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Abstract 

The decay of "He bas been well srandied for its strong grotlrrd-state to grorxncl-state, 

Garnow-Teller beta transition. RecentlyT the ~~ucl ide has been t h e  stiirjrct sf i ~ t t t - n h t *  

study as it exhi bits new, unique deca? properties reflecting an exotic nuclear struc t u ~ ~ .  

Studies have shown that "He decays weakly by beta-delayed deuteron emission while 

other, independent nscasuremeiits haye revealed a halo-Me distributiiin of tltc "He 

neutron matter. 

It has been postulated that observable quantities such as the W e  break-up prob- 

ability and the ener,ov spectrum of the emitted deuterons are sensitive probes of tile 

so-called 'Neutron Halo~henomenon. However, the two previous deterjnil~atio~~s of 

the branching ratio for deuteron emission are not self-consistent and the publislled 

particle energy spectra lack the statistical accuracy necessary for conclusive theoreti- 

cal interpretation. 

X recent study conducted at the TRIGME facility employed a coincide~ice tech- 

nique to re-measure the deuteron emission probability and to generate the energy 

spectra of the emitted particles. The branching ratio for the emission of deuterons 

above the 3.50 keV laboratory threshold has been measured to be (1.9f 0.2f O.7* lo-') 

while the deuteron energy spectrum collected with this technique shows a statistical 

improvement of better than an order of magnitude over those previously reported. 

Within this study, K- and R-Matrix nuclear reaction theories haw been utilized 

to estimate the total irrtegrakd break-up probability and to understand the observed 

decay in terms of the anomalous halo structure. 
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Chapter 1 

Introduction 

1 General 

Xuclear science is a branch of chemistry and physics that is fundamentally concerned 

with \he structural, quasi-static and dynamic properties of the atomic nucleus. A n  

important area of research in this field involves the investigation of nuclides that are 

u~lstable with respect to  nuclear decay. One radioactive nuclide that has become a 

focus of attention over the last decade is 'He. The reason for the renewed interest in 

the properties of this nuclide is twofold; first, the nuclear structure of 6He has shown 

non conformity with accepted theoretical models and, second, 6He has recently been 

observed to exhibit an exotic decay transition that has not been seen in any other 

nucleus. These two anomalies are discussed separate'] in the following sections. 

1.2 Nuclear Structure 

Since Rutherford's famous experiment of 1911 in which he discovered the existence 

of what we now call the atomic nucleus, the focus of many experimental studies has 

been to  quantify the parameter referred to as the nuciear radius. Even this seemingly 

discrete quantity is ambiguous. It is important to know whether the quantity beinq 

measured by experiment relates to the proton, neutron, or total matter distribution 

of the nuclear system. Fortunately, different experimental techniques are available 



to measure one oi- ar~otller of these cluantities independe~ltly. For esatiiple, ~ X I I I I O I I ~ I ,  

scattering. electron scattering, neutron scattering and isotope shift esperitncrlts 111;iy 

be utilized to paramaterize either rhe proton or total matter distributio~l sactii. 

When these diffel-ent esperime:~ts were conducted on the sitnle i~rtclrilr spcbc-itas. 

the results obtained for the proton and total matter distributions \ $ w e  f01111c1 to I N '  

in very close agreement. This suggested that, within the nucleus, the psotons ;t!lrl 

neutrons distribute tl~emselves in sucll a way that the ratio of the n u n l b t ~  of prot o ~ r s  

to neutrons is effectively constant over the nuclear volume. 

The equivalency between the proton and matter radii is so~newhat int~iit~ivc. \ v l ~ t b i ~  

one considers the nucleus as a fluid body. To elaborate; the motion of the n~irlt~ons 

within the nuclear potential is such that the protons and neutrons appear to distril~uttt 

themselves uniformly throughout the nuclear volume. The effect of a uniform ctistri- 

bution is to mini~nize the coulombic repulsion experienced by the positively charged 

protons. It is therefore not surprising that the lowest energy state for any ~lucleus 

is to  distribute the protons such that over any volume element, dV, the ner.ltron to 

proton ratio is constant. As a direct consequence of this nucleon ratio unifor~nity, the 

charge radius and the matter radius must be equal. 

Comparing the results of the nuclear radii over all masses, an important correlatiu~l 

was found. Inspection of the data showed that the nuclear radius is intimately lit~ketl 

to  the nuclear mass. It was discovered that over all nuclei, the number of nucleons per 

unit volume is roughly constant. This equivalency over all nuclei lead to the standard 

first order radius equation, 

R = r ,  * 
where R is the nuclear radius, A is the number of nucleons in the system and I . ,  is 

the constant of proportionality relating the two. . 

Although experimental evidence exists to suggest that this relationship does not 

hold below mass (A=10), in general terms the linearity of this relationship has been 

demonstrated repeatedly and the results have formed the basis of many nuclear force 

and nuclear structure theories. 



1.2.1 Tanihata Experiments 

IJr~til recently, nuclear radius measurements have been limited to stable or long lived 

isotopes. However, with the rapid development of radioactive ion beam (RIB) tech- 

nologies, experiments designed to elucidate the nuclear parameters of unstable species 

are now feasible. The first comprel~etisive RIB project developed with these species in 

mind was performed by Isao Tanihata and his group at Berkeley i n  1985 [I]. Their ex- 

periments were designed to measure a quantity called the Nuclear Interaction Radius 

(derived from the cross section observed for the scattering of energetic projectiles) 

and to convert this parameter into values for the proton, neutron and total matter 

distribution radii for 1-arious short lived species. 

The results of these experiments were very surprising, indeed. The investigation 

of numerous low Z nuclei indicated that some radioactive species have nuclear dimen- 

sions, specifically neutron distribution radii, much larger than the first order radius 

formula predicts. The results showed that the neutron rich isotopes of several low Z 

elements, including 6He , have neutron density distributions up to 30% larger than 

predicted by theory ("Li being the largest). In addition, this experiment reported 

the first observation of differences in the matter radii among isobars (nuclides with 

the same number of nucleons). This inequality is a direct contravention of the first 

order radius equation. 

These nuclides have since become known as the Neutron Halo nuclides. The 

interpretation of the experimental results has been that the additional neutrons above 

stability may exist as a diffuse neutron cloud surrounding a more dense nuclear core. 

The diffuse structure of the neutron distribution extends the Interaction Radius of 

these species to larger radial distances from the nuclear centre of mass. Unfortunately, 

the contemporary theories could not derive or predict the existence of such extended 

nuclear dimensions. 

This result represented a departure from the understanding of some of the basic 

elements of nuclear structure and has cast into doubt some of the underlying assump- 

tions in theoretical nuclear physics - specifically, the first order radius equation and 

the constant density hypothesis. This can be demonstrated by the number of recent 



publications designed to re-evaluate the nuclear potential and incorporate the abscrv- 

able quantities of the Neutron Halo phenomenon into their forn~alistn [2][3][4][5]. 

1.2.2 Kobayashi Experiment 

Further evidence of the neutron halo was uncovered in an experinle~lt conductt~l 1 1 ~ .  

I(obayas11i and his group at  IiEI\: 161. In this study, a lead target was bombarclt.d, 

in turn, by an ion beam of a so-called halo nuclide ("Li ) and by an ion beam of a 

stable isotope wit11 si~nilar lnass ("C ). The quantity of interest was the transvcrsr 

momentum of the nuclide fragment less two neutrons ('Li , l0C ). 

The theory behind the esperirnent was based on the uncertainty principle. If  the 

outermost neutrons truly exist as a halo then the spatial distribution of the two halo 

neu t r~ns  must be larger than the corresponding neutrons in the stable counterpart. If 

the spatial distribution of the halo neutrons is larger than for the stable species then 

the corresponding momentum spread of the halo neutrons should be lower than for 

the stable species. 

In terms of the uncertainty principle, if there is a large uncertainty in the position 

of the halo neutrons then there must be a smail uncertainty in the nomenta of those 

neutrons. By measuring the transverse ~nomentum of the 'Li and l0C fragments, the 

validity of the neutron halo hypothesis could be tested. 

The results of the experiment showed that the uncertainty in the transverse mo- 

mentum of the halo fragment ('Li ) was lower than the uncertainty in the transverse 

momentum of the stable fragment (l•‹C ) by about a factor of six. The dramatic 

difference between the range of the two fragments' transverse momenta indicates a 

significantly lower momentum uncertainty for the halo neutrons as compared with the 

stable species. From the low momentum uncertainty, a high spatial uncertainty may 

be inferred and the existence of the so-called neutron halo is confirmed indirectly. 



C'HA PTER 1. IiVTROD UC<'TIOS 

1.3 Exotic Decay 

The 'He nuclide is a radioactive, heavy isotope of helium that decays with a char- 

acteristic beta decay half-life of (0.8067) seconds [8]. In this process a %e neutron 

is converted to a proton with the subsequent emission of an electron (beta) and a 

neutrino to maintain overall charge and spin conservation. 

Prior to 1990 it was thought that the decay scheme of 6He was a remarkably simple 

one. It was believed that the 6He decay consisted of only one branch; that to the 

stable ground state of 6Li . 

On the basis of this single branch interpretation, 6He became a textbook example 

of a mono-energetic beta decay transition [24] {37]. 

In 1990, however, Riisager's group at CERN reported the first observation of an 

additional weak branch in the %e decay scheme [7]. They observed that for a cmall 

fraction of 6He decays, the beta transition was followed by the emission of a deuteron 

rather than a direct decay to  the 6Li ground state. Figure 1 .! shows the two branches 

of the 6He beta decay scheme with respect to the energy levels of the mass ( A  = 6) 

isobars 181 where the quoted energies are in MeV relative to the 6Li ground state and 

the spins and parities of the various levels are included in the figure. 

This beta delayed deuteron emission is completely unique to 6He . Of the over two 

thousand nuclides that have been produced and investigated, 6He is the only known 

example of a beta delayed deuteron emitter. 

1.3.1 Branching Ratio 

When an isotope exhibits more than one branch (or exit channel) in its decay scheme 

it is useful to characterize the strength of each branch on a normalized scale. This is 

done by measuring the probability that any one given decay will proceed through a 

given exit channel. These probabilities are commonly referred to as Branching Ratios. 



Figure 1.1: Energy levels of the mass (A=6) isobars 



Since the first observation of the exotic deuteron emission, tivo experiments have 

been performed to characterize the ( a  + d )  exit channel by determining the branching 

ratio of %e decaying to the unbound ( a  + d) state. The first, Riisager's original 

experirnent, determined the probability of 6He emitting a deuteron to be (2.5 z t  0.5) * 
(71.. The second experiment. conducted by Borge's group in 1993, determined 

the branching ratio to be (7.6 f 0.6) * [9]. 
Clearly, t,he two experimental results for the branching ratio of %e proceeding 

through the (cr + d )  exit channel do not agree. The disagreement between the tivo 

published results indicates that one or both of these deter~ninations are incorrect. In 

addition, a second quantity of interest, the energy spectrum of the emitted deutserons, 

has not been adequately measured. Although both Riisager and Borge included par- 

ticle energy spectra in their papers, the number of events in these spectra are so few 

that their inferred shapes are suspect. 

Synthesis 

The existence of the 6He neutron halo has spawned considerable activity on the part 

of nuclear theorists to  develop new models of the 6He structure that are consistent 

with the halo phenomenon. Two of the observable quantities that comprehensive 

theories will be able to predict are the 6He branching ratio to the (a + d) state and 

the energy spectra of the emitted alphas and deuterons. Therefore, the suitability of 

a particular theoretical model may be tested against the experimentally determined 

quantities suck as the branching ratio and the particle energy spectra. 

1.4.1 Theoretical Models 

Over the course of the past few years, a multitude of potential model calculations and 

many-body descriptions of the 6He nuclide have been published. One of the earliest 

models viewed the 6He structure as a two cluster system [lo]. In this description, 
6 He was assumed to exist as an alpha core and a dineutron. The dineutron cluster 

assumed that the two outermost neutrons were highly correlated, meaning that the 
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position of one neutron was dependent on the ljositiou of the seco~~d.  From t h i s  111011e1, 

a theoretical branching ratio for the (0 $ d) emission and a deuteron spectrtln~ sll;ii,c 

were extracted. It was found that the deuteron spectrum shape was not cmnsistci\t 

with the spectra collected experimentally and that the theoretical branchillg r:\tic> 

over-estimated the observed branching ratio by orders of n z q r t i t u d e . .  

In this original two cluster model the existence of the neutron halo is largely 

ignored. An alpha particle and dineutron nlodel is more or less the default i~~tc .~*pr+ 

tation of the 'He structure. The overesti~nation of the ( t u  + d) break-up by this nludcl 

is due to the fact that the Inore highly correlated the two neutrons are, the grcatc%r 

the likelihood that they will think they are a deuteron. I n  Inore academic t ams ,  tile 

more correlated the neutrons, the greater the overlap between the 6He and ( a  + d )  

wave functions. Therefore, because the branching ratio is overestimated in this two 

cluster approach and because the model minimizes the halo, the discortfa~~t result h;is 

been taken as indirect evidence of the neutron halo's existence. 

Later theoretical models have viewed the GHe structure as being a three body 

system. In this framework, the 6He structure is that of an alpha core surrountled 

by two, single neutrons. In simple terms, this rnodel views the outermost neutrons 

as being, for the most part, uncorrelated. The effect of the uncorrelated neutron 

approach is to dramatically reduce the probability of (a + d) break-up. 

The first of the three cluster models [I l l  was able to reproduce the beta decay 

probability of 6He decaying to  the 'Li ground state with a high degree of accuracy. 

However, the reported deuteron branching ratio was about an order of magnitude 

too high. Furthermore, even with the high uncertainty in the published experimental 

deuteron spectrum, the shape of the theoretically derived spectrum is not the same 

as what has been observed. 

The second of the three cluster nlodels 1131 underestimated the observed deuteron 

branching ratio by about a factor of two. However, the shape of the deuteron spectrum 

appears to agree with the experimentally collected spectrum. The low statistics of 

the experimental spectrum, though, make it difficult to draw any definite conclusions. 
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The third of the three cluster models [12] was able to reproduce the proton, neu- 

tron, and total matter distributions of Tanihata's experiment with fairly close agree- 

ment. I-Iowever, once again, the shape of the theoretical spectrum appears to be very 

different from the experitnental spectrum and, although the authors do not quote 

a branching ratio, it is clear from the spectrum that the theoretical value underes- 

timates the Borge experimental 1-alue of (7.6 f 0.6) * [9] due to the fact that 

the magnitude of the theoretical form underestimates the experimental data at all 

energies. 

The uncorrelated neutron models do uncover one item of great interest. They 

show that, even though the neutrons are treated independently, there still exist two 

configurations in which the neutrons experience a high degree of correlation. These 

occur when the two neutrons are adjacent, and when the two neutrons are on opposite 

sides of the nucleus. The authors suggest that the relative strength of these correlated 

configurations is a critical factor in the magnitude of the (a + d) branching ratio. In 

all of the three body models, the authors report that the magnitude of the branching 

ratio is extremely sensitive to the dimensions of the neutron halo. 

Summary 

The 6He nuclide has shown anomalous behavior in two ways. It has exhibited a 

neutron halo structure and it has been observed to emit beta delayed deuterons. 

Theoretical analyses of the halo structure have indicated that observable quantities 

such as the (a!+d) break-up probability and the shape of the emitted particles' energy 

spectra may be sensitive probes of the halo phenomenon. 

The two previously published results for the (a + d) branching ratio not only 

disagrze with each other but they also have not been reproduced within the theoretical 

models (See table 1.1). Furthermore? one author [I31 notes that, when integrated, the 

experimental deuteron spectrum published by Borge et a1 does not agree with the 

reported branching ratio of the same reference. 

!Vith regard to the published deuteron energy spectra, there have been many 

attempts to fit the observed spectra with theoretical forms. The results have met 
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Table 1.1: Theoretical and Experimental (ct + d) break-up probabilities 

SIETHOD / BR;\XCHIN(: RATIO / REFERETC'E 

with varying degrees of success. However, it has been suggested [:I?] that to truly test 

a theoretical model a deuteron spectrum with better statistics may be required, 

In light of the conflicting experimental values of the (a + d) branching ratio and 

the low number of counts in the published particle energy spectra, an experiment was 

performed at TRIUMF on the 'He nuclide. The goals of this experiment were to re- 

measure the branching ratio for the decay of 6He to the (a  + d) state, and to generate 

the energy spectra of the emitted alphas znd deuterons with sufficirnt statistics that 

theoretical models of the anomalous 6He structure may be accurately tested. 

In this work, the main features of the TRIUMF experiment are outlined in chapter 

two. The data analysis and results for the determination of the particle energy spectra 

and (a+ d) branching ratio are in chapters three and four, respectively, while chapter 

five outlines an attempt to fit the particle energy spectra within the framework of 

K-matrix theory - the idea being to determine the total branching ratio of the ( a  + d )  

break-up. In addition, chapter five compares some of the previously published theo- 

retical spectra with the spectra generated in this work. Finally, a general summary 

of the experiinent and its results is presented in chapter six. 

