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A bstract

Muon catalyzed fusion, a process known ever since the introduction of muons to bubble 
chambers, is a field which still poses unanswered questions. The multitude of physical 
conditions for the many possible combinations of different hydrogen isotopes have made 
the field rich in physics, but sometimes difficult to study experimentally. This dissertation 
presents a measurement of muon catalyzed fusion reactions in deuterium at 3 K, and
introduces a new technique based on the use of solid layers of hydrogen maintained in 
vacuum to allow experimentation with muonic deuterium and muonic tritium atoms.
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Chapter 1

Introduction

For the last fifty years it has been known that the introduction of a negative muon into 
a mixture of the three isotopes of hydrogen (known as protium, deuterium, and trit ium, 
and differing only in the number of neutrons) can lead to fusion reactions between the 
hydrogen nuclei, a process called muon catalyzed fusion or fiCF. The intricately connected 
molecular, atomic, and nuclear processes that occur have taken many years to identity and 
offer a richness of physics in both theoretical and experimental domains.

This thesis is based on data collected for /iCF in deuterium under experimental con­
ditions not previously explored. The different conditions are accessible dm to the novel 
target system developed for the experiment. The cycling parameters for muon catalyzed 
fusion in the solid phase of deuterium at low temperature (3 K) have been measured,

In addition, measurements made with beams of /id atoms have illustrated a new tech­
nique which can reveal information on the scattering cross sections of muonic atoms.

Chapter 1 gives a general introduction to the types of physics involved in the field of 
muonic atoms, and introduces the idea of the solid layered targets. Chapter 2 will give the 
theory specific to muonic deuterium and the present analysis. The remaining chapters will 
detail the apparatus, the data, the analysis, and the results.

1.1 Reactions of Muons in Hydrogen Isotope Mixtures

Figure 1.1,1 shows, in a simplified and schematic way, the multitude of states which can 
form when a negative muon is introduced inio a mixture of the three hydrogen isotopes, 
The individual states result from the different possible reactions of muon capture, transfer, 
muonic molecular formation, and nuclear fusion. Each of he reactions will be explained 
in more depth in the following sections to provide a general explanation of the physics 
associated with the muonic hydrogen processes. The experimental work presented herein 
focuses closely on only one aspect of the diagram, the molecular formation of d/nl starting 
with a /id atom and a D2 molecule.
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p+n+v

ppt

tpt
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p+t

i+n

Figure 1.1.1: A simplified schematic showing the permitted states which can form when a 
negative muon is introduced into a mixture o f the three isotopes o f hydrogen.

1.1.1 M uon C apture and Transfer

The muon lifetime is long (2.2 ps) compared to the time scale of atomic and simple molec­
ular processes. At close to 207 times the mass of the electron, a negative muon bound to a 
nucleus will form an atomic orbit structure similar to the one derived in any introductory 
quantum text,1 for the electron orbiting a nucleus, but with an increase in the energy scale 
of the order of the mass ratio quoted above. Likewise, the size scale of the muonic atom 
will be reduced by the same factor.

A negative muon introduced into matter slows and captures on an atom in a charac­
teristic time of picoseconds. The atomic capture occurs when the muon interacts with a 
bound electron transferring to it an energy greater than its ionization potential and taking 
over the electron’s physical orbit [1]. By comparing muon and electron bound state ener­
gies it is easily shown that the muon is captured in an orbital with a principal quantum 
number similar to the square root of the mass ratio times the initial electron level. Since 
7i — l for the electrons in ground state hydrogen the muon initially captures in an atomic 
orbital with n tn «  14, The subsequent deexcitation of the muonic atom occurs
via Stark, Auger, scattering, radiative, and transfer processes, which occur on the 100 ps 
time scale in hydrogen. After the capture and dcexcitation, the muonic atom will have a

'The general wave function for a charged particle in a Coulomb potential can be written as 
'I'i./mM = exp (~iEnt) where the energy of a given level n is En = -  (m"*+w3) Note
the dependence of the energy on the reduced mass.
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kinetic energy which implies an effective temperature.

The transfer process, often called Coulomb deexcitation, provides a source of accel­
eration for the muonic atom. The reaction is uxn, + x  —> fixUf f- x with 7i,, > iif. Since 
the final state contains only the massive particles, they share the energy released in the 
ni rif transition. The energy released in this form of deexcitation provides an accel­
eration mechanism for the muonic atom, often allowing the atom to reach high kinetic 
energies (~75 eV). Since the accelerating deexcitation mechanisms are in compet’tion with 
the nonaccelerating deexcitation mechanisms, the final energy distribution is believed to 
contain both thermal and epithermal distributions of muonic atoms relative to the remain 
ing matter. “Thermal” is used to refer to a distribution consistent with the average energy 
of the surrounding material. Likewise, “epithermal” is used to refer to the muonic atoms 
outside of that distribution. The relative populations of the distributions reflect tlie con­
ditions in which the /ix deexcited (i.e., in low density gas, or in liquid) since it is those 
conditions which determine the strength of the Coulomb deexcitation compared to the 
other processes. The energy distribution has been the focus of several recent experiments 
and calculations working with both muonic and pionic atoms [2-5].

Muonic atoms adrift in a hydrogen mixture which happens to be contaminated by 
other atoms with high Z are rapidly scavenged to the tightly bound high Z systems. The 
study of the muon transfer from the hydrogen to the heavy nucleus is still an active area 
in muon physics [6]. Except in a few rare cases, the physics of /zCF occurs entirely in the 
three isotopes of hydrogen, i.e., Z =  1, and thus the transfer to heavy nuclei is an unwanted 
process.

The reduced mass dependence of the ground state energy implies that m a mixture of 
hydrogen isotopes, the muon preferentially transfers to the heavier isotope. These isotopic 
transfer processes up  4- d -> /xd •+- p and //p + t —> fit, +  p create muonic atoms formed 
with kinetic energ>° of 43.3 and 44.5 eV respectively, an energy equivalent to thousands of 
degrees of thermal excitation. However, the loss of the energy to the surrounding medium 
is generally too rapid to allow experimentation with the hot atoms.

An important effect is the transfer of the muon to another isotope before it has reached 
the ground state of the initial muonic atom. Called the “</is" problem, it is relevant for 
the study of /iCF in triple mixtures [7]. The term q\0 refers to the fraction of muonic 
atoms which actually reach the ground state (IS1 level) before the muon is transferred to 
the heavier isotope. Since the rate of transfer from an excited state is generally different 
than the transfer from the ground state, the kinetics of the muonic processes following the 
transfer can be strongly affected [8].

1.1.2 Muonic Atom Interactions

The muonic atom is a small neutral entity which interacts wit!, its surroundings via the 
Coulomb force. Although electrically neutral, there are induced dipole and quadrupole
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Figure 1.1.2: A plot o f the theoretical elastic scattering cross sections o(pd -f1!^ ), 
o(fit, -f1 I'D , which exhibit the Ramsauer-Townsend effect. A plot o f the reaction 
<j(fidi + D2) shows the comparable scattering cross section for other muonic atoms. Note 
the logarithmic scales.

moments associated with the atoms as they come close to charge centers.
The hyperfine structure of the muonic hydrogen atom is measured in tens of meV, the 

energies characteristic of hot thermal excitations (1 K ~ 0.1 meV). Scattering processes for 
a muonic atom can lead to spin realignment in the hyperline structure, so in collections of 
molecules where the thermal energies are small, the collisions between the muonic atoms 
and the molecules tend to depopulate the highest energy hyperfine stetes. For each type of 
muonic atom there are several competing scattering processes such as the spin realignment, 
isotope exchange and molecular formation (see below). Calculation of the cross sections 
for these processes has been undertaken in the past several years [9-15].

Of some interest is the Ramsauer-Townsend scattering minimum which occurs for pd 
and /it incident on 1H2 (Fig. 1.1.2). The scattering cross section undergoes a dramatic drop 
in magnitude over the incident energy range of a few electron volts. In essence, pd and pt in 
the correct energy range can travel macroscopic distances in protium without undergoing 
a large number of interactions. Direct evidence of the effect has been photographed in 
bubble chambers [16].
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1.1.3 Muonic Molecules

In analogy with hydrogen atoms and molecules, one would expect a muon to form a bound 
state between two hydrogen nuclei, and so it does. Such muo-molecules2 offer " inter­
esting connection between particle physics and molecular physics. For nuclei with Z > 2 
the atomic bound state energy is so large that the muon cannot participate in molecular 
processes.

The molecular formation proceeds from a muonic hydrogen atom via two possible, 
mechanisms. Thu first is the capture of the muonic atom on one nucleus of a hydrogen 
molecule and subsequent Auger deexcitation of the system. The reaction is written as

where x, y, and z can be any of the different isotopes of hydrogen.
A second process, a resonance mechanism first proposed by Vcsman [17], is a curiously 

fortuitous effect that depends on the energy levels of all the involved bound states. The 
system has a six-body final state, with a multitude of possible spin, vibrational, and orbital 
angular momentum values. The existence of a loosely bound state of the (yfix) (see Table I) 
implies that only a small amount of energy is liberated upon its formation. The excess 
energy of the system, the energy liberated in molecular formation plus the incident fix 
energy, can be absorbed in the excitation of rotational and vibrational states, (v /K f), of 
the full six body system. Since the dissociation energy of the electronic bonds in a hydrogen 
molecule is of the order of 5 eV, the muonic system has to be weakly bound indeed on the 
100 eV scale characteristic of the muonic molecular bound states. The resonance in the 
formation cross section occurs when the incident energy of the p in hyperfine state F is 
such that the total initial energy of the system exactly matches the energy of some set of 
final state excitation parameters.

The notation J, v, and S, refers to the orbital angular momentum, vibrational quantum 
number, and total angular momentum of the yfix molecular system, while the i'tj ,  K i j  
refer to the vibrational quantum number and rotational quantum number of the full system, 

The resonant formation process proceeds at least one order of magnitude faster than 
the Auger process and often up to three or four orders of magnitude faster, which is of 
great advantage to muon catalyzed fusion since the number of fusions is directly dependent 
on the number of muonic molecules. The excited state formed by the resonance mechanism 
has several paths open for deexcitation; radiative, Auger and collisional processes can all 
lead to a stably bound muonic molecule, while the reverse process, called back decay,

2The traditional name for muonic molecules is “meso molecules”, a holdover from the days 
when muons were yet another intermediate mass particle. The “muo ” prefix is a modernization; 
“Mulecules” has been proposed, but support for the term is limited.

fix -F [yzee] -> [(yfix)ze] + eAugcr (1 .1)

( 1.2 )
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(J, v) ppp ppd ppt d/id d/it tp t
(0,0) -253.15 -221.55 -213.84 -325.07 -319.14 -362.91
(0, 1) — — — -35.84 -34.83 -83.77
(1, 0) -107.27 -97.50 -99.13 -226.68 -232.47 -289.14
(1, 1) — — — -1 .9749 -0 .6 6 0 3 -45.21
(2, 0) — — — -86.45 -102.65 -172.65
(3,0) — — — — — -48.70

Table I: Summary o f the xpy Coulomb bound state energies, in electron volts, for different 
isotopic forms o f the muonic hydrogen molecule. Note the weakly bound (J, v) = (1,1) 
states for the dpd and dpt molecules. The ir'.blc is taken from Ref. [18].

returns the excited six body state to a muonic atom and a hydrogen molecule. The fate of 
a given ypx  depends on the relative rates for each process.

Table I is a summary of the Coulomb binding energy for the bound states of the ypx  
molecule [18,19]. Only the d/rd and dpt have loosely bound states capable of participating 
in resonant formation. The finite nuclear charge distribution, vacuum polarization, and 
hyperfine interactions give corrections to the quoted values on the order of tens of meV, 
while relativistic, finite molecular size, and Darwin3 terms contribute at the meV level. 
Resonant formation is sensitive to all meV effects, so in addition to the above corrections, 
it becomes important to know the incident energy of the px  to understand quantitatively 
the resonant formation process.

The exact energy spacing of the final six body system depends on the nucleus not 
involved in the muonic molecule — the 2 in Eq. (1.2) — so the distinct reactions that fall 
into the category of Eq. (1.2) will have different rates.

1.1.4 Nuclear Physics

Since the muon confines the two hydrogen nuclei in close proximity, the quantum mechan­
ical tunneling of the nuclei through the Coulomb barrier leads to fusion reactions between 
the nuclei. The fusion reactions in hydrogen are summarized in Table II. Thus muonic 
molecules can provide a method to study the strong interaction between the nuclei at very 
low energies since kinetic energy is not required to overcome the Coulomb barrier. The 
fusion rates yield information on the few nucleon systems formed via muonic molecules [20]. 
The total fusion rates extracted from the muon catalyzed reactions are more accurate than 
the extrapolations to low energy of cross sections measured in the keV region. For the 
reactions involving tritium, pCF often provides the only available measurements of the re­
actions. The total cross sections are of importance in the study of controlled thermonuclear

3As most readers will remember from relativistic quantum mechanics, the Darwin term can be 
derived by applying the Foldy -Wouthuysen transformation to the Dirac equation. The resulting 
Hamiltonian contains the Darwin term -g^-V  • E  which is an expression of the zitterbewegung of 
the charged particle sampling the local structure of the electric field.
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Isotopes Products Q-Value (MeV) Comment
p +  p-> d +  e+ +  i/e 0.42 Weak interaction dominated.
p  + d~> 3He +  7 5.49
p  + t -+ 4He +  7 19.77
d + d —̂ 3He +  n 3.27 Asymmetric

p  + t 4.03 Branching ratio
d + t —̂ 4H e + n 17.59
t  + 1 — 4 He +  2n 11.33

Table II: Table o f the fusion reactions between hydrogen isotopes.

fusion, and nuclear astrophysics.

1.1.5 Fusion Cycling and Sticking

Following molecular formation and fusion, the muon is generally set free to begin (lie 
process of forming another muonic molecule again. This leads to the idea of cycling, one 
muon catalyzing many reactions (cf. Fig. 1.1.1). The absolute number of reactions which 
a single muon can catalyze is limited by two effects, either the muon decay, or is removed 
from the cycle by a process known as sticking.

Since the fusion reactions often produce helium, where the nucleus is doubly charged, 
the muon can capture into a deeply bound orbit on the helium, removing the possibility 
that the muon can catalyze another fusion. This is a two step process, consisting of the 
initial sticking of the muon to the helium after fusion, and the probability that the muon 
can be stripped and set free in the subsequent collisions of the muonic helium with the 
surrounding matter.

For the most rapid of the pCF cycles, the d+d and d+ t reactions, the probability that 
the muon is lost to the sticking process is ~  12% and ~  0.5% respectively. Thus the upper 
limit on the number of fusion cycles which a muon can catalyze for the dd reaction is about 
10, and in the dt reaction it is ~  200. The measurements of the sticking probability in 
the dt system have been difficult to do, and the theory has had difficulty in matching the 
experimental numbers [21].

1.2 Experiments with Hydrogen Layers

Nothing has been said so far concerning the form of the hydrogen in which the muon was 
stopped. Until recently, only liquid and gaseous, and hence homogenous, targets were used 
in //CF research.

A target system was developed at TRIUMF which exploited the low vapour pressure of 
hydrogen at low temperatures to form solid layers of hydrogen ice which were maintained in 
a vacuum. Because the layers were solid, it was possible to make multilayer structures where
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n 'Hj-ilO3 T,

Figure 1.2.1: Schematic target arrangement for time-of-flight reactions using the layered 
solid hydrogen target method.

different layers had different isotope concentrations and the layers remained separate. The 
geometrical separation of concentrations was used to spatially confine different reactions.

Figure 1.2.1 illustrates the idea of the multilayer target. When a muon is stopped in 
the first layer — here composed of tritium-doped protium supported on a gold foil — the 
dominant reaction after the capture of the muon by a proton is the transfer of the muon to 
a triton. The transfer process produces a 44.5 eV fit which will proceed to interact in the 
layer. Because of the Ramsauer-Townsend effect, Fig. 1.1.2, the /it can escape from the 
first layer, since it is predominantly protium, and travel into the vacuum adjacent to the 
layer. When the /it reaches the second solid target, made of a thin deuterium coating on 
the surface of a pure protium substrate, the d/it molecular formation reaction is possible 
and leads to detectable fusion products. The time between the introduction of the muon 
and the fusion is dominated by the /it flight time, thus it is possible to have a measure of 
the /it energy preceding the reactions in the deuterium layer.

During the measurements made for this work, tritium was not yet in use in the target 
system due to the considerable safety requirements necessary to work with radioactive gas 
so the experiments were done with protium and deuterium. With those two isotopes, only 
the d/id muo-molecule can be resonantly formed. Two divisions in the study of muonic 
deuterium were made: the study of /iCF in solid deuterium, a process which examined the 
low energy (few meV average energy) interactions, and the physics of emitted /id atoms,
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which allowed measurements of processes occurring at a few cV.

For the experiments with solid deuterium, a thick layer of pure deuterium was frozen 
to each of the gold support foils. Muons were stopped in the layers and initiated the fusion 
reactions the products of which were detected. The time between the introduction of the 
muon and the detection of the fusion product contained information on the molecular 
formation leading to the fusion reaction.

The work with emitted /zd atoms was done with a deuterium-doped protium layer 
covered with various thicknesses of pure deuterium. Unlike the tinny of—flight experiment 
outlined above, there was no vacuum gap over which the /zd had to travel, so the information 
on the energy of the /zd prior to reacting in the thin surface layer was not, measurable.

The technique of measuring the reactions of the energetic emitted muonic atoms was 
completely new. The first exploration of the different, possible types of measurements was 
done to achieve the understanding necessary for further experiments. The initial measure­
ments presented here have pointed the way toward much more extensive experimentation 
such as the time-of-flight measurement of the resonance structure in the /zt, +  D2 system as 
outlined above. Many of the techniques presented here have been implemented in another 
apparatus and used in /zd emission measurements and in an attempt to generate a beam 
of slow negative muons [22].
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Chapter 2

Theory Specific to  
Muonic Deuterium

The previous chapter outlined the general theory of the muon catalyzed fusion processes; 
the present chapter will focus on the processes specific to the experiments and analysis 
carried out here. Two different types of experiment were done using the target system. A 
measurement was made of the fusion cycle parameters in solid deuterium at low temper­
ature. The second measurement was an exploration of the emission of pd from hydrogen 
layers containing a small concentration of deuterium and the subsequent fusion and scatter­
ing reactions of the epithermal muonic atoms. The rates used are explained in Appendix A, 
page 111.

2.1 Solid Deuterium

Pure deuterium has been well investigated for gaseous and liquid targets, see Refs. [23, 
24] and references therein, where the assumption that the D2 is not interacting with its 
neighbours has been used in the theoretical analysis. Although that approximation has lead 
to generally good agreement between the theory and experiment when the deuterium is a 
fluid, the collective nature of the motion in crystals will certainly challenge that assumption. 
The data taken for this thesis from pCF in solid deuterium will yield some guidance for 
the understanding of the types of effects the solid phase may have on the fusion cycling.

2.1.1 Molecular Formation

In the cycling of a muon through the fusion process (cf. §2.1.5, page 18), the formation of 
the muonic molecule acts as the rate limiting step. Already noted is the fact that resonant 
formation occurs much faster than the Auger process. Calculations for the resonant and 
nonrcsonant formation rate have been made using an expansion of the potential truncated 
after the dipole interaction terms [25,26]. Further refinements to include the effect of the 
quadrupole are being made [27,28].
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pd + d -4 (d/id) /id +  D2 4  [(d/id)dce]

Figure 2.1.1: TAe detailed energy level structure o f a pdp with collision energy c; incident on 
a ground state D2 compared to the bound state energies o f the dpd, and a representation of 
the excitation spectrum o f the [{dpd)^ud ee)gJtUf system. The variability o f a, the collision 
energy, allows the overlap o f initial and final levels, shown here for the molecular transition 
(0,0) 4  (1,7). The angular momentum level corrections, and the K, v spacings are not to 
scale; the zero energy point is defined by e; =  0 and an infinite separation between the pd 
and the D2. The figures are adapted from Refs. [18,29], and AE corrections fire given in 
meV,
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K ^ 2(^=0) [{dpd)dee\K,v=7

E0 =  -4556.215 E0 = -4584.382
0 0.000 2026.007
1 7.412 2030.393
2 22.202 2039.150
3 44.303 2052.244
4 73.614 2069.628
5 110.005 2091.236
6 153.315 2116.992
7 203.358 2146.803
8 259.924 2180.566
9 322.782 2218.163

Table III: Rotational energy levels for Da^.-o) and [(d/id) d ee ]^ _ 7) in meV. The Eq value 
is with respect to the D +  D dissociation threshold. The table is taken from Ref. [23].

