resu lts  show  som e im provem ent in  x v2 from  p rev ious calcu lations.

T hey  have rep laced  the  re liance on  m ass num b ers in  the hard  sphere m odels w ith  a 

dependence on  R e and  in troduced  a scaling facto r (5) to  generate  n u clea r (i?n) ra th e r than  

electronic m easured  charge rad ii. Thus, th ey  rep laced  r 05 w ith  a  n ew  variab le  ( a )  and  ro^ 13 

w ith  SZ?e.

N ilsen  e t  a l. u sed  the  fo llow ing  equation  to  d eterm ine th e  to ta l cross sections: 

a  ( R p J lu E )  =  n  F (E )[  R P +  R T - (8 .9  ±  \ A ) G ( E ) f  

w here F (E  f)  =  1 -  (1.61 ±  0 .16) ln (£ )  +  (1 .18 ±  0 .14) [ln (£ )]2

and  G (E t)  =  1 — (1.51 ±  0 .20) ln (£ ) +  (1 .04  ±  0 .18) [ln (£ )]2

T able 4.5 B est-fit hard-sphere param eters 
for elem ents relevant to U H C R E 

fragm entation (N ilsen et a l., 1995)

E lem en t R e (fm) R n (fm ) 1

Al 3.75 6.75

Au 6.81 12.26

Pb 7.04 12.67

* These latter were corrected for electromagnetic dissociation, which is insignificant at the lower 
energies o f the Berkeley Bevelac accelerator.
* S =  (1.80 ± 0.09) provided the best fit to experimental data and so R n =  1.80i?e-
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T he b est-fit param eters for th is m odel 

are those w h ich  incorporate  the ten 

additional values o f  cr (P ,T ,K )  from  B inns 

e t  a l. (1987) b u t n o t  the six additional 

values from  G eer e t  al. (1995). T hese are 

quoted  in  tab le  4.5.

T he m odel o f  N ilsen  e t  a l. w as used  to 

determ ine to ta l charge-changing  cross 

sections fo r the U H C R E  analysis. T he 

ca lcu la ted  a  (P ,T ,K )  fo r 7 9 A 11 ions in  tw o o f  

the e lem ents com prising  the U H C R E 

apparatus is p resen ted  in  fig. 4.10.

Energy (GeV nucleon'1)

FIGURE 4.10 Calculated total charge-changing 
cross sections for 79A u projectiles at various 
energies in  two o f  the fragm enting substances in 
the UHCRE (using the model o f  N ilsen e t al., 
1995)

4 .4 .2  P a r t ia l  N u c le a r  I n te r a c tio n  C r o s s -s e c tio n s  (aFartiai)

F ragm enta tion  o f  cosm ic rays in the detec to r can produce spallation products w hich 

increase the m easured  flux o f  low er charges and so distort the charge abundance spectrum . 

Thus, (Jpartiai is ca lcu lated  for every  Z  and every AZ (w here Z  +  AZ is the charge o f  the 

spallation  p ro d u c t under consideration). T hese data  are used  to ad just the elem ental 

abundances dow nw ards to th e ir pre-fragm entation  levels outside the L D EF spacecraft.

T he sim plest m odel o f  the behav iour o f  the partia l cross sections is tha t o f  a pow er law  

in  AZ.* M easured  nonhydrogen  values o f  a partjai (P , T, A Z ) fo r -20 <  AZ <  -2 fragm ents 

have been  used  to fit pow er law s o f  the form:

p̂artial — O | AZ |

W hile the  above pow er law  illustrates the relationship  betw een  Gparliai and AZ, there 

appear to  b e  sign ifican t deviations for targets ligh ter than carbon and at low er energies (< «

1 A  GeV ).

U nlike  to tal n u c lea r in teraction  cross sections, partia l cross sections are heavily  

energy-dependent, Gpartmi generally  decreasing  w ith  increasing p ro jec tile  energy. For

* It appears that the behaviour o f  cross-sections in hydrogen targets is different from  that in any other 
target yet studied. We confine our discussion to fragm entation in the non-hydrogen targets o f  the 
U H CRE apparatus. N ote that the partial charge-changing cross sections from  AZ  = -2 to -20 
constitute 86.2%  o f  a totai in  a hydrogen target (and just 28.6%  in lead); N ilsen e t al. (1995). The 
m ajority o f  the other reactions that contribute to a totai are fission and can be ignored here as their 
daughter products do not alter the Z  > 70 charge spectrum.
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exam ple, G eer e t  a l. (1995) hav e  show n tha t the  sum s o f  sm all charge-chang ing  cross 

sections fo r heavy  nucle i such as 79A u changed  b y  n early  a  fac to r o f  2 b etw een  1.0 and  10.0 

G eV  n u c leo n '1.

H ow ever, Gpartiai does show  a  transition  to  energy-independence at h igh  energies. A s 

p ro jec tile  energy  increases, the  ex tra  energy  creates m ore  p artic le s  o r d isin tegrates m ore  o f  

the subfragm ents instead  o f  open ing  up  new  channels fo r the  p rod u c tio n  o f  a g iven  

fragm ent o r new  partic les. Such l im it in g  f r a g m e n ta t io n  occurs a t in term ediate  energ ies (i.e., 

a  few  G eV  n u c leo n '1) and  m ore m easu rem en ts are req u ired  to  im prove the m odels a t these 

energies. Several a ttem pts have b een  m ad e  to ga ther m ore  fragm entation  data  to  in fer a 

general m odel fo r cTpartiai (P-, T, AZ, E ).

C um m ings e t  a l. (1990, 1990b) dem onstra ted  th a t sm all negative  charge changes from  

the inc iden t nuclei have cross sec tions w h ich  are ex cellen tly  described  b y  p o w er law s in 

|AZ| o f  the  form : a p artia i =  cjp | A Z | 'P. H eavy  p ro jec tiles  on  hydrogen  targe ts have cross

sections w h ich  show  a som ew hat less regu lar exponen tia l dependence on  |AZ| o f  the  form :

^partial =  s§  exp-( | AZ  | /ô). T he fitting  p aram eters  ap , P, a§ and  ô are  functions o f  the  energy  

and  m asses o f  the p ro jec tile  and  targe t nuclei.*

In attem pting  to  avoid  the com plica ted  m ultiparam etric  sem iem pirical app roach  o f  

S ilberberg  e t  a l. (e .g ., S ilberberg  &  T sao , 1973a; 1973b), w h ich  y ields p red ic tions in  error 

b y  as m uch  as a  facto r o f  tw o, C um m ings e t  a l. u sed  a  n ew  approach  b ased  on factorisation . 

T h ey  derived  a  param etric  fit w ith  seven  independen t p aram eters , app licab le  o v er a  w ide 

range o f  pro jectiles, targets and  energies:

<7(4 ,, 4 , e , a Z )  =  P l ( 4 /3 +  4 /3 -  p  j  l + —
' L p*

A Z {p6 ['+('*/’ !  P i  )][l+ (^ r !  p% )] |H (/r// jy j]}

w h e re p x =  45 .24  ±  2 .1 5 ,p 2 =  0.81 ±  0 .3 6 , p 4 =  -3 .48 ±  0 .1 6 ,p 6 =  -0 .614 ±  0.013, p n =  788.7 

±  59.5, p $  =  1173 ±  204 a n d /?9 =  -11.13 ±  1.72. T h is equation  p rov ides a  fit to  the m easu red  

d ata  o f  x 2 =  1.81.

3 bW adding ton  e t  a l. (1999 ’ ) have m easu red  partia l cross sections for 7gAu pro jec tiles  

on targets o f  hydrogen , po lyethy lene (C H 2), carbon, a lum in ium , copper, tin and  lead. T he 

p ro jec tile  energies co rrespond  to  those  o f  the  U H C R E ’s cosm ic rays (nam ely, betw een  0.92

Cummings e t al. (1990) also reported that the cross sections from fragments with AZ = -1 were 
systematically larger than expected and surmised that electromagnetic dissociation (EMD) could be 
a contributing cause. In EMD, a relativistic nucleus passing a target nucleus at a small impact 
arameter (but large enough to avoid interaction) experiences an electromagnetic pulse from the 
Lorentz contracted field o f the target nucleus, resulting in the emission o f one or more neutrons.
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and 4 .0  G eV  nucleon"1). T hey  report significant energy  dependence in  Gparuai, and fit a 

m od ified  p o w er law  to th e ir data, valid  for I AZ | <  12 and E <  5.0 G eV  nucleon"1. From  

th e ir data, they  fu rther conclude that it is reasonable to assum e that lim iting  fragm entation 

occurs by  4 .0  G eV  nucleon"1.

N ilsen  e t  a l. (1995) use n ew er fragm entation data to update the successful param etric 

pow er-law  m odel o f  C um m ings e t  al. w ith  one w hich yields slightly  im proved values o f  

and leads to  lim iting  fragm entation  at high energies.

A Z -P4

w here  p \  =  21.2 ±  0.5 m b ,/>2 =  1.08 ±  0.15,/?3 =  (0.485 +  0.014) G eV  nucleon" ,p $  — 0.094 

±  0 .0 1 3 ,^5  = 1.11 ±  0 .0 2 ,p 6 =  10.6 ±  1.6 a n d p-j =  (0.85 ± 0 .0 3 )  G eV  n u c leo n '1.

It is this equation  that is used  to calcu late  partial nuclear in teraction  cross sections for 

the U H C R E  analysis. It w as dec ided  to confine the exam ination  o f  daughter products to the
I I  „ x

range 2 <  | AZ | <  20 because: a) these are better know n experim entally , b) A u signals 

from  fragm ents o f  | AZ | <  20 canno t be confused w ith  fission fragm ents from  higher-Z  

ions and  c) the  AZ =  -1 fragm ents are system atically  larger th an  the trend  from  sm aller 

charge changes w ould  im ply  and  appear to include an  additional com ponent, p robably  

attribu tab le  to electrom agnetic d issociation. T he calcu lated  (3paniai (P ,T ,K )  fo r 79A u ions in 

tw o o f  the elem ents com prising  the  U H C R E  apparatus is p resented  in fig. 4.11.

A 2

FIGURE 4.11 Calculated partial charge-changing cross 
sections for 1.5 GeV nucleon"179Au projectiles 
undergoing various AZ interactions in two o f the 
fragmenting substances in the UHCRE (using the 
model o f Nilsen e t a l., 1995).
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4.4.3 C o r r e c t in g  th e  U H C R E  s a m p le  f o r  f r a g m e n ta t io n

INCOMING T here  are five layers o f  the  U H C R E  apparatus
FLUX

w hich  can  cause fragm entation  o f  incom ing  

cosm ic rays (fig. 4 .12; see also  fig. 2 .2). T he first 

is a layer o f  silver-coated  T eflo n  (C 2F4) th a t 

covers each  experim en t tray.* In  addition , an  

a lu m in iu m  cy linder surrounds the e c c o fo a m  

m ount fo r the  de tec to r stacks. T he stacks 

them selves consist o f  L e x a n  po lycarbonate  p la tes 

in terleaved  w ith  a vary ing  num b er o f  le a d  p lates.

T able 4.6 deta ils  the  effective a tom ic w eights, 

vertical th icknesses and  path leng ths o f  a  G C R  

through  each  o f  these layers. T he to ta l nuclear- 

in teraction  cross sections fo r a 79A u ion  p ro jec tile  

are calculated . T he p ro jec tile ’s k inetic  energy  w as assum ed  to be 1.5 G eV  n u c leo n '1, c lose 

to  the  m odal energies o f  cosm ic rays in  the  U H C R E  sam ple (a  few  G eV  n u c leo n '1). T he 

nuclea r rad ii param eters from  tab le  4.5 w ere  used  for the 79A u p ro jec tile  and  th e  27AI and  

g2Pb targets.

T he survival fraction  o f  ions in  a  g iven  incom ing flux  w as then  in ferred  using  the 

equation:

Teflon (C2F4) 

aluminium

Eccofoam

lead

Lexan

FLUX

Figure 4.12 Potential sites for 
fragmentation in the UHCRE apparatus.

s u r v iv a l  f r a c t i o n  — 1 -
N AXCTlolal

y A r x lO  3k g

w here N A is A vogadro ’s num ber, x  is the p a th  length  traversed  in  (kg  m '2) and  A j  is the 

atom ic m ass o f  the target.

N o te  th a t the m ost p robab le  site fo r fragm entation  is w ith in  the po lycarbonate o f  the  

detectors them selves. T his confirm s the re la tive effectiveness o f  lead as a  low - 

fragm entation  velocity  degrader.