/ Ed > 390keV 
Experimental 
Experimental 
Theoretical 
Theoretical 
Theoretical 

(2.5 f 0.5) * 171 
(7.6 f 0.6) * 

2 * 1 0 4  
191 

3.5 * 1 0 4  
I101 
[12] 

3.1 * lo-" 11 :31 



Chapter 2 

Experiment 

2.1 Production 

The only naturally occurring sources of the 6He isotope are the hot, dense environ- 

ments of stellar media. When this fact is taken together with the short 6He half-life 

(806.7 ~nilliseconds) it should not be surprising that there are no terrestrial samples 

of this nuclide upon which experiments may be performed. The investigation of this 

isotope's nuclear properties thus requires a physics laboratory capable of artificially 

producing 6He in yields commensurate with the experimental goals. 

One such laboratory is the TISOL facility (TRIUMF Isotope Separator On-Line) 

located at the TRIUMF meson factory in Vancouver, Canada. The TISOL facility, 

as its name suggests, uses an ISOL or Thick-Target method for the production of 

short-lived nuclides. The main features of the TISOL isotope production system are 

illustrated in figure 2.1. What follows is a brief description of each of the major com- 

ponents involved in the TISOL process. More detailed descriptions of these devices 

may be found elsewhere [I 41 [l5] [I61 [17]. 

In the TISOL process, a beam of 500 MeV protons generated by the TRIUhiIF cy- 

clotron is focused into the TISOL target chamber. The cylindrical target chamber has 

dimensions (2in x 19in) and is filled with a stable target compound, the composition 

of which is selected beforehand based on the mass region of the desired prdduct. 

When the energetic protons collide with the stationary target nuclei, spallation 



Figure 2.1: Main features of the TISOL isotope production system 
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a:d f r a~rnen ta t io~~  processes are i!lriuced. The result of these nuclear reactions is the 

creation of ritrirjus fragmel~t isotopes, includir~g a multitude of atornic and ~nolecular 

species. wit11 isotopic masses rasging from A = l  up to the cnrnbined mass of the 

projectile arid tarzet liuc!ei involi-ed in the reaction. Typically, the target chamber 

is Iieatecl to iitront 2000 degrees Iielvin. In this high temperature environment, the 

created species diffuse out of the target chamber and into the TISOL Ion Source area 

via a transfer line. 

For this particular esperime~it, an Electron-Cyclotron Resonance (ECR) source 

was utilized t c  iotlize the products formed in the protonltarget interaction. In  this 

device. a s~naif sarnyfe of inert gas. t-pically Argon or Krypton, is introduced to the 

EC'R chamher. This gas is ionized by a radio-frequency pulse supplied by an RF 

generator. The energ! of the pulse arid the shape of the magnetic field applied to the 

ECR ionization chamber are designed to circulate the free electrons at their cyclotroll 

resonance frequency. IVhat develops is a gas plasma containing electrons and ions 

bound by the applied magnetic field. \Vhen an isotope created in the target chamber 

diffuses into this plasma. collisions between the energetic electrons and the reaction 

products cause the isotope to be converted to its ionic form. 

Once in a charged atomic (or perhaps ~nolecular) state. the species are withdrawn 

from the ion source by the applicatioii of an electric field to the system through an 

extraction electrode (EE), The extracted nuclei are then focused into a manageable 

beam and transported. using various electromagnetic devices, to the TISOL Mass 

Analyzing Magnet. 

The mass analyzer is simply a large dipole magnet. When a charged species enters 

t h e  dipole field of the magnet, its direction of propagation will be bent in a circular 

path with a radius of curvature defined as: 

where p . q , rn . v are the particles momentum, ionic charge, mass, and velocity, 

respectively. and B is the magnitude of the applied magnetic field. Knowing that 

all species. regardless of mass, are extracted at a constant potential V , the kinetic 



energy of particle ( i  ) is sinlpl?: 

Fro111 this equation it can be sltown that all species ivitli the same ~nass-  to-cll;trSt\ silt i t ,  

( .A/q ) also have the same \.elocity 11 . Substitution of this res~llt back illto c ' c l ~ l i t t i c , u  

2.1 suggests, then. that all species wit11 the same (.\/'I ) ~-;t l~le \ \ . i l l  Iw I W I I  \ \ l t l l  

the same radius of curvature in a constant magnetic field. Therefore, by atljtrsti11~ 

the current in the dipole magnet. a radius of curvature may be selectctf for \\llicll 

only those species with the appropriate ( X / q  ) will be transmitted tlirouglt the tlipule 

magnet. In this way, beam contanlinants are removed from the product of i11tert.st at 

the mass analyzing stage of the TISOL radioactive bean1 production sequrnre.  

From the niass analyzer. the resultant beam is directed and focused by r lectro~~l~tg-  

netic elements and transported to a low background experinlental area \vllcre pl~h sics 

and chemistry experiments can be performed. 

For the 6He experiment, development tests indicated that high yields of ''lief 
were obtainable with a variety of target materials including Zeolite, Thorium-Carbid(>, 

[lranium-Carbide. and Carbon graphite. However, it was also discovered (froill the 

beta half-life spectra) that the heavier mass target materials (Zeolite, Thorium- 

Carbide, Uranium-Carbide) yielded "Ye3+ in appreciable quantities. The prol)lenr, 

then, is that 18Ne3+ having the same ( A / q  ) as 6 H e + ,  was not separated from thc 

ion beam by the mass analyzing magnet. Since ''Ne3+ is radioactive ( a  beta einit- 

ter), large quantities of this isotope would seriously hamper the 6He experiment. 

Consequently, the target utilized for the production of 6He was the Carbon graphite 

material. This target did not produce '* Ne3+ upon proton bombardment, 

Experimental results have indicated that the yields of 6He achieved at  the Data 

Acquisition centre were on the order of lo7 nuclei per second for every micro-amp of 

proton beam extracted from the cyclotron, 



2.2 Detector End Station 

The Iturifiert "Ne beam transmitted through the TISOL mass analyzer was directed to 

the Data Acquisitio~i area housing the detector stations. The radioactive beam passed 

through an 8mm co!limator and \\.as deposited into thin carbon foils (thickness = :35 

pg/cnt2  ). The carbon implantation foils were mounted on aluminum cards which 

were tl~emsel\.es mounted on a rotating wheel. Three separate detector stations were 

located at successive 90 degree intervals from the ion implantation position. The wheel 

was designed to rotate a 6He implanted foil from the collection position through to 

each detector station before being re-exposed to the ion beam. By mounting four foils 

with 90 degree relative spacing about the circumference of the wheel, at any given 

time oue foil was being implanted with the 6He activity while decay events from the 

other three foils xere recorded at each of the three detector stations [18]. 

The movement of the wheel was  controlled by a stepping motor. In general, 

the wheel holding time at  the i~nplantation/detection positions was set at about 1.1 

seconds. The time interval for each 90 degree rotation was measured to be between 

0.20 and 0.25 seconds. 

At each of the detector stations, the 6He sample was rotated into position between 

a pair of coaxial, opposite facing, charged particle detectors. These detectors were 

thin (10.6 to 30 pm ), surface barrier silicon detectors with their thicknesses chosen 

to preferentially detect alpha and deuteron particle events within the high beta field. 

In addition to the particle (alpha and deuteron) detectors, the first detector sta- 

tion housed a Beta telescope detector and a second silicon detector to facilitate beta 

particle determinations. The beta telescope consisted of a thick (500 pm ) surface 

barrier silicdn detector and a lmrn thick Germanium crystal. The beta telescope was 

mounted directly behind one of the opposite facing particle detectors while the second 

beia counter, a 500 pm silicon surface barrier detector, was mounted immediately be- 

hind the other particle detector. Figure 2.2 shows a schematic diagram of the three 

detector stations used in this experiment. In addition, the figure shows the detector 

designations that will be used for the bulk of this thesis. 

Due to the short half-life of 6He (806.7 ms) with respect to the wheel hold/move 
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STATION (1) 

STATION (2) 

STATION (3) 

D6 D5 

Figure 2.2: Detector Arrangement and Designations a t  the three counting statio~is 



duration ( 1  .:3 seconds) the most useful data for both the particle energy spectra and 

the ( a  + 11) branching ratio were recorded at the first detector station. Except where 

otherwise indicated. the analysis and discussion in this work refer to data acquired at 

detector station ( I ) .  

The entire detector array was encased within a sealed aluminum vacuum chamber. 

The vacuum levels at the detector end station were consistently better that torr 

over the %e experimental runs. 

2.3 Electronics 

Signals produced in the particle detectors ( D l  through D6) were preamplified and fed 

to the input ports of two main amplifiers. One , mplifier shaped the input pulse for 

:3ps with the subsequent unipolar output pulse fed directly into one of the input slots 

of the Analog to Digital Converter (ADC). This process provided the energy signature 

of the charged particle event. The other main amplifier shaped the input pulse for 

ips with the bipolar output used as the timing signal for the event. The reference 

point of the tinling signature was taken to be the zero-crossing point of the bipolar 

pulse. 

Each bipolar timing output was fed into two discriminators set in parallel. The 

Upper Level Discriminator (ULD)  threshold was set to pass events with energies in 

excess of about (250 keV) on an alpha energy scale. The Lower Level Discriminator 

(LLD) was set to pass events with energies in excess of approximately 50 keV on an 

alpha energy scale. 

Signals in any particle detector (Dl  to D6) passing through the LLD were fed 

into the Time to Digital Converter (TDC) with each detector having an individual 

'START'. The ULD outputs for the six particle detectors were combined in a logical 

'OR' to generate a master trigger for particle events. The master trigger output was 

subject to a wheel movement and computer busy 'VETO' with the idea of eliminating 

electronic noise due to the operation of the stepping motor, and to suppress electronic 

pile-up in the data acquisition computer. The master trigger opened the ADC gate 

and provided a common TDC stop after a 700 qs delay. The master trigger was 



CHAPTER 2. E S P E R l I  IE:'JT 

also fed into one input of the C212 CAMAC unit, providing a particle e\.ta~lt L t l l l  

(Look-At-Me) that instructed the CA31AC to begin its data reading protocol. 

Signals i n  the L E  conlponent of t l ~ e  beta telescope were preamplified and fed irlto 

the input slots of two lnain amplifiers. One amplifier shaped the pulse for lps n ~ l c l  

was fed into t h e  XDC for an energy reference. The second amplifier shaped the 1)11lst> 

for 0.5 ps with one of the outputs going to the TDC, while the second was fed illto a, 

beta coincidence unit. 

Signals in the E component of the Beta telescope were preamplified and formed 

the input signal to one main amplifier. The amplifier shaped the signal for 0.5 11s wit  l i  

the unipolar output going directly to the ADC. One of the amplifier's bipolar outputs 

was fed into the TDC while a second bipolar signal was combined with the bipolar 

output of the AE detector at the coincidence unit in a logical 'AND'.  One logicill 

output signal from the beta coincidence unit was subject to the wheel movement and 

computer busy 'VETO' and provided a common stop. The second logical output 

provided a beta event gate for the CAMAC through a second slot in the C212 unit. 

A precision pulser signal was presented at the test input of each preamplifier over 

the course of the experiment. The pulser signal provided a pulser event gate to. the 

CAMAC through a third slot in the C212 unit. The pulser generated signals at the rate 

of 10 Hz and proved to be a useful monitor of detector drift and gain changes over the 

experimental runs. Figure 2.3 shows a schematic diagram of the principal features of 

the data acquisition electronics. Events were processed via standard CAM AC protocol 

on an event-by-event basis and written to 8mm magnetic tape for subsequent analysis 

off-line. 

Beam Purity 

The purity of the 6He ion beam was tested by monitoring the beta activity at the 

data acquistion area. This was performed with the collection/hold time of the wheel 

set a t  ten seconds to allow for long lived background contaminants to be observed. 

The number of events detected in the beta telescope was plotted as a function of t h e  

to enable a half-life determination. The observed spectrum was fit to a function of 
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Figure 2.3: Electronics set-up for 6He experiments 
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the form, 

'4 = -4" * esp(-X * T) + C 

where A", \ .  L:rid C were allowed to vary freely. 

The results of the fit in this beam purity run are shown in figure 2.4. The tit t t ~ l  

half-life of the decay was found to be (0.810 f 0.008) seconds; wllich is i n  cscellt~l~t, 

agreement with the literature value of (0.8067 f 0.0015) 181 seconds for the half-life 

of %e . From this beam purity run it was concluded that the ion beam extracted a t  

a mass-to-charge ratio of ( A  = 6) from the graphite target was exclusively 'lie and 

very nearly background free. 



-. 
I / m e  (seconds) 

Figure 2.4: Beam Purity half-life test at mass-to-charge ratio ( A  = 6) 



Chapter 3 

Particle Energy Spectra 

Energy Calibrations 

The calibration of particle detectors D l  and D2 on an alpha particle energy scale was 

accomplished with the beta-delayed alpha lines of "N (1.081 and 1.409 MeV) [IS] a ~ t d  

the 3.182 MeV alpha decay line oi1-18Gd . The "N source was produced at the TISOL 

facility from a zeolite target and monitored in the detector station under conditions 

identical to those of the 6He runs. The 14'Gd source was a calibrated standard that 

was nlounted onto an aluminium holder and periodically inserted into the detector 

array over the course of the experiment. 

Before entering the depletion region of one of the particle detectors, D l  or D2, 

an alpha particle emitted by the 18N source must pass through a portion of thc 

Carbon implantation foil and through the Gold surface barrier layer of the detection 

device. Similarly, and alpha particle emitted by the 148Gd source must pass through 

a portion of the finite Gadolinium source itself and.through the Gold surface layer 

of the detection device. In each of these steps, the kinetic energy of the transmitted 

alpha particle will be degraded by an increment dependent on the thickness of the 

barrier and the atomic number of the material involved. Because of these eilergy 

degradations, an energy calibration curve can not be determined simply by plottiztg 

the literature energy of the alpha line versus the ADC response of the detector. The 

energies of the alpha lines must be corrected for losses encurred prior to detection i n  
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GOLD GOLD 
Figure 3.1: Alpha particle's path to detector depletion region 

the depletion region of the particle detectors. Figure 3.1 shows a schematic diagram 

of a particle's path to the depletion region of detector Dl. To correct for the alpha 

particle energy losses, the monte carlo program, TRIM (231, was used to calculate the 

i~nplantation depth of 18N nuclei into the Carbon collection foil. The result of the 

calculation indicates that the mean depth of implantation for 12 keV 18N nuclei into a 

1Opg/cm2 carbon foil is 3,ug/crn2 . Therefore, knowing the Carbon foil thickness and 

the implantation depth it can be shown that an alpha particle emitted in the decay 

of l8N must pass through 3,q/crn2 of Carbon prior to detection in Dl ,  and 7 p g / c m 2  

of Carbon prior to detection in D2. The same program has suggested that, due to 

straggling, the implantation depth is uncertain by about 33%. 

The thickness of the Gold surface barrier layer, for both D l  and D2, is reported 

in the manufacturers' specifications as being 40 pg /cm2 . Therefore, in order to 
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Table 3.1: Corrected energy of calibration sources due to losses encurrcd i u  C'arbon, 
Gold and Gadolinium 

Cali brat ion 
Energy(D2) 

(keV) 

1053.6 f 6 
1382 f 6 

3167.3 i 2 

construct a calibration curve, the energy of the ''N alpha lines must Ix correctcd 

for energy losses in 3pg/cna2 of Carbon plus 40 of Gold for detector D l  and 

7 p g / c m 2  of Carbon and 40 pg/crn2 of Cold for detector D2. 

Again, the TRIM program was used to calculate the energy losses encurred by an 

alpha particle passing through (the appropriate thicknesses) of Carbon and Cold as 

a function of alpha particle energy. Figure 3.2 shows the results of this ~nonte caslo 

calculation for detector D2 with the barrier thicknesses included in tile figure. Here, 

it should be noted that the energy loss calculations for the emitted alpha particles 

have not been adjusted for possible effects due to the system geometry and crystal 

'channeling'. 

From these curves, the total energy losses at the two lsN alpha particle energies 

were extracted. The energy of the alpha particle when it enters the depletion regiort 

of the detector can thus be determined by subtracting the calculated energy loss 

value from the published value of the alpha energy lines. This new value became the 

Calibration Energy of the alpha particle for the detectors' energy response. 

A procedure completely analogous with the above description was conducted for 

the Ig8Gd alpha line. In this c a e ,  though, energy losses in Carbon were replaced by 

energy losses in Gadolinium. 

The results of the calibration energy corrections for both Dl and D2 as well as 

the final Alpha Calibration Energies are listed in Table 3.1. The uncertainties in the 

corrected Calibration Energy values are largely due to uncertainties in the Carbon 

foil thickness, beam implantation depth and Gadolinium source thickness. 
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TOTAL ALPHA ?ARTICLE ENERGY LOSS 
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ALPHA ENERGY ( M ~ v )  
Figure 3.2: Alpha particle energy losses to detector D2 as a function of energy for 18N 

emissions 



Table 3.2: XDC channel response to the calibration sources in U1  ;md I):! 