The energy of the six body final state, that state being an excitation of a rotational 
and vibrational state of the molecular complex ^ (d /id ^d ee j^ , , must contain all of 
the initial energy not only of the hyperfine structure, but also of the collisional energy 
between the pd and the D2 (see Fig. 2.1.1). This requirement leads to large contributions 
to the formation rate for collisional energies which make the total energy of the final system 
identical to a molecular rovibrational state. The spacing of vibrational levels of hydrogen 
molecules is much like a harmonic oscillator with roughly 300 meV between levels. The 
rotational levels have an energy of approximately J (J  +  1) x 3.7 meV [30]. More exact 
values are presented in Table III.

Calculations of the formation rates which can be compared to experiment proceed over 
several steps. The first step has been outlined in Fig. 2.1.1, that being the calculation of 
the rate as a function of incident energy e, for a single well defined initial state of the D2 
molecule. Then, for all of the possible initial states of the D2 molecule, similar calculations 
must be performed. Figure 2.1.2 illustrates the difference in the formation rates between 
the ground state with angular momentum of zero and the first rotational level. In addition 
to the formation rate, the effective stabilization of the complex leading to fusion has to be 
considered, and this probability factored into the calculated rate [cf. Eqs. (2.2) and (A.2)j.

The next effect to consider is the thermal motion of the target D2 molecules which 
has the effect of smearing what was initially taken as a well defined collision energy of the 
/id and effectively turning it into a distribution. Figure 2.1.3 (page 14) illustrates that this 
effect rapidly removes any sensitivity to the individual resonances, even at low temperatures 
such ius 30 K. As the temperature of the target changes, so does the distribution of excited 
states in the D2 thus necessitating the inclusion of the many possible initial and final states 
already calculated.

Finally, the calculations which can be compared to experiment make assumptions
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Figure 2.1.2: The formation rate o f the dpd complex as a function o f incident /id energy 
for the two lowest rotational states o f D2. The rate has been multiplied by the probability 
that the formed d/id will fuse, Note the increase which occurs in the rate as the incident 
pd crosses the energy thresholds necessary to excite higher rotational bands in the final six 
body complex. Note: 50 meV&600 K.

concerning the energy distribution of the pd atoms in the D2 target. This distribution, 
which is determined by the initial energy at which the pd was formed and the subsequent 
energy loss processes, is convoluted with the reaction rates at the appropriate temperature 
to produce an overall temperature dependent rate shown in Fig. 2.1.4. The agreement 
between theory, which predicts a rapid thermal ization of the pd, and experiments in liquid 
and gas targets is good; results of present measurements in solids do not agree with the 
predictions as will be discussed later.

2.1.2 Spin Exchange Rate

The energy difference between the two hyperfine states of the pd is 48.5 meV, and this 
energy is readily given up to processes which depopulate the upper spin state.

There is a disagreement between theory and experiment for the hyperfine transition
rate Aim. As indicated in Fig. 2.1.5, the shape of the temperature dependence is modelled

2 2
by the theory, but the absolute rate is too high. Given the agreement between the calculated 
and measured formation rates (Fig. 2.1,4) and the accuracy in the calculations for the 
scattering reactions (which are expected to be correct to 10%), the discrepancy is curious.
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Figure 2.1.3: The formation rate o f the d/zd complex as a function o f incident /id 3 energy 
for different D2 target temperatures. As the target D2 temperature increases, the smearing 
effect removes the detailed structure o f the resonances. Note: 50 meV~600 K.

The theoretical rate is composed of two parts, the ordinary scattering spin flip reaction

pdp  ■+■ pdjri + D2, (2-1)

and a contribution coming from the resonant formation and decay1 of a d/id molecular 
complex via the reaction

/idp +  D2 A4 s [(d/zd)^ dee] ^ 4 ' gdF, + D2 where F  = 3/2, F' =  1/2. (2.2)

The good agreement, Fig. 2.1.4, between measurement and theory for the formation 
rates leading to fusion implies that there is a good understanding of the matrix elements 
for the formation, and hence the time reversed decay reaction2. The scattering reactions 
rely on the well understood adiabatic representation of the Coulomb three-body problem, 
so it is surprising that the tloorv predicts rates roughly 35% higher than the measured 
values. It is possible to scale the two contributions to the total rate separately by assuming 
that the shape of the curve results mainly from the back decay, and the contribution of

1 Although the reaction is really a resonance in the scattering cross section, the common name 
for the process is back decay. The term may be used here on occasion with the understanding that 
it is a shorthand way of talking about the resonance scattering channel.

{In fact, the decay rate Tsf> is calculated and detailed balance used to get Af$-
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Figure 2.1.4: The temperature dependence o f the Ajl and Aa effective formation rates in 
liquid and gas. Note that 1 m eV corresponds to roughly 10 K  when comparing this graph 
with Figs. 2.1.2 and 2.1.3.

direct scattering makes up the remainder [23". Such analysis predicts that the back decay 
is overestimated by about 10% and the direct scattering by about 45%.

If the resonance scattering contribution to the spin flip rate is considered to be correct, 
then the source of the disagreement is in the calculated altering cross sections for the 
reactions represented in Eq. (2.1). Calculations have been carried out by several groups 
and the results are in agreement [12,14]. Further refinements to the calculations for the 
scattering cross sections are underway, but there is no indication that they will result in 
agreement with the experimental results [35,36],

It has been suggested that a reduction in the magnitude of the formation matrix 
element, |t ; / |2, would be sufficient to remove the discrepancy. Calculations first made in 
the dipole approximation, when extended to include the quadrupolc term, have provided 
a mechanism for the reduction [27,28].

It has been pointed out that the composition of the effective rates reduces the sensi­
tivity of the molecular formation rate to the matrix element [39]; in essence the molecular 
formation rate has one factor of |t,y|2 (contained in A/;-,$•) in the numerator, and one in 
the denominator (contained in Tsf>) and thus the sensitivity to |li/ | 2 is decreased. The 
effective spin flip rate, in contrast, has two factors of |t,y|2 in the numerator and one in the 
denominator leading to a larger sensitivity to the value of the matrix element [cf, Eq. (A,2)



16
6 0

50

40

 Full theory: Scrinzi et al. [23]
 Scattering: Adamczak et al. [37]

§ Gas: Lmeskal et al. [24]
? Gas: Kammel et al. [38]
I Liquid: Nagele et al. [32]
5 Gas: Petitjean et al. [33]
5 Liquid/Gas: Dzhelepov et al. [34]

1000 50 150 200
T e m p e r a t u r e  (K)

Figure 2.1.5: The measured values o f the spin exchange rate, A ji, as a function of the 
target temperature. Also shown are the direct spin hip scattering reaction (small even 
dashes) and the full prediction for the spin hip rate (solid line). The theoretical prediction 
is easily 35% too large.

and Eq. (A.2) in Appendix A, page 111]. The quality of fit between the data and the- iheory 
of molecular formation, Fig. 2.1.4, can be maintained for a range of matrix elements by 
small changes in other parameters used in calculating the rate. It is possible that a smaller 
matrix element can lead to agreement with both the formation rate and the spin exchange 
rate, but this has yet to be demonstrated.

The reverse process, Aia, has an energy threshold of 48.5 meV and is strongly sup­
pressed at lower temperatures. In the atomic cross section calculation, the reaction is 
forbidden for an incident energy less than the threshold, however, for the case where the 
target nucleus is contained in a molecule with molecular degrees of freedom, energy can 
transfer from the molecule to the reaction so that the sharp threshold is blurred [40].

2.1.3 Branching Ratio

In the scattering of polarized deuterons by a deuterium target, it was noticed that the 
branching ratio for the two reactions d+d —> p+t and d+d -4 n + 3He was not equal [41]. The 
experiment, done with deuterons between 13 and 485 keV incident energy, was analyzed 
to extract the low energy asymmetries in the s wave and p wave interactions. Since 
then, two measurements using pCF in pure deuterium have accurately shown that the
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p wave interaction produces neutrons for 58.2(7)% [42] and 58.0(5)% [24] of the reactions 
[cf. Eq. (A.l), page 112].

The asymmetry has been attributed to charge symmetry breaking in the strong force. 
However, a calculation has been done using an essentially charge-independent R. matrix 
method which has predicted a branching ratio in favour of 58.8% neutron production in 
the p wave case and 47.0% in the s wave case, in good agreement with the experimental 
measurements [43]. The calculation requires the two interacting deuterons to bo treated 
as four interacting isospin-^ particles and not simply as two isospin-0 particles. In this 
way, it is possible for the Coulomb corrections to the interaction to add a small isospin 1 
component to the dd wave function. This component can then couple to the outgoing wave 
functions and allow the asymmetric transitions.

The p.CF reaction in deuterium is unique since the resonantly formed d/id is in a pure 
p wave state. The formed d/id very rarely aeexcite to a molecular s wave state since a 
change of nuclear spin alignment is required in the deexcitation transition to preserve the 
symmetry of the identical particles. The interactions which can cause the p s transition 
are not coupled to the nuclear spin transition unless very small relativistic corrections are 
included and hence the transition is suppressed. Fusion occurs purely from the p wave 
state making it possible to extract the p wave branching ratio and hence the asymmetry 
at a very low interaction energy.

For the nonresouantly formed d/rd, the fusion occurs from either an s wave or p wave 
state, depending on the bound state chosen in the Auger formation (cf. Table I, page 0). 
The observable branching ratio is then made up of weighted contributions from both s and 
p wave branching ratios (see the definition of on page 113).

2.1.4 Effects of the Solid State

The experiments carried out for this work were the first to examine the fusion cycling at 
very low temperatures, and in the solid state. Since the examination of the theory of fusion 
under these conditions has only recently begun, there is very little a priori informal,ion 
available. Because of this, the modelling of the fusion process in gases and liquids will be 
used, testing its ability to fit the data. After measurements are made, it may be necessary 
to reinterpret the meaning of any derived parameters.

The scattering of /id in solid D2 has been calculated and there are large differences for 
low energy scattering when compared to scattering from free molecules [44], The easiest to 
understand is the change in reduced mass as the /id slows in the solid. When the collision 
of the //d occurs at energies high above the binding energy of a D2 in the lattice, the 
collision will proceed as if the D2 were free. Ag the fid loses energy in each successive 
collisions and the energy becomes small relative to the binding of the D2 in the lattice, 
the fid will begin to scatter from the entire crystal, and the huge mass of the lattice will 
make it difficult for the fid to lose lab energy in elastic collisions. In addition, there are



18
only a few available phonon modes to allow inelastic scattering for /id with meV energy 
(cf. Fig. 5.4.2, page 93). This effect should occur near an energy equivalent to the melting 
point of the crystal, and so the energy loss mechanisms for the /id are suppressed when 
the muonic atoms are distributed below about 30 K.

2.1.5 R e a c tio n  R a te s  a n d  P h y s ic a l M e asu rem e n ts

As with any family of reactions described by rates, the time evolution of the system can 
be modelled by differential equations. The solutions are then used to fit the measured 
data to give values for the rates. The differential equations and their study is referred to 
as the kinetics of the reaction. It is important to understand the kinetics since the real 
physical processes are linked together and the ability to measure one parameter, which 
often depends critically on several others, is limited by the correlations.

The physical processes are obscured by the inability to distinguish differing reactions 
with the same initial and final states. The effective rates are the physically measurable 
parameters and are thus the ones to use when fitting data; see Appendix A, page 111.

Several assumptions are made about the relative size of the rates in order to simplify 
the process of finding a solution. The stopping and capture processes of the muon are 
so fast with respect to subsequent processes, and in relation to the time resolution of 
the detectors, that the initial conditions of the kinetics are accurately represented by the 
statistical filling of /id hyperfine states. The sticking of the muon to the triton after fusion 
is also ignored since it occurs with a very low probability, 0.0027 [45], and the yut would 
form a dpt and fuse, releasing the n r’on very rapidly. The use of effective rates for the 
molecular formation and spin flip reactions removes the dependence of the solution on the 
dpd population as a function of time. The entire problem reduces to finding the time 
dependence of the two hyperfine populations of the pd, and hence the name two-node 
approximation for this formulation of the problem.

By considering the kinetics pictured in Fig. 2.1.6, we can extract a first-order sys­
tem of linear differential equations for N 3 and N i , the populations of the p d 3 and pdi

2 2  2 2
respectively.

d ' N 3 ' —A B ' N 3 '
dt

2
N\

L !  J
C - D

2
Ni

1 5 j

with initial conditions
Ns (t —  0) 7/ 3

9

N l( t = 0)
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Figure 2.1.6: The two-node approximation kinetics mode] o f the muonic states in deu­
terium. Effective rates are used (Appendix A, page 111) and thus only the time depen­
dences o f the pda and p d i need to be found.2 2

The coefficients in the matrix (all explicitly positive) are:

A =  \ Q + + 0 1^| [l — T/a (1 — <0 1̂ — ^2 )] "h ^211

C = <j>[A | i / i ( l - e )  ( l - W | )  +  AH j 

D — Xo +  <f>zXz +  | Xi |̂ 1 — fji (1 — c) 1̂ — "h Aj.2 J .
(2.5)

In the above expressions e)p is used as shorthand for the product u)„f3p. The rates arc 
normalized to an atomic hydrogen density of 4.25 x 1022 cm-3 ; the value of <j> relates the 
experimental density to the normalized value. The term (1 — e) represents the probability 
that the fusion fragment escaped undetected. This term is necessary for fusion time spectra 
collected by single hit detectors which stop taking data as soon as a single event is detected. 
For detectors capable of detecting multiple hits, setting (1 -  e) to 1 (i.e., f. — 0) will give 
the correct expressions.

The formal solution can be obtained by integrating Eq. (2.3) and using Eq. (2.4):

N(t) =  exp j - A  B  
C - D •)t \ - N ( t  = 0).

The algorithm for the exponentiation of the matrix is straightforward (see Appendix D,
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page 114) and results in the following expressions for the two hyperfine populations:

" i w  =  { b ( I f + D ) + ’' i B K , , + [ n ( L i + D )  <2-6>
2 2

N l (t)  =  — 1 
2 L i  — U\  I  I- 2 2 

2 2

( £ i + D ) ] e V + [ - , j C  +  ,  i ( L f + L > ) ] e V }  (2.7)

where the lifetimes L |  and L i ,  the eigenvalues of the rate matrix, are given by:

La  =■-- ~  
2 2

( A  + D) 4 - yJ(A -  D)2 4 -  4B C (2.8)

L ,  = ^  
2 2

(.A  +  D ) -  y j ( A  -  D)2 +  A B C (2.9)

2.1.6 Time Spectra of Fusion Products

The result of the two-node approximation is that the physically measurable parameters
govern the time evolution of the two hyperfine populations N i  and N i . However, the

2 ?.
time spectra measured are of the fusion fragments, either protons or neutrons, which 
originate from the pd hyperfine populations via molecular formation and branching to the 
appropriate fragment. This process is written as:

k =  (f> a p X p N p
ri_1 3/ —

(2.10)

where k is either a proton or neutron time spectrum, Af are the molecular formation rates 
from the populations represented by N p ,  and a p  is related to the branching ratio via:

a p  =  | (3p for k =  neutrons, 
1 — f3p for k = protons.

The time distribution of product k is thus:

k = $ i e L$t + V i e Lt t. 
2 2

(2.11)

The amplitudes of the individual contributions are given explicitly as:

<p | a |A |  [ j 7 |  +  D ^  4- 7/x^J 4 - a i Ai £i f a C — r f i ( L l + D ) } \
2 / J ) /o

2 L  s — L i
2 2

(2.12}

and,

1T, _ [L h + D ) ~ % B ] + a t h  l ~ n c + T >i ( L 3 4- d )1 }\ 2 / J i  Lo 1 a \
2 L a — L \

2 2

(2.14)

The amplitudes obey the relation

i t  3 =  — i t i  4 - ^ ( 0 3 7 7 3 ^ 3  - f a i 7 7 i A i ) ;  
2 2 \ 2 2 2 2 2 2 /
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which is a re-expression of the amplitude of k at time zero. The total yield of fusion 
particles from a single muon can be obtained by integrating Eq. (2.11) over times [0, oo) 
to obtain:

2.1.7 Comparison With Other Kinetic Models

The function represented by Eq. (2.11) was used to create a set of numbers representing 
the time spectrum of neutrons following fusion. That spectrum was then fit, by another 
kinetics model, namely the approximation used in Zmeskal et al. [24], and the independent 
fitting routine recovered the input values to within 1%. This is good evidence that the 
above model accurately represents the two-node approximation to the dd kinetics*.

2.2 Emission Physics

The emission of pd atoms from solid protium layers containing small concentrations of 
deuterium is a well established phenomenon explained by the Ramsauer Townsend effect 
in the scattering cross section for (id on ^  [46-48].

The emission process for the experiment reported herein began with a relatively thick 
layer made from a homogenous mixture of deuterium-doped protium with the deuterium

3Thanks go to Peter Kammel for making this fit.

Vacuum

Figure 2.2.1: A very simplified picture o f the emission process: a (ip interacts in the 
emission layer, eventually losing the muon to a deuteron. The (id scatters and leaves the 
emission layer only to arrive in the pure deuterium layer where a molecular formation and 
fusion occur. The proton generated by the fusion can leave the layer and be detected.
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concentration at 0.1% (a layer referred to as an emission target or emission layer). A muon 
stopped in such a mixture was generally captured on one of the far more numerous protons 
to form a pp atom (cf. Fig. 2.2.1). The pp interacted with its neighbours, scattering and 
losing energy, and sometimes forming a ppp molecule which would normally last until the 
muon decayed since the pp fusion rate is very slow. If the pp found a deuteron, the muon 
transferred from the proton, due to the reduced mass effect, to produce a pd with an 
initial energy of 43.3 eV. The pd began to lose energy via scattering with the remaining 
hydrogen, and would sometimes form a ppd molecule (The formation of a dpd molecule in 
the emission layer was suppressed due to the low concentration of deuterium). However, 
for collision energies in the range of the Ramsauer-Townsend minimum (cf. Fig. 1.1.2, 
page 4) the pd traveled macroscopic distances between interactions. Since the solid layer 
was maintained in vacuum, it was possible for the pd to leave the layer entirely. The 
energy spectrum of the emitted pd was governed by the Ramsauer-Townsend minimum in 
the cross section.

A surface layer of pure D2 on the emission layer changed the processes following 
emission. The number of pd atoms passing into the vacuum was reduced due to the large 
scattering cross section for the pd in the pure D2. In addition, the molecular formation and 
fusion reactions could occur and the fusion protons generated in the surface layer served 
as the measure of the process. The thickness of the pure D2 layer was varied as a method 
to measure the pd +  D2 reactions.

An interesting comparison can be seen in Fig. 2.2.2. For a pd in the surface layer, 
the various reaction rates are shown in relation to each other. The graph uses only the 
nuclear scattering rates, i.e., no molecular or solid state effects are included, since they are 
sufficient to illustrate the physics processes involved. The four possible configurations of 
the pd initial and final hyperfine states for the scattering reaction pd +  d —> pd +  d are
shown in the figure4, along with the energy dependent molecular formation rates A3 and

2

Ax. For comparison, the pd +  p rate is also shown (The depression in the high energy 
end of the pd +  p rate is the Ramsauer-Townsend scattering minimum which allows the 
emission in the first place). The scattering reactions represented by An and A22 are easily 
two orders of magnitude larger than the p d + p  rate, so the surface layer can be thin relative 
to the emission layer and still allow experimentation with the pd +  d cross sections.

2.2.1 Cross Sections and Attenuation Measurements

The number of protons produced per incident muon as a function of the D2 layer thickness 
contains information on the reaction cross sections. For an emission layer of fixed thickness 
and deuterium concentration, the yield of emitted pd atoms per incident muon will be a 
constant. As the thickness of the surface D2 layer increases, more and more of the emitted

''The subscript “1" refers to the lower hyperfine state, “2” refers to the upper, hence the label 
A12 represents the rate for the reaction pd^ + d —> pdj 4- d.
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Figure 2.2.2: A plot o f the various reaction rates for a pd as a function o f the /id lab energy, 
See the text for explanation.

pd atoms will stop and interact in the layer until a saturation thickness has been reached 
where all of the emitted atoms are reacting. The stopping of the emitted pd atoms will be 
reflected in the yield of protons from the resulting fusions.

The yield of fusion protons does not result only from emitted pd atoms. Due to the 
stopping of muons throughout the entire target (i.e., emission layer and surface Da layer) 
the yield is composed of two components: protons from fusions catalyzed by muons which 
stopped directly in the surface D2 layer, and the fusion protons generated by the emitted 
pd atoms.

The shape of the energy peak can theoretically be used to give information about; the 
depth in the D2 surface layer where the fusion occurs. As the fusions occur farther from the 
vacuum surface, the protons have more deuterium to traverse before reaching the vacuum, 
and hence the standard Bethe-Bloch energy loss will be larger.