* . 5
As the silver coating was just 1000 A thick, its effect is ignored here.
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Table 4.6 C alculated  total cross section (cr,otai) fo r 79A u ions in  the constituen t layers o f  the
U IIC R E  detector apparatus.

Target Ax
thickness

(cm)
thickness 

(g cm'2)
pathlength

(g cm'2)1
pathlength 

(kg n i2)
^total  ̂

(b)
survival
fraction

Teflon 60 0.0127 0.0272 0.034 0.34 13.3 1.00

Aluminium 27 0.24 0.65 0.8 8.0 3.4 0.94

Eccofoam 258 11.7 0.374 0.463 4.63 72.7 0.92

Lead 207 0.28 3.18§ 3.92 39.2 6.7 0.92

Lexan 254 1.75 2.10 2.60 26.0 62.1 0.62

F urther calcu lations dem onstrated  that the differences betw een  cross section values 

using  the param eterisa tions o f  N ilsen  e t  a l. (1995) and  W estphal e t  al. (1979) w ere 

neglig ib le . T he ca lcu la ted  survival fractions in  L exan (using cross sections from  N ilsen  e t  

a l .)  also  concur w ith  a  p rev iously-w ritten  sim ulation based  on the cross-section values o f  

S ilberberg  &  Tsao.

In every  layer o f  the U H C R E  apparatus, and for each Z  in  the range 70 <  Z  <  98, the 

fo llow ing  procedure  w as executed:

1) T he to tal charge-changing  cross section ( c r t o t a i )  w as calcu lated  and used to determ ine 

the survival fraction  o f  Z  in  the cosm ic ray  flux. T he m easured  abundance o f  Z  w as 

then  increased  to the in ferred  orig inal value before fragm entation

2) P artia l charge-changing  cross sections ( a paitiai) fo r AZ =  -1 to  -20 w ere calculated. 

The contribu tions o f  spallation  products from  Z  to low er-charge abundances w ere 

then  rem oved.

* The total cross sections in Table 4.6 were calculated for the relatively well-examined 197Au ion and 
then scaled to other values o f A by (A /A \u)2'3. Scaling by Z  was avoided as Z  and A  are related 
linearly only at charges below Z = 82 or so. Though this approach is a legitimate one for total cross 
sections (Waddington e t a l., 1999b), further measurements are needed to ascertain if  such scaling is 
entirely applicable to the partial cross sections.
' These calculations use the calculated average dip angle (54°) for incident cosmic rays.
* The cross-sections for aluminium and lead are calculated from the equation above while those for 
non-elemental materials (i.e., teflon, eccofoam and lexan, for which values o f R„ are unavailable) per 
molecule are obtained from Bosch (1995).
§ This figure is based on the average number o f lead plates traversed. Including unmeasured events, 
636 were recorded in stacks with 6 lead plates, 15 in stacks with 4 lead plates and 37 in stacks with 
zero lead plates. Thus GCRs in the Pt-Pb sample passed through an average of 5.6 lead plates.
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T he resu lts  u sing  the  N ilsen  e t  a l.  (1995) m o d e ls  for a totai and  a partjai are show n in figs. 

4.13 and  4.14. N o te  th a t the  overall increase in  abundances a t the  top  o f  the  a tm osphere  

dem onstrates the  im portance o f  C7t0tai cross sec tions re la tive  to cypartiai- F ragm en ta tion  effects 

vary  the re la tive abundances o f  79A u  and  92U  (fo r exam ple) b y  -1 4 % . M ost o f  th is is due to 

the effects o f  the to ta l cross section , as the  p artia l cross sec tion  generally  con tribu tes less 

than  a  2% effect.

0.18

0.16

0.14

0.12
>»
u
c 0.10
a>
3CT
a> 0.08
£

0.06

0.04

0.02

0.00
70 75 80 85

Z
FIGURE 4.13 C harge distribution o f  P t-Pb events inside and outside the LD EF 
spacecraft. Error bars correspond to l a  (G ehrels, 1986).
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FIGURE 4.14 C harge distribution o f  actinide “events” 
inside and outside the L D EF spacecraft. E rror bars 
correspond to l a  (G ehrels, 1986).
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4.5 Corrected Charge Spectrum

A  sum m ary  o f  e lem ental charge abundances from  this chap ter are presen ted  in  tables 4.7 
and 4.8.

Table 4.7 Subactin ide (70 <  Z  <  87) abundances after im provem ents*

O riginal
A fter  Q uality  

C ontrol
Fragm entation

C orrected

Charge
No. o f 
events Frequency

No. o f 
events

Frequency Frequency

70 23 0.034 15.6 0.023 0.019

71 24 0.036 27.2 0.040 0.036

72 28 0.041 36.1 0.054 0.050

73 30 0.044 42.7 0.063 0.060

74 36 0.053 40.8 0.060 0.057
75 38 0.056 44.9 0.067 0.064

76 50 0.074 54.2 0.080 0.079

77 70 0.104 72.0 0.107 0.107

78 96 0.142 98.7 0.146 0.150
79 74 0.110 74.0 0.110 0.113

80 48 0.071 48.0 0.071 0.074

81 37 0.055 37.0 0.055 0.058

82 40 0.059 40.0 0.059 0.063
83 22 0.033 22.0 0.033 0.035
84 8 0.012 8.0 0.012 0.013

85 4 0.006 4.0 0.006 0.006

86 1 0.001 1.0 0.001 0.002

87 0 0.000 0.0 0.000 0.000

Total 629 0.932 666 0.987 0.986

* Frequencies in the O rig in a l and the A fter Q uality C on tro l columns are relative to the estimated 
total number o f Z  >  70 events in the UHCRE’s 162 accessible detector stacks (adjusted for the 
geometrical effects described in section 4.3.2); i.e., 2760 events. In the F ragm entation  C orrec ted  
column, the figure has been adjusted for fragmenation (yielding a figure o f 3022 events).
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z

F IG U R E  4.15 Frequency charge distribution o f  subactinide cosmic rays at 
tiie top o f  the atmosphere. Statistical error bars correspond to 1 a  
(Gehrels, 1986).

T a b le  4 .8  A ctin ide  (88 <  Z <  103) abundances afte r im provem ents*

O rig in a l
E tching V ariation 

Removed
Fragm entation

C orrected

Charge No. o f 
events Frequency No. o f 

events Frequency Frequency’

88 4 0.0014 5 0.0018 0.0020
89 6 0.0022 2 0.0007 0.0007
90 4 0.0014 11 0.0040 0.0046
91 7 0.0025 4 0.0014 0.0016
92 8 0.0029 8 0.0029 0.0034
93 1 0.0004 3 0.0011 0.0013
94 2 0.0007 1 0.0004 0.0004
95 0 0.0000 0 0.0000 0.0000
96 0 0.0000 1 0.0004 0.0004
97 1 0.0004 0 0.0000 0.0000

T otal 33 0.0120 35 0.0127 0.0144

* Frequencies in the O rig in a l and E tch in g  V ariation  R em o ved  columns are relative to the estimated 
total number o f  Z  >  70 events in the UHCRE’s 162 accessible detector stacks (i.e., 2760 events). In 
the F ragm entation  C o rrec ted  column, the figure has been adjusted for fragmenation (yielding 3022 
events).
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FIGURE 4.16 Frequency charge distribution o f  actinide 
cosm ic rays at the top o f  the atmosphere. Error bars 
correspond to l c  (Gehrels, 1986).

N ote that w hen com paring  abundance ratios o f  actin ide and subactin ide elem ents, their 

f r e q u e n c ie s  m ust be used, as the num bers o f  events derive from d ifferen t sam ple sizes. 

T hese data are p lo tted  in figs. 4 .1 5  and 4 .1 6 , w herein  elem ents im portant to theories o f  

galactic cosm ic-ray  origin are indicated . C hap ter 5 addresses the im pact o f  these data on 

such theories.
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4.6 Systematic Errors

In  the resu lts  o f  p rev ious sections, on ly  statistica l erro rs hav e  b een  included  on  elem ental 

abundances. Includ ing  system atic errors invo lved  the  use  o f  a M onte-C arlo  sim u la tion  

w h ich  operated  in  the fo llow ing  way:

1. E ach  m easured  event w as assigned  a  random  erro r in  the  form  o f  a G aussian  d istribu tion  

o f  standard  deviation  equal to  the  system atic charge-assignm en t error o f  the U H C R E . T his 

error (i.e., +1.4e /  -1 .5e in  th e  subactin ide reg io n  and  ± 1 .3e fo r the actin ides) w as derived  in 

Section 3.2.5.

2 . S tep 1 resu lted  in  a  synthetic charge-abundance h istogram , w ith  system atic  errors 

included. 1,000 such synthetic spectra  w ere generated.

3. F or each  Z  b in  o f  70 <  Z  <  87 the m ean  abundance o f  the 1,000 synthetic spec tra  w as 

derived. T he standard  d ev ia tion  o f  th is m ean  abundance w as also  in ferred  and  u sed  as the 

system atic error on  the abundance o f  th a t charge.

4. T hese system atic errors w ere  com bined  w ith  statis tica l errors (derived  from  G ehrels, 

1986) to determ ine the  to ta l charge-abundance erro r in  each  Z b in .

O n apply ing  th is techn ique to  Z  b ins w ith  a range o f  le ,  the  P t p eak  rem ained , b u t the  Pb 

peak  w as elim inated. T h is sm othering  o f  s tructu re inheren t in  the data  ind ica tes th a t our 

charge-assignm ent erro r estim ate is pessim istic , m ean in g  th a t i t  w as n o t possib le  to  

ca lcu late  accurate  system atic  errors on  the abundances o f  ind ividual e lem ents. H ow ever, 

system atic errors on  the  abundance ra tios o f  charge g r o u p s  w ere  ca lcu la ted  and  are 

p resen ted  in  tab le  4.9.
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Table 4.9 Statistical and M onte-C arlo  calculated  system atic errors for 
various abundance ratios in  the U H C R E data

R atio
System atic E rror 

(% )
S tatistical E rror

(% )
T otal
(% )

“P t”/” Pb” ± 9 .1 f ± 11.2 ± 14.4

A ctin ides / “P t” ±4 .5
+ 20.5 
- 17.5

+ 21.0 
- 18.1

A ctin ides /
±4 .2

+ 20.4 + 20.8
subacitin ides -17.4 -17.9

Summary
W e have a lready  seen in  C hap ter 3 tha t the derived errors on U H C R E  charge- 

assignm ent are com patib le  both  w ith  the resu lts from  M onte-C arlo  sim ulations and w ith  

those from  prev ious DIA S research. T he addition  o f  system atic errors (Section 4.6) reveals 

that the to tal charge-assignm ent error (especially  on actin ide abudances) is dom inated  by  

statistical erro r (cf. T able 4.9 and  footnotes in T able 5.2). Thus, detec to r resolution (i.e., 

“system atic” error) is n o t y e t  the p rim ary  lim iting factor in  m easurem ents o f  the actinide 

abundances. T his is an  im portan t consideration  for any future u ltra-heavy  cosm ic-ray  

studies.

T he ca lcu la ted  survival fractions in  L exan  show n in T able 4.6 (using cross sections from  

N ilsen  e t  a l . ,  1995) agreed w ith  those from  a previously-w ritten  sim ulation that used the 

cross-sections o f  S ilberberg  & Tsao. O ther studies show ed that cross-section  calculations 

from  the  param eterisa tions o f  N ilsen  e t  a l. d iffered neglig ibly  from  those o f  W estfall e t  al.

(1979).

T he errors derived  in this chap ter determ ine the lim its o f  our know ledge o f  im portant 

abundance ra tio s in  the cosm ic rays. T he U H C R E ’s estim ates o f  these key  ratios are 

p resen ted  in  C hap ter 5, w here their im plications are also discussed.

* “P t” = (74 <  Z  <  80), “Pb” = (81 <  Z <  83), “Subactinides” = (74 <  Z <  87) and “A ctinides” s  
(Z 5* 8 8 ).
f N ote that the system atic error on this abundance ratio is not merely a com bination o f  the separate 
eiTors on “P t” and “Pb”. Since these charge ranges abut one another, the “P t”/”P b” ratio is highly 
senstiive to Z-assignm ent errors.
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5. Conclusions
I n  this final chapter, the U HCRE data (Section 5.1) are com pared w ith other m easurem ents 

(Section 5.2). Further results are obtained w ith  M onte-C arlo sim ulations (Section 5.3), the 
possibility o f  a transuranic com ponent in the G CR flux is investigated (Section 5.4) and the 
U H C R E’s im pact on determ ining the origin o f  the cosm ic rays is discussed (Section 5.5).