Table :3.:3: Calibration points for particle detectors D l  and DL' 

The actual 18N alpha peaks recorded in D l  and D2 were fit to a ~auss i i in  $ I I ; ~ J H .  

with the centroid XDC channel and Full Width at Half 3Iaximum (F\VI-111) l )v i~ig  

output parameters from the fit. .An identical procedure was followed for the "'HCI,l 

Energy (keV) / Channel 

1060.7 i 6 526.0 f 0.7 

peaks and from t.hese fits the XDC channel correspondi~lg to the specific calibration 

Energy (kev)  I Channel 

1053.6 f 6 / 477.3 f 0.6 

energy of each source was extracted. Table 3.2 lists the alpha peaks and ADC response 

information gathered in both detectors. 

From the experimentally determined XDC detector response to the alpha emissions 

and the corrected final Calibration Energies, energy calibrations of the detectors' 

Depletion Regions were derived. Table 3.3 lists the corrected final Calibration Ewrgies 

and corresponding ADC response channel for each of the peaks in both detectors 1) 1 

and D2. Assuming that the pulse height recorded in the depletion region is a liric!ar 

function of particle energy, the calibrations for the depletion regions of D 1 a ~ t d  I)? 

were calculated. As an example, the calibration curve for detector D2 is sliow~t i n  

figure 3.3 while the results of the linear fits for f)i and D2 are listed in tabie 3.4. \lii~h 

these calibrations of the ADC response, particles detected in the depletion rrgioll r l f  

D l  and D2 may be converted to detected energy from the appropriate caliLratio~~ 



02 ADC CHANNELS 
Figure 3.3: Calibration of D2 depletion region based on corrected source energies and 
D2 -4 DC response information 
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Table :3.4: Summary of depletion region calibrations based 0 1 1  an ass1111itd 1 i t l t b ; i r  

response 

conversion. 

Detector 

Dl 
D2 

3.2 Gadolinium Break Through 

The thickness of detector Dl  was insufficient to conlpletely stop the alpha p r t i c l t ~ s  

emitted in the decay of '"Gd . This fact is demonstrated by the obvious break 

through in figure 3.4. The gaussiau fit to this peak included only those points i l l  the 

14'Gd spectrum close to  the the observed maxirnum. It was not clear tbat this pcak, 

and hence this calibration point, could be rejected on the basis of the break tllsot~gli. 

Slope (keV/ch) 

1.955 i 0.007 
2.188 f 0.005 

If the break through shifted the peak maximum, a correspondigiy large peak width 

would be expected for the fit. It Isas found that the ratio of the 14'Gd peak width t,o 

the 18N peak widths were identical for D l  and 0 2 .  It was therefore concludecl that 

the 148Gd peak width was not broadened due to the break through and that the 148RGd 

calibration point for D l  was, in fact, reliable. 

Offset (keV) 
- 
1 0 f  1 1  
10 f 10 

3.3 6 ~ e  Particle Energy Correction 

As was the case with the I8N alpha lines, the alphas and deuterons emitted in  the 

decay of 6He must pass through the Carbon foil and Cold surface barrier layers prior 

t o  detection in the depletion regions. Therefore, the energy of the event detected in 

the depletion region must be augmented for particle energy losses encurred in the 

Carbon and Gold. 

The monte carlo program, TRIM, was used to  calculate the mean 6He implantation 
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DETECTOR 

ADC CHANNELS 
Figure 3.4: ADC response of detector D l  to 3.183 MeV alpha emitted in the decay 
of 14'Gd 



depth into a 35 pg/crnL Carbon foil with the beam energy set at a coilstant. 12 1wL'. 

The result of the calculatio~l indicates that the depth of implantation was 2-!pg/c-rttJ 

- meaning that particles detected in D l  passed through t '4pg/cnt2 of Carbon wl t i lV  

particles detected in  D':! passed through 1 l p g / c m 2  of Carbon. I11 \mt.h cases the sa~nt'  

particles also pass through the 40 p S / ~ 7 1 2 L  Cbld surface barrier. layer before o~\tr>l.i l lg 

the depletion region. 

Once again, TRI l I  was used to cor~struct energy loss curves for each of tlw part ic.1~3 

types (alpha and deuteron) as a fu~~ct ion  of emission energy. As an example, f igu t~  

3.5 shows the energy loss curves deterlnined by this method for alpha particles r 1 1  

route to detector D2. 

The alpha and deuteron spectra spa11 a large energy range, therefore corrertio~zs 

for particle energy losses must be applied over the entire spectrum rather tltnn at 

discrete points as was the case for the lsN and '"Gd corrections. To clo so, the total 

energy loss curve (Eloss in Carbon + Eloss in Gold) was fit to an energy dcpentfent 

function. It turned out that the best way to accomplish this was to  fit the low energy 

part of the energy loss curve to a polynomial in energy, and to fit the higli ent:rgy 

part of the total energy loss curve to  a function linesr in energy. As an example, the 

functional fit to the total energy loss curve for alpha particles on route to D'2 is sho~v~i  

in figure 3.6 with the functional form of the best fits shown in both the low and high 

energy regions. 

The energy correction procedure was to compare the detected energy of the par- 

ticle, in this case an alpha in D2, with the setpoint energy value (the point at  which 

the low and high energy fitted functions cross). If the detected energy was larger tha,n 

the setpoint, the linear correction was used and if the detected energy was below the 

setpoint, the polynomial correction function was employed. For each detector and 

both particle types the polyno~nial correction was of the form: 

Where A, B and C were allowed to  vary freely in the fit and N was the order of the 

polynomial that best approximated the low energy portion of the curve. The high 
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ALPHA ENERGY (keV) 
Figure 3.5: 6He alpha particle energy losses in the Carbon foil and Gold layer prior 
to detection in the calibrated depletion region 
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ALPHA ENERGY (keV) 

Figure 3.6: Nigh energy polynomial and low energy linear fit to D2 alpha particle, 
energy correction curve 
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Table 3.5: Parameter values for the particle energy correction curves of Dl and D2 

SPECTRUM / Pol y nornial 

Table 3.6: Paramater values for particle energy corrections in Dl and D2 

- 
Dl Alphas 
Dl Deuterons 
D2 Alphas 
D2 Deuterons 

SPECTRUSI 1 L' lnear 
I -11 I b , 

D2 Alphas -7 f 1 )  * 42 f 2 

energy correction was of the form: 

iv 
:3 
2 
3 
2 

,4 
(1.1 i 0.2) * lov7 

(- 1.3 i 0.6) * 10-"20 
(3.7 i 1.2) * 10-"00 
(-7 i 6) * lo-' 

E,,,, = A/i * Edet + b (3.2) 

where the slope and offset variables, (.+I, b) were allowed to vary freely. 

The results of these fits for alphas and deuterons in detectors D l  and D2 are 

summarized in tables 3.5 and 3.6. 

From the detected energy in the depletion region and the 6He particle energy 

correction increments it was possible to convert the ADC response of a detector into 

an energy value corresponding to the particle's energy of emission in the 6He decay. 

This enabled experimental determinations of the particle energy spectra from the 

(a $ d)  break-up of the 6He nuclide - with the assumption that the energy calibration 

is the same for particle types. 

B 
720 f 30 
f 20 
f 60 

230 f 30 

C 
63.6 f 0.4 
21.0 f 0.4 
35.9 f 0.4 
12.1 f 0.4 
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3.4 Detector Resolution 

The electronic resolution of the particle detectors was first estimated from the rcspollse 

of D l  and D2 to signals presented by the precision pulser. The obser~.eci pu1sc.r peaks 

were fit to a gaussian shape with tile Full iVidth at Half hlasimum ( F \ V H h l )  cstrncteci 

from the fit. As an example, figure :3.7 shows one of the pulser peaks collectert i l l  I) 1 

paramaterized by this method. The FiVHM values were taken as beillg equivrtlcut t o  

the detector resolution. Con\.ertiug the FWHM from ADC channels to energy, t lw 

resolution of detectors D l  and D2 were found to be 21 keV and '26 keV, respectively. 

A similar resolution analysis \\.as conducted on the detectors' response to a true 

alpha source 14'Gd . This analysis indicated that the resolution of detector D l  was 

30 keV while the resolution of detector D2 was 32keV. Because the '""G ssor~rce 

more closely approximates the 6He source than does the pulser, the quoted energy 

resolution for detectors D l  and D:! are 30 keV and 32 keV respectively. 

3.5 Particle Identification 

The two known branches of the %e decay scheme are shown on figure 3.8. The 

dominant branch is where the 6He nuclide converts a neutron to a proton by the 

emission of a beta particle and neutrino to form the 6Li ground state. The weak 

branch occurs when, after the conversion of a neutron to a proton, the resultant 

nucleus (containing three neutrons and three protons) further decays by the emission 

of a deuteron to form the unbound (a + d) state. One of the goals of this experi~neut 

was to  detect those transitions to  the (a + d) state and to generate the energy syect ra 

of the alphas and deuterons emitted. To do so it was critical to be able to detect 

alpha and deuteron events and extract them from the field of the betas. This was 

accomplished by selecting particle detectors D l  and D2 to be thick enough to stop 

the alphas and deuterons but sufficiently thin that the detectors collect little or no 

energy from transmitted beta particles. 

Figure 3.9 shows, as an example, the spectrum collected in D2 when it was exposed 

to  a pure beta source 'OSr which has an endpoint energy similar to that of 6He . The 
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ADC CHANNELS 
Figure 3.7: Detector D l  response to precision pulser signals 



Figure 3.8: Two known branches of the 6He decay 
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salient feature of this spectrum is that the highest energy response of the detector to 

the beta field is at an A D C  channel of 130 which is a converted deuteron energy of 

about 290 keV in the laboratory frame. Hence, it is with considerable reliability that 

eveuts above this beta response linlit detected during the decay of 6He were due to 

alpha or deuteron events rather than transmitted betas. 

The second experimental requirement to produce alpha and deuteron energy spec- 

tra is the ability to distinguish between alpha particle events and deuteron particle 

events. Previous experiments ['TI [9] have shown that, due to the process through 

which the break-up occurs, the energy spectra of the emitted alphas and deuterons 

are broad and overlapping. As an unfortunate consequence of this energy spectrum 

overlap, it is impossible to distinguish between an alpha and deuteron event based on 

the response signals of one, lone. particle detector. For example, if an event in D l  

was registered at an energy of 500 keV, and if the alpha and deuteron energy spectra 

were to overlap in this energy region, it would not be clear whether this event was 

due to a *500 keV alpha or a 500 keV deuteron. 

Fortunately, the law of conservation of momentum can be used to facilitate particle 

identification for this 6He species. Since the 6He nucleus is stopped within the Carbon 

foil when it decays, the law of conservation of momentum dictates that the product 

alpha and deuteron must be emitted with momenta equal in magnitude and opposite 

in direction (neglecting betalneutrino recoil effects). For the momenta to be equal 

in magnitude it can be shown that the magnitude of the deuteron's kinetic energy 

must be twice the magnitude of the alpha's kinetic energy for any (a  + d) pair. In 

simplest terms, when the 6He nucleus breaks up, the alpha and deuteron are emitted 

back-to-back and the ratio of the deuteron kinetic energy to the alpha kinetic energy 

is two to  one. 

Knowing these decay characteristics, the particle detectorI6He source geometry 

was designed such that the %e activity was stationed immediately between the parti- 

cle detectors D 1 and D2. By so doing, it was possible to  set a coincidence requirement 

between the two particle detectors to take advantage of the back-to-back nature of 

the decay. With this geometry, an event in Dl was considered a real 6 H e  --+ ( a  + d) 

event if and only if a coincident event was recorded in detector D2. Furthermore, a D l  
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I BETA SOURCE I 

D 2  ADC CHANNELS 
Figure 3.9: Particle detector response to transmitted betas 
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evmt WE, labelled a s  a deuteron event if and only if there was a coincident event in D2 

and the energy of the Dl event was approximately twice the energy of the coincident 

D2 event. 

Therefore, even though the absolute energy of either the alpha or deuteron can 

not be predicted for any one given decay, the law of conservation of ~nomen tu~n .  cou- 

pled with an appropriate source/detector geometry, facilitates conclusive separation 

of alpha and deuteron particle el-ents. 

Particle Identification (Experimental) 

111 this experiment the data acquisition system recorded the timing and energy infor- 

mation for particle events on an el-ent-by-event basis. From the timing information a 

coincidence window was set to extract alpha and deuteron events from the high beta 

field. Figure 3.10 shows a two-dimensional spectrum of the coincidence data recorded 

I>y the (Dl ,  D3) particle detector pair. 

The important feature of this graph is the existence of two, prominent diagonal 

bands within the plot. The interpretation of these bands is as follows: the band 

with the larger slope corresponds to D2 deuterons detected in coincidence with D l  

alphas; while the band with the lesser slope corresponds to  deuterons detected in D l  

coincident with alphas detected in D2. 

Figure 3.1 1 shows a slightly different representation of the coincidence data from 

in figure 3.10. In this plot, the y-axis is the D2/D1 ADC pulse height ratio - which is 

roughly equivalect to  the ratio of the D2 event energy to the D l  event energy. This 

spectrum is limited to  display only those events for which the D2/D1 pulse height 

ratio is in excess of (1 -3). This effectively limits the displayed data to  deuteron events 

in D2 in coincidence with alphas in D l  (or the higher slope band shown in figure 

3.10). 

Pulse height ratio cuts were made with reference to  this figure with the idea of 

isolating true (a- + d) events and filtering out contributions made by coincidences 

invohing beta particles and noise. Typically, the low end ratio cut was set a t  a pulse 

height ratio of about (1.5) and the high end ratio cut was set at  a pulse height ratio 
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CONTOUR LEVELS 
I ,  20, 50, 100, ZOO{ 

100 200 300 400 500 
D l  ADC 

Figure 3.10: Two-dimensional spectrum of coincidence data recorded at detector s ta- 
tion (1) 



Figure 3.11: Pulse height ratio spectrum collected at detector station (1) 
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of about (4.7). The actual cuts varied depending on the detector pair illvolstd. 

The window defined by the ratio cuts, referred to a s  the acceptance region, was 

imposed on the coincidence data for all runs. Events i n  D2 falling wi th in  this windo\v 

were defined as true D2 deuteron events while the coincident particie was defined as 

a true D l  alpha esent. Figure 3-12 shows the acceptance region for D2 superiu~posvd 

onto the ratio plot shown in figure 3.1 1. 

The deuteron spectrum compiled in D2 over the twelve %e runs is shown in  figure 

3.13. At low energies, the deuteron spectrum is still contaminated by coincide~~ct. 

events involving beta particles. 

To estimate the contribution made to the deuteron spectrum by beta aild noise 1.t:- 

lated coincidences? a second coincidence window was set in the data analysis software. 

The second window. referred to as the background region. is shown in figure 3.14. The 

background region was defined with a width equivalent to the width of the acceptance 

region and covered a puhe height ratio region where no true alpha/deuteron coinci- 

dences should be seen. The resultant background spectrum is plotted as a histogram 

superimposed on the D2 deuteron spectrum in figure 3.15. 

To generate a final or net deuteron spectrum in D2, the lowest energy point in the 

background spectrum was scaled to equal the magnitude of the lowest energy point in 

the deuteron spectrum. Each point in the background spectrum was then multiplied 

by this scaling factor yielding a scaled background vector. The scaled background 

was then subtracted from the deuteron spectrum to produce the net D2 deuteron 

spectrum shown in figure 3.16. The statistical errors in the points as well as the error 

in the scaling procedure have been added in quadrature to produce the error bars of 

figure 3.16. 

A similar procedure was followed to generate the total and net particle energy 

spectra for both D l  and D2. Figure 3.17 shov~s the four total event spectra while 

figure 3.18 shows the net spectra for alpha particles collected in D l  and D2. 

Unfortunately, detector Df was not sufficiently thick to stop the highest energy 

deuterons emitted by 6He. This is evidenced by the break through noted in figure 3.17. 

As a consequence of this, the shape of the D l  deuteron spectrum is distorted about 

the break through region and hence serves no practical purpose for the theoretical 
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Figure 3.12: Pulse height ratio spectrum collected at  detector station ( I )  with the 
deuteron or acceptance window displayed 
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Figure 3.13: Raw deuteron spectrum collected in detector D2 with the acceptance 
window imposed on the data 
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Figure 3.14: Pulse height ratio spectrum collected a t  detector station (1) with the 
acceptance window and background window displayed 
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Figure 3.15: Raw deuteron spectrum in 0 2  overlayed by background spectrum col- 
lected in D2 
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Figure 3.16: Net deuteron spectrum in D2 where the background spectrum has been 
scaled and subtracted from the raw deuteron spectrum 
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Figure 3.17: Four total or raw spectra collected at detector station (1) 
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Figure 3.18: Alpha spectra collected in D l  and D2 where the background features 
have been scaled and subtracted from the raw spectra 
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interpretations discussed in chapter 5. Furthermore, the break through casts doubt, 

on the reliability of the pulse beight ratio selection for the idelltification of alpha 

particles in D2. It is not known how rnuch of an intpact this perturbation could liavv 

on the D2 alpha spectrum, therefore. even though the D2 alpha spectrum was included 

as a component in the theoretical interpretation of the spectru~n shape, the sudysis 

of the D2 alpha spectrum should be considered less reliable than the interpretation 

of the D2 deuteron spectrum. For this reason, also, a net spectrum for deuterons in 

D l  has not been included in this lvork. 