For an emitted pd  there will be some probability for interaction leading to fusion in 
the D2 surface layer. Introducing an interaction length k allows the expected yield as a 
function of surface layer thickness, d, to be written as:

y  =  Al ( l  -  <rd/fc)  + Aid. (2.15)

The factors A \ and A i are for normalization, and the second term, A id , is used to model 
the yield from direct stops. Since the D2 surface layers are very thin with respect to the
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momentum width, the number stopping in the layer will grow linearly with the thickness. 
This very simple approach to the data yields an effective interaction parameter which can 
eventually be compared to Monte Carlo results.

2.2.2 E m ission  T im e P aram eters

The time of the emission of the /id with respect to the arrival time of the muon is governed 
by the kinetics of the reactions which occur. The series of (and competition between) 
the rates for deexcitation to the ground state following initial muon capture, transfer to 
the deuteron or p/ip formation, emission or p/id formation as well as energy loss processes 
must be considered. Unlike the time evolution in the homogenous solid target, the emission 
process contains a position dependence which makes the use of a differential equation model 
a less satisfying quantitative approach. Figure 2.2.3 shows a step by step representation 
of the processes occurring during emission and defines a simplistic model (referred to as a 
toy model) for a mathematical understanding of the emission time spectrum.

The processes in Fig. 2.2.3 can be used to define a set of differential equations for the 
number of pp and pd atoms, emitted muonic deuterium atoms, pde, and the number of 
dpd molecules from which fusion can occur (cd =  1 in the surface layer).

AW =  -  (A0 +  <j>cpA ppp "b (l)Cd^pd ~b (pz ̂ z p ) AW (2.16)

AW =  (A0 ■+" (pCpkpful T  "b f iz ^zd  "b Ae) A/^j -{• (pcc[Apr/i\W, (2.17)

Â tidc =  — (Ao +  (pd^mf "b ^escape) ^ p d e "b ^e^ fpd  (2-18)

dpd, ‘escai

Emission Molecular-+
Formation

pp

ppdppp

Emission Target (cd =  10 3) D2 Layer (cd =  1)

Figure 2.2.3: The simplified (toy) model o f the emission time spectrum. The solid lines 
represent processes assumed to be adequately explained by constant rates, the dashed lines 
represent processes where rates are probably not as adequate.
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Â d/id =  — (Ao d" A/^ " t̂i/'d "I" Nft<\e (2.19)

The assumption will be made that the emission, Ae, and the molecular formation from 
the energetic fid, Am/, can both be represented by constant rates, and the validity of the 
assumption examined later. The emission process following the transfer of the muon from 
the proton to the deuteron is expected to be relatively fast. Given the thickness of the 
target layers, a nominal 0.2 mm, and a characteristic energy of a /id, for example 1 eV, 
then the flight time of the /id should be characteristic of the emission time and is about 
20 ns. Since the /id atoms are formed with 43.3 eV, and the minimum of the Ramsauor 
Townsend mechanism occurs near 7 eV, the estimate of 20 ns should be an upper limit for 
the time required for emission following transfer. The time required for emission is short 
compared to the expected time required for the transfer (50 ns), and it will affect each of 
the emitted /id atoms the same way. The modelling of emission as a constant rate should 
be a reasonable first approximation.

The d/id molecular formation in the surface layer following the emission of a /id will 
generally occur after a complicated series of scattering interactions and spin exchange 
reactions due to the relative sizes of the rates (cf. Fig 2.2.2). As the /id interacts, the 
molecular formation rate competes with the scattering reactions which are changing the 
energy of the /id. The effective molecular formation rate, Am/, is an average over the 
energy dependent rate. The emission angle, which defines an effective thickness of the Da 
layer, will also affect the value of Amf  simply because /id atoms emitted at an angle to the 
surface layer will have more path length over which the reactions with the D2 occur. The 
averaging in energy of the molecular formation rate should be dominated by the relatively 
narrow peaks in the resonance structure and this should allow a constant rate to be used.

Since the goal of the model will be an understanding of the important parameters of 
the emission processes, and any measurement will be of the average of the parameters over 
important variables such as emission angle and energy, there is not much use in keeping 
account of the fid hyperfine state. Another way to look at that approximation is that 
the processes sampled during the emission depend on the high energy interactions of the 
muonic atom, ~  1 eV, and are not sensitive to the hyperfine corrections.

Defining

Ri =  Ao *t* <f>cPXppp d* (fcdXpd d- $zXgp, (2.20)

R 2 =  A0 + (j)cPXPfi(i d- (hdXm/  +  4* Ac, (2,2.1)

R 3 =  Ao 4* <pdXmf d* Acscapei (2.22)

Ri = A0 d-A/, (2.23)

allows the solution for Nd/id (t ) to be written as: 

Afjpd (t) =  \e fa d \td
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e - R a t

+ (R3 - R 1) (R 3 - R 2) (R3 - R 4)
e —fU t

+ (R4 - R 1) (R i - R 2) (R 4 - R 3)_ (2-24)

The assumption has been made that Ri — R j i 1 0, an effect that is not to be expected given 
the diverse makeup of the Ri.

The relative sizes of the Ri are important to consider. Since R \ contains A/  («  450 ps~l) 
the e~R4 4 term will not only vanish quickly, it will not have a large amplitude relative to 
the other terms due to the three R\  factors in the denominator. The values of R 3 will 
be similar to the flight time of a /id crossing the surface layer. Prom the arguments given 
earlier but considering now a surface layer with a thickness less than 5% of the emission 
layer thickness, R 3 will be large as well (~ 1000 /is-1 for a 1 eV /id). The third and fourth 
terms can be dropped5, after which the time spectrum of the observed protons (=  X / N ^ d j  
approximates to:

p = K r - « i  t - R i t  (Ri — R3) (Ri -  Ri)C C “““■——————————— (2.25)(R2 — R 3 ) (R2 — R 4 ). 
where a normalization K  has been assumed.

If, as has been assumed, R 3 , R ^ '»  R \, R 2, then further approximations can be made 
yielding

p = K e~R' 1 1 +  (E2 -  Ri) } (2-26)

where it becomes clear that the sensitivity to the molecular formation and fusion rates Am/ 
and A/ is seen as a deviation from the standard growth curve [l — e_(R2~ftl)4j. The main 
exponentials in the growth and decay curves are the Ri and R 2 expressions, and they enter 
as the difference — (R2 -  Ri).  Expanding this difference and examining the terms which 
are found there gives:

—{R2 — Ri) — —Xe -f fad (Xpd — Amf)  +  <f>cp (Xppp — Xppd) -f* <f>z (AZp ~  Xzd) . (2.27)

The molecular formation rates Ap/Jp and APfid are both nonresonant, similar in magnitude, 
and small, so the term in their difference can be ignored. The same should be true for the 
transfer to high Z contamination. This implies an interpretation of the toy model after the 
following re-expression of Eq. (2.24):

p  —  ^■g-(^o+0CpAp(1p+0CrfAprf+̂ iAjp)* _  Q c o p p  x g“ (Ae+0CdAm/ - 0CdApd)tj _ (2.28)

The growth in the model is determined by the difference between the pd  creation rate 
from transfer, c,jAp</, and the emission and d/id molecular formation rate inside the emission

8With the possible exception of a correction term required to match the initial condition 
Nd,u\(t = 0) = 0 during the fit to the data.
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layer, 0c<fXmf  +  Ae. The amplitude correction, acorr, for the second term gives an added 
constraint on the difference (R2  — R 1 ), making a clear determination of its sign. The decay 
rate expected after the growth factor has become unity is the Ri value, which depends 
completely on processes which should be well modelled by rates, such as the molecular 
formation, Ap#ip, and the transfer, Ap(/.

A measurement of the emission parameters has been made using the layered target 
method [49]. A thin layer of neon was frozen to the surface of the emission layer, and 
emitted fid atoms quickly lost the muon to the neon via transfer. The rapidly cascade 
of the muon to lower energy levels then generated x rays. The time distribution of the 
muonic x rays was then an accurate measure of the fid arrival time at the neon, and 
hence emission time from the layer. The experiment was performed for three different 
deuterium concentrations in the emission layer and the resulting spectra analyzed by the 
Monte Carlo method. Values for Ap(*(= 1.75 ±  0.13stat. ±0.06syst. X 104 //s'"1) and A,w (= 
3.56 ±  0.38stat. ±  0.17Sy8t, fis~l ) were found, but the considerable difficulty in achieving 
consistent agreement between the Monte Carlo predictions and the data for very small 
deuterium concentrations indicates that the muonic processes in solid 'Ha are not well 
understood.

The emission experiments carried out for this work were taken from a single emission 
target with c4  of 0.1% which was covered by varying thicknesses of pure deuterium instead 
of neon. The fid atoms were emitted from the layer and either stopped in the thin surface 
layer or were transmitted. Transmitted fid atoms could be observed in flight by an imaging 
system which recorded the time and position of the muon decay electron, The fid atoms 
stopped in the' layer would begin the fusion process and the resulting protons were detected.
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Chapter 3

Experim ental Equipment

The experiments described herein were done with solid hydrogen. To that end, a cryogenic 
target system was constructed in which gaseous mixtures of hydrogen isotopes were frozen 
onto a thin gold foil which was then suspended in a muon beam. The details of the target 
and detection systems are outlined below.

3.1 Muons and Beam Lines

Beam Focus

80 kV Separator J ' / / / '

B2 bender

B1 bender

1AT2

Proton beam line 1A

Figure 3.1.1: The layout o f the M20-B secondary beam line at TRIUMF.
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The experiment was performed at TRIUMF on the M20-B beam line (see Fig. 3.1.1). 
The primary 500 MeV proton beam struck a 10 cm beryllium target located at 1AT2 
creating a cloud of pions which then decayed to muons. Negative muons were selected at a 
momentum of 26 MeV/c with a spread (bite) of ~  6%. After traversing the secondary beam 
line, negative muons arrived at the target in a beam spot of about 30 mm FWIIM at a rate 
of 5.4 x 103 s-1 . Although rate was a concern, the finite thickness of the solid hydrogen 
target defined an absolute range in which the muons could stop, hence the selection of 
a low momentum beam1. The secondary beam line contained an electrostatic separator 
(Wein filter), consisting of parallel high voltage plates and a magnetic field perpendicular 
to the electric field, which was used to remove electrons from the beam. The separator 
changed the electron/muon ratio from 140:1 without separation to better than 0.5:1 with 
separation. Discrimination on the energy loss of the particle as it entered the target system 
reduced the electron triggers to less tha;;. 0.2%.

3.2 The Cryogenic Target

A cryogenic target system has been constructed in which gaseous mixtures of all three 
hydrogen isotopes have been frozen onto a thin, 65 mm diameter gold foil. The foil is 
cooled to 3 K while inside a 70 K radiation shield, all of which is mounted in a vacuum 
system maintained at 10~9 Torr. Stable multi-layer hydrogen targets of known uniformity 
and thickness have been maintained for required measurement times of up to several days.

3.2.1 D esign  and C onstruction

Problems in cryogenics, vacuum design, gas mixing, and tritium safety were addressed 
in the design of this target system for experimental studies of muon catalyzed fusion in 
hydrogen isotopes. Tritium compatibility was added to the system to allow an examination 
of all the fiGF processes.

Fortunately the most demanding design restriction, the compatibility with tritium, was 
not often in conflict with the other requirements. The design had to eliminate, or reduce to 
a very low level, the possibility of leaks, and ensure that any release of tritium would occur 
in an area (or at a rate) which would not endanger personnel. Internal contamination had 
to be minimized to permit target disassembly, so materials such as elastomers were avoided 
to reduce contamination through replacement reactions of the tritium with any compound 
containing hydrogen.

The observed lifetime of a muonic hydrogen atom is very sensitive to contamination 
from heavier nuclei due to transfer reactions which compete strongly with the reactions

'From the relation between range and momentum R — kpir>, it is easy to derive the range width 
due to momentum bite: SR = 3.5kpl'6(Sp/p). The strong dependence of the absolute range spread 
on the momentum for a fixed (6p/p) indicates why the low momentum was necessarv [50].
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being investigated. The all-metal vacuum system helped to achieve both cleanliness and a 
high vacuum, and in addition reduced the possibility of tritium contamination of internal 
surfaces.

3.2.2 T h e C ryostat

The cryogenic system was designed by a company specializing in custom refrigerators2. 
The upper portion of the target system is represented in Fig. 3.2.1, the core of which is a 
modified continuous flow cryostat (detail A). A standard unit3 was extended to a length of 
38 cm to reduce the thermal conductivity between the mounting flange and the cold stage. 
At two points along the body of the cryostat, cylindrical copper blocks (detail B) were 
attached' to provide thermal contact points for the external target attachments (details G,I). 
The blocks provide conduction paths to the 3 K and the 70 K stages of the cryostat.

The cryostat functions by the continuous transfer of cold helium gas from a storage 
dcwar through the cryostat and out through a pump. A needle valve located in the section 
of the transfer line inserted in the dewar restricts the flow, while the pump provides low 
pressure allowing the helium to vaporize and cool. The flow of cold helium gas through 
baffles in the cryostat provides the refrigeration. Additional steel wool installed in the 
helium gas flow path increased the cooling power of the 70 K thermal contact stage to 
10 W.

The cryostat unit was inserted into a long closed cylindrical stainless steel tube of 
500 firn wall thickness (detail C) whose upper end was welded to a 200-mm diameter knife- 
edge vacuum flange. The tube acted as a second barrier between the helium flow in the 
cryostat and the region of the vacuum system exposed to tritium. Thus the continuous flow 
of helium was separated from possible tritium contamination by two all-welded vacuum 
barriers; the tube, and the cryostat itself. Doubling the containment of the tritium strongly 
reduced the chance of introducing tritium contamination into the helium circuit, thereby 
allowing the helium to be safely recycled. The tritium barrier space, or TBS (detail D), 
between the outside of the cryostat and the inside of the tube was separately evacuated 
and monitored.

With the cryostat installed in the tube, the cylindrical copper blocks ensured a good 
thermal contact by providing sufficient surface area to overcome the limited thermal con­
ductivity of the steel tube (C). Indium was used in the joints to increase the thermal 
conductance. Figure 3.2.2 shows the cross section of the upper contact region (section S 
in Fig. 3.2,1) detailing how externa! thermal loads (detail I, and similarly for G) were 
attached to the outside of the tube at the positions of the copper blocks. Stainless steel 
clamp rings (detail E) held together with 5/16” steel bolts, provided a high pressure on 
the joint (limited by the shear strength of the bolts) sufficient to conduct 10 W at 70 K.

2Quantuin Technology Corporation, 1370, Alpha Lake Road, Unit 15, Whistler, B.C. Canada
•'SuperHan©, Janis Research Company, Inc. Wilmington MA, 01887-0696
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Figure 3.2.1: The figure on the left is a schematic view of the target system showing the 
commercial cryostat (A), heat transfer copper cylinders (B), secondary containment (C), 
TBS vacuum (D), attachment clamps (E), target support foils (F), 3 K  cold stage (G), 
variable clamp (H), heat, shield (I), diffuser guide rails (J), and diffuser cooling braids (K), 
The section S, Fig. 3.2.2, shows a cross section o f the heat shield attachment, The figure 
on the right is a 1:6 scale drawing o f the assembly.



Figure 3.2.2: A cross section o f a thermal load attachment point, section 3 from Fig. 3.2.1. 
The cryostat (A), heat transfer copper cylinders (B), secondary containment (C), T B S  
vacuum (D), and attachment clamps (E) are shown in relation to the target attachments 
(I, and similarly for G).

The cross section of the external attachments changed from circular, at the contact 
points (detail E, Fig. 3.2.1), to square, which simplified the manufacture of the target 
attachments and maximized the usable internal volume.

The two gold target foils 50 pm  thick and 65 mm in diameter were cold soldered, using 
indium, to gold-plated copper frames (detail F). The copper frames were attached to the 
coldest, stage of the cryostat (detail G) by a clamp which allowed the spacing between the 
foils to be varied between 16 and 40 mm (detail H). Indium was used to ensure a good 
thermal contact between the removable target holding frames and the 3 K cold stage.

A radiation shield (detail I) fully surrounding the cold target stage and deposition 
mechanism, was attached to the cryostat at the 70 K cooling stage. The 10 W heat load 
due to thermal radiation from the room temperature vacuum system was thus removed by 
utilizing the cold exhaust gas from the 3 K cooling stage.

This radiation shield provided a convenient mount for silicon detectors used to observe 
reaction products originating at the targets. The shield also supported a guide rail system 
(detail J) for the precise insertion of the target gas deposition unit. The gas deposition 
unit, discussed below, was cooled via conductive copper braids (detail K).

The use of conventional super-insulation was precluded by the incompatibility between 
tritium and compounds containing hydrogen, such as plastics and elastomers. Instead, the 
low emissivity of gold plate was used to reduce the radiative heat load from all internal 
surfaces. The inert nature of the plating made it resistant to oxidation, and the low 
permeability to tritium reduced the contamination absorbed by the internal components.

Stray muons reacting with the gold produce a neutron background due to muon cap­
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ture, but the neutron emission time distribution from such nuclei is prompt and well 
understood. The dominance of gold on all exposed surfaces ensured that only this well 
understood background was present.

The temperatures of parts of the target were monitored to verify proper operation. 
Constant-current silicon diodes were used at several places to monitor temperatures to 
an accuracy of a few Kelvin, while sensors specific to low temperature, such as carbon 
glass resistors or a CERNOX© 4 low temperature sensor, were used on the target frames 
themselves where better information on target temperature was required.

Discrepancies of approximately 0.5 K were observed in measured temperatures. Ther­
mometers mounted on the target support foils indicated a temperature different from other 
similar devices, as well as from that determined from the relatively well known vapour 
pressure of hydrogen at low temperatures. This was attributed to difficulty in thermally 
anchoring the thermometer leads without the use of glues and materials incompatible with 
tritium. Although the lack of an absolute calibration was troublesome, the thermometers 
reliably indicated changes in the temperature. Experience has shown that the vapour 
pressure of hydrogen in the vacuum system was a more useful measure of the target opera­
tion temperature and its stability — the parameters of greatest, value in monitoring target 
performance.

3.2.3 T h e D ep o sitio n  System

Hydrogen gas was deposited on the target foils by releasing it through the device pictured 
in Fig. 3.2.3. A central gold-plated copper sheet (detail L) supported two gas diffusers, 
independently connected to the gas supply to permit the deposition of a solid 60 mm 
diameter layer of hydrogen onto either of the two target foils.

Each side of the deposition system consisted of a gas supply line (detail M) from the 
gas mixing manifold, and a specialized chamber (detail N) designed to deposit the gas 
evenly on the chosen cold target with less than 0.1% deposited on the opposite target. The 
chamber was built from a thin cylindrical hollow disk. The diffuser end was covered with 
a 50 gm thick stainless steel foil containing roughly 700 holes spaced in a 1 mm square 
array and each of ~  250 gm diameter5. The other end of the cylinder was open, but sealed 
at the back by the diffuser support when the system was assembled. A section view of 
a diffuser is shown in Fig. 3.2.4. The gas was supplied through 0.8 mm inside diameter 
tubing connected to the deposition chamber. With the two diffusers mounted on the copper 
support the total thickness of the part inserted between the target foils was 9 mm. This 
limited the separation between the target foils to a minimum of about 16 mm when thermal

4All thermometers were acquired from LakeShore Cryotronics, Inc., Westerville, Ohio
5All of the holes were drilled using a hand sharpened sewing needle and a high speed drill, 

a technique rediscovered in a book on how to build small telescopes, The size of the holes was 
measured using the diffraction pattern created by the hole when illuminated by a laser.



Figure 3.2.3: A view o f the gas deposition diffuser showing the central diffuser support 
(L), braids to the heat shield (K), gas supply lines (M), diffuser chamber (N), mechanical 
support (O), bellows and vertical motion guide shafts (P,Q). The projection shows only 
one side o f the full diffuser system; the second diffuser is obscured by the support (L).
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Figure 3.2.4: A vertical-section view o f the gas diffusion assembly. The horizontal sine is 
magnified by a factor o f eight and the gas supply tubing has been removed for clarity. The 
top of the copper support, (L), is shown where the two diffusion chambers are mounted. 
The gas flow path into the chamber and out through the perforated metal is illustrated.

distortion precautions and maximum hydrogen target thickness were included.
Difficulties arose in controlling the deposition rate and total amount of gas released 

while using this system, so conductance measurements were made to optimize a new design 
[51]. The poor conductance of the long small-diameter supply lines resulted in a very long 
pump-down time to clean the lines, and allowed a pressure of several Torr at the gas 
inlet even when the target region was at a very high vacuum (10~7 Torr). To reduce the 
time required for target deposition and to gain more precise control of the amount of gas 
deposited, a new diffuser system was installed [52].