5.1 Initial Observations

The elem ental abundances in the galactic cosm ic rays as m easured at the top o f  the ea rth ’s 
atm osphere by the U HCRE are presented in table 5.1 and are plotted  in figure 5.1. These 
frequencies are norm alized to the U H C R E’s Z >  7 0  sam ple so that ^  f 7 =  1.

ZS70

Table 5.1 Elem ental abundances from  the UHCRE, relative to the entire Z  >  70 sam ple

Before Fragmentation Adjustment After Fragmentation Adjustment

Elem ent C harge Frequency
1  a  statistical errors* 

+
Frequency

1 a  statistical errors*

+

Yb 70 0.023 0.0059 0.0048 0.019 0.0049 0.0040
Lu 71 0.040 0.0100 0.0082 0.036 0.0090 0.0073
H f 72 0.054 0.0121 0.0101 0.050 0.0113 0.0093
Ta 73 0.063 0.0138 0.0115 0.060 0.0131 0.0109
W 74 0.060 0.0119 0.0100 0.057 0.0113 0.0095
Re 75 0.067 0.0126 0.0108 0.064 0.0121 0.0103
Os 76 0.080 0.0130 0.0113 0.079 0.0128 0.0111

Ir 77 0.107 0.0128 0.0128 0.107 0.0128 0.0128
Pt 78 0.146 0.0149 0.0149 0.150 0.0153 0.0153

Au 79 0.110 0.0127 0.0127 0.113 0.0132 0.0132

Hg 80 0.071 0.0118 0.0102 0.074 0.0123 0.0106
T1 81 0.055 0.0106 0.0090 0.058 0.0111 0.0094
Pb 82 0.059 0.0109 0.0093 0.063 0.0117 0.0100

Bi 83 0.033 0.0085 0.0069 0.035 0.0092 0.0074
Po 84 0.012 0.0059 0.0041 0.013 0.0063 0.0044
At 85 0.006 0.0047 0.0028 0.006 0.0050 0.0030
Rn 86 0.001 0.0034 0.0012 0.002 0.0037 0.0013
Fr 87 0.0000 0.00067 - 0.0000 0.00067 -
Ra 88 0.0018 0.00123 0.00078 0.0020 0.00134 0.00086
Ac 89 0.0007 0.00096 0.00047 0.0007 0.00095 0.00046
Th 90 0.0040 0.00160 0.00118 0.0046 0.00184 0.00136
Pa 91 0.0014 0.00115 0.00069 0.0016 0.00128 0.00077
U 92 0.0029 0.00143 0.00100 0.0034 0.00168 0.00118

Np 93 0.0011 0.00106 0.00059 0.0013 0.00124 0.00069
Pu 94 0.0004 0.00083 0.00030 0.0004 0.00099 0.00035
Am 95 0.0000 0.00067 - 0.0000 0.00067 -
Cm 96 0.0004 0.00083 0.00030 0.0004 0.00100 0.00036

Bk 97 0.0000 0.00067 - 0.0000 0.00067 -

Total 1.0 1.0

All error estimates from Gelirels (1986), except 77 <  Z  <  79 abundances, which use Vn errors bars.
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F IG U R E  5.1 The U H C R E charge spectrum, norm alized to the total Z  > 70 sample, l a  statistical error bars 
are included (Gehrels, 1986).

T he abundances and  charge-assignm ent error o f  bo th  the actin ides and  subactinides 

w ere used  to  obtain  sem i-em pirical G aussian  curves for the 82? k  and  90TI1 peaks. F igure 5.2 

dem onstra tes that the actin ide and  subactin ide abundances overlap  (a t a low  value) betw een  

86 <  Z  <  87. T his resu lt bo th  ju stifies  o u r assum ption o f  an  actin ide gap and provides 

increased  confidence in  our erro r estim ates.

81 8 2  8 3  8 4  8 5  8 6  8 7  8 8  8 9  9 0  91 9 2  9 3

F IG U R E  5.2 Extrapolated Charge Spread o f  82Pb and 90Th peaks using the 
Gaussian errors for actinides and subactinides presented in Table 3.6.

Furtherm ore , assum ing the m easured  Pb p eak  is a G aussian distribution, a charge- 

assignm ent error o f  1.2 e w as inferred  from  the data. This is en tire ly  consisten t w ith  the 

(conservative) estim ate from  C hap ter 3 (AZ =  +1.4  e / -1.5 e) a n d  w ith  th a t ob tained  by
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B osch  (1995) from  U H C R E  data  (AZ =  ± 1 .4  e). T h ese  concurrences len d  fu rther support to 

our erro r estim ates.

A bundance ra tio s from  a v arie ty  o f  sources, includ ing  th is  w ork , are com piled  in  tab le

5.2. N o te  th a t abso lu te  values from  th e  d iffe ren t sources in  th is  tab le  are n o t norm alized  

and  so can n o t b e  d irec tly  com pared  to  one other. H ow ever, the  r a t io s  o f  the charge groups 

can be  co m p ared  and  the m ost sign ifican t o f  these  ra tio s are p resen ted  in  the las t th ree  row s 

o f  the table.*

* Note that the values in this table do not include the effects o f  the Earth’s magnetic field. Geomagnetic 
transmission effects as calculated from the CREME96 website (https://creme96.nrl.navy.mil/) on the 
quoted ratios were examined. High rigidity (i.e., higher A/Z) nuclei have a greater chance o f being 
detected than lower-rigidity species. M ost o f  the UHCRs detected by the UHCRE are expected to have 
energies between 2 and 4 GeV/nucleon -  see figure 3.9(a) -  and for this energy range, the increase in the 
9 2 U/90Th and “Pb”/”P t” ratios due to geomagnetic cutoff where estimated to be very small (~1% and ~5% 
respectively). The increase in  the actinide/”Pt” ratio, however, was found to be ~ 1 1%, which may explain 
the anomalously high value obtained by both the UHCRE and other space-based observations. 
Interpretation o f  this last ratio, however, is further complicated by large uncertainties in its propagation 
factor and so at the moment the insight it provides is limited.
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Table 5.2 C harg e-g ro u p  ab u n d an ces  from  v ario u s m eteo ritic  and  co sm ic-ray  sources

Group* Charge
Anders & 
Ebihara* 

(1982)

Anders & 
Grevessef 

(1989)

Lodderst
(2003) This work*

Binns
etaL

(1989)

Westphal
etaL

(1998)

HS

70 0.243

0.48

0.2479

0.46

0.2484

0.48

0.019
0.17

± 0.02 1.9 -
71 0.0369 0.0367 0.03572 0.036

72 0.176 0.151 0.1699 0.050

73 0.0226 0.0207 0.02099 0.060

“Pt”

74 0.137

3.64

0.133

3.39

0.1277

3.46

0.057

0.64
±0.03 5.4 135

75 0.0507 0.0517 0.05254 0.064

76 0.717 0.675 0.6738 0.079

77 0.6600 0.661 0.6448 0.107

78 1.37 1.34 1.357 0.150

79 0.186 0.187 0.1955 0.113

80 0.52 0.34 0.4128 0.074

“Pb”
81 0.184

3.48

0.184
3.48

0.1845
3.58

0.058
0.16

± 0.02
1.6 3682 3.15 3.15 3.258 0.063

83 0.144 0.144 0.1388 0.035

actinides
90 0.0335

0.04
0.0335

0.04
0.03512

0.04 „ M . +0.003 
-0.002 0.13 6

92 0.0090 0.0090 0.009306

“Pb” / “Pt" 0.9553 1.0267 1.0338 ± 0.1166 0.24 ± 0.03 0.30 0.27

actinides / “Pt" 0.0117 0.0125 0.0128 ±0.0014 0 022 +0-005 u‘uzz -0.004 0.0241 0.0444

actinides / 
subactinides 0.0060 0.0062 0.0063 ± 0.0006 0 018 +0-004 0.0! 8 _0003 0.0186 0.035

* Here, H S (heavy secondaries) = (70 <  Z <  73), “P t ” =  (74 =% Z <  80), “P b ” =  (81 <  Z <  83), subactin ides = (74 <  Z <  87) and actin ides are Z >  88. 
f Normalized to the abundance o f Si (= 106).
* These data are corrected for fragmentation and normalized to the UHCRE’s Z  >  70 sample, l a  errors are presented: HS ± 11.4% [± 5.9% (systematic), ± 9.8% (statistical)] 
± 5.3% [± 2.0% (systematic), ± 4.9% (statistical)]; “Pb” ± 12.3% [+ 7.1% (systematic), ±  10.1% (statistical)]; actinides [± 4.0% (systematic), (statistical)].



Platinum and Beyond: Studies o f  Ultra-Heavy Nuclei in the Galactic Cosmic Rays

5.2 Abundance Ratios

5.2.1 8 2 P h /n P t

A s d iscussed  in  C hap ter 1, the 82Pb /  78P t abundance ra tio  is a  key  in d ica to r o f  w hether 

nuclei are fractionated  b y  FIP o r vo la tility  during  co sm ic-ray  acceleration . H ere, the 

U H C R E ’s resu lts  are com pared  w ith  those rep o rted  from  o th e r experim ents and  those 

derived from  m eteo ritic  and pho tospheric  analyses. It is conven ien t to com pare  the ra tios o f  

charge groups, the defin ition  com m only  used  in  the  lite ra tu re  b e in g  “P t” =  (74 <  Z  <  80) 

and  “Pb” s  (81 <  Z  <  83). T h is  defin ition  is u sed  in  figure 5.3 w h ich  com pares the 

U H C R E  resu lts  w ith  da ta  from  m eteo ritic  stud ies and  from  o ther experim ents.

_Q
Q.

ARIEL

F IG U R E  5.3 “Pb” / “Pt” abundance ratios for various souces. l a  systematic and 
statistical error bars are shown on all GCR measurements and the meteoritic 
value recommended by Lodders (2003). An exception is the Trek  datum, which 
includes only statistical errors (systematic errors are small in this case). The 
triangular points are upper limits at the source, assuming maximum and 
minimum propagation changes to the “Pb” / ”Pt” ratio (i.e., factors o f  x 1.3 and 
x2.6, respectively).

C l-chondrite  m eteo ritic  data  w ere  ob ta in ed  from  the  fo llow ing  sources: A & E  (A nders & 

E bihara, 1982); A & G  (A nders &  G revesse, 1989) and  L odders (L odders, 2003). C osm ic- 

ray  data w ere  ob ta ined  from  com bined  H E A O -3 and  A R JE L -6 spacecraft resu lts (B inns e t  

a l.,  1989) and  the  T re k  experim ent (W estphal e t  a l . ,  1998).

T he m axim um  likely  values a t the source (tak ing  p ropagation  factors from  M eyer, D rury  

&  E llison , 1997) are show n. T he U H C R E  resu lts  ind icate  th a t a t the  l c  level, the “P b”/ ”P t” 

ra tio  in  the  cosm ic rays at E arth  is a t m o st ju s t  30%  o f  th a t found  in  C l-ch o n d rite  source 

m aterial.

Clinton & Waddington, 1993; Waddington, 1996, 1997; Meyer, Drury & Ellison, 1997.
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B y assum ing a com m only  accep ted  propagation  value (i.e., x l.6 5  from  B inns e t  a l., 

1989) a  com parision  betw een  the “Pb”/”P t” ratio  in  the  G C R s and that found in CI- 

chondrite  m ateria l can  be  m ade. W ith  this assum ption, the U H C R E  results show  that a t the 

1<t level, the “P b”/”P t” ratio  in  the cosm ic rays at the E arth  is a t  m o s t  ju s t 50%  o f  that 

found in  C l-chondrite  source m aterial. E ven  using the m ost extrem e propagation  factor 

(x2 .6 ) the “Pb”/”P t” ra tio  in  the cosm ic-ray  source m aterial is still a t  m o s t  ju s t 79%  o f  the 

m in im um  level found  in C l-chondrite  m aterial.

C learly , lead is dep leted  in  the  G C R  source m ateria l beyond  w hat m ight b e  expected  due 

to  propagation. In terpreting  this value as a  low  s-process abundance is p roblem atic, given 

the lack  o f  any  such effect in  the first and  second s-nuclei and r-nuclei peaks. D epending on 

propagation  conditions the  FIP m odel pred ic ts a G C R  source enhancem ent o f  betw een ~1.3 

and  ~2.6 o f  solar. S ince F lP -b iased  source m ateria l w ould  have a  “Pb”/”P t” ratio  slightly  

h ig h er than  so lar (~1.6), the U H C R E  value is ac tua lly  - 4 . 0 '^  tim es lo w e r  than that 

p red ic ted  by  the FIP m odel.