Summary 

The spectrum reported as the final energy spectrum is that for deuterons collectecl 

in D2. The reasons for this selection are that this spectrum is the most directly 

comparable with the prev;ously published results of Rissager [7] and Borge [9] and 

has the most identifiable and clear beta background features. 

The deuteron spectrum collected using this coincidence technique is superior to 

the spectra published by Riisager and Borge. The number of particle events reported 

by Riisager's group totalled 147 counts while the number of events reported by Rorge's 

group totalled 362 counts. In this experiment, the number of deuteron events recorded 

above the 525 keV cut-off is greater than 4200 counts. This represents a statistical 

improvement of better than an order of magnitude, and should provide theorists with 

the ability to  reliably test the constructs of their models. 

One possible difficulty associated with the deuteron energy spectrum is its relia- 

bility at low energies. Above the 525 keV cut-off in the centre of Inass, the deuteron 

spectrum is believed to be virtually background free, However, below this threshold, 

the coincidence technique may not be able to consistently detect a low energy a!pha 

recoil nucleus. If this is true the collected spectrum will be artificially reduced below 

the deuteron kinetic energy for which the corresponding alpha particle is not reliably 

counted. 

The determination of such a low energy coincidence failure is made particularly 

difficult by the presence of a significant beta background in the low energy region (see 
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section 4.4). From the beta response drop off it can be determined that the spectrum 

helow about 300 keV in the centre of mass frame is wholly unreliable. However, it is 

not clear whether the region between 300 and 525 keV is reliable or not. 



Chapter 4 

Branching Ratio 

4.1 Introduction 

As previously indicated (section 1.3.1) the branching ratio of the 6He decay to the 

(a + d )  state is simply the probability that any 6He nucleus will emit a deuteron. 

To generate an experimental branching ratio for this transition two quantities lnmt  

be known; the total number of 6He decays, and the number of (a + d )  break-up 

transitions. 

Since every 6He decay, regardless of the branch through which it proceeds, emits a, 

beta particle, the beta activity can be used as a measure of the total nurnber of "Eie 

decays. The number of decays proceeding through the (a + d )  exit channel can be 

found by recording the number of deuteron emissions from the 6He sample. Therefore, 

the branching ratio can be written: 

=- - N o  deut 
BR = 

N o  P 
The detection system was designed with these quantities in mind. In the array at 

station (1): the two particle detectors, D l  and D2, facilitate the detection of alpha 

and deuteron particles while the AE -E beta telescope allows for the detection of beta 

events. Therefore, the detection system is capable of determining both the number 

of (a + d) decays and the total number of 6He decays. 



Because it is impractical to detect every beta and every deuteron emitted, tl;: 

forrni~la has to be modified such that the various efficiencies inherent to the experi- 

itlerital apparatus are taken into account. In this experiment, the working forrnula for 

the cietermination of the (a + d j  13ranchi1~g ratio was of the form: 

where 

.% = the number of detected deuterons with energy in excess of 350 keV, 

= the rlurnber of detected beta particles within the telescope detector, 

€ 4  = the efficiency for deuteron detection. 

€ 3  = the efficiency for beta detection, 

c, = the efficiency for coincidence detection, 

j9c,, = the beta conversion factor, 

Each of these quantities and the procedures for determining their values are dis- 

cussed seperately in the following sections. 

Number of Detected Beta Particles Np 

The number of beta events ,IfG was determined from those events recorded in the beta 

telescope for each of the twelve 6He experimental runs. The coincidence requirement 

set in the hardware effectively eliminated noise and background events that would 

otherwise have been present using a single beta detector. As a check, several back- 

ground runs were performed in which no source was present in the detector array. 

The results of these runs indicated that the beta background in the telescope detector 

was negligible. 

Furthermore, contributions to the beta spectrum made by decay events taking 

place a t  a detector station other than station (1) were estimated by inserting a beta 

source into detector station (2) and monitoring the telescope's response. Once again, 

the intensity of beta events recorded in the telescope with a beta source at  station (2) 

\\.as found to be orders of magnitude less than the intensity recorded with the same 

source in position a t  the first detector station. 



Table 3.1: Xumber of cjetected beta particles 

It should be noted that over the course of the %e experimel-lt a prescalc factor. 

was set on the beta telescope to reduce the high computer dead time that would have 

occurred due to the high beta particle flux. This means that the number of 1,t:ta 

events in  the telescope spectrum must by multiplied by a factor of 100 to be a true 

measure of the total number of 6He decays. The number of eveiits detected i l t  the 

beta telescope (multiplied by the prescale factor of 100) are listed in table 4.1 by %e 

run number. 

4.3 Beta Conversion Factor PC,, 
For a beta particle to  be counted in the beta telescope the energy of the beta must lie 

a b ~ v e  an energy cut-off determined by the E detector threshoid and the magnitude of 

the energy losses encurred on passing through the AE detector. From the hardware 

cut-off in the germanium, E, detector and an estimate of the euergy loss in the A E  

detector, the value of the energy threshdd has been calculated to be (810 f 1011) keV. 
Therefore, betas emitted with energy less than about 800 keV will be i~ivisible to 

the beta detection system. To correct for this shortfall, a beta conversion factor, A,,, 



has i~eer~ incIu(led iti the for~nula for the rleter~nination of the branching ratio. 

Tlie value of .jC3,,, for %e was determined by constructing a theoretical beta spec- 

t r u m  for the rIorninant beta transition based on the formalism outlined in references 

['A]. 127). and [XI. The theoretical spectrum was then integrated over the full energy 

rartge and over the range visible to the beta telescope (i-e., energies in excess of SiO 

keV). The value o i  :?,,, was then equal to the total integrated area divided by the 

integrated spectrum above 510 keV. 

The result indicated that the value of ,9,,, for "He mas equal to (2.02 f 0.32). This 

suggests, then, that about half of the emitted beta particles were not visible to the 

telescope detector. 

Coincidence Efficiency E,  

In order to distinguish between the alphas and deuterons emitted in the decay of 

6He it was nececsary to  set a coincidence condition for events in detectors D l  and 

D2. Except for the ideal case, the coincidence solid angle subtended by each of the 

particle detectors is Iess than the solid angle subtended by the detectors for singles 

detection. Figure 4.1 demonstrates the relationship between the singles solid angle 

and the coincidence solid angle for the best, worst and middle case scenarios. 

A s  a consequence of the solid angle or efficiency reduction caused by imposing the 

coincidence condition, it is necessary to include a coincidence efficiency term (6, ) in 

the branching ratio formula. 

The coincidence efficiency term effectively scales the number of events detected 

within the coincidence geometry up to the number of events that would have been 

detected had the counting system been ideal. Equivalently, the coincidence efficiency 

scales the coincidence solid angle up to the singles solid angle for each of the detectors. 

Fortunate15 it is possible to determine the coincidence efficiency for each of the 

gartick detectors in each of the 'He runs. This is accomplished by examining the 

number of coincident events recorded by a detector and the number of singles events 

recorded in the same device. The coincidence efficiency for detector (i ) is then 

simply the ratio of the number of coincidences recorded in detector (i ) t o  the number 
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Figure 4.1: The coincidence efficiexlcies and their dependence on the source/detector 
geometry 
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Figure 4.2: The coincidence efficiency of Detector D2 as a function of ADC channel 

of singles recorded in detector ( i  ). In mathematical form this may be expressed as: 

\\'here l'L;;,, is the number of singles events and 1Vco,, is the number of coincidence 

events recorded. 

The determination of the coincidence efficiencies appears to be trivial. However, 

it is also important to establish if the calculated coincidence efficiency is valid over 

the entire energy range of the particle energy spectrum. To observe the coincidence 

efficiency as a function of energy, the singles and coincidence spectra were partitioned 

into bins with bin width equal to forty ADC channels. A coincidence efficiency was 

then calculated for each of the ADC bins using equation 4.4. The calculated coin- 

cidence efficiency was plotted a. a function of ADC channel and is shown in figure 

4.2. 
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Table 4.2: Coincidence efficiency for Detectors Dl and D:! as a ftmction of "Ilc  rut^ 

number 

Error 

0.022 
0.018 
0.012 
0.024 
0.027 
0.01s 
0.916 
0.014 
0.016 
0.018 
0.023 
0.020 

Error 

0.033 
0.027 
0.020 

Apart from minor statistical variations, the E, term is found to be consistent dowl~ 

to about 160 ADC channels. At lower energies, however, the coincidence eff i-iency 

drops off in a dramatic fashion. The interpretation of this effect is that the r ,  drop-off 

below 160 channels is due to a sharp rise in the number of singles events recorded below 

this threshold. The increase in detected singles is caused by the detector responding 

to, and registering as an event, transmitted beta particles. 

As a direct consequence of the coincidence efficiency catastrophe at low energies, 

the branching ratio determination is limited to the energy region in which the coiu- 

cidence efficiency is uniform. Converting ADC channels to energy for both detectors 

Dl  and D2, it was found that the low energy cut-off occurred at  a deuteron energy of 

about 350 keV in the laboratory frame. Therefore, the coincidence efficiencies are ordy 

reliable above this threshold aob thus the branching ratio quoted in this experilnerrt 

is for deuteron events above 350 keV. 

Table 4.2 lists the calculated coincidence efficiency in the region of uniformity for 

both detectors Dl  and D2 for each of the 6He data collection runs. 
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Table 4.3: Number of deuterons detected in D l  and D2 as a function of 6He run 
n urn ber 

RUN 
3 8 
5 9 
60 
63 
6 6 
67 
68 
69 
70 
71 
72 
73 

Error 

2 1 
2 0 
18 
14 
12 
16 
19 
1 5 
11 
30 
22 
27 

Error 

2 1 
20 
19 
15 
12 
16 
19 
1 :3 
12 
25 
22 
2 7 

4.5 Number of Detected Deuterons Nd 

For each 6He run, deuteron events were separated from alpha events by the coincidence 

tnethod outlined in section 3.6. For the purposes of the branching ratio calculation, 

only deuteron events above the low energy cut-off imposed by the coincidence ef- 

ficiency were counted. Therefore. the number of detected deuterons (Nd ) for each 

detector was determined by summing the deuteron energy spectrum above the thresh- 

old energy of 350 keV in the lab frame. T 51e 4.3 lists the value of Nd for detectors 

Dl  and D2 by 6He run number. 

Ratio of Detection Efficiencies 

The ratio of the beta detection efficiency to the particle detection efficiency was cal- 

culated using three independent methods. The first metbcd was to determine the 

efficiency ratio based on the geometry of the detection system, the second method 

utilized sources with known decay characteristics to solve for the effective efficiency 
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APERTURE 

SOURCE 
Figure 4.3: General case diagram for relative source/detector geometry 

ratio, while the third method relied on the observed values of the coincidence efficien- 

cies (c, ) to elucidate the efficiency ratio (ro/td ). Each method is discussed separately 

in the following sections. 

4.6.1 Geometric Method 

Ideally, the detection efficiency of a collection device such as a charged particle de- 

tector is equal to  the fraction of 47r subtended by the device. Therefore, the in- 

dividual beta and particle detection efficiencies may be calculated from the known 

source/detector geometry and the area of the detector's aperture. Figure 4.3 shows 

a general case d i q q m  of the gmrnetrjr involving a radioactive source coaxial with 

the surface face of a circular detection device. Here, a is the radius of the detector 

face, b is the radius of the source, Z is the source-to-detector separation and D is a 



parameter defined as: 

In the simplest case, where the activity is confined to a point source ( b  = O), the 

fraction of I n  subtended by the detector aperture may be found from the equation: 

For a uniformly spread radioactive source with finite radius, Et ,  the fraction of 47; 

subtended by the detector is then estimated from the equation: 

For the branching ratio calculation. D l  and D2 were used as particle detectors while 

the telescope consisting of AE and E components was used as a Beta counter. The 

active areas and radii for each of these detectors were taken from the specification 

sheets of the manufacturer and measurements of the source to detector distances, 2, 

-wre made at various times over ihe course of the "e experiment. 

Prior to implantation within the Carbon foil, the 6He beam passed through a 

collimator with diameter equal to Qmm. The source radius, b, for the system was 

assumed to be about 4mm. Further discussions centered around beam optics hwe 

indicated that the actuii! implantation radius could be as low as 3mm and as high as 

Smm. The 5mn1 maximum is absolute due to the fact that above a 5mm offset distance 

the activity would be implanted in the Aluminum card rather than the Carbon foil. 

This would eliminate the possibility of coincidence counting. 

Table 4.4 summarizes the values of the parameters necessary to calculate the Bet a 

and Particle detection efficiencies. 

The large error in the Dl  2 value is due to the fact that for some measurements 

of the system geometry, the outer edge of the detector casing was seen to overlap the 

edge of the Aluminum sleeve while for other measurements this was not observed. 

The possible variation of the source to D l  seperation distance manifests itself as a 

Iarge uncertainty in this Z parameter. Similar variation in the position of detector D2 



Table 4.4: Parameter values iiecessary to  deterelnine the Geometric efficiency of t l i t .  

various charged particle detectors at station(1) 

Particle 1 Detector Source Seperatio~i 
Detector I Rrdiur ( a )  Radius / I )  Distance ( Z )  

Table 4.5: Geometric solid angle for the various charged particle detectors at st a, t '  lull 

(1) 

Dl 

Detector Source G,r 

(111111) 

4.0 i 0.15 

Particle 1 Point 

was not observed, and, hence, for this calibration technique, the geometric detection 

eficiency of D2 is considered more reliable than that for Dl.  

Uniform 

From these values, the fraction of 47r subtended by the various detectors was 

calculated using equations 4.6 and 1.7. The results of the solid angle calculatio~ls are 

( 111 in ) 
4 5 1  

shown in table 4.5. These data indicate that for the beta telescope the solid itugle 

( in m ) 

5.5-1 f 0.90 

or efficiency is controlled by the E component rather than the AE component of tlie 

detector. Using the E efficiency as the beta counting efficiency, the ratio of beta to 

particle detection efficiency (q/q ) for detectors Dl  and 0 2  are (0.1 1 f 0.05) anti 

(O.11 f 0.02), respectively. 



4.6.2 Sources Method 

The formula used to calculate the experimentally determined branching ratio of GHe 

decaying to the ( a  + dj state was: 

Csing sources with known decay properties, that is, nuclides with known beta delayed 

bra~lclling ratios, equation 4.8 can be rearranged to solve for the ratio of detection 

efficiencies q / c d  . 

\Vhere all terms have been previously defined and are determined by methods identical 

to those for the 6He runs. 

Two sources were used for this method of determining the ratio of detection effi- 

ciencies. One was 16X and the other was 'Li . These are discussed separately in the 

following sections. 

The "N Decay 

A radioactive ion beam of "N nuclei was produced at TISOL by bombarding a Ze- 

olite target with energetic protons. The I6N decay properties were observed under 

conditions identical to  those of the 6He runs. A total of two hours of experimental 

beam time was devoted to monitoring the decay shortly after the 'He data runs. 

The transition of interest in the 16N decay is the beta delayed break-up to the 

(a +I2 C)  state. The branching ratio for this well-known decay has been previously 

measured to be (1.2f 0.05) * [22]. Substituting this value into equation 4.9 gives 

The value of the beta conversion factor, PC,,, for the nitrogen source was deter- 

mined by a method completely analogous with that outlined in section 4.3 for the 

"He runs. In this case, however, there are two significant beta branches in the decay 

scheme. A theoretical beta spectrum was constructed for both transitions and conver- 

sion factors generated for each beta exit channel. The overall conversion factor for 16N 



was determined by weighting the two individual transitio~ls b a d  011 the I ) r i t~~~l l i l \g  

ratio or probability of that transition occurring. The result for the \.:-tlue of JCL,,, for 

lGN was (1.33 i 0.18). 

The  values of ,Vg and iVd were obtained from the number of respvl1sc.s i l l  ttw ht ta  

telescope and nu~nber  of alpha particles detected i n  the particle detectors. '1'11~1 \.alt~cs 
> 3 3  of these parameters were found to be, (b.bb f 0.03) * 10Vor ,Vd , (-168 k 2 2 )  for ,\;\;,, 

in D l ,  and, (359 f 22) for ,Vd in D'L. The coincidence efficiencies for D l  and I): \vtartl 

calculated to be (0.229 zk 0.1'2) and (0.316 f 0.01 7). respectively. Substituti~ig t , h ~ *  

values into equation 4.10 and adding the errors i n  quadrature, the ratio of lxta  t o  

particle detection efficiency r g / r d  for D l  a ~ l d  D2 were found to be (0.069 f 0.01 1) all(\  

(0.098 f 0.016), respectively. 

The 8Li Decay 

A radioactive beam of 'He was produced at  the TISOL facility from the same graphite 

target used to produce 6He . 'He decays to 8Li wit11 a half-life of (0.1 19) [S] srcunds 

according to  the equation: 

'He - -+  8Li+p-+. i -?  

The short half-life of 'He relative to the beam collection and wheel r710ve time e~lsurtd 

that most of the activity observed at  the detector stations was due to 'Li r a t lm 

than 'He . In total, four 'Li runs were conducted; two immediately before, and two 

immediately after the 6He runs. The total beam time devoted to 8Li was about nine 

hours. 