The copper sheet and diffusers were cooled to 100 K to suppress radiation loading 
of the target. Two flexible copper braids (detail K, Figs. 3.2.1 and 3.2.3) were connected 
to the copper sheet and the bottom of the radiation shield to provide a flexible thermal 
conduction path. The braids were long enough to allow the diffuser mount to move a total 
vertical distance of 160 mm.

The copper sheet was mounted on a tall thin-walled cylinder of stainless steel (detail 0 )
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which served as a rigid mechanical, yet relatively poor thermal, contact to the movable 
flange. The movable flange was held between two bellows (detail P) to remove atmospheric 
pressure from the moving components, thus lowering the force required for motion and 
reducing the possibility of component failure. Two guide shafts and a lead screw (detail Q) 
provided well-controlled vertical motion. Guide rails on the inside of the radiation shield 
(detail J, Figs. 3.2.1 and 3.2.5) ensured that the copper sheet with its deposition units was 
accurately located between the target support frames.

3.2 .4  T he Target V acuum  System

The gas deposition system and the cryostat were both attached to a stainless-steel cube 
using knife-edge seals. The cryostat was introduced through the top port of the cube, which 
had been modified from a circular to a square aperture to accommodate the profile of the 
heat shield. The deposition and pumping systems were attached through the bottom port, 
leaving the four remaining sides of the cube for a muon entry port and windows through 
which detectors could view the target. Figure 3.2.5 shows a drawing of the cube. The 
target support foils (detail F) are seen through the radiation shield (detail I) which is 
drawn with one of its side plates removed for clarity. The partially inserted gas deposition 
system is shown entering through the bottom of the radiation shield (detail L).

Muons entered the system through a custom flange which had a thin (25 gm) stainless- 
steel vacuum isolation window to protect the beam line vacuum from possible tritium con­
tamination, and to protect the clean high-vacuum target from oil and other contaminants 
from the beam line vacuum system. Stainless-steel windows covered the remaining cube 
ports through which emitted radiations such as neutrons, gammas, and muon-decay elec­
trons exit to the external detectors. The left and right side windows of the cube were 
used for neutron detectors, germanium x-ray and 7-ray counters, or wire chamber position 
tracking detectors, each of which was mounted externally to the vacuum system. The 
downstream position was useful only for the neutron detectors because of the beam trans­
mission related backgrounds. The windows varied between 50 fim  thick for the window in 
front of the imaging system, to 3 mm thick in front of the downstream neutron detector. 
The internally located silicon detectors, designed to see the charged products of muon 
catalyzed fusion, were mounted on the thermal shield.

The entire vacuum system was constructed using all-metal, knife-edge fittings of a 
nominal 150 mm diameter, and all-metal valves6. For the experiments described herein, the 
pumping of the vacuum system was done with a cryo-sorption7 pump, a turbo-molecular 
pump, and an oil free roughing pump8.

When converted to tritium use, the vacuum system (without the cryostat installed)

°VAT, Haag, CH-9469, Switzerland, and MDC, Hayward CA, 94545
7CRYO-TORR High-Vacuum pump, CTI Cryogenics, Santa Clara, CA, 95051
8DVP-500 oil free mechanical pump, Varian Vacuum Products, Lexington, MA, 02173
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Figure 3.2.5: A perspective view of the assembled target system as viewed through an 
open side window o f the stainless steel cube. The inner thermal shield side plate (which 
traditionally holds a silicon detector) has been removed. The orientation o f the 3 K  target 
foils (F), with respect to the heat shield (I) and the half -inserted diffuser (L) in its guide 
rails (J), is illustrated. The drawing also shows the position o f the incident muon beam.
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was cleaned by use of an oxygen plasma. A pressure of 300 mTorr of oxygen was required 
to start the cleaning. Once the plasma ignited, a pressure of 60 mTorr and a current 
of 1.3 A (which provided the brightest glow from the inside of the vacuum system) were 
maintained for 30 minutes. Pressures of ~  10~7 Torr were then routinely achieved after 
baking when pumped by a magnetic levitation turbo pump9, backed by an oil and elastomer 
free roughing pump system10. The exhaust of the pumps was directed to an evacuated 100 I 
volume to provide a closed- cycle pumping system for safe collection of residual tritium from 
the vacuum system.

3.2.5 T he G as M ixing S ystem

Since the target system was designed to work with hydrogen isotope mixtures, a compre­
hensive system for purifying and mixing hydrogen was constructed. Experience from a pre­
vious hydrogen mixing system was incorporated in the design shown as a block-schematic 
layout in Fig. 3.2.5.

Isotopically pure protium was generated by electrolysis of deuterium-depleted water 
using a small commercial unit11. Deuterium was obtained from bottled research-grade 
deuterium which was passed through a commercial palladium filter12. Because small ad­
mixtures of protium in the deuterium did not disturb our measurements, ordinary research 
grade deuterium cleaned of nonhydrogens was sufficient. Other gases, such as He or Ne, 
were supplied as required through the gas inlet ports. The overall construction of the 
system relied on metal face-seal connections13 and bellows-sealed valves14.

The mixing system consisted of an accurately measured volume and one accurate 
capacitive manometer. By expansion of gases between volumes and the accurate mea­
surement of the pressures, the volumes of all the mixing components were obtained. Gas 
mixtures were made by capturing the required amount of each gas in its own measured 
volume, and then opening the interconnections between the volumes.

The gas handling system pictured in Fig. 3.2.5 was the second iteration in a series of gas 
handling systems which has subsequently evolved into a tritium compatible system. As such 
the system corrected the shortcomings of the first design, but introduced new problems. 
The two main difficulties with the system occurred in the central mixing area delimited by 
the valve Val, the volumes 1-3, the capacitive manometer, and the metering valve. Firstly, 
the multitude of connections to the relatively light tubing placed the manifold under stress 
which eventually lead to a small leak which introduced nitrogen into the hydrogen. The

"TurboVac 340M, Leybold Vacuum Products Inc., D5000 Cologne 51, Germany
10A combination of a Normetex D7 spiral pump, and a PV-12 bellows pump, Normetex Corpo­

ration, Fiance
llElhygcn Mark V, Milton Roy, Ireland
12 Johnson-Mathey Inc., Wayne PA, 19087
l:iVCR Metal Gasket, Cajon, Macedonia, Oh 44056.
HSS 4BK-V51, NUPRO, Willoughby, Oh 44094.
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Figure 3.2.6: Layout o f the gas mixing and deposition system  in use during the operation 
o f the target. The volume to the right o f Val delimited by the VaVI 3 valves, the slmtoff 
valve, and including the manometer was 35.5 cm3.

second problem involved the long lengths of relatively small diameter tubing which limited 
the conductance between volumes, and hence a long equilibration time was required to mix 
different hydrogen isotopes.

Once mixed, the gas was released at a slow rate by a metering valve into the vacuum 
system, through one of the two deposition lines (Detail M, Fig. 3.2.3, page 34), via the 
diffuser system which directed it to the target foil.

3.2.6 O peration

The continuous flow commercial cooling unit has provided good stability and reliability of 
operation. Cooling of the target system from room temperature can be accomplished in 
about four hours, with optimum running conditions achieved after twelve hours. When 
cold, the system consumes approximately 2.8 / of liquid helium per hour to maintain the 
3 K target foil temper? ture. By use of a 500 I dewar of He, the target system was able 
to maintain a solid hydrogen layer for about a week, permitting studies at low event rates 
without alteration of the target conditions.

Of major concern in the design was the maximum achievable cooling power. High
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cooling power was essential not only to maintain the 3 K temperature when a target had 
been deposited, but also to deposit a target of roughly one standard liter of hydrogen 
in a reasonable time. The measured cooling power of the cryostat is ~100 mW /K at 
the nominal 3 K operating temperature. This is sufficient to freeze one standard liter of 
hydrogen to a target foil in about 30 minutes.

A nominal pressure of 10~7 Torr was achieved at room temperature using the cryo- 
sorption pump, with water the dominant residual gas. When cold, the cryostat, because 
of the large surface area of the thermal shield, pumped more rapidly than the cryo-pump. 
Under these conditions, the vacuum system was isolated and the cryostat maintained the 
vacuum outside of the cold shield at 10-9 Torr.

The thickness and uniformity of the solid targets, studied by measuring the energy loss 
of alpha particles transmitted through the layer [53], is reproducible to 1% and uniform 
to ~  7% over the FWHM beam distribution of 30 mm. This reliability extends to targets 
which are deposited in several different steps of different isotope concentrations even when 
many hours have passed between the application of each layer.

3.3 Electronics and Data Collection

Detector signals were sent to a counting room where they were processed and digitized by 
standard NIM and CAMAC electronics. The digitized signal data were read by a CAMAC 
STAR.BURST and then transferred to a VAX station for histogramming and storage on 
an 8 mm EXAbyte tape. The data collection and taping was done by the VDACS VAX- 
based data acquisition system developed at TRIUMF. Online histograms were collected in 
the FIOWA format using the MOLLI analysis program and a custom analysis subroutine. 
Both FIOWA and MOLLI were developed at TRIUMF.

3.3.1 T h e Trigger

The trigger signal, which was composed from a pulse from the beam entrance scintillator in 
delayed logical coincidence with a gate enabled by any of the active detectors (cf. Fig. 3.4.1, 
page 44), was sent to the data acquisition system when a good event was detected. The 
electronics schematic, including module reference names (cf. Table XXIII, page 121), is 
given in Fig. 3.3.1; the timing of the elements in the schematic is given in Fig. 3,3.2, 

When a muon passed through the entrance scintillator, T l, and deposited sufficient 
energy to pass an energy loss cut, the pile-up-gate (PUG) busy (B) output was set on for 
a 10 ps lock-out time. The barred output from the PUG (symbol B), always set to the 
logical complement of the PUG output value, was used to indicate either that the system 
had accepted a muon (cf. Fig. 3.3.2), or was able to accept a muon. A general inhibit signal, 
I, due either to an event trigger (HINH), the computer readout time (CINH and El), or 
a failure in the high voltage supply of the wire chamber system (WCINH), was combined
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figure 3.3.1: The electronics diagram for the trigger circuit. The input to T1IF came 
from the beam entrance scintillator T1 (cf. Fig,3.4.1, page 44; not to be confused with
the T1 discriminator shown above) and the inputs to the (generic) TRGn were supplied 
by the individual detectors. The critical outputs of EVGF, EVTR, and EVCL were sent 
to the detector electronics, data acquisition computer, and CAMAC module clear inputs 
respectively.

with the T1 and B signals to designate the condition when the event gate, EVG, could 
open and good events could be accepted. Thus an EVG would only open for a signal from 
T l, a nonbusy PUG, B, and an attentive computer system, I, The TBI signal was sent to 
the individual detector coincidences to permit acceptance of events, and to the CAMAC 
TDC units as a common start. Since the changes in the state of the trigger electronics were 
caused by the T l signal alone, the timing of the TBl coincidence was critical. Disabling the 
B signal [i.e., not(not(BUSY)) =  BUSY] too quickly would not permit the TBl coincidence 
(cf. Fig. 3,3.2).

If a second muon activated the entrance scintillator T l (dashed event in T l time line, 
Fig. 3.3.2), the PUG began timing the lock-out again, extending it (dashed line extension
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Figure 3.3.2; The timing setup for the electronics in Fig. 3.3.1. Time is indicated horizon­
tally, and logic level, on/off, indicated by the lower/higher lines in keeping with the NIM  
logic level standard.

of B). Although data collection was permitted to continue, a pattern bit was set in software 
to allow dismissal of the event. Removing the event using a hardware circuit was difficult 
due to problems in clearing the ADC’s under these circumstances. This was due to the 
binary nature of the choice between EVTR and EVCL which did not allow a CLEAR 
signal to be issued when there was pile-up on an EVTR coincidence, Pile-up of events 
occurred for about 5% of the data so adding the hardware necessary to implement the 
pile up CLEAR condition was more trouble than it was worth.

When any one of the n different detectors recorded an event at a time when the EVG 
gate was true, such as the pictured TPn in Fig. 3.3.2, a gate, TRGn, was opened. At the 
end of the event gate duration, the logical OR of all the possible TRGn gates was placed 
in coincidence with the end of the event gate EEVG to determine whether the event was 
read as an event trigger, EVTR (coincidence), or if it was cleared, EVCL (no coincidence). 
An event trigger would immediately initiate a hardware inhibit (HINH) to prevent loss of 
the data already measured by disabling the TBl coincidence. A computer-driven signal
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output system would maintain the inhibit while the data were read (CINH) and while the 
CAMAC modules were cleared (El). An event clear would inhibit the trigger (CPINH) and 
then remove any values accidently recorded by the CAMAC system.

Many scaler values (counts in a fixed time interval) were recorded to provide rapid 
diagnosis of the status of the detectors and electronics. Rate values for the T l, TBl, EVG, 
EVTR, EVCL, and the TRGn signals were recorded and monitored since any change in 
these rates would be indicative of a problem somewhere in the data acquisition system. 
The average beam current and inhibit dead time were monitored by a special set of scalers, 
MON and MON-I. One of the more important scalers was the GMU count, which was 
made by the coincidence of the end of busy, EB, and the end of event gate, EEVG, signals. 
These two signals in coincidence implied that there was no pilcup and hence the, muon was 
“good” in terms of the physics we wish to measure. Since no detector signal is required in 
this process, GMU is very close to the number of non- pile-up muons introduced into the 
target system and provides a rapid way i.o normalize data for comparison between runs.

As a consistency check on the status of the electronics, the GMU scaler can, in theory, 
be identically predicted from other scaler values via the relation:

/-iajtt m oi MONGMU =  TBl x —— x  = . (3.1)
T l MON - I v ’

In practice, this value is slightly different than the GMU counter due to the finite widths 
and transition times of the logic signals. However, the two values generally agree to within 
0.5%, hence the statement that GMU is “close to” the number of muons without pile up. 
Equation (3.1) was used to check each analyzed run, and runs where the scaler values did 
not agree within the 0.5% bound were discarded.

For further monitoring of the rather complex detector system, a special trigger, called 
1/n, wau implemented. This trigger was activated once for roughly every one thousand 1 i 
triggers, independent of the dE/dx  energy cut. The 1/n triggers permitted the monitoring 
of events which were unbiased in the sense that they did not require a detector trigger, for 
example, electrons which activated the T l signal, but would not generate an event in the 
detectors.

3.4 Detectors

Several detection systems were used since each one reveals different information about the 
fiCF processes, A general view of these systems and their positions is given in Fig, 3,4.1. 
When a valid trigger condition occurred, all of the detection systems were read not only 
to record the time and energy of the triggered detector, but of the other detectors as well. 
This ensured that the electronics were properly cleared.
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Figure 3.4,1: A top v ie w  of the detectors and their positions with respect to the target. The 
incoming muons are marked, thus ciarifying the notation US, Upstream, and DS, Down­
stream, for the target foils. Not shown are the remaining two wire chambers, scintillators, 
and Sodium Iodide crystal which constituted the imaging system, nor the Germanium 
detector, which, when in use, replaced Nl.
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Figure 3.4.2: The electronics diagram for the neutron circuit. The inputs to the EiNl 
discriminators came from the two veto scintillators, while the input to the PSD module 
came from the neutron detector itself. The N1TRG accepted the EVGF signal, and bused 
on the timing coincidences, sent a gate signal to the ADC which digitized the energy signal 
from the neutron detector (after amplification), and the PSD value (after a DC baseline 
shift).

3.4.1 Neutron Detection

Of the dpd  fusion products, only the neutrons exit the vacuum system. Two five inch 
diameter by four-inch deep enclosed cylinders of NE-213 liquid organic scintillator viewed 
by a photomultiplier were used as neutron detectors. NE 213 was chosen for its pulse 
shape discrimination properties.

Neither photons nor neutrons are charged, and thus neither will activate the thin 
scintillators used to reject charged particle events in the detectors. Some other method 
must be used to distinguish between these two types of events in the detector. The method 
is based on the interactions of the particles and the scintillation properties of the detector.

Photons will Compton scatter from the electrons in the scintillator resulting in an 
energetic electron which will cause scintillations and generate a signal. Neutrons only 
interact with nuclei. Organic scintillators generally have a high ratio of hydrogen to heavier
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elements, so a neutron has a reasonable probability to scatter from a single proton, giving 
it energy, and thus creating an energetic proton which will cause scintillations and hence a 
signal in the detector. Pulse shape discrimination, or PSD, techniques for the detection of 
neutrons rely on the different light emission curves (pulse shapes) for electrons and protons 
losing energy in the scintillator. The light pulse has a different time structure depending 
on whether it was produced by a slowing electron or a slowing proton. By exploiting the 
difference in puise shape, neutrons can be distinguished from photons.

The Link Systems PSD-5010, a hardware pulse shape discriminator, gave trigger level 
identification of neutron and photon events. The device distinguishes between the event 
types by integrating the signal pulse over two time ranges both of which start with the 
beginning of the pulse; a short interval of approximately 50 ns, and a long interval approx­
imately 500 ns. The short interval was set so that it contained most of the signal produced 
by the slowing of electrons (which deposit energy quickly in the scintillator). The long 
interval was such that it covered all the signal that the short gate does, and much more of 
the signal produced by the slowing of the heavier proton. The weighted difference of the 
integrals, simply called the PSD value, gave a measure of the shape of the pulse and thus 
a method of distinguishing neutron events from photon events. For example, a photon 
event in the detector will generate roughly the same value in both integrals, and hence the 
difference is close to zero. A neutron event will make the integrals sufficiently different that 
the PSD value is nonzero. A selection based on the PSD value then identifies the neutron 
events.

The schematic for the neutron electronics can be seen in Fig. 3.4.2. Neutron event 
candidates were selected by requiring that the signal from the neutron detector be in 
anticoincidence with either member of a pair of charged-particle scintillators to ensure that 
the event was from an uncharged particle (E1N1 and E2N2 in the diagram). Meanwhile, 
the hardware PSD evaluated the shape of the energy signal to determine if the event was 
from a photon or a neutron, and then set an output level accordingly15. Since photon events 
were very common, prercaling was done to keep the photon triggers to an acceptable level. 
A good set of coincidences then activated the neutron trigger and sent the data to the 
computer. The prescaling was removed for the gamma calibration of the detectors.

An effective method for background suppression in /zCF processes was the requirement 
that the muon survived the event, a condition enforced by the detection of the muon decay 
electron. It was convenient to use all of the veto scintillators as decay electron counters. By 
requiring that the time of the detected muon decay electron was between 0.2 and 5.05 fis 
after the time of a candidate fusion event, the signal-to-background ratio was strongly 
enhanced (see section 5.1). Even more effective, but much less efficient due to smaller solid 
angle, was a restriction on the electron energy requiring it to be at the high end of the

lf)The Link PSD-5010 had TTL logic outputs and hence required a level adaptor; the newer 
Oxford Instruments PSD-5020 has internal selector switches allowing TTL or NIM output.
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Figure 3.4.3: The electronics diagram for the delayed electron circuit. This is the schematic 
for the deLe and deLtel signals from N1 only. The deLe signal was made by a coincidence 
between the two veto scintillators E1N1 and E2N1 the time of which was sent to a TDC 
provided there was an EVGF signal. The sum of all deLe signals from all o f the detectors 
was passed to a prescaler, which then provided a deLe trigger signal for every k events 
(k =16 normally). The deLtel circuit accepted a fast dynode signal from the neutron 
detector and used it to provide a deLtel trigger, and an ADC gate and signal.

Michel spectrum.
A separate circuit (Fig. 3.4.3) recorded the time and energy when an electron from 

muon decay was detected either by the pair of scintillators (deLe), or by the scintillators and 
the neutron detector (deLtel). A dynode signal from the neutron counter photomultiplier 
was used as a fast independent signal from the detector. The dynode signal was then 
placed in coincidence with the electron veto counters to determine a clear signal from a 
charged particle. The deLtel condition was designated as a separate trigger. The digitized 
amplitude of the dynode signal measured the energy deposited in the detector by the 
charged event. Selecting events with sufficient energy ensured a high probability that its 
origin was from a muon decay. The fusion signals passing the deLtel cut were free from 
most backgrounds, but the limited solid angle of the neutron detectors made the cut too 
severe on statistics.

The del.e condition consisted only of the coincidence between the pair of veto counters, 
All of the charge-veto pairs were combined into one prescaled trigger to allow monitoring 
of the signal.

3.4.2 Silicon Charged-Particle Detectors

Two types of detector were used: a commercial device from Canberra, and a custom device, 
referred to as 5*2,16, originally designed to function at very low temperatures. The custom 
device was mounted on the top of the diffuser system directly facing the target to achic ve

16Provided by Dr. C.J. Martoff of Temple University
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figure 3.4.4: The electronics diagram for the silicon circuit. Because o f the sensitive nature 
of the signals, the preamplifier, timing filter amplifier, and linear shaping amplifier were 
located in the experimental area, close to the detector. The energy and time signals were 
then sent to the counting room where coincidences with an EVGF signal were used stop 
the TDC and open the gate on the ADC to record the data.

maximum solid angle but did not operate consistently due mainly to the long separation 
between the detector and its preamplifier and the poor quality of the connection.