5.2.2 A c t in id e s /" P t”

In F igure 5.4, the ra tio  o f  actin ide (Z  >  88) to P t-group (74 <  Z  <  80) abundances in the 

U H C R E  findings are com pared  to those from  the sam e sources referenced  in  Section 5.2.1.
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F IG U R E  5.4 Actinide / “Pt” [i.e., (Z >  88) / (74 Z <  80)] abundance ratios for 
various souces. lcr systematic and statistical error bars are shown on experimental 
data (errors on the value recommended by Lodders are negligible), except for the 
Trek datum, which includes only statistical errors (systematic errors are small in 
this case). The triangular point and dotted error bars denote the TREK value, 
assuming its two unassigned actinides are spurious. Note that the UHCRE datum 
is “unpropagated” and represents the value at the Earth.
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5.2.3 A c tin id e s  / S u b a c tin id e s

In F igure 5.5, the U H C R E  resu lts are  co m p ared  to those from  the sam e sources 

described  in  Section  5.2.1.
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FIGURE 5.5 Actinide / subacitinide [i.e., (Z > 88) / (74 <  Z  <  87)] abimdance ratios 
for various souces. l a  systematic and statistical error bars are shown on experimental 
data (errors on the value recommended by Lodders are negligible), except for the Trek 
datum, which includes only statistical errors (systematic errors are small in this case). 
The triangular point and dotted error bars denote the TREK value, assuming its two 
unassigned actinides are spurious. Note that the UHCRE datum is “unpropagated” and 
represents the value at the Earth.

5.2.4 O th e r  C o m p a r is o n s

L ingcnfelter e t  a l. (2003) have used  ca lcu la ted  r-p rocess y ields from  co re-co llapse
9fe t _

supem ovae to  determ ine ac tin ide abundances averaged  o v er various tim e in tervals. T hey  

then  p red ic ted  ac tin ide  abundances in the p re sen t in te rste lla r m ed ium  using  a  standard  

G alactic chem ical evo lu tion  m odel (e.g., F ow ler, 1972; T h ielem ann , M etzinger &  K lapdor, 

1983). T hey  assert tha t since the  b u lk  o f  co re-co llapse  supem ovae occur in  the  supernova- 

active cores o f  superbubbles, the m ateria l w ith in  these cores should  com prise the  b u lk  o f  

the G C R  source m ateria l. T hey  then  ca lcu la te  U /T h  and  o ther ac tin ide abundances 

expected  inside a  superbubble core (the ac tin id e /”P t” ra tio  does no t ap p ear to  vary  

significantly  w ith  superbubble age). F inally , th ey  derive expected  cosm ic-ray  ac tin ide 

ra tios for a  m ix  o f  accelera tion  sites and  SN  types.

* Developed by Kratz et al. (1993) and Pfeiffer et al. (1997).
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Figure 5.6 com pares the actin ide (Z  >  88) / “P t” (75 <  Z  <  79) abundance ra tios o f  

L ingenfelter e t  a l. to those from  HEAO /A RIEL*, (B inns e t  a h ,  1989) T rek  (W estphal e t  a l.,  

1998) and  the U H C R E . H ere, “E jec ta  (50 M yr)” denotes the com position  o f  SN -ejecta after 

50 M yr o f  rad ioactive decay, “Superbubble” is the abundance ratio  in  a 50 M yr 

accum ulation  o f  SN e ejecta  (such as that inside a SB) and “C osm ic R ays” is the expected  

galactic  cosm ic-ray  com position.

N ote  tha t the U H C R E value is fully  consisten t w ith  the com position  inside the core o f  a 

superbubble and tha t estim ated  fo r GCRs. A  m ajor caveat here (and in  F igures 5.4 and 5.5) 

is that the U H C R E  value is “unpropagated” . L ittle  is know n about the effect o f  propagation 

on  the actin ide abundances as their fragm entation cross sections are poorly-constrained. 

Q ualitatively , how ever, the U H C R E value can  reasonab ly  be  expected  to represen t a low er 

lim it on  the ac tin ide/”P t” ratio.
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LO

o
o

oo
oo

0.060 

0.055  

0.050 
0.045 
0.040 

0.035 +  

0.030 

0.025  

0.020 
0.015 
0.010 
0.005 

0.000

o.<

A
0 .(5 4

A
0 .(4 8

45

i
0.028

El O.l 
0.030

(3 4

¡O
■8.
td
8OL_
Q. 3  0> 

LET

JS
8
2
o
i t

2
t o

c
35<u
¿L

-32
.Q «8.CO

LUQ1 —1
LU a;k_-Q

Zl-Q
a:
y

O
X %

<DCL EC/3 Q
<7?

O
O 2

X

F igure 5.6 A ctinide / “Pt” [i.e., (Z >  8 8 ) /  (75 < Z  < 79)] abundance ratios for various 
souces. W here available, lcr systematic and statistical error bars are shown. The 
triangular points are U H C R E, HEA O /A RIEL and Trek data at the source, assuming 
propagation changes the actinide / ”Pt” ratio by a factor o f  x l . 6 +).

N o te  th a t the G C R  value from  the  U H C R E is s im ilar to  earlier results, though m ore tightly  

constrained . T he value is a t least as rich  in actin ides as that p red ic ted  in the in terio r o f  

superbubbles.

* Note that due to the slightly different definition o f the Pt-group, “Pt” = (75 <  Z  <  79), the HEAO and 
ARIEL results o f Binns e t al. (1989) are estimated by assuming the same relative distribution o f charges 
as in the UHCRE measurements and scaling the published HEAO and ARIEL 74 <  Z <  80 abdundance 
and error bars appropriately.
* Lingenfelter et al., 2003 (also, c.f. Westphal et al., 1998).
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5.3 A Monte-Carlo estimate of the cosmic-ray 90Th / 92U ratio

5.3.1 T h e A lg o r ith m

A s d iscussed  in Section  1.4, changes in  the re la tive  abundances o f  9oTh, g2U  and  the 

transuran ics som e tim e afte r the  r-p rocess event tha t p ro d u ced  them  are w ell-m odelled . 

Thus, th e ir re la tive abundances can  be  used  as e ffic ien t cosm ic  ray  clocks to  in fer th e  tim e 

elapsed  betw een  the r-p rocess event and  accelera tion  o f  the nuclei. T h e  statistical erro r on  

the  U H C R E  abundances o f  these elem ents is too large to  d irec tly  ca lcu la te  the 90T h  /  92U  

ratio. H ow ever, a M onte-C arlo  S im ulation  w as c rea ted  to ob ta in  a b es t estim ate  o f  th e ir 

re la tive abundances. Fig. 5.7 illustra tes the p rocedure .

0 > Th/U 
HYPOTHESIS

(e.g., 70% Th. 30% U)

(D
PRIMARY 

SPECTRUM 
BASED ON 

HYPOTHESIS

A

i— MEAN
“ SPECTRUM ^

r 1-,

i - /!  KOLMOGOROV- 
/  SMIRNOV 

TESTS
. . X

SYNTHETIC
SPECTRA

_ Q □ = L .
1-spectrum Z

n bC L
n® sp ectru m  Z

“d” of measured 
spectrum

CONFIDENCE 
LEVEL IN 

HYPOTHESIS

F i g u r e  5.7 A Monte-Carlo procedure to estimate the Th/U ratio in the GCRs.

1. A ssum ing the ac tin ide (Z  3* 88) spec trum  consists on ly  o f  90Tb, 92U  and  94PU p rim ary  

nuclei, a hypo thetica l com position  is chosen  (e .g ., 70%  T h, 28%  U  and 2%  Pu).

2. U sing  th is hypothesis, a M onte-C arlo  derived  p rim ary  spectrum  is created , w ith  a 

sam ple size equal to tha t o f  the m easu red  U H C R E  sam ple (i.e., 35 events).
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3. E ach  event in  th is  sam ple is fed through a G aussian  error generato r to  sim ulate a set 

o f  35 “m easu red” Z  values -  a  synthetic spectrum . (Note: the results o f  the prev ious M onte- 

C arlo  sim ula tion  dem onstrated  a po in t-sp read  function very  close to  G aussian  -  see Section

3.3.)

4. T his p rocess is repeated  and 1,000 such synthetic spectra w ere  assem bled.

5. T h e  Z  values fo r all synthetic spectra are to ta lled  to create a “m ean  sam ple” .

6 . A  K o lm ogorov-S m im ov test is app lied  betw een  each o f  the synthetic spectra and this 

m ean  sam ple. T he sam e test is app lied  betw een  the em pirica lly -m easured  spectrum  and the 

m ean  sam ple.

7. T he fraction  o f  the sim ulated  dataset (i.e., synthetic spectra) th a t lie  further from  the 

m ean  th an  th e  rea l (i.e., em pirically-m easured) dataset is calculated . F o r exam ple, i f  it is 

5%  o f  the to tal sam ple then  to a  95%  confidence level, the real data  are incom patib le w ith  

the  orig inal hypo thetical com position. A n exam ple o f  the d istribu tion  o f  synthetic spectra 

acord ing  to  th e ir d ifference, “i f ’ from  the m ean  synthetic spectrum  is show n in  Figure 5.8.
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FIGURE 5.8 Example distribution o f a set o f synthetic spectra according to their 
Kolmogorov-Smimov derived difference, d, from the mean o f the set.

5.3.2 T es ts  o f  th e  A lg o r ith m

To tes t the sim ulation , tes t spectra  (each starting  w ith  a  70%  90T h  content) w ere generated 

and  used as “m easu red” data. T he results (Fig. 5.9) dem onstrate tha t the  system  can 

determ ine the m ost p robab le com position  o f  the m easured  G C R  spectrum  and  provide a 

su itab le confidence in terval. T he scatter and d iffering  am plitudes o f  the curves is due to  the

1 i n
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fact th a t som e o f  the random ly-genera ted  test spec tra  lie  fu rth e r from  the  o rig inal 70%  90TI1 

con ten t than  others. In  p ractice , this is p robab ly  the  m ax im u m  sca tte r on  such curves, as the 

erro r app lied  to  the synthetic spec tra  is p robab ly  an  overestim ate . T his test dem onstrates 

th a t the m ethod  is bo th  robust and  unbiased.

Hypothesis (Th I Actinides)
F IG U R E  5.9 Seven test runs o f the Monte-Carlo simulation. The ordinate on 
this plot denotes the fraction o f a set o f  synthetic spectra that are further from 
the mean o f the set than the “measured” UHCRE actinide spectrum (at 
various hypotheses o f g0Th content in the primary spectrum). In this case, each 
“measured” spectrum is a different test spectrum originally containing 70%
90Th and 30% 92U.

T he sim ulation  w as im p lem en ted  u nder tw o  d iffe ren t reg im es. F irstly , it w as assum ed 

th a t there w as no  transuran ic com ponen t in  the  cosm ic ray  flux  and  various hypotheses o f  

goTh and  92U  con ten t w ere  tes ted  (Section  5.3.3). In the second  test, the  ac tin ide  con ten t 

w as assum ed to consist o f  92U, ooTh and  94Pu o n ly  (S ec tion  5.3.4).

I l l
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5.3.3 R e s u lts  (w ith o u t tra n su ra n ic  c o m p o n e n t)

A ssum ing  that the G C R s have no transuranic com ponent, the sim ulation  results are 

p resen ted  in  F igs. 5.10 and  5.11 (and  T able 5.3) for the actin ide flux  detected  in  the 

U H C R E . T he U H C R E  92U /90TI1 ra tio  is estim ated  to b e  -0 .5 6 , w ith  confidence intervals 

show n in  tab le  5.3.

Hypothesis (Th I Actinides)

F ig u re  5.10 Fraction o f  a set o f  synthetic spectra that are further from  the 
m ean o f  the set than the m easured UHCRE actinide spectrum  at various 
hypotheses o f  g0Th content in  the GCRs.