The  transition of interest in the decay of 'Li is the beta delayed break-up to the 

(a  + a )  state. In this process, 'Li emits a beta particle to  form an excited state of 

8Be that  promptly breaks apart into a pair of alpha particles. The overall reaction 

may be written: 

'Li Z 'BC* + al + a2 
Once again the equation used to solve for the ratio of beta to particle detectiut~ 

efficiencies is 



\Vhen $Li beta decays to the excited state of 8Be the excited 8Be nuclide breaks apart 

into two alpha particles 100% of the time. Therefore, the branching ratio for this 

reaction is equal to unity. The calculation of the efficiency ratio is then simplified to: 

It must be remembered, however. that all of the detected betas iVp are not neces- 

sarily due to the decay of 8Li . It is possible that some of the original 'He activity 

survives long enough to be observed in the beta telescope. The No term, then, must 

be corrected for these extraneous events. Therefore a correction term lLi must be 

incorporated into the efficiency ratio formula where fLi is equal to the fraction of iV3 

due to the decay of 8Li . 
€ 3  ( i V ~ j ~ i ) P c o n c c  - -  - 
6 d 1Vd 

Furthermore, since the break-up species of 8Be are identical (i.e., both products i n  

the break-up are alpha particles) it is impossible to distinguish between a1 and a2 by 

experimental means. As a consequence, the number of detected particles Nd must be 

adjusted to reflect this experimental arnbigui ty. 

Since the ( a  + a) channel was determined by a coincidence technique, an event 

is counted only when both alphas are seen. In any given particle detector, there is a 

0.5 probability that the event was due to a1 and a 0.5 probability that the event was 

due to a2 . Therefore, the number of detected particles must be corrected by a factor 

of 0.5 to ensure that only one of the two alpha particles is taken as the particle of 

interest. 

This was the firal equation used to determine the ratio of detection efficiencies Q / Q  

through the observation of the decay properties of 8Li . 
The determination of the fraction of betas due to  the 'Li decay, fLi , was based 

on the beta half-life spectrum recorded in the beta telescope. The decay sequence at 

mass (A=S) is a mot her-daughter decay of the form: 



Table 4.6: Half-life fits to beta spectra collected during the ",i calibratio~i runs  

with the 'He and 'Li beta decay half-lives equal to (119.0) and (840.3) ~nilliseco~itls, 

respectively [8]. The function used to fit the half-life spectrum consisteci of three ttrrnrs. 

~alibration-He Initial 

The first term accounted for beta activity due to the residual 'He activity preseut i n  

the foil during the beta recording period at detector station (1). The secn~rd tern1 

accounted for beta events recorded in the telescope due to the 'Li activity already 

%i Initial 

present in the foil at the instant the foil was exposed to the detector station, and the 

third term accounted for 'Li activity generated as a consequence of the initial 8We 

sample decaying to a quantity of SLi during the data collection period. The overall 

1 Activity (A)  Activity ( B )  Run 
5 3  38.4 f 5.3 102.5 f 1.5 

56.8 f 5 .2  86.6 f 1.3 
38.7 f 4.8 70.5 f 1.2 
'26.3 f 4.5 66.2 f. 1 . l  

equation used to fit the beta half-life spectrum as a function of time was of the form 

[21] : 

where the Xi are the known decay constants of 'Li and 'He , and the parameters 

A and B, which were allowed to vary, represent the initial activity of 'He and 'Tdi , 
respectively. 

In the fit, the points in the spectrum were weighted as an inverse function of their 

variance while A and B were varied until the calculated chi squared value reached a 

minimum. As an example, figure 4.4 shows the half-life spectrum collected in the beta 

telescope for one of the 'ii runs and the results of the half-life fit to the spectrum as 

outlined above. This procedure was repeated for each of the 'Li experimental runs 

with table 4.6 listing the results of the fits by 8Li run number. Knowing the initial 

activity of 8He present in the Carbon foil and the overall time frame of the half-life 



BIN W!DTH = 10 msec 

TIME (msec) 

Figure 4.4: Fit to beta Half-life spectrum assuming contributions from 'He and 'Li 
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Table 1.7: Fraction of Beta events due to  the decay of ' ~ i  

Calibration 
Run 

Beta Fraction 

JL* 
0.932 f 0.025 
0.887 f 0.023 
0.904 f 0.023 
0.929 f 0.029 

curve, the total contribution made by 'He to the beta spectrutn can be catculatt~tl. 

The number of beta events due to 'He is found from the  equation: 

where A" is the initial 'He activity and A H c  is the decay constant of 'lie , T is the 

total time span of the half-life spectrum and A N  is the total number of beta events 

that are due to 'He decays. 

The number of beta events due to 'Li then is sinlply equal to the total uumlwr uf 

events minus the number of events due to 'He . Knowing the number of beta rveuts 

due to 'Li and the total number of beta events recorded in the half-life spectru~n, it 

is possible to calculate the fractiou of beta events due to 'Li , (fL, ). Table 4.7 lists 

the value of fLi calculated for each of the four runs on mass (A=8). In all cases, the 

error includes the error in the fit and the statistical errors added in quadrature. 

Knowing fL; , and determining N p  , peon, Nd and E ,  in a manner analogous to 

the method outlined for the 6He runs, it is possible to calculate the ratio of detection 

efficiencies, , for each run from the formula: 

The value for P, for 'Li was calculated to be (1.04 f 0.01) using the method 

outlined in section 4.3. The vaiues of the other pertinent parameters are listed by rull 

number in table 4.8. 

The results of this calculation, and therefore the values of the ratio sf detection 

efficiencies, are listed for detectors Dl and D2 in table 4.9. 



Table 4.8: Values for parameters uecessary to calculate the ratio of efficiencies, c 3 / c d  
: in the %i calibration runs 

Table 4.9: Ratio of detection efficiencies, E ~ / c ~  , for each particle detector and 8Li 
calibration run 

( ~ 4 / ~ d  ) 
D2 

0.151 f 0.005 
0.101 i 0.003 
0.153i0.006 
0.155 f 0.006 

Calibration 1 ( eo / rd  ) 
Run Dl 
53 0.108 i 0.003 
54 i 0.072 i 0.002 
78 I0.095&0.003 
SO 1 0.097 f 0.002 
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Table 4.10: Surnmary of efficiencj- ratio calculatiori derived by the source cnlibratio~l 
method 

I I 

M'eighted Mean (0.0S8 f 0.015) 1 (0.1'27 f 0.026) 

Run j Source i t3/cd ( D l )  

53 "Li 1 (0.108 f 0.006) 
j/ ' l i  i (0.072 f 0.004) 
75 

I 
'Li i (0.095 f 0.005) 

80 1 'Li i (0.09'7 + 0.005) 
'9 (0.078 f 0.019) 99 ! 

i I 

1 
i 

Arithmetic Slean (0.088 + 0.017) 1 (0.131 + 0.029) 

~ 3 / f d  (D2) 
(0.151 f 0.008) 
(0.101 10.005)  
(0.15:3 f 0.0015) 
(0.155 f 0.00s) 
(0.1 11  + 0.0%) 

Sources S u m m a r y  

Csing the results of r s / f d  determined by "GN and * Li , a weighted mean and standard 

deviation for the efficiency ratio b- the sources method can be calculated for cictcctors 

Dl  and D2. The result of this weighted average yields a detection efficiency ratio, 

rQ/ed  of (0.088 f 0.014) for detector Dl and a detection efficiency ratio, e f l / e d  , of 

(0.127 f 0.026) for detector D2. The individual run results and weighted means for 

D l  and D2 are summarized in table 4.10. 

4.6.3 Coincidence Efficiencies Method 

Tht: sources method of determining the efficiency ratio c p / e d  was established under 

experimental conditions equivalent to those of the 6He runs. Because the conditions 

were the same, the values of e p  / ed by the sources method are considered more reliahle 

than those calculated from the system geometry. 

The large error and difference between the two values of ep /cd  as calculated by  the 

geometric and sources methods for was the source of some concern. The uncertainty 

in the position of D l  with respect to  the activity meant that the ca/t.,+ value for 

D1 calculated by the sources method was essentially unconfirmed. It  was therefore 

desirable, if not quite critical, to calculate the c@/ed  for the detectors by some third, 



T BEAM SPOT 

Figure 4.5: Singles and Coincidence geometries as a function of source and detector 
arrangement 

independent method that did not rely on the measured geometric solid angle of D l .  

The method chosen was to infer the detection efficiencies, E* , from the observed 

Dl and D2 coincidence efficiencies: E ,  . The coincidence efficiencies are run spe- 

cific parameters that are dependent only on the experimental coincidence and singles 

geometries. The singles geometry is simply a function of the source and detector po- 

sitions while the coincidence geometry is dependent on the relative positions of both 

particle detectors with respect to the source activity. 

Figure 4.5 shows the local geometry pertinent to the singles and coincidence effi- 

ciencies of detectors D l  and D2. 

On the surface, it appears that there are too many parameters (X, Y, L, H) within 

the overall geometric system to elucidate the value of ~ d  for D l  and D2 based on the 

coincidence efficiencies alone. However, further inspection reveals that all of these 

parameters are either known or can be constrained within a finite range of possible 

values. Due to the fact that the c P / c d  values for D2 in the geometric and sources 

method are in close agreement, the value of parameter X can be set within a narrow 

range. The range itself is defined such that the detection or singles eEciency, Q for 

D2 spans the mean and error calculated using the geometric method. 

Parameter H, which does not vary, is simply equivalent to the diameter of the 



particle detectors D l  and D2. This parameter was set to the kl~owrl detector c l i i - t ~ ~ i t ~ t r ~ i >  

given in the specification sheet supplied by the ~nanufacturer. 

The parameter I-, which is related to the offset distance of the activity wi th  I X ~ S ~ Y ~  

to the axis of the detectors. can be >et within a finite range defined by t h e  c l i t ~ ~ c . ~ ~ s i u l l \  

of the collitnator and the carbon foil. The ~nasinlum v a l ~ ~ e  for tile otfsc.t clist,t~lc (01 

any single 6He decay (Hf2-Y) is equal to 4m1n in this systnn. 

The parameter with the largest uncertainty is the value of the i~ltei. cletct-tor c l i h -  

tance, L. To be more accurate, the greatest uncertainty is the source to D 1 ctist;ti\c t.. 

(L-X). This uncertainty is evidenced by the large error i l l  the calculatctl valutl of t i l t .  

geometric solid angle in section 3.6.1. In fact, this parameter is the quantity of i~itervst 

in this analysis. 

Even with the high geolnetric uncertainty, a raltge of the possible vnl~ics o f  I, (-it11 

be limited due to some of the fixed components of the detector set-up. Fro111 tilt. 

known value of the separation disrance between the two Alunnillu~n sleeves hotising 

D l  and D2, and the measured inset distance of the detector face fro111 its casing, t I I ~ *  

salue of L can be constrained to lie in the range (9.5nzm < L < 11.57~7n), 

The most shaky assumption made within this analysis is to assume that the v a 1 1 1 ~  

of L is constant over all twelve data runs. If this is not true then the calculatecl valrtc 

of the (cr + d) branching ratio is worthless. 

Having established that  the relative position of D l  is not well knowu it may hztvt* 

been possible that the position of D 1 shifted during the experinlent. However, cluriug 

this analysis it was discovered that, although the efficiencies were affected ~ J Y  the 

magnitude of the offset distance, Y. the ratio of the coincidence efficiencies ( r ,  1)2)/(r, 

D l )  was largely insensitive t o  movement of the activity in this plane. As a result, the 

observed ratio of coincidence efficiencies can be utilized as a measure of the variation i r i  

L that  took place a firnction of time. Figure 4.6 shows a plot of the D2 coincidence 

efficiency against the D l  coincidence efficiency for all runs. 

The  line of best fit through these data  has a slope of (1.3 f 0.11, which is, of 

course, equal t o  the mean (6, D2)/(r, D l )  ratio. The fact that the data points fit wtall 

t o  a straight line indicates that the d u e  of L over the course of t h e  6He runs (lid 

not vary in a dramatic way. For example, if the detector separation distance, L, liad 
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SLOPE = 1.30 0.10 '7' 

Figure 4.6: Observed relationship between the coincidence efficiencies of D l  and D2 



varied by lrnm over time, the corresponding effect o n  tlie coincicience eflicic~lcy r;\tio 

at  these close geometries would liave been a change of over fifty percent. Sincx* tIiis 

is not observed. it would appear that the initial assumption of L being curlsta~it i.s 'L 

reasonable one. Furthermore. the variation in  the coincidence efficiencj ratio ol>ser\.t~ci 

call be explained by variations in ?< and (L-W) resulting froln the unces ta i l~ ty  i l l  t l ~ c .  

thickness of the Xluminuni cards. 

The first step, then was to allow L and S to vary until tlie calculated c,. ratio 

agreed with experiment. Iinowing L and X it is trivial to deter~ni~ie  the source to 111 

separation, (L-W) ,  a:id to calcujate the detection efficiencies c d  of D l  a n d  D'L \ l x i ~ r , q  

equation 1.7. 

However, figure 1.6 shows that the individual values of E ,  vary a great deal cvcw 

thougli the ratio of the coincideuce efficiencies is constant. To inspire confidence, tllr 

analytical ~netliod must also be able to reproduce the individual coinciclence efficir~r- 

cies within this geometry- 

To do so it is important to relneniber two experimental details: first, that t.hr 

source is not point like, and second, that the ion beam does not have a uniform cross 

section. The effect of the beam spot size is that for every run, 6He decays take piam 

at various points, Y. even though X and L are constant. To accorn~nodate this, the 

singles and coincidence solid angles were calculated at  various increments of Y for 

fixed L and X. Due to the non-uniformity of the radioactive beam, the activity witliin 

the beam spot as a function of Y is not constant. Therefore the various points in Y 
will not provide the same contribution to the singles and coincidence efficiencies c ~ f  

the overall system. To account for this, the efficiency values calculated at  each poi lit 

Y were weighted as a function of the activity. The functional form of the weighting 

of the points was assumed to be gaussian - that is, the activity at  a point Y was 

decreased exponentially a s  a function of the linear distance away from the coaxial l i  r~e 

of the detectors. 

For fixed L and X, the singles an4 coincidence eifieiencies eaIeuiatecl at  the various 

Y increments were weighted as described above to determine the overall singles and 

coincidence efficiencies for each detector. By repeating this calculation and varying 

the position of the gaussian maximum within the allox-.;..d range of Y, it was possible 



to reproduce the entire range of coincidence efficiencies observed for both detectors 

wit!lout affecting a change in L. 

Having reproduced the indi~.idual coincidence efficiencies, the value for the ratio 

of detection efficiencies, t o j r d  , determined from this  neth hod inspires more confi- 

dence. Taking the values of L and X that fit the observed coincidence efficiencies, 

the detection efficiencies. f d  , were extracted for the system. The results indicated 

that the detection efficiencies for the particle detectors are (0.114 f 0.018) for Dl and 

(0.085 f 0.008) for D2. 

The third independent method to determine the beta counting efficiency, cp  , was 

to measure the relative number of beta/particIe coincidence events to the number 

of singles particle events in detector Dl during one of the 'Li runs. The ratio of 

the number of C~ermanium/Dl coincidences to the number of detected singles in D 1 

should be equal to the efficiency of the beta telescope. The result of this analysis 

indicated that the beta detection efficiency €0 was equal to (0.0106 f 0.001). 

Using the values of the particle detection efficiencies td elucidated by the coinci- 

dence efficiency ratios and the beta detection efficiency €13 as outlined above, the ratio 

of efficiencies, f 3 / f d  . for detectors Dl  and D2 are calculated to be (0.093 f 0.017) 

and (0.1'2.5 f 0.01 7). respectively. 

4.6.4 Efficiency Ratio Summary 

The sources method for the determination of the ratio of efficiencies, ca/cd , is expected 

to be the most accurate and reliable due to the simple fact that this method is 

carried out under the experimental conditions used during the 6He runs. This method, 

therefore, will incorporate all effects, imluding systematic, that might otherwise be 

transparent to the geometric and coincidence efficiency methods. 

A significant difficulty within the sources method is that the q / e d  values deter- 

~nined by the '" and 'Li sources do not agree (see table 4.10). Analysis has demon- 

strated that the range of values for both the coincidence efficiency and the ratio of 

det-ection efficiencies can be explained by changes in the source/detector geometry due 

to variations in the position and dimensions of the activity distribution. However, the 



analysis also shows that the sources with low coincidence efficiencies stmild havv low 

particle detection efficiencies, td . From this, one ~vould predict that the somccs \\.it11 

low coincidence efficiencies would have high values of the ratio of efficiencies, t,i ft,, . 

Gnfortunately. the calibratioll sources appear to invert this expected trend. 'I'lltb 

16N run, with the lowest observed coincidence efficiency ~vould be espc~cteci to s l i ~ ~  t l ~ v  

highest calculated value of c a / t d  . however, the result is quite the uypositt.. Sirllilarlj-, 

the 'Li runs with high coincidence efficiencies lead to large values of c S / e C i  whe~l low 

values were expected. 

Due to this ratio inversion, systematic differences between the calibration suurce 

runs and the 6He runs were investigated. For '9 , there were two notable changes 

from the 6He experiments; first, a zeolite production target was used rather than 

graphite, and second, there was a gain change i n  the germanium, E, detector of the 

beta telescope. 