The commercial device, provided by Canberra, was an ion implanted, 600 mm2 active 
area by 150 pm active thickness, fully depleted diode. At the nominal operating voltage 
of 30 V it had a quoted resolution of 29 keV FWHM for o-particles. Due to mounting 
constraints and the distance to the preamplifier, we were unable to achieve resolution of 
that quality (see Appendix D). The silicon detector was mounted on the side of the cold 
shield, in front of the neutron detector Nl, to detect the charged fusion products (see 
Fig. 3.4.1). The 3 MeV protons produced by dd fusion were easily seen but the 3He and 
tritons were too low in energy and hence lost in background or stopped in the solid target 
before they could reach the detector. This detector alone provided the data used herein.

3.4.3 Germanium Counter

A germanium counter was installed to look for muon-related atomic cascade photons gen­
erated from transfer to high-Z nuclei, as well as the photons from nuclear capture. A 
Canberra model GR3019 (55 mm crystal size) was set up in anticoincidence with charge- 
veto scintillators. To reduce background, the detector was enclosed in a 1.5” wall thickness 
copper cylinder which, in turn, was enclosed in a 1.5” wall thickness tungsten cylinder. 
The electronics used to process the germanium signals are shown in Fig. 3.4.5. The Nl 
detector was removed and the germanium put in its place whenever x-ray measurements 
were to be made.

3.4.4 Multi-Wire Proportional Chambers and Imaging

The electron from muon decay was used to reconstruct the position at which the muon de­
cayed. The imaging system consisted of three delay line multi-wire proportional chambers 
to provide y-z position information, plastic scintillators for timing, and a large sodium
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figure 3.4.5: The electronics diagram for the germanium circuit. The electronics setup 
functioned in a similar manner as the silicon detector, with the added requirement o f the
anticoincidence with the charge particle scintillator. The GETR accepted the EVGF signal 
and used it to determine when the ADC gate and and TDC stop were activated to record 
the event energy and time.

iodide crystal for accurate energy measurements on the detected electron. A straight line 
was fit to the positions given by the three wire chambers, and then selections were made on 
the quality of the fit. Quality cuts were also made on the energy deposited by the Michel 
electron, since the higher energy electrons were less susceptible to multiple scattering. 
Figure 3.4.6 shows the general form of the signal processing logic for the wire chambers.

The reconstruction of the muon decay electron path was extrapolated back to the 
central y-z plane of the target to give the position of the decay. The accuracy of the method 
depended 011 many factors but was generally good to about 3 mm FWHM resolution. The 
emission of muonic atoms from the hydrogen layers into the vacuum spaces was monitored 
by counting the number of decay events occurring in the clearly defined vacuum region.
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Figure 3.4.6: The electronics diagram for the wire-chamber circuit; only inputs from one 
chamber are shown: the two remaining chambers functioned in an identical fashion. The 
plastic scintillators EMI and EM2 were used in coincidence with the EVGF signal to 
determine i f  a wire chamber event had occurred (EMEVG). When true, the electronics 
opened an ADC gate (not shown) which allowed the measurement of the MINA energy, 
and set the wire chamber trigger condition in the main trigger. The Cn(YZ)(LH) time 
signals were used to stop the individual TDC channels.
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Chapter 4

Data

Data for the experiment were collected using two three-week runs within a period of 
one year. In the tables below, the solid targets are characterized by the position, either 
upstream, (US), or downstream, (DS), with respect to the geometrical center of the target;, 
and by thickness, measured in units of TZ, or Torrxliter, the amount of gas in a one liter 
volume at one Torr and ambient temperature (20° C). The conversion value between TZ and 
thickness has been measured using the energy loss of alpha particles traversing the layer, 
and the mean value was 3.2 /ig • cm-2 • (TZ)-1 for ^  (6.4 //,g • cm-2 • (TZ)-1 for D2) [53].

4.1 Solid Deuterium Runs

Data for pure solid deuterium were collected in both the February 1992 (FEB92), and 
August 1992 (AUG92), run times The February run was devoted mostly to the testing 
of the then-new cryostat system, silicon detectors, and the wire chamber system allowing 
collection of muonir deuterium emission data. Reliability problems with the PSD units

Run # Target type Comment GMU
1291 Neutron Calibration Zone Background n/a
1291 Neutron Calibration 00 Co n/a
1291 Neutron Calibration 137Cs n/a
1299 1560 TZ D2 US and DS 0.3 hr 6.279 M
1300 1560 TZ D2 US and DS ‘Thick’ 4.8 hr 71.148 M
1301 1560 TZ D2 US and DS 9.5 hr 139.184 M
1316 312 TZ D2 US and DS 3.0 hr 50.571 M
1317 312 TZ D2 US and DS ‘Thin’ 5.3 hr 66.295 M
1318 312 TZ D2 US and DS 3.5 hr 47.042 M
1319 US and DS bare 1.3 hr 18.504 M
1320 313 TZ ‘H2 US and DS ‘Thin’ 3.5 hr 48.974 M
1325 1560 TZ *H2 US and DS ‘Thick’ 5.5 hr 59.797 M

Table IV: Summary table for the solid deuterium data of August 1002,
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during that time meant that good neutron data are unavailable. Silicon detector spectra of 
the proton signals were collected, but the poor timing resolution, lack of clear background 
characterization, and low statistics did not allow meaningful analysis when compared to 
the quality of the AUG92 data set.

The AUG92 run time devoted a week to tuning the detectors and collecting good 
statistics on the fusion reaction in solid deuterium. Background measurements were also 
made by using solid protium targets, which have the same stopping fraction for the muons 
but no fusion processes to produce neutrons. The systematic study of the background was 
of the utmost importance in the analysis of the proton data. The runs used in the analysis 
as well as the exact target specification and GMU values are given in Table IV.

Run # Target type Time S i2 GMU x 10B
1122 SET © (2 +  3 +  3 =  8) Tl 3.0 hr out 34.906
1123 SET © (2 4- 3 4- 3 =  8) TZ 0.5 hr in 3.941
1124 SET © (2 +  3 4- 3 =  8) TZ 1.4 hr in 9.776
1128 SET © (2 +  3 +  3 +  8 =  16) TZ 1.3 hr out 10.074
1129 SET © (2 +  3 + 3 +  8 +  35 =  51) TZ 2.3 hr out 22.436
1130 SET © (2 +  3 +  3 +  8 +  35 =  51) TZ 2.0 hr in 18.019
1131 SET © (0) TZ 1.0 hr out 11.250
1132 SET © (8) TZ 2.0 hr out 29.900
1133 SET © (8) TZ 0.7 hr out 10.199
1134 SET © (8 +  8 =  16) TZ 2.0 hr out 28.089
1143 SET © (8 4- 8 =  16) TZ 1.6 hr in 17.063
1144 SET © (8 +  8 =  16) TZ 1.0 hr out 15.563
1145 SET © (8 4- 8 =  16) TZ 0.6 hr out 5.889
1147 SET© (8+  8 =  16) TZ 1.5 hr in 11.264
1148 SET © (8 +  8 4- 8 =  24) TZ 4.6 hr cal 65.199
1149 SET © (8 4- 8 4- 8 +  7 =  35) TZ 2.1 hr cal 30.202
1150 SET © (8 4- 8 4- 8 4- 7 4-15 =  50) TZ 1.1 hr cal4-10 16.488
1153 SET © (8 4- 8 4- 8 4- 7 4-15 =  50) TZ 1.9 hr cal4-13 27.326
1160 1040 TZ lH2 3.1 hr out 44.678
1169 1040 TZ jH2 1.0 hr cal4-10 9.651
1170 1040 TZ 'H2 1.3 hr cal4-10 14.467
1172 1040 TZ lH2 1.3 hr cal4T0 16.194
1173 1040 TZ ]H2 3.0 hr in 32.567

Table V: Summary table o f the emission data. SET stands for Standard Emission Target, 
which in this case was 1040 Tl o f deuterium doped protium mixture with cu= 10~3. The 
SET was deposited on the upstream foil; the downstream was bare. The © is used to 
indicate that the D2 layer was frozen on the surface in the increments summed in paren­
thesis. The column labeled S i2  refers to the position o f the second silicon detector, and 
is important since the 'in’ position interfered with the solid angle o f the side-mounted 
detector,
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In both FEB92 and AUG92, emission measurements were made. In general, an emission 
layer of 1040 TZ protium with a small admixture of deuterium, normally c,t =  10~:\  was 
frozen to the upstream foil. Muons stopped in the layer would undergo the capture on 
protium then transfer to deuterium after which the /td would escape the layer due to the 
Ramsauer-Townsend effect. The emitted fid atoms were subsequently reacted with a thin 
pure deuterium layer frozen to the surface of the emission layer.

Although detector tests and development were being done, meaningful data were col­
lected during the FEB92 running period. Much of the AUG92 emission data were used to 
make a measurement of \ p({- This was done by observing the muonic x rays generated by 
the transfer of the muon from the emitted fid to neon, which had been frozen in a thin layer 
on the surface of the emission layer, and thus there was no silicon detector data collected. 
The AUG92 emission data were collected for very thin deuterium surface layers with the 
intent of measuring effects on the fid transmission. The yield w j i s  too low in the silicon 
detector to allow analysis.

Since the S 12 detector was mounted in the target system, and tests were made on its 
functionality, it was sometimes in a position where it affected the solid angle of the main 
silicon detector. Its position was recorded as “in” the beam, “out” of the target volume 
entirely, or by the number of millimeters away from its calibration position. The experi­
mental runs listed in Table V where the S i2 detector was “in” were analyzed qualitatively, 
since the lack of a measure of the solid angle of the main silicon detector made comparisons 
impossible.

4.3 Histogram Collection

Data analysis for histogram creation was done using the MOLLI1 analysis package devel­
oped at TRIUMF. MOLLI is an interface that reads data from tape and passes it to a user 
defined subroutine which then creates the required histograms. The histograms themselves 
were stored in the FIOWA format, a program also developed at TRIUMF.

To facilitate the analysis process, a second interface to the histogramming package was 
written which alleviated the need to recompile and link the FORTRAN analysis subroutine, 
A text file containing histogram definitions was read by the compiled code and interpreted 
to define the necessary histograms, Changing the definition of a histogram, for example, 
a cut on a specified parameter, was accomplished by rerunning the analysis with the new 
definition file. Histograms were then accessed either by the REPLAY viewing package or 
the PHYSICA analysis package, and parameters extracted from there,

'Multi OffLine Interactive analysis
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Chapter 5

Analysis

5.1 Detector Calibration and Efficiencies

The work presented herein relied on the neutron detectors and the silicon diode. The 
neutron detectors were not working correctly for the FEB92 data run so the neutron 
information is limited to that taken in the AUG92 period. The Canberra silicon detector 
was similar for both runs; differences will be noted.

5.1.1 N eu tron  D etector

The energy calibration of a neutron detector is not straightforward. Monoenergetic neu­
trons are available only at specialized facilities, and the direct exposure of the detector 
to a source of monoenergetic protons is not possible due to the relatively heavily walled 
vessel containing the scintillator. The occasional drift of the phototube gain can change 
the calibration so a simple method is needed to allow frequent checks.

The calibration of the neutron detector energy response is made using the Compton 
edges of different gamma sources. An equivalency curve relating the Compton edge to 
the energy response of the scintillator to protons is made once for a detector (or if not 
the specific detector at least for the scintillator material) by using a source of monoen­
ergetic ncufrons [54]. The Compton edges then serve as an index to the neutron energy 
distribution. Discussion of the calibration process has been relegated to Appendix D.l, 
page 117.

The energy calibration is important since monoenergetic neutrons do not leave peaks 
in the energy spectrum. The scattering cross section for neutrons on protons is dominated 
by s wave contributions so scattered, neutrons leave an essentially uniform pulse height 
distribution between zero energy (forward scattered neutrons) and the end-point energy 
(back scattered neutrons). Cuts on the low energy end of the spectrum remove some of 
the real counts from the monoenergetic source and hence affect the efficiency.

The PSD value is a comparison of integrals of the energy pulse. Low energy events 
can easily be misidentified so a certain energy threshold is required before the PSD value
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Figure 5.1.1: A PSD verses pulse height density plot for solid deuterium data. The two 
lobed structure is clearly visible: the relatively narrow horizontal band with PSD values 
near 1200 represent photon events. The broad band represent neutron events. The hori­
zontal line at PSD=1291 shows the cut value, events above this line were considered to be 
neutrons in the analysis. Neutrons at 2.45 MeV give, at maximum, a pulse height o f 900 
channels (cf. Fig. 5.2.1, page 60). The fourth root of the number o f counts determined the 
shading.

becomes reliable. Hence there is the trade-off between high statistics, realized by the full 
utilization of the pulse height spectrum, and the increase in background duo to photons 
misidentified as neutrons by the PSD value.

Figure 5.1.1 shows a density plot of the pulse heights and PSD values of neutron 
detector signals. The fourth root of the number of counts was taken before plotting to 
allow regions other than the origin to be seen, For the analysis of neutron spectra in 
general, a cut on the PSD value was chosen to remove the photon events and studies were 
done to understand and remove background signals.

Although the energy and PSD cuts do a good job at identifying events from real 
neutrons, fusions were not the only source of neutrons. Capture reactions, for example 
muon nuclear capture on gold, will give neutron events correlated in time with the arrival 
of the muon. Since about half of the muons arriving in the target stop in gold, the, 
intensity of the capture background is severe to the point where the fusion signal is lost 
in the background; even in the region of best signal to background ratio there were more 
than 10 background neutrons for each signal neutron.
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Figure 5.1.2: A pictorial representation o f the biasing o f the deLe events caused by the 
closing o f the global event gate EVG. For both the "good” trigger pulse, and the "biased” 
trigger pulse, the interval is shown over which decay electrons are accepted. For the 
"biased” event, the closing o f EVG limits the time the detector has to register decay 
electrons, hence changing the efficiency. Time is indicated horizontally, and logic level, 
on/off, indicated by the lower/higher lines.

The capture background is strongly suppressed by demanding that the event which 
created the neutron does not consume the muon. This is done by observing the muon 
decay electron and requiring that the decay occurs after the neutron event. A cut is placed 
on the decay time requiring it to be at least 200 ns after the neutron event to help reject 
prompt accidental events in the delayed electron counters. A second cut requiring that the 
decay occurs within 5.05 //s after the neutron event helps reject accidental coincidences. 
The time interval between the two cuts has an 81% probability of containing the muon 
decay.

For events occurring close to the end of the event gate, it is the end of the event gate 
and not the 5.05 /is cut which will limit the efficiency of electron detection. Since the 
amoui .t of time the counters are permitted to accept decays is reduced, the efficiency for 
the cut changes with time and suppresses counts at longer times. However, all neutron 
data with decay electron coincidence collected between the time of the muon arrival and 
5.05 /is before the end of the event gate is seen with the same efficiency. The 10 /is event 
gate width means that the 4.95 /is following the muon arrival contain events which are not 
biased by a 0.2 5.05 /is decay time cut. Figure 5.1.2 illustrates the effect using a timeline.

The decay electron cut has a very strong effect on the background from nuclear
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capture. Imposing the cut suppresses the data from fusion by the efficiency of the cut 
[12.15(30)%] but the background is removed so that it is less than 10% of the remaining 
spectrum, an increase in the signal-to-background ratio of about 100. The background 
that does survive the cut is predominantly neutrons from capture followed by an accidental 
event in the delayed electron coincidence.

The time resolution of a neutron detector at a given energy is determined mainly by the 
size of the detector. The interaction point of the neutron in the detector can Ik; anywhere 
through the depth of the detector, so the time resolution is determined by the flight time 
of the neutron through the detector. Although the photomultiplier tube and electronics 
contribute to the time resolution, the contribution is small. For 2,45 MeV neutrons in a 
10 cm detector the expected FWHM resolution is about 4 ns.

The solid angle of the detector was calculated by two methods. The first was a Monte 
Carlo method using the measured geometry of the target and detector. The second was 
taken from a comparison of the deLe and deLtel efficiencies. An event in the deLtel 
spectrum has already passed the deLe cut but has the added restriction both of the solid 
angle of the neutron detectors, and an energy cut on the dynode signal. The solid angle 
along with an estimate of the intrinsic efficiency of the detector, also found by Monte Carlo 
calculation, were used during the run to ensure that the detectors wore operating correctly 
and detecting the correct number of events for a given muon flux,

5.1.2 S ilicon  D etecto r

The solid angle of the Canberra silicon detector was calculated by the Monte Carlo method 
and was the same both for the AUG92 and FEB92 measurements. The measured geometry 
of the target and detector placement were used, along with the best estimate of the beam 
stopping distribution, to calculate the effective solid angle of the detector with respect to 
the target. A value of 1.9(2)% of 47r was found. The, uncertainty results mainly from the 
beam stopping distribution and hence the distribution of source events in the target 
and the uncertainty in the relative position of the detector with respect to the target.

The energy calibration of the dete.,tor was carried out by use of an alpha source taken 
from a common household smoke detector. Those sources are small and easily mounted 
inside the confined geometry of the target system, During the AUG92 experiment the 
source was mounted on the diffuser to allow it to be withdrawn and not contaminate the 
silicon spectra when measurements were being made. During FEJ392, when the two silicon 
detectors were in use, two smoke detector sources were installed in the vacuum system, one 
per detector. The position of the diffuser was used to determine which detector .'oeoived 
signals from its calibration source. With the diffuser based silicon detector fully inserted, 
the side mounted Canberra detector received strong source signals. Actual calibration 
curves are shown in Appendix D.l!.

An attempt was made to measure the efficiency of the detector at different energies by
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the use of a precision pulse generator, whose output was sent into the detector preamplifier. 
By sending into the preamplifier a known number of counts at a well defined peak height 
for several known peak heights a measure of the linearity and efficiency of the detector can 
be found. The position of the peaks in the spectrum measures the linearity. The width 
of the peaks measures the effect of the electronics on the resolution. The intensity of the 
peak measures the efficiency.

Although this method gave a good measure of the linearity of the device, it did not 
give an accurate measure of the trigger efficiency as a function of energy. The pulse 
generator1 had a limited bandwidth output, and could only simulate a 50 ns signal rise 
time, whereas the stopping of a charged particle in the detector generated a much sharper 
signal rise time. The amplitude of the preamplifier timing output was a function of the 
rise time, becoming larger as the rise time became sharper. Hence the timing pulse, and 
thus the triggering signal, from a charged particle was larger in comparison to the timing 
pulse resulting from the pulse generator for signals of equivalent energy amplitude. The 
difference was often a factor of two or more, and was found to depend strongly on the 
pulser settings, especially the use of attenuators. The measure of the efficiency as given 
by the pulser was an underestimate of the real efficiency of the detector. The pulser was 
effectively measuring the efficiency at an unknown lower energy. For events above 1 MeV, 
it is certain that the efficiency was 100%. Based on the measurements made at the time, 
there is evidence to indicate that the efficiency was still perfect even at a few hundred keV. 
We have not yet determined a simple method of finding the true efficiency; fortunately for 
the measurements reported here the absolute efficiency is not required.

Walk Correction

The silicon detector in the AUG92 run exhibited time walk, that is, a dependence of the 
time zero position on the energy measured. This distortion had a serious effect on the 
time spectra when large energy bins were used, since it mimics a very wide time resolution. 
Corrections were made based on the thick deuterium fusion spectra which exhibited a well 
defined time zero. The walk effect was measured, and then time spectra were corrected 
depending on the energy bin in which they fell.

Figure 5.1.3 shows a measure of the walk as extracted from the fusion signal in thick 
solid deuterium (1560T/ ou each foil). Thick deuterium was chosen for the measurement 
since the energy loss of the protons as they left the thick layer provided a known shape of 
the. time signal over an energy range of 3 MeV to 1 MeV. The difference in the flight time 
for a proton of 3 MeV compared to a proton at 1 MeV can account for no more than about 
4 ns of difference, between the high and low energy time zero positions.

The data in the figure were fit to an inverse energy dependence to give a formula by 
which to correct all of the time spectra used for fitting and parameter determination.

HlNC model PJ3 4
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Figure 5.1.3: A plot of the measured time zero position versus energy channel extracted 
from the fusion time spectra in thick deuterium (1560 Tl). The walk correction curve is 
also plotted for the fit values shown. The solid bars show the energy interval where signal 
data for fits was taken. The dotted bars show the background region where the correction 
was taken from the extrapolation o f the fit.

5.2 Solid Deuterium

The data for /iCF in solid deuterium collected during the AUG92 measurements and .sum­
marized in Table IV, page 51, were analyzed to extract both neutron and proton time 
spectra. The time spectra were fit by the kinetics to extract the fusion cycle parameters.