Hypothesis (U I Th)

FIGURE 5.11 Fraction o f  a set o f  synthetic spectra that are further from  the 
m ean o f  the set than the m easured UHCRE actinide spectrum  at various 
hypotheses o f  92U / 90T h content in  the GCRs.
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T able 5.3 M onte-C arlo  estim ates o f  9oTh and  92U  con ten t in  the  G C R s (assum ing  the 
p resence o f  90T h  and  92U  com ponents only)

Ratio M ost likely 
Com position

90%  
confidence 
lo w e r  lim it

90% 
confidence 
u p p e r  lim it

70% 
confidence 
lo w e r  lim it

70% 
confidence 
u p p e r  lim it

T h /
A ctin id es

0.64 0.43 0.84 0.50 0.78

92U  /  goTh 0.56 0.20 1.31 0.29 1.00

5.3.4 R e su lts  (w ith  tra n su ra n ic  co m p o n en t)

T he M onte-C arlo  sim ulation  resu lts, assum ing  the p resen ce  on ly  o f  9oTh, 92U  an d  94PU in  

the cosm ic rays, are sum m arised  in  Fig. 5.12 and  T ab le  5.4. T h e  m o st lik e ly  G C R  

com position  is: 69%  9oTh, 26%  9 2 U  and  5%  9 4 P U . W ith in  the 70%  ( ~ la )  con fidence 

contours, the U /T h  ra tio  is 0.38 w ith  a m ax im um  value o f  0 .96 and  a m in im u m  o f  zero. 

N ote  th a t though  the ev idence is n o t y e t com pelling , there  does appear to  b e  less u ran ium  

than  tho rium  in  the cosm ic rays. I f  the cosm ic-ray  source m a tte r o rig inates from  a  single r- 

p rocess source, w ou ld  ind icate  tha t the  tim e be tw een  th e ir nucleosyn thesis and  acce lera tio n  

is long  enough  to a llow  sign ifican t u ran iu m  decay.

T able 5.4 M onte-C arlo  estim ates o f  90T h  and  92U  con ten t in
the G C R s (assum ing  the  p resence o f  9oTh, 92U  and  94Pu

com ponen ts only)

Ratio M ost likely 
Com position

70% 
confidence 
lo w e r  lim it

70% 
confidence 
u p p e r  lim it

T h /
A ctin ides

0.69 0.50 0.88

92U  /  9oTh 0.38 0.00 0.96
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Hypothesis (g2 U  / Actinides)
F ig u r e  5.12 Fraction o f a set o f  synthetic spectra that are further from the mean o f the set 
than the measured UHCRE actinide spectrum at various hypotheses o f 90Th and 92U content 
in the GCRs. Here, components o f the cosmic ray flux that are not 90Th or 92U are assumed 
to be 94Pu. The most likely value (fractional distance from mean =  0.89) occurs at Th = 
0.69 and U = 0.26.

N ote  tha t the m axim um -like lihood  T h-U  cosm ic-ray  com position  (0.83) is inferior to  that 

for the m axim um -like lihood  T h-U -Pu  com position  (0.90) due to the ex tra degree o f  

freedom  in  the sim ulation in  the la tte r case.
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5.4 Transuranics

T he M onte-C arlo  sim ulation  ind icates that, g iven  the  U H C R E  ac tin ide  spectrum , th e  G C R s 

are m ore likely  to  con ta in  a  transuran ic  com ponen t (i.e., 94PU) than  not. T he p eak  fractional 

d istance from  the m ean  in  the  fo rm er case w as 0 .90, w h ile  in  the la tte r it w as 0.83.

T he de tec ted  96C m  even t w as p rocessed  and  m easu red  tw ice, independen tly , w ith  a large 

num ber o f  de tec to r p la tes (to reduce errors). B o th  attem pts y ie lded  exem plary  ^ - g r a d i e n t  

curves and  concurring  Z -assignm ent results.

M onte-C arlo  sim ulations using  the  m ost lik e ly  d istribu tion  o f  35 T h, U  and  P u  nucle i 

(69%  T h, 26%  U , 5%  Pu, derived  in  S ection  5 .3 .4) show  th a t there is a  ~  18%  ch an ce  o f  a t 

least one o f  these  events b e in g  b in n ed  as C m . U sing  the m ost likely  T h  and  U -on ly  

com position  (64%  Th, 36%  U , derived  in  5 .3 .3) the  chance o f  one o f  th e  even ts b e in g  

m istaken  fo r C m  is on ly  -4 % . T h is  is a  fu rther strong  ind ication  o f  the ex istence o f  

transuran ic cosm ic rays. T hese data  are sum m arised  in  T ab le  5.5.

T able 5.5 M onte-C arlo  estim ates o f  spurious C m  
con ten t in  the  U H C R E  spectrum .

C hance o f  faux  “C m ”
G C R  C om position

in  U H C R E  sam ple

64% Th, 36% U ~ 4 %

69% Th, 26% U, 5% Pu ~  18%
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5.5 Final Words

T he U H C R E  data is now  the largest ever sam ple o f  u ltra-heavy  cosm ic rays and  includes 

the  largest single sam ple o f  cosm ic-ray  actin ides (35). T he actin ides are w ell-separated  

from  the subactin ides due to unstable nature o f  the elem ents im m ediately  heav ier than  83Bi. 

T here  are som e strik ing features in  the data.

T he experim ent has dem onstrated  that the “P b” / ”P t” abundance ratio  is decidedly  low  

in the G C R s (0.24 ±  0.03) com pared  to the b est estim ates from  solar and m eteoritic  

m ateria l (1.03 ±  0.12). E ven  assum ing  a very  severe propagation  effect on this ratio  (x2.6), 

the G C R  value is a m ere 0.63 ±  0.09. This could  be indicative o f  a volatility-based 

accelera tion  bias.

A t 0 .3 8 ^  3®, the G C R  U /T h  ratio  can be  favourably  com pared  w ith  that o f  the present

d ay  ISM  (0.27 ±  0.04)*, the p ro toso lar m edium  (-0 .5 7 ) and  the cosm ic rays expected  to 

a rise  from  superbubble in teriors (1.2 + 0.4)*, though not w ith  SB in teriors them selves (1 .4  ± 

0 .4). It does n o t m atch  m ost p red ic tions o f  r-process y ields o r w ith  those o f  ejecta  

accum ulated  from  m ultip le-SN e inside superbubbles over a  50 M yr period  (both  > - 2 .3 ) §.

T he actin ide /  “P t” ra tio 11 (0 .028 ), in  b road  agreem ent w ith  o ther observations, is

h ig h er th an  in  the p resen t in terste llar m edium  (0 .014±0.002) and sim ilar to  tha t o f  the 

p ro toso lar m edium  (-0 .0 2 3 ) and  the in terior o f  superbubbles (0.029±0.005). O nce 

p ropagated  to  the source, how ever, it is considerab ly  higher. This unusually  h igh  value 

co u ld  b e  ind icative o f  a recen t r-process event. A  m ajo r caveat here  is that the exact effect 

o f  p ropagation  on th is ratio  is unknow n. T he observational values are therefore best 

considered  as low er-lim its.

T he p resence o f  transuran ic events in the U H C R E  spectrum  is in triguing as the 

m ax im um  half-lives o f  these elem ents are sm all (81 and  15.6 M yr for 94Pu and  9oCm, 

respectively). C m  is the  first long-lived  actin ide to undergo significant decay  so its presence 

in  G C R s w ou ld  m ean  th a t the m easured  G C R  actin ide abundances reflect the r-process 

y ie ld  abundances. T hese are im portan t (and poorly-constrained) param eters in  pred ic ting  

the  age o f  the G alaxy. U  and  T h m easurem ents in  halo stars H ow ever, this approach 

assum es tha t the cosm ic-ray  source m ateria l originates from  a single, pu re ly  r-process event 

-  an  un likely  scenario , especially  given the low  92U /90TI1 ra tio  m easured  b y  the U H C R E.

*(81 < Z <  8 3 )/(7 4  « Z <  80).
+ Lodders, 2003.
} Superbubble interior and superbubble cosmic-ray predictions from Lingenfelter et al. (2003).
§ Lingenfelter, et al. (2003) and, among others, Goriely & Amould (2001).
11 (Z »  8 8 ) / (75 Z < 79)
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T aken  alone, the m easu red  92U /90TI1 ra tio  im p lies (w ith  large errors) tha t the  cosm ic-ray  

source m ateria l is re la tiv e ly  o ld  (>  - 108 y r have  elapsed  b etw een  nucleosyn thesis  and  

acceleration). H ow ever, the p robab ility  tha t the U H C R E  data con tain  a t least one 

transuranic  event is -9 6 %  (see T ab le  5.5) and  these  have re la tive ly  short half-lives and 

sh o u ld  n o t  b e  p r e s e n t  i f  the C R -seed  nucle i are  old. T he im p lica tion  is tha t the cosm ic-ray  

source m ateria l is an  adm ix tu re  o f  fresh ly  nucleosyn thesised  m atte r (transuran ics) w ith  

ordinary  o ld  ISM  (m aterial w ith  a low  U /T h  ra tio).

0.9 

0.8 ■

0.7 

0.6 

0.5

0  0 4

0.3

0.2

1 0.1 - 

0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0

U/Th
FIGURE 5.13 Actinide abundances in accumulated SN ejecta inside 
superbubbles over 10 and 50 Myr periods (Lingenfelter e t a l., 2003) 
with admixtures o f various quantities o f ISM material. UHCRE data 
from Monte-Carlo simulations with and without a transuranic 
component are also plotted.

The effect o f  IS M  d ilu tion  on SB ac tin ide abundances can be  seen  in  fig. 5.13. T hough  

the ca lcu la tion  is c rude (no erro r bars are p u b lish ed  fo r the  SB data), it  appears th a t w hen  

sufficiently  m ixed  w ith  the  ISM  ( > - 5 0 %  IS M  o r so) the SB values converge w ith  U H C R E  

observations.

T here are m any  avenues for fu ture w ork:

• O bviously, m ore  p rim ary  G C R  Z -abundance m easurem ents (especia lly  o f  the 

actin ides) are required . A n im p o rtan t p o in t here  is th a t cu rren tly  th e  s ta t i s t ic a l  e r r o r s  

on  m e a su r e m e n ts  o f  a c t in id e  a b u n d a n c e s  a r e  la r g e r  th an  d e te c to r  e r r o r s .  T he

I  UHCRE (no transuranic)
□  UHCRE (transuranic)
©  10 Myr S B  & ISM ad m ix tu re  
ID 50  M yr S B  & ISM  ad m ix tu re

SB 
(no ISM)

-O'40% ISM

-E*

.©'60% ISM

.0  80%ISM . .  - a40 /illSM  
. .Q ’,60% ISM

tnvsM' 4
□■!0%ISM

..0 S B  
(no ISM)
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reso lu tion  o f  the detec to r is therefore less im portant than  the m agnitude o f  its exposure 

to  the cosm ic ray  flux.

• Propagation m odels  (especially  for the  actin ides) w ould  benefit from  im proved cross- 

section  m easurem ents. In  som e cases, cross-section  uncertain ties are still the m ajor 

source o f  error. S im pson (1998) estim ates that current propagation calculations are in 

error by as m uch  as ±20-30% .

• T he effects o f  charge p ickup by  ultra-heavy nuclei at m oderately  relativistic energies 

canno t b e  ignored. T he possib ility  o f  K -capture decay  afte r acceleration  could  lead to 

an  overestim ate o f  the age o f  cosm ic-ray  m atter from  actin ide m easurem ents.

• G eom etrical effects (such as those from  the local bubble) should also be  considered. 

T h and U  at 1 G eV /nucleon  have destruction  pa th  lengths o f  - 0 .6  g cm '2 in  H  (W enger 

e t  a l., 1999) and  therefore m axim um  ranges o f  -3 0 0 -5 0 0  pc. H ow ever, the low -density  

local bubb le  is a  few  hundred  parsecs in  scale and  so could  have a  significant effect on 

the survival fractions o f  actin ides arriv ing at earth. T his is one possib le  explanation for 

the apparen tly  h ig h  p ropagated  G C R  actin ide/”P t” ratios observed  by  T R EK , H EA O - 

A R IE L  and the IJHCRE.

T he IJH C R E  has dem onstrated  the fo llow ing features in the cosm ic rays:

• A  statistica lly-significan t low  “Pb”/”P t” ratio. E ven assum ing a very  severe 

propagation  effect on  th is ratio  (x2 .6), the G C R  value is a m ere 0.63 + 0.09 com pared  

to  so lar system  m ateria l value o f  1.03 ±  0.12. T his is possib ly  ind icative o f  a volatility- 

b iased  accelera tion  m echanism .

• T he galactic  cosm ic rays defin itely  contain  an  actin ide com ponent. M oreover, our 

curren t know ledge o f  the ac tin ide abundances is lim ited  b y  statistical erro r and n o t  by  

detec to r error.