The use of a different target material should not play a role in the data collectio~~ 

sequence unless contaminants in the beam were appreciable. Yield curves in this mass 

region recorded during TISOL development runs have shown that the 16N beam is [lot 

heavily contaminated when a zeolite target is employed nor were beta backgroitnds 

observed in the data analysis. What is more, even if the 16?J beam were contaminated, 

the effect would be to artifically increase the number of beta particles detected. A 

correction, if necessary, would result in the reduction of the calculated value of 

for this source. Thus, this effect can not explain the inversion of the expected results 

between the calibration sources. 

The gain change in the germanium detector could alter the beta response ability 

of the beta telescope. This particular change made the germanium detector more 

sensitive to  lower energy beta particle events. In light of this gain change, the value 

of PC, for 16N was calculated on the basis of the energy cut-offs used in this run, 

Therefore, the increased sensitivity of the beta telescope should already have been 

accounted for in the c P / q  calculation. 

Another possible effect of the gain change could be to increase the number of false 

coincidences between the two components of the beta telescope due to a higher proba- 

bility that noise would be registered in the Germanium detector. Once again, though, 



the impact of such a perturbation tvouid be to artificially increase the number of de- 

tected betas. This would suggest that the calculated value of e 4 / f d  is systematically 

too large. Therefore correcting for such an effect would, again, increase the disparity 

between the I6?t' and * t i  results for the ratio of detection efficiencies. This can not 

explain the discordant resuits. 

The only systematic difference between the 'Li and 6He runs was that the prescaler 

used for beta particle counting in "He was removed for the 'Li experiments. Investi- 

gation of the accuracy of the prescaler demonstrated that its value was equal to 100 

to wi th in  one percent for all 6He runs. I t  is therefore not believed that this change is 

at ail responsible for the disparate results in the calculation of E ~ / Q  . 
Because there was no obvious reason to reject any of the calibration runs or either 

of the calibration sources, the branching ratio calculation was carried out using the 

average value of the observed efficiency ratio results [25]. 

Branching Ratio Results 

Once again, the formula used to calculate the branching ratio of 6He decaying to the 

unbound (a + d )  state is expressed as, 

The values of iVd, ,V3 , and r ,  are run dependent quantities and have been tabulated in 

the appropriate sections of this work. The values for the ratio of detection efficiencies 

q / e d  utilized in the fina! calculation are those determined by the sources method of 

section 4.6.2. The results of the  branching ratio calculation for the data collected in 

D1 and I32 are listed by run in table 4.11. For each particle detector, a weighted 

mean and standard deviation of the (a + d) branching ratio was calculated. The 

individual run results were weighted as a function of their variance to  determine the 

mean. The results of the weighted mean calculation for detectors D l  and D2 are 

shown graphically in figure 4.7 and figure 4.8, respectively. 



Weighted Mean and Error 

Figure 4.7: Branching Ratio results for the data collected in Detector D 1 
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Figure 4.8: Branching Ratio results for the data collected in Detector D2 
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Table 4.11: Branching Ratio determinations for Detectors 131 and 132 as n ft~nctio~t 
of 6He run number 

4.8 Systematic Errors 

6He 
Run 
55 
59 
60 
64 
66 
67 
6 s  
69 
70 
71 
72 
73 

In addition to the counting or statistical errors in the branching ratio, there exist 

uncertainties in the result that are due to inherent errors of the experimental system. 

For this experiment, contributions to the systematic uncertainty are made by such 

items as the beta telescope energy cut-off, variations in the detection geometry, errors 

in detector calibrations and the possibility of random coincidences. Each of these are 

D l  Branching 
Ratio (*lo6) 

(1.8 f 0.4) 
( l . S f 0 . 3 )  
(1.6 f 0.3) 
(1.5 k 0.3) 
( 1 . 6 f 0 . 4 )  
(1.7 f 0.4) 
( l . S f O . 4 )  
( l . i & O . 4 )  
(1.8 f 0.3) 
(1.9 f 0.4) 
(1.8 f 0.3) 
(2.0 f 0.4) 

treated separately in the following sections. 

D2 Branching 
Ratio (*lo6) 

(2.0 rt 0.5) 
(1.8 rt 0.4) 
(1.7 f 0.4) 
(2.0 f 0.5) 
(1.3 f 0.5) 
(1.9 k 0.5) 
(1.9 f 0.5) 
(1.7 f 0.4) 
(1.7 f 0.4) 
(2.0 f 0.5) 
(2.0 f 0.5) 
(2.3 f 0.5) 

4.8.1 Beta Cut-Off 

The typical beta decay spectrum is a continuous curve beginning at zero energy and 

extending up to the full transition energy of the decay. Depending on the charac- 

teristics of the decay, the fraction of the overall spectrum that falls below a specific 

energy threshold will be different for different sources. In this experiment, a beta 

telescope was employed to detect the emitted beta particles. In order to register as 



a true heta event, a signal had to be detected in both the AE and E components of 

tile telescope. Low energy betas can not be detected in E and consequently were not 

counted as events. It was therefore necessary to estimate the fraction of beta particles 

,lot detected by the telescope for hcth the GHe transition and the beta tra~?sitions of 

the calibration sources to determine the value of ;3,,,,. 

These fractions were estimated by constructing tlleoretical beta decay spectra for 

the main decay branch i n  each of %e and the calibration sources. The variation 

between the shapes of the true beta spectra and the theoretical spectra as well as 

the error in the cut-off \value due to uncertainties in the stopping power of the S E  

detector wilt  be sources of some systematic error in the calculation of the branching 

ratio for deuteron emission. 

Since the beta decays pertinent to  this work were all either ailowed or first for- 

bidden: the theoretical spectra are not expected to be dramatically different from the 

true beta curves. Analysis of various beta sources revealed that the greatest varia- 

tion from the predicted shapes occurrs for forbidden transitions with large changes in 

angular momentum. Since these transitions, with one exception, do not exhibit large 

angular momentum changes, the error in the approximation is believed to  be small. 

A qualitative estimate of the maximum possible error due to the assumption that 

the theoretical and actual beta spectra are equivalent, combined with the error due to 

uncertainties in the energy cut-off, is about 18%. This then represents an uncertainty 

in the branching ratio of about (f 0.4 * for both detectors D l  and D2. 

4.8.2 False Events 

The approximate contribution of false or random coincidences to the number of de- 

tected deuterons, iK , was estimated by monitoring coincidences occurring between 

one of D l  or G2 and detectors at stations (2) and (3). The geometry of the detector 

stations prohibits true coincidence events and is therefore a reasonable measure of the 

likelihood of random or false pairs. This analysis reveals that the the maximum level 

of random coincidences that  could be expected was about three percent. Like the 

beta cut-off, this error works in only one direction. The impact of this uncertainty on 



the ca!culated values of the branching ratio is about (-0.1 * lo-') ffrr Iw: 11 111 i \ 1 1 { 1  

D2. 

4.8.3 Calibration Errors 

The calculated uncertainty in the energy calibrations of detectors D l  ;turf 11:' Ic%;rti t o  

systematic errors in the branching ratio. The cut-off value for deuteron t.\.tSnts was stb t  

at a laboratory energy of 350 keV. However, the true value of this cut-off is ~i~rc.t.rt~\i~\ 

by approximately (35) keV for D l  and about (30) keV for D2. 

Clearly, if the cut-off energy. assumed to be 350 from the  calibration, is a t - t ~ ~ n l l ~ ~  

higher in energy, then the true (a + d )  branching ratio is actually !liglwr t h a n  \vh;it 

has been calculated. Similarly, if the 350 keV cut-off is actually lower in energy tiicl~ 

the true branching ratio for deuteron events above 350 is lower than what has 1)t~.1t 

measured. 

Using the total deuteron spectra collected in D l  and D2, an estimate of the itirpac-t 

of this uncertainty on the branching ratio was made. The results indicate tllat 1 1 1 t h  

systematic error in the branching ratio due to the calibration error is about (8%) fur 

D l  and about (7%) for D2. This leads to an uncertainty of about (&0.2* lo-") i l l  tht- 

reported value. 

4.8.4 Geometric Systematic Errors 

A large contribution to the systematic error is made by potential variations in the 

source/detector geometry. An analysis similar to that outlined in section 4.6.3 wliicl~ 

included varying such parameters as the detector to source separation, ion b c m  

cross section, beam spot dimensions, beam spot position and coincidence geometry 

has indicated that these uncertainties contribute a systematic error to the calcuiatd 

branching ratio of about 21% for D2 and about 28% for D l .  Converting to break-111) 

probability, this corresponds to an uncertainty of (f 0.5 * 10-6) for D l  and L12. 



Table 1.1'2: Sunmar_\- of s5-stelmtic effects leading to uncertaintirs in t i l t ,  ( ck  4- ri) 
Branching Ratio 

4.8.5 Detector Non-Linearity 

. 

Error 

+3 cut -of  
Randoms 
Calibration I 
Geometq- / 
Linearity 1 

In this experiment. particle detector Dl was an exceptionally thin silicoll de t t~ t .or .  

The thickness of this device is reported by the manufacturer to be 10.6 pnl . Rec'utrt 

experimental evidence has indicated that the energy response of such a thin clctcctor 

is not linear at  low energies [%I. The data have shown that the calibrated cnesgy 

response of a thin detector may underestimate the true particle energy by betwecrt 10 

and 30 keV. The thicker D.2 detector (15.5 pm ) does not exhibit this lion-linearity at 

low energies. 

A s  a result of this linearity defect, the deuteron cut-off energy assumed to l x  3:jO 

keV may actually be equivalent to 380 keV. Therefore, deuteron events with t r u e  

energy between 350 and 380 keV are not included in the branching ratio calculation. 

An estimate of the magnitude of the systematic error caused by this uncertainty on 

the calculated value of the branching ratio has shown that  the non-linearity could 

contribute and error of about (8%) percent. In terms of the branching ratio, an 

additional systematic uncertainty of (+0.2 * must be included bct for detector 

D1 only. 

4.8.6 Systematic Error Summary 

D l  ( d o "  112 ( * W j  

The magnitude of the uncertainty in the (a + d) branching ratio made by each systern- 

atic effect may be found in table 4.12. From the individual contributions, an overall 

(+) 
0.4 
0.0 
0.2 
0.5 
0.2 

(-1 1 
0 .  ' 
0.1 
0.2 
0.5 
0.0 I 

( + I  
0.4 
0.0 
0 .  
0.5 
0.0 

(4 
0.4 
0.1 
0.2 
0.5 
0.0 



Tal~le 4.13: Final Branching Ratio results with statistical and systematic errors 

systematic error for the branching ratio i n  D l  and D2 was calculated by adding the 

compouents i n  quadrature. The final values for the branching ratio of 6He decaying 

through the ( a  + d )  exit channel for each of detectors D l  and D2 are listed in table 

.f.l:3 with the statistical and systematic errors listed separately. 

Particle 
Detector 

4.9 Branching Ratio Summary 

The use of a telescope design for the detection of beta events has been the source 

of many difficulties in the determination of the 6He branching ratio for deuteron 

emission. These difficulties have been compounded by the existence of a hardware 

coincidence between the two components of the device. The hardware coincidence 

makes it impossible to analyse for systematic effects such as backscattering and 111~1- 

tiple scattering due to the fact that the AE and E responses can not be separated 

and analysed on an individual basis. 

The telescope design itself results in the elimination of low energy beta events 

from the counting system due to the stopping power and beta energy loss governed 

by the AE component of the detector. To account for this effect, the B,,, term was 

included in the branching ratio calculation. However, the value of PC,, is extremely 

sensitive to the ~nagnitude of the energy cut-off used, particularly for the %e beta 

spectrum. From the beta responses recorded in the AE detector, the magnitude of 

the mean beta particle energy loss was calculated and compared with that predicted 

by the theoretical approaches of Vavilov and Symon [26]. The two values were found 

not to be in close agreement although the recorded shape of the beta particles was 

consistent with that predicted by the above mentioned approximations. However, the 

Branchin5 ' Statistical 
Ratio 1 Error 

Systematic 

(+) I - 1 
1.7 

D'2 1 1.9 
k0.2 



theory is probably not coinpietely applicable i n  this instance. Tllc r.e(quirt.111c.1lts OF 

the theoretical approaches are that the absorber thickness be \.cry s i i ~ n l l  (I! i~ic.iiI1!. 

gaseous) and that the rnean enerev - - of the emitted Iwta particles be 111r1c-11 1;trgtbr 

than the stopping power of the atmx-ber. In this case, thy ahsorlwr (11; ) i h  f,til.I\. 

thick (500pm ) and certainly not zaseolrs. Furthermore. the Illeiili twissio~t twt~g!' 

of tlie W e  and 16S beta particles may 11ot Iw sufficiently large to satisfj. the scvr.ol~tl 

requirement. For these reasons. the beta energy loss value used for the calr t~lat  ioil 

of ,'3,,, was taken as that observed in  the -1E detector rather than tllat prcdictcjtl 1)). 

theory. 

The use of the germanium detector for the E component of the beta teltwopv 

becomes important with respect to backscattering. Electrons interacti~g wii 11  all 

absorber can be scattered such that the electron is reflected back out of the cletcctor 

or deflected into the walls of the device. In either case, the full energy of the bcbta. 

particle is not recorded by the detector and hence may not register as an e v w t .  '1'11~ 

probability of such backscattering occuring is a function of the nuclear charge of t l ~ v  

absorbing rnateiial. Germanium. having a fairly large Z value might be expected to 

scatter incoming electrons to a high degree. However, the probability of scattering 

also decreases exponentially with the kinetic energy of the electron [26]. In this case, 

then, the germanium detector threshold is helpful as low energy electrons are removed 

from the system. Because of this. differences between the scattering effects for the 

calibration sources and the 6He runs are believed to be minimized. 

In this i ork, corrections for backscattering effects have not been made nor has 

a systematic error been approximated along the lines of those reported in section 

4.8. The reason being that such calculations are neither straightforward nor reliable. 

Furthermore, even if such a calculation were made, it would not be cIear how to 

resolve the value of PC,, with the backscattered correction. One would he in danger 

of 'double counting' (or in this case, doubly subtracting) beta particles as the two 

corrections are most sensitive to betas of low kinetic energy. However, the reader 

should be cognizant of the fact that the reported branching ratio may be sensitive to 

systematic effects not explicitely accounted for within the analysis. 



In the esperirr~ental design, detector D8 was used to facilitate beta counting in- 

dependent of the telescope device. Cnfortunately, numerous notations in the ex- 

perimental r u n  Ijook coupled wi th  obviously inconsistent results upon analysis have 

demonstrated that the detector designated D8 was functionally useless. The loss of 

this beta recording device means that the only source of beta tinling and energy 

information is the beta telescope. 

The only other ~ossible measures of the beta activity were the scalers which pro- 

vided a cvuilt of events detected in  the AE and E components of the telescope. There 

is no energy or timing information associated with these events and hence the scalers 

can not be software analysed for cut-offs or other systematic effects. Even under 

the limited conditions of scaler counting, several difficulties have been encountered. 

The CAMAC syste~n read and cleared the scalers every five seconds during the ex- 

perimentai runs. During the experiments, the data recording cornputer was disabled 

from time to time when the cyclotron was down or when changes were made to the 

on-line analysis program. From a plot of the scaler vaiues as a fmction of time, it 

became clear that though the scalers were not read when the data acquisition system 

was disabled they were still being incremented with time. When the cornputer was 

restarted, the cumulative vdiiz of the scaler was read after the first cycle - thereby 

including in the total, events occuring while the system was off. 

X second difficulty with usi~lg the scalers as a measure of the beta activity is 

that, for the 8Li runs, a significant fraction of alpha particles break through detector 

Dl. Those that break through can be detected as events by the AE detector and 

hence some of the scaler count in AE will not be due to beta particles at all but 

to alphas. This would obscure the determination of the counting efficiencies by the 

sources method and render the approach inherently unreliable. Because of these 

problems, an analysis of the branching ratio based on scaler responses as a method 

for beta counting was not seriously pursued. 

The results generated in this chapter for the probability of deuteron emission from 

6He are the most reliable values that can be determined from the data collected in 

this experiment. Due to  the energy non-linearity of detector D l ,  the final Branching 

Ratio is reported as that determined using detector D2. The final Branching Ratio is 
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then (1.9 i 0.2 i 0.7) lo-". 

Cornpari~lg this result to the previously published experimental detcrn~in;ttiolls, 

the new value for the branching ratio is not in agreement with the Rossth rchult 

of (7-6 f 0.6) * loF6 which is the curre~lt accepted value for this decay prt>habilit!.. 

However. on comparison with the original publication of Kiisager's group, t l w  t\ro 

values agree, within error, when differences in the experimental cut-off cnt.rgy ; I W  

taken into account. 



Chapter 5 

K-Mat rix Analysis 

5.1 General 

One major shortfall of the experimental data is that the particle energy spectra do not 

span the entire energy range open to the reaction channel. The deuteron and alpha 

spectra are contaminated a t  low energies by beta noise and are further held hostage 

by the inherent limitations of the detection devices below a certain energy threshold. 

However, since the high energy regions of the spectra generated by experiment are 

basically background free and of reasonably high statistics, it is possible to generate 

a theoretical spectrum over the entire energy range. This is accomplished by fitting 

the observed particle spectra with a theoretical form and extending the theoretical 

spectrum down to zero energy. 