5.2.1 N eu tron  Spectra

Sections 3.4.1 and 5.1.1 have outlined the nature of neutron detection and the types of 
signals that occur in the detector. Based on that, the backgrounds can be understood and 
accounted for in the fits to the fusion time spectra.

A plot of the energy spectrum for both single neutrons (referred to as “singles" and 
composed of the events passing the PSD cut only) and for deLe neutrons (events passing 
both the PSD cut and having an electron detected between 0.2 //s and 5.05 /is after the 
event) is shown in Fig. 5.2.1. The singles spectrum has the characteristic shape of capture 
neutrons, while the deLe spectrum clearly shows a spectrum resulting from monoenergetic 
neutrons on top of a much smaller background, The fusion signal is contained in the singles
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Figure 5.2.1: A plot o f counts versus energy pulse height for singles and deLe neutrons. The 
upper curve (A) is the spectrum o f single neutrons. The middle curve (B) is o f neutrons 
passing the deLe condition and exhibits the characteristic profile o f monoenergetic neutrons 
(where channel 900 represents the maximum pulse height generated by 2.45 M eV neutrons). 
The lower curve (C) is the scaled singles contribution to the deLe spectrum [cf. Eq. (5.3), 
page 63],

spectrum, however the level of capture events far exceeds the number of fusion counts.
A pulse height cut was chosen selecting events between the solid vertical lines since 

it is in that region that the ratio of the deLe signal to the singles (i.e., a type of “signal- 
to-background” ratio) was most favourable. A more relaxed version of the cut was also 
selected (dashed vertical lines). T iue spectra were made from the data that fell within 
the acceptable regions. It was from these time spectra that the kinetics parameters were 
extracted.

Figure 5.2.2 shows the time spectra of the singles and deLe data for the pulse heights 
between the solid vertical bars in Fig. 5.2.1, Two lifetimes are visible in each of the curves 
(A) and (B) in Fig. 5.2.2, and while the long lifetime components are similar in the two 
spectra, the short lifetimes are radically different. In the singles spectrum, (A), the short 
lifetime is dominated by neutrons resulting from capture on gold and has the characteristic 
80 ns lifetime, The deLe short lifetime is dominated by the //CF kinetics and shows the 
lifetime of the //da hyperfine state in deuterium. The long lifetimes are predominantly real
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Figure 5.2.2: A plot o f neutron time spectra for singles, (A), anrl deLe, (B), dutn, The 
Hat background and electronics contribution to the singles spectrum can be seen at (C), 
while the deLe spectrum retains the Hat background with proportionally less electronics 
contribution (D).

fusion events, although neutrons resulting from muon capture on nitrogen contamination 
will be present in the singles spectrum.

The energy plot of the deLe spectrum makes it clear that it still contains background 
and thus some method must be used to remove it during the fit. To do this it is necessary 
to study each of the neutron sources contributing to the singles spectrum and the manner 
by which they pass the deLe cut.

The signals in the neutron spectrum are of four basic types: fusion neutrons, capture 
neutrons, neutrons from the ambient background (zone neutrons), and electronic effects. 
Fusion neutrons, n /, are generated according to the kinetics of the muon catalyzed fusion 
reactions in the target and are thus time correlated with the muon arrival and will pass the 
delayed electron cut with an efficiency ee, the efficiency with which the electron detectors 
measure that a muon has decayed in the specified time interval. This efficiency is comprised 
from a solid angle contribution and a time cut efficiency (A the measured muon decay rate):

The capture neutrons, nc, are also time correlated with the arrival of the muon, but

■5.05 /ik

(5,1)
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the consumption of the muon in the capture process means there is no muon decay to 
provide a signal in the electron detectors. Only those capture neutrons that are followed 
by some accidental event in the electron detectors will be admitted to the deLe spectrum. 
The efficiency for accidental events will be written as ea. The fusion neutrons, n j, will also 
pass into the deLe spectrum with this accidental efficiency.

The two remaining components in the singles spectrum, the zone neutrons, n20„e, 
and electronics effects, n e ie c t r o n ic s> require some attention for complete characterization. 
The area in which the experiment was conducted was in a constant neutron flux. Thus, 
independent of the arrival of a muon, there was a probability of a neutron event in the 
detector. In the singles time spectrum these events form a constant flat background.

The electronics effects are related to the integration gates that the PSD unit uses to 
discriminate between neutron-like and photon-like events. For example, consider the case 
where a photon triggers the PSD unit and the two integrators begin to measure the signal. 
The short integration gate has finished after about 50 ns but the long gate is still operating. 
If a second event occurs in the detector, the long integration gate will accept it and include 
it in the value of the long integral, hence biasing the event toward neutron PSD values. 
The probability of having a second event increases dramatically with the arrival of the 
muon (due to the flood of photons from atomic cascades). For an initial photon event that 
occurs close to the muon arrival time, the long gate is still open when the muon arrives, 
and with the muon generated radiation the ability to pass the PSD cut is enhanced. This 
effect is seen in the spectrum as the rise in the background starting at 500 ns before the 
muon arrival.

Since both of the above backgrounds are not caused directly by the muon itself, their 
ability to pass the deLe cut depends on the time of the signal with respect to the muon 
arrival. As a reminder, the deLe cut requires an event in the electron detectors in the 
interval of 0.2 (is to 5.05 (is after the signal. For a signal that occurs 5.05 (is before the 
muon arrival, only an accidental event (ea) can pass the signal into the deLe spectrum. As 
the time of the signal moves closer to the arrival of the muon, more and more of the cut 
interval overlaps with the time when a muon is known to be in the target and hence the 
efficiency for accepting the signal grows. For a signal occurring at 0.2 (is before the muon 
arrival, the cut interval overlaps exactly with the muon arrival and hence can detect the 
muon decay with an efficiency slightly larger than the decay electron efficiency ee due to 
the difference in time integrals. After the muon arrival, accidental events are accepted with 
the electron detection solid angle weighted by the probability that a muon had survived 
to the time of the signal. The flat background has thus been given a muon lifetime in the 
delayed spectrum. This relationship is represented by the integral in Eq. (5.3), Of course, 
accidental events permit signals into the del_e spectrum at all times.

A mathematical expression of the composition of the singles and deLe spectra can be
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written as:

ns — ny + nc +  Tlzone  + lle lectronic (5.2)

and

( I t Q ( t  -  t 0) e ~ ^ T fo) ) {rizonc +  ? W (r<m«e)
Jt+0.2 f(s

Where 0 ( r  — to) is a step function which models the discrete arrival time of the muon.
It is instructive to examine ndei_e — can s and transpose the singles spectrum to isolate 

the measured ridei-e spectrum.

The capture time spectrum, nc, an unknown time-dependent, quantity, has been removed 
entirely by the simple determination of ea , a constant. The singles spectrum is very well 
measured during the experiment and thus has small errors. The value of (7iz(me 4- Jhinctnmic) 
is very well modelled by a constant. The reason for treating the sum of the two terms 
as constant, when clearly only n zone is constant in time, comes from their relative sizes 
when compared to the signal and the other background. The largest contribution to the 
background is from the accidental singles neutrons. The zone neutrons are an order of 
magnitude lower than that, and the electronic effects are less than a quarter of the zone 
neutrons. The events in the del.e spectrum occurring in the short time interval measured 
before the muon arrival are quite consistent with a constant. The above expression is of the 
form “data =  fitting function" and it is the above that was used to extract the measured 
parameters.

A word is appropriate here on the use of weights in the fit. In a simple case where a 
model is fit to data, i.e., d ± S d  = model, the weight used for eacli point is simply (Sd)~
In Eq. (5.4) above there are two input spectra, each with an uncertainty. Replacing the 
integral by the symbol I(t), and dropping the ee (it will be absorbed by the normalization 
coefficient) we get

The value and normalization of the fusion contribution, n /, after convolution with the 
detector resolution (cf. Eq. (5.10)] will be determined by the fit thus yielding the fusion 
parameters. I(t)  has a well determined functional form, and (nZfmi. + nei,x tronic) >H treated 
as a constant (see above), the value of which is determined by the counts occurring before

The weight contains the variable parameter ea, so the fitting routing will iterate on the fit, 
each time re-evaluating the weight, until a stable value for ea is found.

^ Ohone + nelectronic) ■ (5.4)

i  &n deLe  — 7 1 /  4" £a (7 l»  i  ^71,<|) + I  i t )  in gone 4” fle lvc lron ic) • (5,5)

the muon arrival time. The determination of the weights for the x2 fit 'H then dependent 
only on the errors of the input spectra and will be:
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Figure 5.2.3: A plot o f the silicon energy spectrum for solid deuterium. Note the spread 
o f the 3 M eV proton peak due to energy loss in the thick target (1560 Tl on each foil) and 
the strong suppression of the background in the deLe spectrum. The boundaries o f the 
“h”(dotted) and “1”(solid) energy cut regions are denoted.

5.2.2 P roton  Spectra

The spectra of the silicon detector exhibit many different features, and careful study of 
different target types was required before a consistency of interpretation was achieved. 
Five different types of target were used to gain the quantitative understanding necessary 
to extract meaningful parameters.

Scatterplots of time versus energy for the five different types of target were collected. 
The different target conditions were: bare target, thick (1560 T/) and thin (313 Tl) solid 
protium layers upstream and downstream, and thick (1560 Tl) and thin (312 Tl) solid 
deuterium layers upstream and downstream (cf. Table IV, page 51). Walk-corrected time 
spectra were collected (cf. §5.1.2, page 58) for 23 energy windows beginning at channel 
1300 (0.9 MeV), each one 200 channels (142 keV) wide. Two standard energy regions 
were defined, based on the clarity of the fusion signal in the thick deuterium spectrum, 
and represent the signal region (channels 3300-3900, 2.3-2.7 MeV, called “1”) and the 
background region (channels 4700-5700, 3.3-4.0 MeV, called “h”). Note that fusion protons 
are produced at 3.02 MeV. Comparisons and measurements of the time spectra in these 
regions for different targets were then made.

deLe
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Figure 5.2.4: A plot o f the silicon energy spectrum for the bare gold target. Here the shape 
of the background is visible, as are muons which scatter into the detector and stop. Note 
also the strong suppression o f the background due to the deLe condition.

Energy Spectra Features

The background in the detector comes mainly from charged particle emission following 
nuclear muon capture. The intensity of this background with respect to the signal varied 
depending on the thickness of the hydrogen layers and the incident; muon beam momentum. 
This effect can be understood in terms of the number of muons stopped in the gold of the 
target system and the silicon of the detector itself. As the beam momentum was optimised 
for stops in the hydrogen layer, the relative number of stops in elements giving rise to muon 
capture background varied.

Characteristic energy spectra are shown for the thick deuterium target, Fig, 5.2.3, and 
for the bare target, Fig. 5.2.4. The thick deuterium target exhibits a strong fusion signal 
which is spread out due to energy loss in the target layer. The fusion signal is on top of 
a background which comprises about 20% of the total counts. The bare target shows the 
background signal shape common to all of the spectra, as well us the lower energy peak 
resulting from muons which stop and capture in the silicon detector itself.

The background in the silicon detector was removed to the cu level by the deLe re­
quirement, evidence that the background was due to a process which consr led the muon, 
The ea measured by the ratio of the number of counts in the h spectra (hence nonfusion re-
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Figure 5.2.5: Plots o f the silicon time spectrum from the 1 (diamonds) and h (stars) regions 
in thick solid deuterium (1560 Tl on each foil). Note the ~  15 ns delay in the onset o f 
counts in the li spectrum.

lated), to those from the same spectra which passed the deLe cut gives a value of 0.11(4)%, 
which is in good agreement with the value found for ea from the neutron detector: 0.14(4)% 
(cf. Table VII, page 72).

Time Spectra Features

The time spectra of the 23 different energy regions for each of the five different target types 
were examined for intensity, number and value of visible lifetimes, and time-zero (onset) 
value. For data where fusion events contributed to the spectrum, the onset and rise time of 
the data were clearly visible (it is from here that the measures of the walk in the detector 
were taken, §5.1.2), as weil as the characteristic two-lifetime structure of the kinetics in 
pure deuterium.

The walk correction was applied individually to each of the 23 spectra for the different 
target types, and the resulting corrected spectra for each target type were summed over 
the 1 and h energy windows to create high statistics 1 and h time spectra for the different 
target conditions. The corrected and summed data were then rebinned with an adaptive 
step size which preserved the fine binning where sensitivity to fast rates was required, but
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Figure 5.2.6: Plots o f the time spectrum for the 1 (diamonds) and h (stars) regions from 
the bare target. The 1 spectrum is systematically lower than the li spectrum during early 
times.

used larger steps at long times where small scale sensitivity was not required2. The larger 
bins at long times removed the problem of fitting data containing many zeros, and reduced 
the total number of points in the fit, which in turn significantly reduced the amount of 
computer time required per fit.

Figures 5.2.5, 5.2.6, and 5.2.7 show the time spectra for the h and 1 energy cut regions 
for the thick deuterium, bare target, and thick protium runs respectively.

The thick deuterium 1 region contains the strong fusion signal seen in the energy 
spectrum Fig. 5.2.3. The two lifetimes arc the dominating feature in the data, which is 
to be expected based on the two- node approximation. The fusion spectrum has a rapid 
onset and rise of the leading edge, the shape given not by the physical processes of muon 
stopping, atomic capture and thermalization, but by the time resolution of the detector.

The background spectra in all three cases, the h and I regions for both gold and 
thick protium and the h region for thick deuterium, seem delayed with respect to tins

2In the language of differential equations, the time spectra were stiff meaning that there are 
radically different decay constants in the solution of the problem. The granularity appropriate for 
one lifetime is either too large or too small for the other lifetime, Adaptively changing the. step 
size depending on the time region of the solution being examined is the common approach to the 
problem,
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Figure 5.2.7: Plots o f the silicon time spectrum for the I (diamonds) and h (stars) regions 
from the thick protium target (1560 Tl on each foil). Again the 1 spectrum is systematically 
lower than the h spectrum.

fusion signal. It is possible to extract two lifetimes from the background spectra as well, 
lifetimes consistent with a muon in gold (80 ns) and a muon in intermediate mass nuclei 
like silicon or aluminum (~ 700 ns). This background does not pass the deLe cut except 
by cfl coincidences (cf. Fig. 5.2.4). Unfortunately the statistics in the deLe spectrum are 
poor to the point where the data is severely limited. The regular spectrum must be used 
and the background has to be characterized and removed explicitly.

Although the dominant process following nuclear muon capture is neutron emission, 
charged particles can also be emitted [55]. The emission of charged particle has to compete 
with other modes of nuclear deexcitation, such as multiple neutron emission or photon 
emission, For low energy emissions, the neutral particles do not have the nuclear Coulomb 
barrier to cross while the charged particles must tunnel through the barrier. Due to this 
effect, the charged particle spectrum is suppressed for energies below the nuclear Coulomb 
barrier for a given nuclei. Protons arc the most commonly emitted particle, with an 
emission probability ranging from 15% for muon capture on silicon, down to about 1% 
following muon capture on a heavy nucleus like gold. For gold and silicon the Coulomb 
barriers are at about 16 and 5 MeV respectively.

The thickness of the active volume of the detector, 150 pm, was sufficient to stop
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protons of energies less than 4.5 MeV. Protons with more than that energy could pass 
through the active layer. The ionization deposited in the detector, and hence the induced 
current to the preamplifier, depended on the energy loss of the particle in the active layer. 
For example, if the proton were to pass through the detector, there would be no Bragg 
ionization peak from the end of the particle track. The difference in induced current would 
give a difference in rise time in the timing signal from the preamplifier and hence affect 
the relative timing of the event in the spectrum.

The explanation of the delay in the onset of nonfusion signals can be explained in this 
manner, with one small exception. If the background was due to the emission of protons 
following muon capture on materials in the target, why were (here no low energy events 
which would have stopped fully in the detector and given sharp onset times? Since there 
were two thicknesses of hydrogen, ranging and energy loss of the protons produced by 
capture must have occurred but there was 110 evidence of nonfusion related, prompt onset 
low energy events.

Other sources of background were considered. The possibility of neutron reactions 
with the hydrogen target were excluded because the background was observed when there 
was no hydrogen in the target. Other neutron reactions were ruled out by time of flight 
considerations: it was extremely difficult to find a 15 11s delay by time of flight reactions 
for the target geometry and still have the measured energy. No satisfactory answer to this 
question has yet been found.

The background was parametrized and removed phonomcnologically. The. st udies of 
the h and 1 time spectra for targets that did not produce fusion signals provided the 
method to predict the background in the 1 region given the spectrum in the h region. The 
curious discovery during the study was that the scaling from the h region to the 1 region 
was time dependent, i.e., 1(f) =  /(/,) x h(t). This is consistent with the model of charged 
particles emitted after muon capture from different nuclei: the measured time structure 
of the emission spectrum, summed from components each having a different decay time 
constant and intensity, cannot be expected to be invariant under a translation in energy.

Four parameters were found to be sufficient to model the time dependence of the 
function transforming h spectra into the associated 1 spectra. The function used was:

f (t )  =  [Ai +  ( l  -  /1̂ ) ] . (5.7)

This function was chosen for its ability to allow good fits in the relation 1(1.) = /(/,) x //,(/.), 
Once the parameters were determined, along with their correlations, the function / ,  and 
an uncertainty on tho function S f were found'*. Although the values of the parameters 
were strongly correlated, the value of /  ± S f  was well defined.

Since the deLe condition was not imposed on the fit data, the I spectra containing 
fusion signals were simply composed of the fusion protons and the background, As ex-

3See, for example, Lyons, [56], §3.5, on the use of the error matrix.
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plained above, the background in the 1 region can be found from the h region using the 
transformation function. The fit expression, with errors, is

Pi ±  Spt = p f  +  ( f ±  S f ) {ph ±  5ph) (5.8)

where pi is the measured time spectrum in the 1 energy window, p/t is the same for the h 
energy window, p j is the kinetics function, after convolution, for protons production by 
//CF [cf. Eq. (5.10)], and /  is the transformation function.

With the quoted errors, the weight for the point is constructed in the same manner as 
in the neutron case, yielding:

weight =  [(5p;)2 +  ( f sPh) 2 +  (PhSf)2] *. (5.9)

The uncertainty in the background scaling function /(/,) enters into the calculation of the 
statistical uncertainty during the fit.

5.2.3 F it M ethods

In order to extract the rates for the muonic molecular processes in deuterium, the theoret­
ically expected time distributions, Eq. (2.10), were convoluted with a detector resolution 
function and a step function modelling the muon arrival, see Appendix C, page 116, to 
give a function which more realistically represented the data. Explicitly, the function took 
the form:

N() 'I; 3 5 E%TC
(/, — to) +  La a 2 

   2

v/2 a 2
exp L s  ( t  — to)  + (v)!

+ -^EKFC 
tf'.i

2

( t  -  to) +  L \_a2

V W  2
exp L\ (t — to) + (5.10)

Excluding background pararnetrization, six independent parameters were required to 
completely determine the shape of a spectrum: two lifetimes, two amplitudes, the detector 
timing resolution, and the muon arrival time. There are ten parameters in the kinetics 
which determine the values of the two lifetimes and two amplitudes, and so it is impossible 
to measure more than four of them at any one time. Since an absolute measurement was 
not done, one of the parameters in the fit was used for normalization, so only three of the 
ten kinetics parameters could be extracted from a single time spectrum. By fitting the time 
spectra of both the neutron and proton data simultaneously, four kinetics parameters could 
be extracted (equivalent to doing an absolute measurement for a single fusion product 
spectrum). Unfortunately, it was necessary to use one parameter to fit the somewhat 
uninteresting nitrogen contamination of the target, hence the number of interesting physical 
parameters fitted was again reduced to three, The assumption of a background in the data 
introduced other parameters which were independent of the kinetics,
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Parameter Value Source

A0 0.455160(8) ps-1 Review of Particle Properties [57]
T 3.0(2) K
e 2-3% of An See the te.M. for discussion

L0S 0.122(3) Experiment: Balin et al. [31]
1.4269(4) Experiment: Petitjean et ah [58]

Al 3 0 ps"*1 Detailed balance of A«i  at 3 I< •> •)

Ai 0.044(5) ps" 1 Experiment: Scrinzi et. al. [23]

P s 0.560 Theory: Faifman [26]
A 0.470 Theory: Hale [43]
A 0.580(5) Experiment: Zmcskai et al. [24]

Table VI: Table o f standard values passed to the fitting routine. The fits to the data 
required the first six values but were unable to return any measurements o f those values. 
The last four values in the table were required in the kinetics, but were also measurable 
depending on the number of available free parameters.