• W ithin  the 70%  (~ lcr) confidence contours, the U /T h ratio  is 0.38 w ith  a m axim um  

value o f  0.96 and  a m in im um  o f  zero. T his low  value relative to fresh r-process

m aterial suggests tha t the C R  m atte r has had  sufficient tim e betw een  nucleosynthesis
• 8 and acceleration  for rad ioactive decay  to occur (> - 1 0  yr).
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• T here is ev idence th a t suggests a  94PU co m p o n en t in  th e  cosm ic rays an d  one 96C m  

candidate event. T he p robab ility  o f  the ex istence o f  a  transuran ic  co m ponen t is -8 2 %  

(see T ab le 5 .4), w h ich  is ind icative o f  fresh ly -syn thesised  m a tte r (certa in ly  < ~ 1 0 8 yr 

old).

C om bined, these  d a ta  suggest th a t the cosm ic rays are a  m ix tu re  o f  fresh  (r-process 

enriched) and  o ld  IS M  seed  m atte r and  p re lim in ary  ca lcu la tions show  th a t an  adm ix tu re  o f  

accum ulated  S N -ejecta  (such  as th a t inside superbubbles) w ith  the  su rround ing  IS M  agrees 

w ell w ith  the U H C R E  observations. T hough  the co sm ic-ray  m ysteries rem ain  num erous, 

the U H C R E  has a t least ra ised  a  cand le to  them . W e aw ait the  nex t generation  o f  cosm ic- 

ray  detectors to  p rov ide  fu rther illum ination .
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Appendix A: Mean Excitation Potential Calculations

The Bragg rule o f  additivity assu m es th a t th e  v a lu e  o f  / a(y ( th e  m e a n  e x c ita tio n  p o ten tia l 
fo r e lec tro n s) o f  a  m o lecu la r s to p p in g  m a te ria l is  co m p u ted  from  th e  / a(jj’s o f  the  
in d iv id u a l co n s titu en t e lem en ts  o f  th e  m a te r ia l. F o r th e  t'th co n stitu en t,

(7adj)i =  (12Z; +  7) eV  fo r  Z  <  13* 
an d

(/adj)i =  {(9.76Zi +  (58 .8 /Z i019)} eV  fo r Z  > 1 3

From  Benton and Henke (1969), fo r a  c o m p o u n d  th e  / adj is  g iv en  b y  the individual values o f  
7adj o f  its  co m p o n en t e lem en ts:

I
where is the fraction by  w eight o f  the zth com ponent o f  the stopping m aterial and A\ and Z\ are 
the atomic w eight and atom ic num ber o f  the ith com ponent.

H e re ,(¿ l/Z )  =  £ > í , 4 / Z « Z . = ’Z f f c l  4 )

-1
and for a m olecular

m aterial,/]. =  , w here is the form ula num ber o f  the ith com ponent. T h e
J

ca lcu la tio n s  fo r L ex an  (s to ich io m etric  fo rm u la  C 16H 14O 3) a re  sh o w n  b e lo w :

c H O Lexan

n 16 14 3 C16Hi40 3

A 12.0 1.0 16.0
f 0.76 0.06 0.19

Z 6 1 8 S(fZ/A) In U A /Z X{(fZ/A)ln ladj} ladi (total)
(IZ/AJInlrfj 1.65 0.15 0.43 2.23 1.90 2.23 69.5

Udj 79 16.5 96

|j I A 
ix I Z

192.2
96.0

14.1
14.0

48 0
24.0

254.3
134.0

2(ji/ A) 
I ( p / Z )

* These empirical expressions o f the experimental results are only approximate for Z < 13.





Appendix B: The Actinides

T h e  m easu red  d a ta  fo r all 35 U H C R E  ac tin id es  a re  p re se n te d  b e lo w . T he events are 
labelled in the form at STACK n u m b e r /e v e n t  n u m b e r . Stack locations on the LDEF spacecraft 
are detailed in  A ppendices C and D.

2a  e rro r b a rs  a re  sh o w n  o n  a ll p lo ts  an d  m ea su re m e n ts  m ark e d  in  g re y  h a v e  b e e n  
re m o v e d  in  q u a lity  co n tro l p ro ced u res. T h e  a ss ig n e d  Z  an d  e s tim a tes  o f  th e  e rro rs  o n  
th is  v a lu e  d u e  to  e rro rs  in  b o th  Feff an d  in  g ra d ie n t a re  sta ted . T h e  re m a in in g  e rro r o f  
± 0 .6e (d u e  to  th e  reg is tra tio n  tem p era tu re  e ffec t) h a s  b e e n  in c lu d ed  in  th e se  e rro r 
estim ates. N o te  th a t th e  tra c k -e tch  ra te s  o f  th e se  ev en ts  h av e  n o t  b e e n  a d ju s ted  fo r 
e tch in g  v aria tio n . F o r  each  ev en t, the  tim e , b u lk -e tc h  ra te  an d  tra c k -e tch  ra te  m o n ito r  
(T E R M ) v a ria tio n  fro m  th e  m e a n  is  a lso  in c lu d ed .

E v e n t  2 1 5 / 3 path leng th
V’  I

A s s ig n e d  Z  88 .2 (g cm'2) (microns hr'1)
e iT or (+) 1.4 0.11 1.82
e r ro r  (-) 1.3 0 .1 3 1.86

0 .2 5 1.76
Etch Tim« (hrs) 48 0 .2 8 1.62

Mean V0 (nm hr'1) 0.164 0 .5 7 1.83
TERM variation 5.5% 0 .5 9 1.81

1.07 1.83
1.09 1.94

1.61 1.96
1.63 1.93
1.96 1.84
1.98 1.84
2 .14 1.84
2 .1 6 1.88
2 .24 2 .08
2 .2 6 2 .2 6
2 4 2 2 .20
2 .44 2 .1 8
2 .49 1.94
2.51 1.95

E v e n t  2 1 5  / 14 path leng th Vr I
A s s ig n e d  Z  87 .9 (g cm’2) (microns hr ’ )

e r ro r  (+) 2.0 0 .1 0 1.38
e r ro r  (•) 2.0 0.12 1.39

0 .2 3 1.36
Etch Time (hr*) 48 0 .2 6 1.37

Mean V0 (urn hr'1) 0.164 0 .5 3 1.45
TERM variation 5.5% 0 .5 5 1.56

0 .9 9 1.34
1.01 1.37
1 .49 1.31
1.51 1.35
1.82 1.42
1.84 1.37
1.98 1.29
2 .0 0 1.32
2 .0 8 1.29
2 .1 0 1.36
2 .24 1 .50
2 .2 6 1.58
2 .3 0 1.50
2.32 1.57

path  length (g cm*1)

1



E v e n t  2 4  / 7 pa IN eng  th Vl 1
A s s ig n e d  Z  90.1 (9 cm 2) [micron* h r ')

• r r o r  (♦) 1.3 0.04 1.54
e r r o r  (-) 1.3 0 .06 1.54

0 .10 1.55
EtchT)me(hre) 48 0 .12 1.51

Mean Va (|Jii h r 1) 0.153 0.23 1.58
TERM variation 0.4% 0.25 1.62

0 .78 1.59
0 .80 1.50
1.23 1.49
1.25 1.56
1.75 1.59
1.77 1.53
2 .79 1.41
2.81 1.48
3.72 1.51
3 .74 1.46
3.94 1.50
3 .96 1.49
4.04 1.52
4 .06 1.53

Eve n t 2 4  1 8 pathtongth I
Assigned Z  93,1 (B cm'2) (microns hr ’)

e r ro r  (+) 1.0 0.04 1.83
e r ro r  (-) 1.2 0 .07 1.74

0.11 1.75
Etch Time (hra) 48 0 .14 1.68

! is :a  Vafii.TitH-'1) 0.153 0.26 1.77

TERM variation 0.4% 0.28 1.79

0.90 1.88
0.92 1.83
1.42 1.93
1.45 1.84
2.02 1.67
2 .05 1.73
3 .22 1.81
3.25 1.81
4 .30 1.79
4 .32 1.77
4 .55 1.87
4 .58 1.88
4 .66 1.86
4 .69 1.62

E ven t 27  1 17 path ieng th Vl 1
A s s ig n e d  Z 9 2 .3 (9 cm 2) (m ia o n s  h r ')

• r r o r  (+■) 0.8 0.08 1.71
e r r o r  (- ) 1.2 0.10 1.74

0.19 1.67
Etch Time (hra) 48 0 2 1 1.68

Mean VG (jim hr ’) 0 .(53 0 .30 1.64
TERM variation 0.4% 0.32 1.66

0 .93 1.63
0 .96 1.68
2 .06 1.69
2 .08 1.67
2.62 1.72
2 .65 1.70
3 .82 1.57
3 .85 1.68
4 .33 1.55
4 .36 1.75
4 .52 1.61
4.54 1.68
4 .66 1.64
4 .69 1.70

path length (g cm*)

2.0 3.0

pa th  length (g cm '2)

p a th  length (g c m 1)
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E v e n t  4 5  / 1 6 path ieng th *  I
A s s ig n e d  Z  91.3 (g cm 2) (microns hr ')

e n w  (+) 1.J 0 .08 1.51
e r r o r  (•) 1.0 0 .1 0 1.55

0 .23 1.59
Etch Time (hrs) 48 0 .25 1.49

Mean Vc (jim hr'1) 0.153 0 .8 5 1.63
TERM variation 0.4% 0.88 1.56

1.43 1.54
1.46 1.61
1.98 1.62
2.01 1.57
3 .26 1.68
3 .28 1.59
4.03 1.50
4 .0 6 1.62
4.44 1.58
4.47 1.65
4 .7 0 1.56
4.73 1.58
4.85 1.71
4 .8 8 1.66

E v e n t  5 8  / 3 pa th ieng th W |
A s s ig n e d  Z  89.8 (9 cm2) (microns hr ’)

e r ro r  (+) 1.0 0.20 2 .44
e r ro r  (•) 0.9 0 .22 2 .50

1.76 2.23
Etch Time (hrs) 36.5 1.78 2.23

Mean Vc (pm hr’1) 0.159 2.72 2.21
TERM variation -6 .9% 2 .74 2 .23

2.75 2.20
2.77 2 .14
3.28 2.10
3.31 2 .12
3.64 2 .08
3.66 2,07
3 8 6 2 .08
3.88 2.08
3.93 2 .03
3.95 2.04
3.99 2 .03
4.01 2.09
4 .09 1.99
4.11 1.95

E v e n t  1 0 3 / 1 4

A s s ig n e d  Z  
e r ro r  (+) 
e r ro r  (-)

Etch lim e (hrs)
Mean V0 (pm hr'1) 

TERM variation

90.5
1.1

1.2

62
0-137
-7.7%

path ieng th

(g cm 2)
0.23
0.25
1.36
1.38
1.96
1.99
2 .4 9
2.51
3 .13
3.15
3 .73 
3 .76  
4 .26  
4 .28  
4.41 
4 .43  
4 .56  
4 .5 9  
4.71
4 .73

1.77
1.76 
1.66 
1.68 
1.69 
1 67
1.76
1.72
1.67 
1.74
1.63 
1.62 
1.61
1.63
1.67
1.73 
1.56 
1.54
1.67
1.67

I
[microns h r 1 )

path length (g cm -2 )

3.0

2.5

2.0

in
cs0
1
5

1.5

1.0

0.5

0.0

Ï

0.0 1.0 2.0 3.0 4 .0  5.0

path length (g cm -2 )

path length (g cm-2)

3



1 1 0  / 8 pathtongth Vt |
91 .2 (g cm'2) (microns hr'1)

1 .2 0 . 1 0 2 . 1 2

1 .0 0 . 1 2 2 .14
0 .1 9 2 .18

42 0 . 2 1 2 .18
0.144 0.74 2.30
6.7% 0 .76 2 .19

1.19 2 .07
1 .2 1 2.06
1.64 2 . 2 0

1 . 6 6 2 . 1 0

2 .16 2 . 1 1

2 .17 2 . 0 2

3 .15 2 . 1 2

3.17 1 . 8 8

3.66 1.90
3.67 1.87
4 .0 3 1.93
4 .0 5 1.87
4 .1 3 1.89
4 .1 5 1.99

I I
1 2 6 / 1 6 pathlangth VT I

95 .9 (g cm'2) (microns hr ')
0.9 0 . 0 1 2 .27
1 .1 0.03 2.28

0 . 2 1 2 .33
41 0 .2 3 2 .39

0.164 0 .32 2 .39
5.4% 0.34 2.37

0 .78 2 .28
0.81 2 .26
1.32 2.42
1.34 2.41
1 . 8 6 2.47
1 . 8 8 2.48
2 .43 2.35
2 .45 2 .36
2 .93 2 .50
2 .9 5 2.63
3.50 2.42
3.52 2 .47
3.67 2.57
3 .69 2 .56
3.85 2.58
3.87 2.54
4.05 2.40
4.07 2.47
4.23 2.41
4.25 2.45
4.43 2.55
4.46 2.55
4.54 2.45
4.56 2.60

path length (g cm-2)