The energy spectra of the emitted alphas and deuterons were fit using what is 

known as K-Matrix reaction theory [29] [30] 1281. In broad terms, K-Matrix theory 

allows for a nuclear reaction to  be separated into two regions; an external region that 

is generally well known and an internal region that is largely unknown. The principal 

strength of K-Matrix theory is that the unknown internal region can be expressed in 

terms of an array of reaction parameters. Each of these parameters plays a role in 

defining the observable quantities of the external region. Therefore, since the external 

region is well known, the parameters may be selected and varied as necessary to match 

the observables in the external region. 



Before broaching the Ii-1Iatris theory fornnalisrn. it would be useful to r.t.\.isi t, t l lc .  

mass (X=6) level structure and attempt to understand the overall c l t~ay pr.oc.~xi, 

In order to achieve the ( a  f d )  fi~lal state, the initial beta decay must pass through 

one of the 6Li levels. Clearly. the initial beta tiecay must populate a \ \ d l  ticfirled i t i l t l  

finite energy region within the 6Li nucleus in order for the unbound ( a  + t l )  stat(. to 1,c 

accessible. Beta decay to a point in the 6Li nucleus below the 1.175 AIeV (n + t l )  l e t ~ l  

can not result in the subsequent break-up, Furtherlnore, beta decay from the "le 

nuciide can liot populate a point in the 6Li  nucieus that is higher in energy than the 

6He ground state. The energy region open to the initial W e  beta decay that might 

lead to  an ( a  + d )  break-up is shown in figure 5.1. 

To emit a deuteron with kinetic energy, E, in the centre of mass, the initial beta 

decay of 6He must populate a point in the 6Li level scheme at  an energy, E, above 

the (a  + d) state. The probability of so populating the point, E, via beta decay is 

controiled by the so-called ferlni integral, F ( W ,  2).  The fermi integral is a funct'ion 

of the transition energy, I V  (measured in electron masses), and the atomic number 

of the beta decay daughter. Because every (a + d) break-up is initiated by a beta 

transition it is expected that any reasonable theoretical description of the overall 'He 

decay process will include a fermi integral in its formalism. 

Once the point, E, in 6Li has been fed by the weak force moderated beta decay, the 

probability of the final ( a + d )  state being populated is related to the likelihood that the 

virtual alpha and deuteron will break-up via the strong force. The probability of such 

a break-up will be a function of the deuteron's ability to penetrate the coulomb barrier 

of 6Li forming the unbound (a + d) state. It is therefore expected that a theoretical 

approximation of this exotic decay will include a term involving the deuteron and 

alpha penetrabilities as a function of decay energy, E. 

I t  is noteworthy that these two probabilities, the fermi probability and the pene- 

tratiori probability, will work in opposition to one another. I t  is expected that in order 

for a deuteron (or alpha) to have a high penetration ~robability, the magnitude of the 

excitation energy, E, above the (a + d) state must be large. However, a high value of 



Figure 5.1: Energy region available for (a + d) break-up 



E means that the avaiiable beta decay energy to this poi~lt will be low. fIcrice, t l l o  

fermi probability of a beta transition populating a point at  this energy \\ ' i l l  I,,. sril;~ll. 

Conversely. a large fermi probability would populate an energy potnt E ;cry clvst. 7 0  

the (a + d) threshold. rendering tlie probability of the alpha o; deuteron pzrlrtratirlg 

the coulomb barrier to be small. 

It is also noteworthy that. based on the energy level diagram of figure 2 .  I ,  t l l i w l  

is only one state in %i , the 3+ state at  (2.186) JIeV, within the energy region ope11 

to deuteron emission. The properties of this state are well known with the ptlblislitvl 

deuteron width of this state being about 24 keV [8]. However, tlie experimental results 

have shown that the widths of the alpha and deuteron spectra are well o\*er 1 AleV. 

These two facts are not compatible, a t  least superficially. It should therefwe also be 

expected that some component or term in the theoretical approach wil l  resoi1.e the 

apparent incompatibility of the level widths and the energy span of the emitted alphas 

and deuterons. 

5.2 K-Matrix Theory 

Consider the existence of the intermediate compound nucleus 'Ee* . This species may 

be produced via a multitude of entrance channels including (7Li + p), and (6Li + d).  

It can decay via many exit channels including (4He +'He ) and (7Be + n) [B]. The 

probability of a particular exit channel being utilized as a function of entrance channel 

and interaction energy can usually be measured by experin:ent. These probabilities 

are termed reaction cross sections labelled as: 

where i is the initial or entrance channel, f is the final or exit channel, and E signifies 

that  the reaction cross section is dependent on the interaction energy of the reactants. 

Though i t  is important t o  know the reaction cross sections as a function of energy, 

these probabilities do not illuminate the nuclear reaction mechanism. It is at this 

point where nuclear reaction theories such as K-Matrix theory become useful. 

The  principal idea behind the nuclear reaction models is that  the observed reaction 



cross scctions must depend on the properties of the initial, final, and intermediate 

states i~ivolved in the overall reaction process. The central goal of the models is 

to establish a set of nuclear parameters that describe and are consistent with the 

observed experimental results. 

The main feature of the reaction theories is the so-called transition matrix, T. The 

transition matrix is related to the cross section by the equation: 

where Td, is an element of the transition matrix T. The element Td,(E) defines the 

amplitude of the outgoing waves in exit channel, d,  as a function of the incolning 

waves of entrance chznnel, c, and interaction energy, E. Of course, this still doesn't 

illuminate any of the properties of the intermediate, initial, or final states. However, 

the transition matrix, T, can be rewritten as 

where p and u are diagonal matrices, 1 is the unit matrix and K is the so-called 

generallized, symmetric collision matrix, or K-Matrix. Here, the elements of p ,  u 

and K depend explicitly on the properties of the initial, final and intermediate states 

involved in  the reaction. 

The beauty of the theory is that the values of the nuclear parameters within 

p, u, and K can either be calculated from first principles or be inferred from the 

experimentally observed cross sections. Once known, these parameters provide an 

extremely powerful tool to  estimate reaction cross sections at  energies not feasible 

in the laboratory. Such calculatiolls are of primary importance in the discipline of 

nuclear astrophysics where reactions occurring at stellar energies involving species of 

limited stability can not be replicated experimentally. 

For the purposes of this study, it turned out that the interaction cross section as a 

function of energy was not particularly important. What was of interest though were 

the shapes of the deuteron and alpha particle energy spectra. Fortunately, within 

K->Iatrix theory, it is possible to  generate a theoretical approximation of the total 

deuteron and alpha spectra. This was accomplished by selecting the components of 



I<-lfatrix theory pertinent to  spectrum shapes and fitting the high energy part of t I t v  

observed spectra to the theoretical form. 

5.2.1 Theoretical Fitting Terms 

It is important to understand what the experimentally deter~nined particle ciicrgy 

spectra really are. They show the number of deuteron or alpha events emitted hy l t >  

as a function of energy over a given time period. Since the time frame for cach e1lct.g. 

bin was the same, the spectra are essentially measurements of the detiteror: or alpha. 

emission probability as a function of energy. 

IVithin K-llatrix theory it is possible to determine the probability of emitting ari 

alpha or a deuteron with kinetic energy, El from the matrix element- of the K and p 

matrices. The elements, pc of matrix p are defined by the equation, 

where kc is the wave number of the transition given by: 

with p being the reduced mass of the (a +d) system, and E the energy of the emitted 

alpha or deuteron in the centre of mass. 

The  subscript L refers to  the angular momentum change between the entrance and 

exit channel of the transition, and the term Q is defined by the equation: 

where qc is 

and the C, 

the Sommerfeld parameter given by, 

term is found from, 

and the term Ur is defined recursively with, 

& , = I  U r = ( l + e 2 r l ; 2 ) u [ - ,  



TIte eletnei-tts p, of matrix p have a fil:;ie value for each ernission energy, E, and for 

each intermediate state populated by the ferlni decay. These p, terms are referred 

to as I<-llatrix penetr~bilities and are completely analogous with the penetrabilities 

discussed in section 5.1. 

The elements of the matrix K are found frow the equation: 

where, once again, the l subscript refers to the angular momentum change previously 

defined, the Ecx refer to the centre of mass energy of the intermediate slate with 

respect to the (cr + d )  state. the E refers to the deuteron enlissisn energy, the g ta ,~  

term is the reduced width of the inter: , ~ d i a t e  state, and the De, term is simply a 

background term in the equation. 

The suxmnation indicates that the I(-Matrix elenlent for angular nlonlentu~n change 

f must be the sum of the contributions made by all possible interrnediat~ states giving 

angular rnolnentum change E ,  regardless of their relative energies. 

It is important to note that the term g, the reduced width, solves the problem 

~nentioned in section 5.1 where the width of the 3+ state in 'Li did not agree with the 

observed width of the particle energy spectra. Even though the true width of a state 

may be narrow, the reduced or virtual width can be large. However, the fact that 

virtual widths may be large adds a complication to the 'Li system. In the analysis 

it must be considered that with sufficiently large widths, states outside the available 

energy region of figure 5.1 may play a role in the 'He decay. This is particularly 

important for the 6Li ground state as this state is expected to be important for 

reasons that will be discussed later. 

5 -2.2 Theoretical Transition Probability 

Knowing the functional form of the K-Matrix elements and the penetrabilities as a 

function of energy, the probability of emitting a deuteron or alpha with kinetic energy, 



E. in the centre of mass can be ca1c:dated from the formula. 

I n  this equation the subscript a indicates that the overall transition of ir~trrest is t 

( a  i- d) break-up of %e and the subscript C has the same significance as in tqu;it i011 

5.5. The subscript X in the sum~nation term signifies the X t h  state with r l , ~ $ \ ~ I ; i r  

momentum change I included in the decay process. The ,fJ factor is the i~ltcgratcvl 

fermi function 

f3 = F (  ll&, Z) (5.13) 

which is a measure of the phase space available to the beta particle and neutri l :~ ;is 

a fu~~c t ion  of energ1 [%I. The 1Vo parameter is measured i n  electron masses antl (.it11 

be solved from the equation, 

where Qbeta is the energy between the 'He ground state and the unbound ( a  + t i )  

state, me is the electron mass in MeV and E is the energy of the emitted particle in  

the centre of mass frame. 

The Bex term in equation 5.12 is the beta feeding factor. It is a measure of thc 

likelihood that a beta decay will populate a certain intermediate state in 'Li atid, 

once again, the Dt, term is a background term to account for the contributions made 

to the process due to the low energy tails of the 6Ei continuum. 

As a first order approximation, two assumptions were made: first, the background 

term in the equation was set to zero and, second, It was assumed that the only 

intermediate state involved was the virtual high-energy tail of the 6Li ground state. 

The reason for the second assumption is that it has been shown that the 6Li ground 

state wave function is more than ninety percent alpha/deuteron in character. 'This, 

coupled with the fact that a beta transition probability of feeding the 6Li ground state 

is much greater than feeding the first excited 3+ state suggests that the 1 + ground 

state is much more likely to be involved in the decay mechanism than the higher 

energy states. 



tt'ith these assumptions. the transition probability equation written in 5.12 can  

I,c simplified to: 

Here, the salue of E , the energy of the ground state 6Li level relative to the ( a  + d )  

state is a constant known to be (-1.47*7 MeV). The fa, p, and K terms can be calculated 

for each emission energy. E. in the centre of mass. The terms Bo and go are unkno~vti 

tronstants, and, in fact, it is these two parameters that are of interest. These two terms 

i v i l l  be two of the parameters allowed to vary freely in the overall fit to reproduce the 

spectra collected experimentally. 

In section 3.6, txo  sets of spectra were generated for each of the alpha and deuteron 

spectra collected in detectors D l  and D2. The first set (figure :3.1'7) gives the event 

spectra with the beta background included while the second set (figures 3.16J.18) 

give the event spectra with the functional form of the beta background subtracted 

off. For the K-3latrix fit. it was decided to complete the fit with the background 

features included. The reason for o doing was that there is a considerable degree of 

uncertainty in the subtraction approximations. Therefore, within the I<-Matrix fit, a 

background term was embedded, ;.~ith the functional form of the background being: 

The terms rVj and rn were allowed to vary freely. By including the beta function in 

the fitting procedure, it was possible to monitor the dependence of the fit on the beta 

background contribution. 

To summarize, the experimental deuteron and alpha spectra were fit (as a function 

of particle emission energy) by varying four parameters, &, go, 5, and n. The 

program MINUIT [31] was used to minimize the overall error in the fit - yielding a 

fina! set of fitted parzrneter values with their calculated uncertainties. 

The quantity minimized by the MINUIT program is the overall x2 statistic. The 

\ *  of the fit may be written [28], 

a3 



Table 5.1: It;-Matrix fit results to pertinent particle energ;?. spectra 

D2 Alphas / O.O41:3 k b.0077 I 67 f 12 / 74 5 IS / 2.9 f 0.4 

SPECTRVAI 
Df! Deuterons 

D l  Alphas 1 0.185 f 0.080 1 6 f 1 I I1 f 0.5) * 10" 15 f 2 

where the summation is over the calculated yZ \ d u e  of each floating parameter. For 

any set of parameters, the calculated value of X 2  may be found from, 

90 

0.0326 f 0.0064 

where Kerp and Kc"' are the experimental and calculated values, and 61: is the exper- 

imental uncertainty in ye=' . 
MINUIT varies the selected parameters and recalculates k;.Ca' until the y2 statistic 

reaches a minimum. At this point the best fit to the experimental data has Lecn 

achieved. By altering the initial values of the input parameters prior to running the 

MIXUIT program it was possible to ensure that the true x2 minimum was reached 

rather than a local minimum. 

5.3 K-Matrix Fit Results 

Bo 
93 f 18 

I<-matrix fits were performed on the alpha spectra in D l  and D2 and on the Deuteron 

spectrum of D2. The shape of the deuteron spectrum collected in D l  is not consistent 

with the true spectrum shape due to the fact that the thickness of D l  was not sufficient 

to  stop high energy deuterons. As such, a K-Matrix fit to this spectrum would i ~ e  

meaningless. 
-. 
I'he resuit of the K-Matrix fit to the D2 deuteron spectrum is shown in figure 5.2 

while the fits to  the alpha spectra in D2 and D l  are found in figure 5.3 and figure 5.4, 

respectively. Table 5.1 summarizes the best fit values calculated within the MINUIT  

routine for the four variable parameters outlined in section ,522. 

,t;. 
(7.7 f 0.S) * lo7 

r~ - 
39 f 2 



K-MATRIX FIT 

DEUTERONS IN 02 

CENTRE OF MASS ENERGY (MeV) 

Figure 5.2: K-Matrix fit to deuteron spectrum collected in detector D2 



K-MATRIX FIT 

ALPHAS IN D2  

CENTRE OF MASS ENERGY ( M ~ V )  

Figure 5.3: K-Matrix fit to alpha spectrum collected in detector D2 



K-MATRIX FIT 

ALPHAS IN D l  

CENTRE OF MASS ENERGY (MeV) 

Figure 5.4: K-Matrix fit to alpha spectrum collected in detector Dl  



The best fit 1-alues of nuclear parameters Bo and go were found to agrct* \v i t l l i r t  

error for the alpha and deuteron spectra collected in D2. The discrcpallcy l~ct\vetw 

the results for Dl and D2 is believed to be due to systematic ditficultics t*vidtwctd i l l  

detector Dl - namely, that the energy calibratiotl for D l  is highly uncertaiil a t  low 

energies due to the non-linearity of the detector's response in this region. 13ecwstl of 

these systematic problems inherent to D l ,  the shapes of the spectra collectt~f i n  D:! 

are considered to be of higher reliability. 

5.4 Total Integrated (a  + d) Branching Ratio 

The goal of the K-Slatrix section of this work was to estimate the magnitude of the 

total ( a  -+- d) decay probability. This has been acco~nplished by extracting the best fit 

values of the nuclear parameters Bo and go from the theoretical spectra and extending 

the calculated emission probability It'(E) down to zero energy. 

The parameters Bo and go from MINIJ IT  were fixed at  their best fit values all({ 

inserted into equation 5.15. The fermi integral, penetrabilities and K-Matrix elernen ts 

were then calculated for all emission energies, E, in the allowed interval (see figure 

5.1) and incorporated into equation 5.1.5. 

The beta background terms were ignored to produce theoreticiil spectra free of 

background. Using equation 5.15, transition probabilites, W ( E ) ,  were calculated 

and plotted as a function of emission energy. As an example, figure 5.5 shows the 

theoretical spectrum derived from the D2 deuteron K-Matrix fit where the background 

effects have been eliminated. 

Knowing the overall spectrum shape it is possible to estimate the magnitude of 

the total (a + d) branching ratio. The theoretical spectrum was integrated above 

the experimental cut-off and integrated over the full energy range. The relationship 

between the integrated spectrum and the branching ratio is simply: 

where the term S>525 is the integrated theoretical spectrum above the cut-off and 

Sjull i s  the total integrated theoretical spectrum. Knowing the value of BR>s2s from 



1 FULL THEORETICAL SPECTRUM 

DEUTERONS 

CENTRE OF MASS ENERGY ( M ~ v )  

Figure 5.5: Full theoretical deuteron energy spectrum as derived from the best fit 
I<-Matrix parameters 



Table 5.2: Calculated value of the Integrated ( a  + t i )  Branching Ratio 

D2 Alphas 1 3.3 * / 1.0 * 

SPECTRY11 
D2 Deuterons 

D l  Alphas / 3.5 * lo-' 1 1.1 * 

section 4.7. the equation can be re-arranged to solve for the total (cr + ( I )  emissior~ 

probability. 