A fit of the distribution in Eq. (5.10) to the data was made by chi squared minimiza­
tion. A Fortran function representing the fitting function was loaded into the PIIYSIOA 
analysis program and used to extract the kinetics parameters.

The fits to the spectra are sensitive to the input values of Aju. A.. , (/>ZXZ (the loss rate 
to nitrogen), Ai, P s, Ps, and flp. The standard values of the parameters passed to the 
fitting routine are given in Table VI, along with the uncertainty on the value used when 
examining the systematic uncertainties.

5.2.4 F it R esu lts

For both the neutron and proton time spectra, fits were made to the individual spectra, 
For the neutron detector, the data were restricted to the thick deuterium targets only, 
since insufficient statistics existed for the thin deuterium layers. For the proton data, both 
thick and thin deuterium layers yielded spectra which could be fit.

In the fits to individual spectra, the two kinetics parameters A j. and Ar, as well as 
the loss rate to high Z components, 6 - \ z, were measured, When the fits to the combined 
spectra were done, the sensitivity to four parameters was used to measure A ;i j., A a, 
and values for Xi, F«, ft,u and ftv, each one of the latter four taken in turn with the 
remaining three of the four fixed at the standard values (cf. Table VI).

Uncertainties

The systematic uncertainties fall into two categories; the effects on the measured values 
resulting from uncertainties in input parameters, and the variations in the. fitted parameters 
due to fit interval, cuts on the input spectrum, and in the case of the proton spectrum, 
the background scaling function. The uncertainties due to input parameters in the fit
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are relatively easy to identify and to understand by changing the parameter and refitting
the data. The systematic effects due to the cuts on the spectrum and the fitting interval
were studied by fitting Hie same data with different cuts. When the variations on the fit
parameters with cut value were small with respect to the other systematic and statistical
uncertainties, the fit was considered to have converged.

Within the quoted errors, variations in temperature T, density 0, muon decay rate
A0, the detection efficiency e (which was detector dependent), A13, and u>s did not cause

2 2

variations in the values found for the fitted parameters. This was checked by varying the 
input values of the above by twice the uncertainty and observing the variation in the fit 
parameters. The uncertainty in the input values of Aj_, /3S, /3P, and P., did have significant 
systematic effects.

The total systematic uncertainty on a fitted parameter was made by the addition in 
quadrature of the uncertainties due to the possible variations of the fixed input parameters. 
The systematic uncertainty associated with the proton background scaling function was 
handled in a different way. The uncertainty in the background scaling function was explic­
itly taken into account in the fitting function, and so the uncertainty due to the scaling 
is included in the statistical error evaluation. See the discussion surrounding Eq. (5.7) on 
page 69.

The statistical errors on the fitted values were found by making an asymmetric error 
evaluation around the best-fit value. The positive (negative) uncertainty was found by 
fixing the parameter in question, adding to it a guess of the uncertainty, and refitting the 
data with the parameter held fixed. The asymmetric error value was assigned the same 
value as the change necessary to increase the x 2 of the fit by 1.0, Where the positive and 
negative uncertainties are the same, only one value is quoted.

N eu tron  D a ta  F its

Fits to the neutron data taken from the thick deuterium layer gave the results found in 
Table VII. The fitted value for the ea efficiency agrees with the value found by comparing

Parameter Value
A 31

1 2 35,3 (+1.4,-1.3) ps - 1

As2 3.12 (+0.14,-0.11) ps~l
<£z A* 0.288 (±0.015) ps - 1

ea 0.14 (±0.04) %
0 1.48 (±0,11) ns

X 2/ d o f  (cl) 158/150 (55%)

Table VII: The kinetics values resulting from fits to the thick deuterium neutron spectrum 
(1560 Tl ou each foil). The (cl) refers to the confidence level o f the fit, the chance that 
another measurement would yield a worse (higher) value for x2-
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Figure 5.2.8: Neutron time dhta, and the fit to the data, Curve (A)(squares) is the, data 
measured in the deLe spectrum. Curve (B)(diamonds) shows the ievol o f the singles spec* 
trum contribution via ea. Curve (C)(line) is the representation of the other backgrounds, 
fit by the constant approximation before time zero, and with the muon lifetime after time 
zero. The fitted contribution o f the fusion neutrons is shown as the solid line passing among 
curve (A).

the counts in the energy spectrum above the fusion neutron cutoff with and without the 
deLe cut (see Fig. 5.2.1, page 60). The cr value for the time resolution of the dotCCiiO r yields 
a FWHM of 3.5 ns, close to the estimate of 4 ns arrived at earlier baited on the flight times 
of 2.45 MeV neutrons in a 10 cm detector, From Fig. 5.2.8 it is evident that the. treatment 
of (nzone +  '^electronic) as a constant is valid by considering the shape of time distribution 
before time zero.

Proton Data Fits

Fits to the proton data taken from both the thick and thin deuterium layers are summa­
rized in Table VIII; the results of the fit for the thick target data are plotted in Fig. 5,2.0, 
The results for the thick deuterium given in the table are in reasonable agreement with 
the neutron results in Table VII. The signal to background ratio for the thick deuterium 
proton data was roughly 9:2, while the ratio for the thin deutonnn data was much worse 
at 9:6, a three-times-higher background. The background scaling function was predicted 
using both the thick and thin protium layers and so, to check the systematic effects on the
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Figure 5.2.9: Proton time data for the thick deuterium (1560 Tl on each foil), and the 
fit to the data. Curve (A)(diamonds) is the data measured in the 1 energy region. Curve 
(B) (stars) shows the background as determined from the h energy region and the scaling 
function Eq. (5.7). The fusion contribution to the data is shown as the solid line.

fits, the two deuterium spectra were each fit with both of the scaling functions. The results 
of the fits showed that the thick deuterium data were not sensitive to the choice of back­
ground scaling, presumably due to the favourable signal-to-background ratio, while the 
thin deuterium fits fluctuated to the limits of the statistical accuracy. The d?ta extracted 
from the thin deuterium targets were more sensitive to other effects such as /id escape from 
the layer and, from the value of <))z\ z, suffered from a higher nitrogen contamination.

Parameter Value: Thick D2 Value: Thin D2
An i 34.7 (4-1.5,-1.4) ps~l 38.6 (+3.1,-2.8) /is" 1
Aay 2.77 (+0.12, 0.11) /is-1 2.97 (+0.23,-0.21) ps~l

4>zkz 0.340 (±0.012) ps~l 0.589 (±0.024) ps~l
a 9.52 (±0.28) ns 9.02 (±0.36) ns

X2/dof (cl) 164/157 (33%) 162/157 (39%)

Table VIII: The values resulting from fits to the proton time spectra taken from both the 
thick (1560 Tl) and thin (312 Tl) deuterium targets.



75
Simultaneous F its to Both n and p Spectra

The simultaneous fit of both the neutron and proton data from the thick deuterium target
allowed one more parameter to be measured in addition to As 1, A a, and <bz\ z. The choice

s i  2

of parameter to vary was limited to Ai, (3S, /3;), and P.,: the kinetics equations were simply 
not able to predict the other parameters in any reliable way (cf. Table VI, page 71). All 
of the fits gave a x 2 value of 325 for 309 degrees of freedom.

The four extracted parameters are dependent on the input values of the remaining
three. With Ai and any two of P s, /3S, and /?„ fixed, the resulting value of the remaining

2

physical parameter was found. The results of the fit, which yielded values for P,,, f t ,  and
f t ,  as well as A a i , A a, and (bz\ z, are given in Table IX.2 2 _ 2

The values of Aai, A3, and <j>z\ z do not change when each of P.,, f t ,  and f t  are
2 2 2

alternatively varied with the remaining two of the three fixed at the standard values. This 
behaviour is expected from Eq. (A.5) which enters the kinetics as a distinct subformula. 
The large systematic uncertainty in the Aa value is due almost entirely to the uncertainty
in the Ai input value.

2
Setting all three of Ps, f t ,  ft, to the standard values allowed a measurement; of A i , re­

sulting in the values given in Table X. The systematic uncertainty in this case is dominated 
by the variations in the f t  value.

Although the experiment was not designed to make an absolute measurement of the 
yield, a consistency check on the number of fusion products has been made. The fit values 
of the kinetics parameters define a yield of neutrons and protons per muon stopped in the 
layer [see Eq. (2.14) on page 21). The total number of protons and neutrons, coupled with 
the yield per muon, the efficiency values for the applied cuts, and the detector solid angle, 
can be used to reconstruct the number of muons stopped in the layer.

This number of muons can also be found by an examination of the GMU value for the 
run. A GMU muon is one which enters the target and stops somewhere, possible in the

Parameter Value
A a x 34.2(8),,tat. (l)sy,5, ps 1
A3 2.71(7W (32),„,. ps

(f>zXz 0.320(10)stae. (l)sy.<i. ps
p s 0.47(8)atat, (0)sj/s.
f t 0.487(15),,eat, ( l l ) s^ ,
f t 0.563(14W(11).„/S.

Table IX: The kinetics values resulting from 
fits to the thick (1560 Tl) deuterium spec- 
trum for both neutron and proton data.
The value o f Ai (— 0.044 u s"1) was fixed2
during the fit.

Parameter Value
0.052(8W .  (3ft,,. //.s r  
34.0(8),^ .( I f t , . , .  /«* 1 

3.21(51 )niat (lb)»?//<. I1'̂  
0 .3 2 0 (1 0 W ,(1 W /zh 1

Table X: The kinetics values resulting from 
fits to the thick deuterium spectrum for 
both neutron and proton data, with the 
goal o f measuring Ai.
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hydrogen target, possible in the surrounding gold structure. The measured decay electron 
time spectrum reflects this ratio of muons decaying in gold, with an 80 ns lifetime, versus 
those decaying in hydrogen with a 2194 ns lifetime4. For the thick deuterium runs, there 
were 216 X 10° fi’s in the GMU scaler. The number stopping in the deuterium was found 
to be 0.576(13) of GMU, or 124 X 106 /j ’s . Since the yield for neutrons based on Eq. (2.14) 
is 0.0713, there were 8.87 x 106 neutrons produced. Likewise, the proton yield per muon 
is 0.0619 so 7.70 X 106 protons are to be expected.

The neutron detector efficiency is composed of the intrinsic efficiency of the detector 
to 2.45 MeV neutrons and the limitations imposed by the cut on the pulse height (see 
Fig. 5.2.1). The value of the efficiency as calculated by Monte Carlo was about 0.010(2)5. 
In addition the deLe efficiency of 0.12 reduced the number of observed neutrons as well6. 
Taking these two factors into account implies that the neutron spectrum should contain 
about 10600 events. In actuality, 9800 events were seen, a number which is not inconsistent 
considering the uncertainty in the efficiencies.

The silicon detector had a solid angle of 0.019(2) again calculated by Monte Carlo. A 
correction for the energy window (see Fig. 5.2.3) was found by using the ratio of the counts 
within the signal energy cut to the total number of counts (this measured in the deLe data 
where the backgrounds are negligible), and this factor implies that 0.38(1) of the protons 
hitting the detector are in the selected energy region. These numbers imply that of the 
7.70 X 106 protons produced, 55700 should be detected. Only 18000 protons were counted 
in total, implying that there is some other efficiency of roughly 30%, perhaps the ranging 
losses in the layer, which was preventing the protons from reaching the detector,

From Fig. 3.4.1, page 44, it can be seen that the protons detected by the silicon 
detector left the solid hydrogen layer at a large angle. For fusions deep in the layer, this 
increases the path length and hence the energy loss and attenuation, The range of a 3 MeV 
proton in hydrogen is roughly 6 mg-cm~2 and the thickness of the target layers for the thick 
deuterium was about 5 mg-cm"2 so protons exiting the layer normal to the target would do 
so from all depths of the target. At an angle of 70° however, the target has a total thickness 
of 15 mg-crrr2, and so fusions occurring deep in the layer would generate protons unable 
to reach the detector. Only the fusions in the front third of the target could escape the 
layer, Since the comparison was done only to check for consistency, no further effort was 
made to model the effect (via Monte Carlo or otherwise) and achieve an accurate estimate.

‘’This method of finding the stopping fraction is good provided the efficiency for the detection of 
unions decaying in gold is identical to that for muons decaying in hydrogen. For the del.e detection 
system used, this assumption is true at the 5-10% level.

5This value was supplied by P. Kamtncl, and includes none of the effects due to neutron absorp­
tion or iv scattering by the apparatus and hence the large uncertainty,

® There is a third effect coming from the limited length of the time window in which the data 
wen* collected, but this effect is at the 10% level,
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5.3 Emitted Muonic Deuterium

The measurements made with the /id emission targets were quite different in nature than 
those made for the pure solid deuterium targets. In the case of emission, a deuterium doped 
protium layer 1040 Tl thick was applied to the upstream foil while the downstream foil was 
bare. The emission measurements used only one third of the total quantity of hydrogen 
deposited during the pure deuterium experiment (2 X 1560 Tl). The thinner layer stopped 
fewer muons relative to the surrounding support structure, and the formed /id had to exit 
the layer before any reactions gave an analyzable signal. Because of the lower stopping 
fraction of muons in hydrogen, and the addition of an emission probability before any 
possible fusion reaction, it was impossible to collect sufficient data for analysis using the 
neutron detectors. Only the silicon detector and wire chamber imaging yielded useful data,, 
The analysis here uses only the silicon detector data collected by the commercial detector 
(Si2 data were not used). The information from the imaging detectors was outside the 
scope of this work.

Data were taken for five different surface layer thicknesses: 8, 16, 24, 35, and 50 Tl 
of pure D2. The summary of the runs analyzed for the data presented here is given in 
Table V on page 52.

5.3.1 P roton  E nergy Spectra Features

Figure 5.3.1 shows the energy spectra as measured by the silicon detector over I,lie region 
of the proton signal for the five different layer thicknesses. It is worth noting that as the 
surface D2 layer thickness increases the width of the distribution increases and the center 
of the distribution shifts to a lower energy.

For each of the individual runs with surface D2 layers (cf. Table V, page 52), four 
energy spectra were created based on time cuts. For the energy interval between channels 
2600 and 3400 (2.6 MeV to 3.3 MeV) the energy spectra were collected for the following 
four conditions (a) all times, (b) /. <  20 ns, (c) 20 < t  < 100 us, and (d) I > 100 ns. These 
regions were chosen so that for (a) all data were available, (b) the early time background 
could be seen, (c) the early time proton signal energy distribution could be analyzed and 
(d) the later time proton signal energy distribution could be analyzed.

Initially, Gaussian distributions were used to (it to the peak shapes but, as expected, 
when the peak shape became broader than the intrinsic detector resolution, the Gaussian 
line shape was unable to represent all of the distributions. An asymmetric shape was 
chosen via the Physica TINA function:

™ »(*.«,*.«) -  ^ j& t V e R f C  ( ~ )  (6.U)

This normalized asymmetric function was chosen for i's ability to allow good (its to the 
data, and thus give an accurate measure of the integrated signal intensity. Since the nature
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50T/: 320 pg-cm~ 220

3517: 224 pg-cm~ 220

2417: 154 pg-cm~ 2O  20

1617: 103 pg-cm~ 220
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Figure 5.3.1: The energy spectra taken from the emission targets in the region containing 
the 3 MeV proton signal for times t > 20 ns. The variation in the proton signal as a 
function o f the layer thickness can be seen.
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Figure 5.3.2: A comparison of the Gaussian and asymmetric fits to the 24 Tl, surface layer 
energy spectrum. The difference in the fit to the low energy tail o f the distribution is easily 
seen.

of the function yields strong correlations between the a, b, and c. parameters, it was not a 
good method for finding the centroid of the energy signal. For that, the Gaussian fits were 
used since the asymmetry in the peaks is not extremely strong (cf. Fig 5.3.2).

The energy spectra were well fit by the asymmetric shape plus a linear background:

V = Yi- TINA(JS, a, b, c) +  k ( E  -  3000) + J*, (5.12)

where Yi is the yield of signal found, and the linear background was fit about energy 
channel 3000 to help remove the correlation between the b% parameters and to make the 
integral of the background about any interval symmetric to the offset simply the interval 
width multiplied by the l>2 value7.

After all of the spectra were fit to the expected energy shape given by Eq. (5.12) 
the observation was made that the background parameter b\ (slope) did not change in a 
systematic way with time, and that to within the sensitivity of the fit to the centroid, 
there was no time dependent shift in the energy peak, an effect which would occur if the 
distribution of fusion position in the surface layer was time dependent,

The proton yields measured in the runs numbered 1122 1130 were strongly suppressed 
in comparison to the yields from seemingly identical targets in runs 1131 1153 (cf. Table V,

7Remembcr that bi(E -  3000) is an odd function about E  = 3000.
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Figure 5.3.3: A  plot o f the curves fitted to the energy distributions for the successive 
surface layers. The centroid shift to lower energy, as well as the broadening o f the signal, 
is clearly visible.

page 52), The Germanium spectrum taken during the runs show that there was a nitrogen 
contamination in the target used for runs 1122-1130 [59]. These runs were dismissed in 
favour of the runs which contained analyzable data.

Based on the fits to individual runs, the optimum time range for the signal from 
fusion protons was chosen to be t > 20 ns, which kept all of the signal, but removed 
the contribution from background before fusion signals were detected thus increasing the 
signal to background ratio, The individual runs which passed all of the consistency checks 
derived from the scaler values and which had no indications of having been affected by the 
Si-i position were used to provide the data lor analysis, For separate runs with identical 
surface layers, the data were summed before analysis. The summed data sets, which are 
referenced by the surface layer thickness, were then normalized to the respective GMU 
scaler and used for further analysis. (It is in fact the summed data which is presented in 
Fig. 5,3,1.)

Figure 5.3.3 shows the curves resulting from the fits to the proton signal energy dis­
tributions, The shift to lower energy of the centroid, and the. general broadening of tlio 
signal are clearly seen as the surface layer thickness increases.

The summed data sots were fit to the model of a yield signal (either Gaussian or 
asymmetric) plus a linear background signal [Eq. (0.12)) to give, the best values of the
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Layer Centroid (channel) Yield x l0~1’ (cl) %

Tl J G A G A G A
8 3063.1(2.2) 3059(22) 5.0(0.6) 4.4(0.5) 50 58
16 305,1.9(1.5) 3054(9) 9.8(0.6) 10.3(0.5) 30 99
24 3045.4(1.2) 3046(8) 13.3(0.6) 13.4(0.6) 65 36
35 3027.6(2.5) 3023(15) 15.7(1.1) 15.0(0.8) 31 97
50 3004.4(2.6) 3005(16) 19.0(1.1) 17.8(0.9) 3 63

Table XI: A comparison o f the Gaussian (G) and asymmetric (A) fit values for the key 
parameters of yield and centroid. The confidence levels (cl) for the fits are also given 
(probability of obtaining a worse value o f x l jdof).

yields, In addition, the parametrizations of the signal and background shapes were saved 
since it was information required to properly complete the time signal analysis,

Table XI gives a comparison of the Gaussian and asymmetric fit parameters taken 
from the data. It is clear from the examination of the confidence level (i.e., the probability 
of obtaining a worse fit) that the Gaussian fit works well for the thin layers, but less well 
for the thicker layers.

The asymmetric fit yields have been used, along with the respective layer thicknesses, 
as points on the effective interaction curve defined by Eq. (2,15), repeated here:

Y  =  A i ( l  -  <rrf/ fc) + Aid. (5.13)

Figure 5.3.4 shows the data, as well as the fits allowed by Eq. (5.13), for fixed values 
of the direct stop yield. The fitted parameters are. summarized in Table. XII. To account 
for the dir 't stopping of muons in the Dj surface layer, three variations of the fit wore 
made for arbitrarily chosen fixed A-i values.

In addition, the effects arising from the known surface layer nonuniforinity were, inves­
tigated, The different values of the Sd parameter were used jus a simple way to understand 
the effect on the fitted parameters due to variations in the surface layer thickness. Al­
though the actual thickness profile of the solid target layer has been measured for the 
central vertical section, the horizontal thickness profile is unknown (cf. lief, [53]), The 
fusion protons are generated at some depth (z) in the surface' !)■> layer and with an x y po­
sition distribution presumably reflecting the position intensity of stopped muons (emitted 
pd should not move large distances In the x y plane, from the initial muon stop position). 
The »ilieon detector acceptance for the protons is a strong ,fueeti< •«) of the x y position due 
to the perpendicular geometry of the, detector to the target (cf. Fig. 3 4.L). The measured 
protons represent a convolution of the 1)% layer thickness profile, the position distribution 
of the omitted pd (as well tie the average interaction depth), and the position dependent 
acceptance of the silicon detector, Allowing an uncertainty the average thickness of the 
layer is the easiest way to account for this effect.