3.0 

2.5

2.0
</)
I  1.5 
o

0.5

0.0
0.0 1.0 2.0 3.0 4.0 5.0

path length (g cm-2)
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E v e n t  1 6 6 / 1 5 path leng th

A a s ig n e d  Z 92.9 (g cm2) (microns h r')
e r ro r  (+) 0.9 1.24 4 .2 6
e r r o r  (•) 0.9 1.26 4 .32

1.73 4 .2 0
Etch Time (hr*) 18 1.75 4.34

Main V0 (^in hr'1) 0.159 2 .19 3.86
TERM variation -6.9% 2.21 3.82

2 .50 3.62
2 .52 3.51
2.91 3.66
2 .93 3.65
3.28 3.90
3.28 3.11
3 .60 3 .35
3 .63 3.27
3 .70 3 .19
3 .72 3 .33
3.82 3.15
3.85 3.27
3 .95 3 .23
3 .97 3.17

E v e n t 1 5 8 / 3 2 path leng th Vr I
A s s ig n e d  Z 90,1 (g cm'2) (microns h r')

e r ro r  (+) 1.4 0 .12 1.50
e r ro r  (-) 1.2 0.14 1.43

0 .27 1.46
Etch Time (hrs) 60 0 .30 1.46

Mean V0 (pm hr'1) 0.167 0.31 1.46
TERM variation 7.6% 0.33 1.49

0.89 1.47
0 .92 1.44
2.06 1.44
2.09 1.48
3.03 1.29
3.05 1.36
3 .75 1.42
3.78 1.44
4 .44 1.40
4 .46 1.38
4 .67 1.43
4 .6 9 1.41

E v e n t  161 / 14 path leng th I
A s s ig n e d  Z 91.6 (g cm'2) [microns h r’ )

e r ro r  (+) 1.2 0 .10 1.62
e r ro r  (-) 1.3 0 .12 1.75

0 .20 1.75
Etch Time (hn ) 48 0 .22 1.72

Mean Va (pm hr'1) 0.164 0 .72 1.59
TERM variation 5.5% 0.74 1.72

1.24 1.70
1.26 1.79
1.70 1.67
1.72 1.68
2.23 1.88
2.25 1.76
2 .70 1.57
2 .72 1.63
3 .18 1.58
3.20 1.64
3 .50 1.65
3.52 1.76
3.82 1.65
3 .84 1.70

0 .0  1 .0  2 .0  3 .0  4 .0  5 .0

path length (g cm-2)

path length (g cm-2)

2 .5

2.0

i  1.5
i/iC
eo

■ I  1 0  

>

0 .5

0.0
0 .0  1 .0  2 .0  3 .0  4 .0  5 .0

path length (g cm-2)
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E v e n t 2 0 2 / 3 p tth len g th J
A s s ig n e d  Z 89.2 (g c m ') (microns h r ')

e r ro r  (♦) 0.7 0 ,18 1.27
e r r o r  (-) 1.9 0 .19 1.41

0.24 1.30
Etch Tim« (hrs) 72.5 0 .26 1.41

Mein V0 (|im h r ') 0.142 1.21 1.22

TERM variation -7.8% 1.24 1.23

1.28 1.20
1.30 1.25
1.70 1.23
1.72 1.35
2.32 1.32
2.34 1.39
2.46 1.32
2.48 1.36
2.59 1.29
2.62 1.37
2 .66 1.25
2.68 1.40
2 .73 1.27
2.75 1.38

E v e n t 4 0 / 1 0 path iength V- 1
A s s ig n e d  Z 89.7 (g c m 2) (microns hr ’)

• r r o r  (+) 0.9 1.89 1.32
e r r o r  (-) 1.4 1.91 1.33

2.28 1.36
Etch Tim« (hrs) 72 2 .30 1.37

InaH Vq [flm h r 1) 0.153 2.81 1.34
TERM variation 4.8% 2.83 1.40

2.88 1.36
2.90 1.36
3.37 1.32
3.39 1.36
3 .75 1.31
3.77 1.38
3.78 1.36
3.80 1.39
3.85 1.31
3.87 1.35
4 .05 1.38
4 .07 1.41

E v e n t  2 0 2 /  10 path ieng th Vr |
A s s ig n e d  Z  90.0 (g cm7) (microns hr ')

e r ro r  (+) 0.9 0.24 1.45
e r r o r  (-) 1.4 0.27 1.46

0.34 1.41
Etch Time (hrs) 72.5 0.37 1.48

M«an V0 (pm hr'1) 0.142 1 70 1.37
TERM variation -7.8% 1.73 1.42

1.79 1.36
1.82 1.44
2.38 1.37
2.41 1.41
3 .25 1.44
3.28 1.38
3 .44 1.41
3.47 1.47
3 .63 1.50
3.66 1.49
3.72 1.44
3.75 1.45
3 .82 1.45
3.85 1.46

2.0 

1.8 

1.6 

_  1 .4

I  1.2
<A

|  1.0
£
e o.e 
> 0.6 

0 .4  

0.2 

0.0

I . . . . . . . -. . I . . . f

0 .0  0 .5  1 .0  1 .5  2 .0  2 .5  3 .0

p a th  le n g th  (g  c m -2 )

2 .0  3 .0

p a th  le n g th  (g  c m -2 )

path length (g cm-2)
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E v e n t  1 9 0 / 3 path leng th I
A s s ig n e d  Z  91.5 (9 cm'2) (microns hr ’)

e r ro r  (+) 1.2 0.21 1.64
e r ro r  (-) 1.6 0 .23 1.66

0 .48 1.65
Etch Time (hra) 46 0.51 1.65

Mean V0 (>ini hr'1) 0.137 0 .58 1.61
TERM variation -6.3% 0.61 1.65

0 .86 1.65
0 .88 1.63
1.27 1.67
1.29 1.72
1.75 1.72
1.77 1.65
2 .16 1.60
2 .18 1.64
2 .53 1.73
2 .55 1.68
2.67 1.65
2 69 1.64
2 .84 1.66
2.86 1.72

E v e n t  1 9 6 / 1 2 path leng th VT |
A s s ig n e d  Z  89 .6 (9 cm'2) (microns hr ’)

e r ro r  (+) 1.7 0 .26 1.69
e r r o r  (-} 1.3 0 .29 1.69

0 .49 1.63
Etch Time (hr*) 46 0.51 1.71

Mean V0 (fim hr'1) 0.137 0 .64 1.54
TERM variation -6.3% 0.66 1.55

0 .97 1.67
1,00 1.68
1.34 1.84
1.37 1.69
1.90 1.76
1.92 1.77
2 .38 1.86
2.41 1.82
2 .75 1.69
2 .78 1.72
2 .90 1.64
2.92 1.74
3 .05 1.76
3.07 1.82

E v e n t  1 9 6 / 1 8 path leng th
V'  I

A s s ig n e d  Z  88.2 (g cm'2) (microns hr )
e r ro r  (+) 0.7 0 .26 1.16
e r r o r  (-) 1.6 0 .28 1.20

0.47 1.14
Etch Time (hr*) 72.5 0 .50 1.19

Mean VG (jim hr'1) 0.142 0 .62 1.20
TERM variation -7.8% 0.64 1.31

0 94 1.17
0,97 1.24
1.31 1.18
1.33 1.19
1.85 1.23
1.87 1 24
2.32 1.18
2.34 1.21
2.68 1.17
2.70 1.23
2.82 1,15
2 .85 1.22
2.97 1.17
2 .99 1,23

c
&o
E

0.0 0.5 1.0 1.5 2.0 2.5

path length (g cm-2)

3.0 3.5

2.0
1.8
1.6
1.4

■
JC 1.2mcp 1.0
&
£ 00o

> 0.6
0.4

0.2
0.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

0.0 0.5 1.0 1.5 2.0 2.5

path length (g cm-2)

3.0 3.5
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E v e n t  2 9 / 1 3 pathtongth V. I
A s s ig n e d  Z  93 .6 (g c m 2) (microns h r ')

e r ro r  (+) 0.9 2 .07 1.84
e r r o r  {-) 1.2 2 .09 1.78

2 .62 1.85
Etch Time (hr*) 42 2 .65 1.73

Mean Vs  (Mm hr'1) 0.165 3 .22 1.90
TERM variation 1.0% 3 24 2.03

3.70 1.88
3 .72 1.93
3.81 1.80
3.83 1.67
4.03 1.98
4 .0 5 2.00
4 .17 1.76
4 .19 1.81
4.31 1.83
4 .34 1.82
4 .46 1.86
4 .48 1.79
4 .64 1.94
4 .66 1.89

E v e n t 2 9 / 1 9 path leng th V> I
A s s ig n e d  Z 89.8 (g cm 2) (microns h r ')

e r ro r  (+) 1.2 1.74 1.33
e r r o r  (-) 1.5 1.77 1.21

2.21 1.37
Etch Time (hrs) 42 2.23 1.43

flrivan V j (pin iifS) 0.165 2.71 4 A A 1 .**•*
TERM variation 1.0% 2.73 1.55

3.12 1.41
3.14 1.47
3.21 1.43
3.23 1.28
3.39 1.50
3.41 1.49
3.51 1.46
3 .54 1.40
3.84 1.41
3.86 1.29
3.76 1.37
3 .78 1.39
3.91 1.46
3 .93 1.43

E v e n t 4 0 / 9 path leng th ^  I
A s s ig n e d  Z 88 (g cm2) (microns hr"1)

e r ro r  (+) 1.1 2.11 1.58
e r r o r  (-) 1.0 2 .13 1.71

2 .55 1.63
Etch Time (hrs) 72 2 .57 1.66

Mean V0 ()im hr'') 0.158 3 .14 1.64
TERM variation 4.8% 3.16 1.69

3.21 1.61
3 .23 1.58
3 .76 1.53
3 .79 1.58
4 .18 1.52
4 20 1.54
4 .22 1.56
4 .24 1.58
4 .3 0 1.48
4 .32 1.56
4 .53 1.55
4 .55 1.55

path length (g c m )

2.0 3.0

path length (g cm-2)

2.0 3.0

path length (g cm-2)
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E v e n t  79  / 6 pa th leng th Vr I
Assigned Z  90 .4 (g cm 2) (m iaons ( v ')

e r ro r  (+) 0.8 0 .15 1.36
e r r o r  (-) 1.0 0 .17 1.37

0.29 1.33
Etch Time (hrs) 72 0 .32 1.34

Mean V0 (pm hr'1) 0.156 1.19 1.47
TERM variation 4.8% 1.22 1.39

3.34 1.41
3.37 1.38
4 .0 5 1.41
4 .08 1.44
5 .38 1.35
5.41 1.33
5.75 1.33
5 .78 1.36
5 .89 1.41
5 .92 1.41
5.98 1.40
6.01 1.40
6.07 1.49
6.10 1.42

E v e n t  87  / 1 pa th leng th
(g c m 2)

*  I
(microns hr'1)A s s ig n e d  Z 92 .2  

e r ro r  (+) 1.3 
e r r o r  (-) 1.0

0 .05
0.08
0.14
0.17

1.85
1.93
1.70
1.79Etch Time (hrs) 68 

Mean V0 (urn hr'1) 0.144 

TERM variation -13.4%
0 .32
0 .35

1.65
1.84

2.31 1.82
2.34 1.85
3.03 1.72
3.06 1,95
3.67 1.76
3.70 1.91
4.88 1.74
4.91 1.81
5.64 1.66
5.67 1.75
5.82 1.56
5.85 1.74
5 .86 1.64
5.89 1.84

E v e n t  1 4 2 / 1 1 path leng th Vt |
A s s ig n e d  Z  91 .5 (g cm '2) (microns h r 1)

e r ro r  (■*■) 1.3 0.07 1.72
e r r o r  (-) 1.1 0 .09 1.76

0.17 1.84
Etch Time (hrs) 42 0 .19 1.79

Mean V0 (Min hr'1) 0.144 0.73 1.85
TERM variation 6.7% 0.75 1.79

1.23 1.72
1.25 1.73
1.74 1.83
1.76 1.83
2.21 1.84
2 .23 1.85
3.37 1.93
3.39 1.92
3 .79 1.98
3.81 1.98
4 .08 2 .03
4 .10 2.04
4.21 1.86
4.23 1.84

path length (g cm-2)