BRfull = BR>525 Sjull/S>52s (5.20) 

B RjUl1 
3.3 * 10-" 

Following this procedure for the deuteron spectrum in D2, the calculated value of thc 

total (a + d) branching ratio was found to be ( 3 . 3  f 1.0) * 

Error 

-0 * lo-" 

Here, the error in the integrated spectrum was approximated by varying Bo and 

go Gy their fitted uncertainties and re-calculating the ratio of the integrated partial 

and full spectra. The final error quoted is this uncertainty added in quadrature t,o 

the systematic error in the branching ratio. This procedure was repeated for each of 

the three fitted particle energy spectra and the results are listed in table 5.2. 

Once again, due to  the systematic problems in detector D l ,  the result for the 

total (a + d) branching ratio deriteed from this fit is suspect. Furthermore, since the 

value of the branching ratio above 525 keV is taken from the deuteron measurement 

in D2, it seems appropriate to repcrt the total (a + d) branching ratio from the same 

spectrum. The reported value for the total (a + d) branching ratio in the decay of 

6He is then (3.3 f 1.0) * 

5.5 Published Theoretical Spectra 

As discussed in section 1.4, the experimental deuteron spectrum provides an excellent 

testing ground for the suitability of theoretical models. By extracting the shape of 

the published theoretical spectra and overlaying them with the deuteron spectrum 

collected in this experiment, a first order check of the models' predictions can be 

ascertained. 



Figure 5.6 sho~s-s the predicted shape of the deuteron emiss io~~ spectrum as pub-  

lished by Varga (121. Here, the ~nagnitude of each energy point was scaled to ohtain 

the best fit to the experimental spectrum. Altliough the shape is consistent with the 

experimental spectrum at high energy, the model overestimates the actual spectrum 

at low energies. In addition, the published branching ratio in this paper is lower than 

has been observed experimentally. It must therefore be concluded that the lnodel 

suggested by Varga is not consistent with the observable quantities. 

Figure 5.7 shows the theoretical spectrum published by Descouvemont as com- 

pared with experiment [lo]. Again, the spectrum shape and predicted branching 

ratio do not reproduce those which have been experi~nentally determined. 

Figure 5.8 shows a similar plot of the theoretically derived spectrurn from a paper 

by Zhukov I l l ] .  The absolute curve does not approximate the observed deuteron 

spectrum well. however, it appears that  if the theoretical spectrurn was shifted higher 

in energy that the fit would improve. It would be interesting to find out which 

parameters in Zhukov's model control the reference energy of the peak ~naxirnunl and 

see if these parameters could be adjusted in a reasonable way to better reproduce the 

observed spectrum. However, the fact that  the branching ratio predicted by Zhukov 

is much lower than that which is observed may still undermine the suitability of this 

particular theoretical approach. 

Of the published theoretical models, two in particular showed great promise due to 

the fact that the predicted spectra shapes approximate the observed spectru~n quite 

well. The first of the two was published by Borge et  al. within their experimental 

study [9]. The shape of the theoretical spectrum in this paper is scaled and plotted 

with these new experimental results in figure 5.9. 

The theoretical curve appears to underestimate the true spectrum at  high energy, 

however, the similarity between the overall shapes and between the energy values of 

the peak maxima suggest that  the model is a t  least on the right track. Specifically, 

the model assumes that  the decay proceeds through two virtual states in 6Li ; one 

being a virtually excited 6Li ground state and the other being a virtual (a + 2n) 

state. Each of these states represents a different decay mechanism. The virtual 6Li 

ground state accounts for a decay by which the beta decay occurs first, followed by 
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BIN WIDTH = 40 keV 14 
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Figure 5.6: Comparison of Varga's theoretical deuteron energy spectrum with  that 
collected experimentdy 



LAB ENERGY ( k e ~ )  

Figwe 5.7: Comparison of Descouvemont's theoretical deuteron energy spectrum with 
that collected experimentally 
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Figure 5.8: Comparison of Zhukov's theoretical deuteron energy spectrum with  that 
collected experimentally 



LAB ENERGY (keV) 

Figure 5.9: Comparison of Borge's theoretical deuteron energy spectrum with that 
collected experimentally 



an (a+  d )  break-up while the ( a  1 211) virtual state accounts for an initial scpt.ratiun 

of %e into an alpha plus dineutron followed by the ilineutro~l beta cteca~ing to ~ I I P  

unbound state. 

The unknown quantity in this theoretical approach was the matrix t4c1nt.rlt (or. 

outgoing ainplitude) correspondin,o to the di~~eutron/alpha seperation and sribscclurnt, 

beta decay: (t). By adjusting the value of the parameter, (0, the authors w c m  a h l c ~  

to obtain reasonable agreement with their published experimental spectru~n. I t  \voultl 

be interesting to investigate whether a magnitude for this parameter could be set s u c h  

that their theoretical spectrunl ivould better approximate the new deuteron data, and 

i f  the predicted branching ratio would be consistent with that observed here. 

The second of the two most suitable theoretical spectra was published by Barker 

[:32]. In this work. four possible spectrum shapes \Yere given, each one corrcspoiidine; 

to slightly different values for a series of nuclear parameters. Figure 5.10 shows the 

published spectrum that best approximates the new experimental data. 

ac 111s. The paramater values of this theoretical curve correspond to a low channel r 1' 

.A low channel radius disagrees with the notion that 6He exists as a neutron halo 

species. However, his original analysis was based on both the spectrum and branching 

ratio published by Borge in 1993. Without a direct analysis centred about the new 

results, it is difficult to draw any definite conclusion regarding the structure of " I I ~  . 

5.6 Summary 

In summary, it is not clear that  any conclusions regarding the structure and prop- 

erties of 6He can be drawn by simply comparing the shapes of the theoretical arid 

experimental spectra. Perhaps the only well-founded observation that can be made 

on a case by case basis is whether or not the model is supported by the observable 

features of the 6He break-up. Without an in depth understanding of R-Pn'atrix and to 

a lesser extent K-Matrix theory, it is not possible to  suggest modifications or refine- 

ments to  the theoretical approaches that would improve the predictions. However, 

the fact remains that  t o  inspire confidence, the theoretically generated spectra and 

decay probabilities must echo those which are observed. It is therefore believed that 



t BARKER'S FIT 

LAB ENERGY ( k e ~ )  

Figure 5.10: Comparison of Barker's theoretical deuteron energy spectrum with that 
collected experimentally 



comparisons against the these new esperi~nental spectra, not unlike those of the prcz- 

ceeding section, will lead to a better and more comprehensive theoretical ticscript ion 

of the exotic nuclear structure of 'Fie and its decay properties. 

Analysis 

5.7.1 General 

Previously published theoretical models were constructed on the basis of branchillg 

ratios and particle energy spectra reported by Riisager and Borge [7] [9]. AS ;-I. con- 

sequence, direct comparison of the predictions made from these 11lodels and the new 

data are questionable. To infer any specific structural details with regard to the 

neutron halo or lack thereof on the basis of these comparisons would be dubious ~t 

best. 

Because of these difficulties in comparison, the new data were forwarded to F. C. 

Barker for an R-llatrix analysis independent of the previous experinlental measure- 

ments. The details of the analysis were identical to the analysis conducted using the 

Borge data [32] except that, in this case, those parameters that were originally based 

on the Borge results were exchanged for those reported in this study - namely, the 

particle energy spectrum and the ( a  + d) break up probability. 

5.7.2 Analysis 

The analysis performed by F. C. Barker was a one-level R-Matrix calculation with the 

ground state.of 6Li defined as the intermediate level. The feature of this technique 

was that the beta decay channel was allowed to contribute to the transition matrix 

element of the overall decay from the external region 1321. As such, two "cases" were 

tested in the analysis; the first, case (a), corresponds to  the internal contribution 

dominating the matrix element, whiIe the second, case (b), corresponds to the external 

contribution dominating the matrix element. 

The important parameters in this model were: 



where, 

( -wJ)  is the matrix ele~nertt for the transition between the initial 'He ground stat? 

artd the final 'Li ground state, 

(m,J) is the matrix element for thc transition between an initial dineutron and final 

deuteron, 

(A) is the channel radius measured in fermi which corresponds to the radial distance 

at  which the polarizing interaction between the two particles is zero, 

(6,) and (6,) are the reduced width amplitudes of the 'He to 6Li and dineutron to 

deuteron transitions, 

(C2) is a constant parameter given by, 

and [ is a parameter related to the matrix elements by the expression, 

X total of sixteen R-Matrix fits were performed by Dr. Barker, eight correspo~lding 

to case (a) and eight corresponding to case (b). On comparison with the experimental 

deuteron spectrum, a clear preference could be made for case (a). This in itself 

represents a significant improvement as no clear preference could be made based on 

the data supplied by Borge et  a1 [32]. 

Of the eight case (a) theoretical forms, two in particular agreed well with the 

experimental spectrum. These two best fit curves are shown with the actual deuteron 

spectrum in figures 5.1 1 and 5.12. The values of the fitted parameters corresponding 

to  each of these theoretical forms are listed in table 5.3. 

5.7.3 Interpretation 

The best fit values for the channel radius, (A = 4.5, 4.6 fm), are larger than predicted 

by theory. The expected channel radius is calculated from the equation, 



\ R-Mat r ix  Fit (F.C. B a r k e r {  

DEUTERON ENERGY (CM k e ~ )  

Figure 5.11: Theoretical spectrum corresponding to a channel radius of 4.5 fm 



Fit {F.C. B a r k e r {  

DEUTERCN ENERGY (CM keV) 

Figure 5.12: Theoretical spectrum ccmesponding to a channel radius of 4.6 fin 



Table 5.3: Best fit para~nater values for R-llatris spectra 

Parameter ( First Fit I Second Fit 
1 (figure 3.1 1 )  1 (figure 5.1.') 

where the A, are the masses of the product alpha and deuteron and the constar~t of 

proportionality, r, is equal to 1.43 fm. From this equation, the value of the channel 

radius should be about 4.13 fm. The fact that the fitted values are about 10% larger 

may indicate that the di~nensions of the 6He nucleus are abnormally high, which would 

be consistent with the hypothesis of a neutron halo. However, the theoretical value 

of 4.13 fm for the channel radius is a calculated minimum [33]. As such it would b i x  

difficult to draw any broad conclusions based on the channel radius alone. 

The log ft value for the beta transition between the ground states of 'He and %i 

is quoted as being (2.910 f 0.002) (81. The low value of log ft corresponds to a large 

value of the matrix element, for this decay. The large value of suggests that 

the internal wave functions of 'He and 'Li have substantial overlap. Given that the 

internal wave fmctions are similar, it is reasonable to assume that the 'He and Ti 
reduced width amplitudes are approximately equal [33]. 

If this is true, then equation 5.22 reduces to, 

The interpretation of the magnitude of ( is that a high valm ( J  = 1) would 

correspond to rnif = M i f .  If the matrix elements were about equal then it could 

be inferred that correlation between the two neutrons in 'He is very similar to the 

correlation between the nucleons within the deuteron. Extending this idea, it could 



be inferred that the outermost neutrons in GHe are deuteron-like. This would suggest 

a strong coxpling to the (a  + d )  state giving a large branching ratio for deuteron 

emission. 

The other extreme corresponds to a [ value close to zero. In this picture, the 

dineutron-to-deuteron matrix elerrlent, m,,, is much smaller t l lal~ the overall transition 

matrix element, .\Itj. In such a case, it could be inferred that the degree of correlation 

between the outer~nost neutrons i n  6He is 1nuc11 different (less tha11) the corrrlation 

l>etween the two nucleons in the deuteron. This case would support the uncorrelated 

~leutrorl description of 6He which would tend to support the neutron halo hypothesis 

and result i n  a substantially smaller branching ratio for deuteron emission. 

The best fit values for ( )yere found to be about (0.44). This suggests that the 

degree of correlation bet\veen the two 11eutro1~ in 6He is moderately large, but not 

obviously deuteron or halo-like. 

5.7.4 Summary 

The R-Matrix analysis conducted by Barker does not conclusively identify %e as 

a neutron halo species. The results indicate that the structure of the 6He nuclide 

is somewhere in between the con\-entional and halo descriptions. In fact, this is 

not inconsistent with what has been postulated previously. Of the uuclides that have 

been shown to have neutron distributions larger than predicted by the constant density 

approximation, some show higher degrees of neutron dispersal than others. Those with 

extremely large density distributions, such as "Li , are more correctly described as 

'neutron halo' isotopes, while others, such as 6He , with smaller neutron distributions, 

have become known as 'neutron skin' species [34]. The difference between the two 

being the extent of the neutron cloud, however the boundaries for the classification 

of a nuclide as belonging to one group or the other have not been clearly established. 

From the theoretical R-Siatrix forms that best fit the experimentally collected 

deuteron spectram, the total branching ratio for deuteron emission has been esti- 

mated. Integration of the two best fit curves indicates that  the overall branching 

ratio for deuteron emission from 6He is about (2.9 f 0.9) 



Chapter 6 

Summary and Conclusions 

6He is an exotic species that has been observed to exhibit an anomalous neutron den- 

sity distribution and a unique decay mode through which a beta-delayed deuteron is 

emitted. Previous experimental ~neasurements of the probability for deuteron ernis- 

sion are not self-consistent wllile the published particle energy spectra suffer from tilt. 

fact that they are of poor statistical reliability (71 [9]. Although it is always desireable 

to have accurate measurements of these standard decay characteristics, it is particu- 

larly important that the 6He nuclide have a believable branching ratio and consistet~t 

particle energy spectra due to the fact that these quantities may be sensitive probes 

of the so-called 'Neutron Halo' phenomenon. 

An experiment was performed by the TISOL group at  TRIUMF to re-measure the 

branching ratio for (cr + d) break-up and to generate the particle energy spectra of the 

emitted species. The (cr+d) break-up was monitored by a coincidence technique which 

enabled conclusive separation of alphas and deuterons down to low energies. The 

deuteron spectrum collected by this method is statistically better than the previously 

published spectra by more than an order of magnitude. 

From the collected deuteron and beta particle data, the probability of 'He emitting 

a deuteron with a laboratory energy in excess of 350 keV has been measured to he 

(1.9 f 0.2 f 0.7) * 10-? This result conflicts with the currently quoted branching 

ratio value of (7.6 f 0.6) * but is consistent with the original measuremeut of 

(2.8 f 0.5) * : i ~ - ~  when the difference in the experimental energy cut-off is taken into 



account. 

Extracting the pertinent elements of I<-11 atrix reaction theory, the deuteron and 

alpha spectra were fit with theoretical forn~s and extended over the full energy range 

of the transition. From these theoretical spectra, the total ( a  + d) branching ratio 

has been estimated to be (3.3 f l . C )  * 
Using an R- hiatrix analysis conducted by F. C. Barker, the experilnental deuteron 

spectrum was fit to a number of theoretical f o r m  and two specific theoretical 'cases'. 

The results of the ar~alysis showed a clear preference for theoretical forms of case (a) ;  

a preference that could not be deduced on the basis of the previously published data. 

The two theoretical curves that best approximated the experimental data yield full  

(a + d) branching ratios of approsinlately (2.9 f 0.9) * for the break-up transition 

in the decay of 6He . 
If the systematic difficulties experienced during this experinlent are a barrier to the 

publication of the branching ratio rgsult, it may be deemed necessary to re-measure 

the deuteron emission probability ;t a later date. Should this come to pass, there . ., 
are recommendations to be made with regard to the experimental set-up. First, 

rather than employing a telescope design for beta detection, individual beta counters, 

such as those of the silicon or scintillator variety, may be superior for this particular 

measurement. Second, it would be desirable to use more than one beta detector so 

that efficiency calculations may be compared and contrasted, based on their relative 

geometries, and investigated for systematic differences that may not otherwise be 

illuminated. Third, the use of hardware coincidences should be avoided due to the 

fact that it is not possible to repair in the software, potential problems set by the 

hardware. And, fcurth, since yield was not a factor in the experiment, the relative 

source/detector geometry should be arranged such that variations in the dimensions 

and position of the source activity do not create such dramatic changes in the detection 

efficiencies. This could be accomplished by passing the 6He ion beam through a very 

s~nal l  collimator immediately prior to implantation within the carbon collection foil, 

and by using particle detectors D l  and D2 with larger surface areas located at  greater 

distances from the source. With large enough detectors, the geometric efficiencies 

would not be reduced, but the error caused by source movement would be minimized. 



It was hoped tha t  the results of this experiment would conclusivcl y dernotistrate 

that  the  6He nuclide was or was not a neutron halo species. The  results. Ilowcvc~, 

indicate that  the structure of the 6He nuclide is neither halo-like nor conventiotial. 

It appears that  the  previous classification of 6He as a 'neutron skin' isotope is not, 

inconsistent with these latest data. 
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