3.0

2.5

P  2.0 
k.JZ

1 15 
I
5  1.0 

0.5  

0.0

N— M -f— H j

0.0 1.0 2.0 3.0 4 .0  5.0 6.0 7.0

path length (g cm-2)

2.0 3.0 4.0

path length (g cm-2)
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E v e n t  8 7 / 9 path leng th V. I
A s s ig n e d  Z  90 .3 (g c m 2) (microns hr )

eiT or (+) 0.» 0 .04 1.50
e r r o r  (-) 1.4 0 .05 1.52

0 .10 1.56
Etch Dm* (hr*) 68 0 .12 1.45

M unVofM m hr'1) 0.144 0 .22 1.41

TERM variation -13.4% 0 .24 1.40

1.59 1.50
1.61 1.39
2 .09 1.53
2 .10 1.45
2 .52 1.49
2 .54 1.47
3 .36 1.42
3.38 1.48
3 .88 1.45
3 .90 1.50
4.01 1.44
4 .02 1.44
4 .04 1.48
4 .06 1.34

E v e n t 1 0 5 / 1 5 path leng th Vt |
A s s ig n e d  Z 91.2 (a c m 2) (microns hr ’)

e r ro r  (+) 1.3 0 .04 1.57
e r ro r  (-) 1.2 0 .06 1.71

3.15 1.64
Etch Time (hra) 42 3.17 1.81

Mssn V0 (fiffi hr"’) 0.165 3 21 1.59
TERM variation 1.0% 3.23 1.66

3.28 1.66
3.30 1.64
3.41 1.61
3.43 1.72
3.66 1.57
3.68 1.84
3.73 1.58
3.75 1.66
3.89 1.64
3.91 1.84
4.21 1.60
4 .23 1.73
4 .24 1.66
4 .26 1.75

E v e n t  1 0 6 / 2 path leng th
(g cm*)

Vt |
(microns h r ')A s s ig n e d  Z  87.8 

e r ro r  (+) 0.« 
e r ro r  (-) 0.9

1.19
1.21
1.63
1.66

1.98
1.97 
2 .20
1.98Etch Tima (hrs) 24

Maan V0 (jim hr'1) 0.160 
TERM variation -6 0%

2,16
2.17

1.98
2 .0 3

2 .63 2 .35
2 .65 2.31
3.11 2 .59
3 .13 2 .40
3.24 2.57
3.26 2.68
3 .46 2.39
3 .48 2.38
3.55 2 .46
3.58 2 .39
3.84 2.43
3.86 2.48
3.93 2.57
3.95 2.52
3.99 2.82
4.02 2.91
4 .12 2.90
4.14 2.77

2 .0  3 .0

path length (g cm-2)

1 .0  2 .0  3 .0  4 .0  5 .0

path length (g cm-2)

1 .0  2 .0  3 .0  4 .0  5 .0

path length (g cm-2)

9 M im
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Even t 1 4 6 / 1 0 path leng th I
A s s ig n e d  Z  89.1 (g cm'2) (microns hr')

e r ro r  (+) 1.2 3 .18 1.57
e r r o r  (-) 1.2 3 .20 1.58

3 .22 1.64
Etch Time (hre) 62 3.24 1.59

Mean V0 (nm hr'1) 0.152 3.77 1.61
TERM variation 3.3% 3.79 1.61

3.84 1.60
3.86 1.73
3.88 1.62
3 .9 0 1.65
4 .0 3 1.70
4 .0 5 1,91
4 .10 1.58
4 .12 1.57
4 .1 8 1.61
4 .2 0 1.60
4 .3 3 1.67
4 .35 1 .60
4 .4 0 1.71
4 .4 2 1.66

E ve n t 1 7 5 / 8 path leng th V, |
A s s ig n e d  Z  93 (g cm2) (microns hr’)

e rro r  (+) 0.9 0 .1 9 1.85
e r ro r  {-) 0.9 0 .2 3 1.78

3 .37 1.93
Etch Time (hn) 72 3.41 2 .03

Mean Vg ()iin h r1) 0.158 4 .35 1.87
TERM variation 4.8% 4.39 2.01

4 .4 7 1.76
4.51 1.84
4 .5 3 1.76
4 .57 1.84
5 .73 2.01
5 .76 1.98
5 .7 9 1.88
5.82 1.91
5 .85 1.82
5 .8 8 1.91
5.97 1.99
6 .0 0 2.04
7.28 2.02
7.31 1.94

Even t 2 0 9  / 3 p a th leng th I
Assigned Z  90.3 (g cm'2) (microns h r')

e r ro r  (+) 0.7 0 .78 1.31
e r ro r  (-) 2.0 0 .8 0 1.35

0 .8 5 1.35
Etch Time (hr*) 62 0 .86 1.45

Mean V0 (nm h r1) 0.152 1.69 1.18
TERM variation 3.3% 1.71 1 .20

1.91 1.23
1.93 1.33
2.04 1.37
2.06 1.44
2.34 1.21
2 .3 6 1.16
2.59 1.27
2.61 1.30
2.68 1.32
2 .7 0 1.31
2 .7 2 1.41
2.73 1.40
2 .8 7 1.33
2.89 1.39

2.0

1.8

1.6

— 1.4

-C 1.2

i 1.0
u
E.

00o

> 0 .6

0.4

0 .2

0.0

0.0 1.0 2.0 3.0 4.0

path length (g cm-2)
5.0

path length (g cm-2)

path length (g cm-2)
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E v e n t 1 2 7 / 1 2 path lang th Vr I
A s s ig n e d  Z 90 2 (g c m 2) (microns hr 1)

e r ro r  (■*■) 1.1 3.32 1.54
e r r o r  (-) 1.0 3.35 1.63

4.01 1.42
Etch Tim* (hr») 02 4.94 1.60

M«an V0 (Mm hr'1) 0.152 5.05 1 4 5
TERM variation 3.3% 5.09 1.56

5.25 1.49
5 2 9 1.60
5.65 1.56
5.68 1.60
5.69 1.52
5.73 1.59
5.84 1 52
5.88 1.64

6.14 1.43
6.17 1.54
6 .58 1.62
6.61 1.64

E v e n t 1 2 7 / 1 8 path leng th *  I
A s s ig n e d  Z 91.7 (9 cm '2) (micfons hr')

e r ro r  (+) 1.0 2 .26 1 68
e r r o r  (-) 1.2 2 .27 1.64

3.33 1.60
Etch Tim« (hr») 62 3 .35 1.73

mSan Vq ¡|1R) mT ) 0,152 O AO o . i a i  02
TERM variation 3.3% 3.45 1.58

3 .56 1.67
3 .58 1.65
3 .83 1.70
3 .85 1 66
3.87 1.64
3 .88 1.65
3 9 7 1.64
3 .99 1.61
4 .17 1.52
4 .1 9 1.61
4 .47 1.63
4 .49 1.70

E v e n t 1 3 0 / 1 6 path leng ih Vt |
A s s ig n e d  Z 87.7 (9 cm2) (microns hr |

e r ro r  (+) 0.9 0.11 1.22
e r r o r  (-) 1.3 0 .1 3 1.21

0 .17 1.19
Etch Tim* (hr*) 72 0 .19 1.24

Mean VQ ()im hr’1) 0.161 0 .24 1.20

TERM variation 2.6% 0 .2 6 1.16
0 .77 1.19
0 .79 1.22
1.29 1.27
1.31 1.28
1.85 1.19
1.87 1.21
2 .87 1.16
2.89 1.20
3.49 1.18
3.51 1.18
3.69 1.20
3.71 1.16
4 .27 1.19
4 .2 9 1.20

2 .0  3 .0  4 .0  5 .0

p a th  le n g th  (g  c m -2 )

2 .0  3 .0

p a th  le n g th  (g  c m -2 )

5 .0

2.0 

1.8 

1.6 

„  1.4

i  1.2
V)
o 1.0 
o
E  0.8 

> 0.6 

0 .4  

0.2 

0.0
0 .0  1 .0  2 .0  3 .0

p a th  le n g th  (g  c m -2 )

4 .0

—i 
5 0
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E v e n t 2 3  / 18 pathlength Vt I
A s s i g n e d  Z 9 1 .9 ( g e m 2) (microns h r ')

•rror (+) 0.8 0 .1 3 2 .01
error (-) 0.7 0 .1 5 2 .1 2

0 .2 1 1 9 8
Etch Time (hr*) 

Mean V0 (pm  h r '
46 0 .2 3 2 .0 8

0.152 0 .2 9 2 .0 5

TERM variation - 0 .31 2 .0 9

0 .9 7 2 .0 6
1 .0 0 2 .2 6
1 .0 5 2 .1 3
1 .0 8 2 .4 5
1 .5 3 2 .1 1
1 .5 6 2 .2 4

2 .7 8 2 .2 9
2 .8 0 2 .3 5
2 .9 0 2 .3 6
2 .9 2 2 .4 0
3 .4 2 2 .3 6
3 .4 5 2 .51

3 .5 0 2 .4 4
3 .5 2 2 .5 2
4 .0 7 2 .5 6
4 .0 9 2 .6 6
4 .4 6 2 .4 5
4 .4 9 2 .5 2

4 .5 4 2 .51
4 .5 7 2 .6 3
4 .5 8 2 .4 6

4 .6 1 2 .6 3
4 .6 7 2 .6 6
4 .6 9 2 .6 9

4 .7 5 2 .5 6
4 .7 7 2 .7 2
4 .8 3 2 .7 3
4 .8 5 2 .8 9

4 .8 7 2 .6 0
4 .8 9 2 .5 0
4 .9 5 2 .5 5

4 .9 7 2 .6 5
5 .0 3 2 .5 0
5 .0 5 2 .5 5

3.5

3.0

2.5

2.0

•U
E. 1.5
>

1.0

0.5

0.0

f  i  i

0.0 1.0 2.0 3.0 4.0
path length (g cm-2)

5.0 6.0
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Appendix C: UHCRE Stack Locations

Tray
Location

Tray
Number

Cylinder
Number

Stack Labels

A2 A29 43 039A 037A 035A 036A
50 153B 204C 186C 152B
40 034A 033A 032A 031A

A4 A18 36 141A 209A 142 A 138 A
04 169B 195C 194C 168B
21 100A 102 A 095A 099A

AIO A6 22 085A 084A 082A 083A
07 165B 206C 200C 164B
23 075A 076A 079A 081A

B5 A13 29 030A 028A 027A 029A
11 I51B 185C 184C 150B
30 026A 025A 023A 024A

B7 A22 38 086A 087A 088A 093A
39 166B 198C 199C 167B
37 096A 089A 090A 094A

C5 A15 31 019A 020A 021A 022A
12 148B 183C 203C I49B
32 015A 016A 017A 018A

C6 A ll 25 146A 064A 058A 055A
09 157B 217C 205C 159B
24 050A 061A 062A 054A

C8 A27 46 145 A 135 A 134A 143 A
56 181B 220C 218C 179B
47 147 A 212A 211A 144 A

C ll A20 51 112A 115A 116A 118A
41 172B 213C 214C 174B
48 110A 113A 114A 111A

Dl A17 06 108 A 106 A 107 A 109 A
01 170B 201C 207C 171B
05 101A 103 A 105 A 104 A

D5 A16 08 047A 051A 049A 046A
02 156B 197C 196C 155B
14 052A 057A 056A 048A

D7 A26 45 066A 072A 068A 065A
55 161B 219C 190C 160B
44 060A 067A 063A 059A

D il A5 57 133A 131A 130A 132A
42 177B 004C 216C 176B
52 129 A 128 A 127 A 125 A

E2 A21 17 124 A 126 A 123 A 122 A
03 175B 215C 202C 173B
53 121A 120A 117A 119A

E10 A24 54 080A 078A 077A 073A
13 163B 193C 192C 162B
34 071A 074A 070A 069A

F4 A23 27 043A 042A 053A 044A
10 154B 187C 188C 158B
26 040A 038A 045A 041A
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Appendix D: UHCRE Tray Locations

T ab le  C .l  M odal tem peratures o f  UH CRE experim ental trays during
the LDEF mission.

Tray T ( °  C) Tray T ( °  C) Tray T ( ° C )  
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