Because of the exponential dependence on the thickness ri, oven a smalt uncertainty
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Figure 5,8.4: A plot o f the yield as a function o f the surface layer thickness, as well as 
fits to the yield given an assumption o f the yield from direct stops (shown as the straight 
lines), Each o f the fits defines an effective interaction length. The uncertainty shown on 
the thickness is 1 0 %.

Sd A% (fixed) k (pg * crir^j JtVdof (cl)

Q%
0

1 x 10“7
2 x l i r 7

168(40)
126(36)
88(36)

9.9/4 (4%) 
11/4 (2%) 

14/4 (0,6%)

5%
0

1 x 10 7
2 x IQ '7

180(190)
122(63)
66(28)

1.0/4 (90%) 
1,2/4 (88%) 
3.4/4 (49%)

10%
0

1 x 10-7
2 x 10~7

179(370)
122(115)
60(32)

1.0/4 (91%) 
1.0/4 (90%) 
2.0/4 (75%)

Table XII: The effective interaction length derived front fits to tlw yield data for fixed values 
of the direct stop contribution M  (cf. Eq. (5.13)]. The addition o f the small variation in 
the layer thickness has a dominant effect on the evaluation o f the fits.
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Figure 5.3.5: A plot o f the energy distribution centroids ns a function o f the snrfnce layer 
thickness, as well as linear fits to the thickness dependence. The points aw taken from the 
Gaussian centroid values in Table X I and plotted with a 10% uncertainty in the thickness.

Sd slope (keV’/ig -1 * cm2) Intercept (keV) X2/d o f  (cl)
0 % -202(9) 3023(2) 3.3/3 (30%)
5% -197(12) 3022(2) 2.3/3 (51%)
10% -191(12) 3021(2) 1.3/3 (73%)
15% -188(14) 3021(2) 0.7/3 (85%)

Table XIII: Values o f the linear coefficients derived from fits to the data in Fig. 5,3.5. The 
fits are reasonably insensitive to the uncertainty in the layer thickness. The uncertainty in 
the slope does not include the systematic uncertainty in the conversion from Tl to )ig*om 2.

makes a large change in the evaluation of x2- It does not, however, have a large effect cm the 
measured k parameter, the variations of which are dominated by Ay. Tim assumed 5 find 
10% uncertainties are not unreasonable when compared to the measured nonuniformities 
in the frozen films [53].

It is clear that the measured data were insufficient to determine the three parameters 
in the model. Since the surface layer measurements were not continued for layers thicker 
than 50 Tl (320 /ig • cm"2), the curve does not contain data which clearly indicates sat­
uration. Because of this, the data do not allow an unambiguous determination of the Ay 
parameter. A review of the analysis performed during the data collection indicates that 
the broadening and asymmetry in the peak prevented a proper measure of the yield. This
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effect systematically lowered the yield at thick surface layers giving the impression that 
the curve had saturated. The thicknesses which were chosen for the experiment were de­
termined by a calculation of the interaction length of a fid incident on deuterium nuclei 
(based on the cross sections of Bracci et al. [11]). Using the calculated value of the cross 
section, 2 x 10~l!) cm2, and 6.4 fig ■ cm-2 • TZ-1 for the deuterium thickness, the derived 
interaction length for scattering reactions at normal incidence is 2.5 TZ. The data were 
collected for layers which exceeded that value by a factor of 20.

The effective length parameter represented by the k in Eq. (5.13) is not a simple 
interaction length. The emission of fid occurred with some angular distribution and as such 
the measured effective length includes an averaging over the distribution. It is possible that 
the chosen surface layers were such that only fid atoms emitted at relatively high angles had 
a significant probability of interaction. As the layer thickness was increased, the emission 
angles required to give an effective thickness leading to a fusion reaction would decrease 
and more of the emitted fid would generate fusion signals. This type of effect would mean 
that the probability of fusion for an emitted fid would increase with, the omission angle. 
Thus the fusion yield depends on the angular distribution of the fid as well as on the simple 
fusion interaction length (distance a fid travels on average before fusion occurs). Effects 
such as this can only be verified by more extensive experimentation, and by simulation of 
the process by the Monte Carlo method. In any case, the interpretation of the k parameter 
should not be assumed trivially.

The centroid value and FWHM of the energy distributions contain information on the 
average depth of proton production in the different layers. Since the Bethe-Bloch energy 
loss for heavy charged particles is relatively well known, it is possible for a Monte Carlo 
which accurately reproduces the interaction point in the layer to make a prediction as to 
the shape of the resulting distribution. Figure 5.3.5 illustrates the shift in the centroid as 
a function of surface layer thickness, Table XIII gives the results of the fit for different 
assumed values of the layer nonuniformity. The shift is linear in the layer thickness and 
not sensitive to the variations in the layer thickness, A fit of the curve to the points gives 
the equation:

keV
C  =  -202(22) mg c" 2  * d + 3022(2)keV, (5.14)

where the possible effect of layer nonuniformity has been ignored, Sd =  0, and the uncer­
tainty is dominated by the conversion factor from TZ to fig > cm"*2.

Unfortunately, the interpretation of this equation is difficult due not only to the fact 
that the protons are produced in a distribution throughout the surface layer, but that 
the protons which were detected had traveled at some angle through the remaining layer 
before being detected, and that angle depends on the geometrical position of the fusion 
with respect to the silicon detector. Monte Carlo calculations would be required for any 
accuracy, and the result is of questionable value.

A consistency check of the measured slope can be made. The measured value of the
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Figure 5.3.6: A plot o f the signal and background curves found by the fit to the 
24 Tl (154 fig > cm~2) data. Also shown are the cuts which define the time signal selee■ 
tion region (S, and SBG), the lower energy background region (LBG), and higher energy 
background region (HBG).

energy loss is 1.4 times larger than the generally accepted value for energy loss of a 3 MeV 
proton in deuterium (140 keV*mg-1-cm2). If this difference were to correspond to an 
angular effect, the protons would be traversing the Da surface layer8 at an angle of about 
70 degrees from normal. From Fig. 3.4,1, this angle between the normal to the target and 
the silicon detector position is not unusual and is consistent, with the angle derived from 
the absolute yield calculations for protons from the thick solid D*a layers.

5.3.2 Proton Time Spectra Features

The fits detailed above for both the proton signal energy spectra and the background 
spectra served a very important function in the determination of the time spectra to be 
analyzed. Since the number of signal counts was often limited, an attempt was made 
to optimize the signal to background ratio in the time spectra, and to provide a high 
confidence method of predicting the time dependent background which would be found 
contributing to the signal spectra.

Figure 5,3,6 illustrates the energy cuts associated with the selection of the time spectra

8 And assuming that the protons really only traverse half of the layer, i.e., the average proton is 
produced in the middle of the surface layer.
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to be analyzed. Given energy limns, the integrated energy function is equal to the total 
intensity of the time spectrum selected by the energy limits. The choice of the energy 
window from which to take the time spectrum of the proton signal was based on a figure 
of merit (FOM) which examined the total intensities of the time spectra as a function 
of the energy cuts which defined it. Once the signal window cuts were determined, the 
background contribution to the signal spectrum had to be accurately predicted.

Since both the proton signal and the background were parametrized as a function of 
energy for each surface layer, it was possible to examine the predicted signal intensity with 
respect to the background for any given set of energy window limits (01, 02). The FOM 
used to decide on the values of the limits consisted of three factors9. The first; was simply 
the signal-to-background ratio, and provided a term which was optimized for very thin 
energy windows centered on the energy peak. To maintain sufficient Statistics, two factors 
which were optimized for larger energy windows were included. The first was the ratio of 
the signal selected in the window (i.e., the intensity of signal contained between ct to eg) 
to the total available signal (the yield); the second was the relative decrease in precision of 
the selected signal. Defining the ratio of signal intensity between the [01, 02] limits to the 
total available signal (the yield) as a where:

The factor a in the numerator, and the ratio of the integrals of the proton signal counts, 
f sig(E), to background counts, fbg{E), are relatively straightforward to understand. The

a = 0.5, then the relative uncertainty in the selected signal is 1.41 times larger than in the 
full signal. This is based on the assumption that if x± S x  =  y± S y + z± S z  and y — z  =  0,5.7; 
then Sy =  Sz =  \/2 x Sx. This is a reasonable assumption when the quantities involved 
are counts which follow the n ±  y/n rule. This term was included in an effort to suppress 
large increases in the uncertainty of the intensity of the resulting time spectrum.

The FOM was examined as a function of the region where the proton signal was at 
least r times bigger than the background, and r was varied until the FOM was maximized. 
Table XIV summarizes the findings, and lists the energy cut values for each of the surface 
layers. Since it was necessary to make a prediction of the time signal of the background 
found under the proton signal, the energy regions close to the proton signal, where the

9This FOM was not derived in any more detail than a general optimization of the signal to 
background intensity ratio simply because the connection between the fit parameters in the time 
spectra, i.e., the things for which the selected data should be optimized, and the energy cut values 
is not a trivial function.

a =
fci fsiy(E)dE  

Yi

then the FOM was:
•lei Ssijl(E) (IE

FOM
a

(5.16)

denominator \Ja? + (1 — a)?' measures the relative decrease in precision. For example, if
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Layer

( T O

Ratio
bn '

bgll<LBG<bglh ci <SBG< C2 bghl<HBG<bghh I s b g

bgll bglh Cl C2 bghl bghh I lb g  ~t~ Ih b g

8 0.35 2600 2983 3023 3097 3114 3400 0.105(2)
16 0.55 2600 2942 2999 3098 3120 3300 0.184(6)
24 0.75 2600 2925 2988 3092 3115 3400 0.166(4)
35 0.70 2600 2887 2959 3088 3118 3400 0.222(10)
50 0.55 2600 2812 2911 3086 3124 3300 0.440(22)

Table XIV: A summary of the results from the figure of merit cut on the energy selection 
window. The values in the table denote energy channel number, and the column headings 
are explained in the text.

proton signal was less than 1% of its peak intensity, were chosen to supply the background 
time spectra.

Time spectra were collected for the three energy windows defined by the limits pre­
sented in Table XIV (cf. Fig. 5.3.6). The time spectra will be referred to as Tu,g, Ts , 

and Thbg, which were collected from the LBG, (S,SBG), and HBG regions respectively. 
The time spectrum T s contains not only the signals from the photons produced by fusions 
following the emission of /id atoms, but a contribution, T sbg, from the background as well.

To predict the intensity of the background time spectrum, the integrals with respect 
to energy of the parametrized background function were found for the three regions; they 
will be referred as Iibg, Iabg, and Ihb;r For comparison, the sum of the counts in the energy 
spectra over the LBG and HBG regions were taken as well, and will be referred to as E[bg 
and Ehbg- Since it was simple to extract uncertainties for the sums of the experimental 
data, those uncertainties were assumed to apply to the calculated values for 7;^ and IhbgW- 

A test was done to see how consistently the total intensity, Ehbgi of the Thbg time spectrum 
could be predicted from the expression:

Ehbg = Eibg , (5.17)

and this was found to be accurate to better than 6%, which was consistent with the 
uncertainties in the data. Based on this, a weighting formula was developed to predict the 
intensity of the background which would be found in the signal (SBG) region. From this 
weighting, the actual time structure of the background was predicted to be

(6-18)

It is the above ratio of Fs which is shown in the last column of Table XIV, along 
with an uncertainty derived from the experimental data. Since the background scaling

10Sincc the data were normalized to the GMU value, so were the fitted functions, so assigning 
uncertainties to the integrated fitting functions from scratch was more work and contained no more 
information than using the readily available uncertainties from the data.
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Layer Amplitude N Rate A to o cl

Tl x l 0 ~ 7 (p s '1) (ns) (ns)
8 1.0(2) 13.6(2.6) 42(9) 12(10) 11%
16 2.7(2) 17.9(1.4) 54(6) 20(3) 91%
24 3.4(3) 17.1(1.4) 48(7) 20(3) 24%
35 3.9(3) 17.3(1.6) 43(4) 17(fixed) 36%
50 4.7(3) 15.7(1.0) 38(4) 15(3) 80%

Table XV: A summary of the fits of a single exponential to the emission data time spectra 
using Eq. (5.19). Compare the "late” to and large a values here with the values found from 
the background spectra (Table XVI).

is generally less than 1, and has a small uncertainty, it allows the time spectrum of the 
background, Ts(,g, which contributed to the time signal T,, to be known with relatively 
good precision.

The time spectrum data in T ,  for each of the different surface layer thicknesses, were 
fit to a single exponential decay

T, =  Tsbg +  AT exp [-A(i -  f0)J. (5.19)

For the actual fit, the exponential function was convoluted with a detector resolution and 
a step function indicating the muon arrival; see Appendix C on page 116. Two interesting 
effects were observed (cf. Table XV). The first was that the lifetime A chosen by the, 
fit was the same, within uncertainties, for all of the different surface layer thicknesses. 
The second effect was that the fitting produced an unreasonably large detector resolution, 
50 ns FWHM, and a to value which was delayed when compared to the time resolution 
and to value visible in the background.

The characteristics of the fit at early times are indicative of growth and decay effects 
and so the toy model of emission was employed (cf. §2.2.2). Since the, lifetimes of the 
individual fits were very similar, the time spectra from the different surface layer thicknesses 
were summed to give a time spectrum with good statistics, referred to as rH. The individual 
Tst,g were summed to produce the overall background time spectrum, called ,

To find the real detector resolution and to value, the background spectrum r„i,,, was 
fit to a sum of three functions, a delta function at to, and two exponential decay rates, A|

Amplitudes x 10~6/GMU Ai A2 to 0 %2/dof
Gaussian Ampi Amp2 (/TS-1) (ps~x) (ns) (ns)
1.778(84) 17.6(1.3) 7.5(1,1) 11.8(1.5) 2.52(23) 20.64(50) 9.99(30) 3.67/14

Table XVI: The time signal background fit results. The time zero, to, and detector reso­
lution, o, are accurately defined by this fit. The curiously low x^/dof, partially due to the 
uncertainty in the scaling factor in Eq. (5.18), implies that the uncertainties in the data 
are somehow overestimated by a factor of 2. The to and a values are independent, o f global 
scaling in the uncertainties.
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Fit Amplitudes xlQ-ei /GMU R i R 2 S t b g s X  i dof (cl)
# Gaussian K a c o r r { / I S !) ( p s  x) (ns)
1 0 256(45) 0.98(18) 16.6(1.3) 64(23) 0 1 31/17 (2%)
? 1.0(7) 247(31) 1.59(69) 16.4(1.0) 88(34) 0 1 25.6/16 (6%)
3 0.7(4) 226(26) 1.25(50) 16.4(1.0) 97(43) 5 1 25.0/16 (7%)
4 0,8(3) 206(22) 0.97(50) 16.3(1.0) 112(71) 10 1 24.7/16 (8%)
5 0.6(6) 272(45) 1.46(49) 18.0(1.5) 77(26) 0 1.22(10) 20.0/15 (17%)
6 0.3(4) 245(36) 1.20(35) 17.9(1.4) 83(31) 5 1.22(10) 19.5/15 (19%)
7 0.3(3) 220(29) 0.96(34) 17.7(1.5) 95(48) 10 1.21(10) 19.3/15 (20%)
8 0.4(4) 198(26) 0.62(35) 17.6(1.4) 103(92) 15 1.21(10) 20.1/15 (16%)

Table XVII: A summary of the attempts to fit the toy model to the emission data. The 
Gaussian amplitude referred to a Gaussian centered at the to value; 5t was an offset allowing 
the proton signal growth to begirt later than the to value; bgs was a multiplier on the amount 
of background Tsba permitted in the fit; and acorr is the relative ratio o f the amplitudes o f 
the two exponentials. A  number presented without an uncertainty was held fixed during 
the fit.

and A2. After the convolution with the detector resolution, the delta function became a 
Gaussian with the same width as the detector resolution. The fit worked well and found 
the values given in Table XVI for the resolution and time zero.

The function used to fit the emission data was based on the toy model approximation 
Eq. (2.25), with three added features. The first was the appearance of a delta function 
at the to position, After the convolution with the resolution function, the delta function 
became a Gaussian Q(t. — to) capable of modelling the protons produced by the direct stops 
of muons in the D2 surface layer. Based on the information available from the thick D2 
layers, the muons stopped directly in the surface layer would produce protons with a lifetime 
of about 50 /is-1 , with a yield per muon which was reduced due to the possibility that the 
/id would escape the layer. The fitting function for such a rapid lifetime, after convolution 
with the detector resolution, contains more information on the detector resolution than on 
the kinetics of the fusion resulting from direct stops. Thus only an amplitude was necessary 
to model the contribution from direct stops.

The second addea feature was the possibility of a delay time, St, in the onset of the 
exponential growth and decay curve. This was permitted in the fitting equations to allow 
for a delay in the arrival of the first /id atoms, a correction which should help the modelling 
of emission as a rate. Lastly, the possibility of multiplying the background rsbg by a global 
scaling factor, bgs (which was normally fixed at 1) was allowed. The fit equation was then:

t s = K  _  acorr x +  Qarnp6 (t -  to) + bgs x t s(i<j. (5.20)

With the to and detector resolution fixed at the values found ftom the background, 
the equations for the emission model, Eq. (5.20), after convolution, were fit to the data 
to find values for the decay lifetime R\ and growth lifetime R 2 , as well as the relative 
amplitudes of the two exponentials, acorr. The fitting function used the integrated form
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Figure 5.3 7: The r., (circles) and Ts\,g (squares) data, along with the best fit to the data 
(solid line, fit #2, Table XVII). The fit curve is made from the Gaussian at to (do* ted 
line), the rsbg, and the growth and decay curve (dashed line).

of the convolution to ensure that the finite width of the time bins had minimal effect on 
the fitted parameters (see Appendix C, page 116). The results of the fit are summarized 
in Table XVII. A plot of the data and the fit are shown in Fig. 5.3.7.

Reviewing the interpretation of the toy model via Eq. (2.28), and ignoring any possible 
effect of high Z contamination, it can be seen that the following relations should hold among 
the parameters in Table XVII if the model is viable.

The R \ value is relatively constant for all of the different variations of fitting condi­
tions. Only the background scaling has a large effect, and it is still within the statistical 
uncertainties. The interpretation of the R i value as the /ip disappearance rate will be 
commented on in the conclusions Chapter.

The difference between the rates R 2  -  R i is, without exception, positive, and at least 
three times larger than the Rj value itself. This has two consequences for the interpreta­
tion of the model. The first is that Ac -1- (pcg\ mf  > <pe,i\v,i, which is consistent with the

R \ ~  A0 +  (pCpX pftp "1" ^erfAprf, 

R 2 H i  ~  Ae —■ (j)C(i\p ,i +  (f)c([Xmj ,

acorr
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assumptions required to model the emission as a rate. The second is that the value of acorr 
should be greater than unity, which is only strictly true for fits #2 , 3, 5, and 6. However, 
the large uncertainty in the acorr and R 2  values permits consistency with the model (as 
well as destroys the predictive power of the model).

The acorr and R 2 values have large uncertainties due primarily to the time resolution 
of the detector. With a resolution of 24 ns FWHM, the measurement of events that are 
occurring faster than 40 //s-1 becomes difficult, and sensitivity to the process is quickly 
lost. In addition to that, the early time data so critical to the determination of the factors 
has a strong contribution from the background, and an unknown contribution from fusions 
from direct stops.

Increasing the background contribution by 22% increases the quality of the fit (as is 
visible for fits #5-8), but such an increase is larger than the worst case uncertainty on the 
prediction of by a factor of three [cf. Eq. (5.17)], and is thus difficult to justify.

Allowing the proton signal from emission to start at a time later than the to time (via 
the 5t parameter) improved the quality of the fit by a small margin, but it decreased the 
value of acorr and increased the values of R 2 . Since acorr contains an R 2  — R i factor, 
a decrease of acorr is inconsistent with an increase in i?2- Overall, the emission model 
cannot be judged to have been entirely successful in its ability to fit to the data.

5.4 Monte Carlo Simulations

The complexity of the processes involved in the time evolution of a muonic atom in hy­
drogen poses an intractable problem for exact analysis. However, since the individual 
reactions involved are believed to be well understood, and calculations for each step have 
been carried out yielding either cross sections or rates, the processes are readily simulated 
by the Monte Carlo method.

Two Monte Carlo programs were used to aid in the analysis of this experiment. The 
first was designed and written by A. Adamczak and assumes an infinite homogenous target 
volume [44]. This specific Monte Carlo has no ability to model geometrical effects such as 
a muonic atom leaving one target layer and entering another, but it does use cross sections 
which were calculated explicitly for muonic atoms in a solid target. Since the calculation 
of the full set of cross sections of the processes in solid is still underway as this present 
work is prepared, the Monte Carlo was used only for the case where calculations existed, 
that is, for muons in pure deuterium.

The second Monte Carlo used in the analysis was written by V.E. Markushin [60-62]. 
This Moute Carlo considers a simple geometry with layer divisions along the z-axis, but 
there is no modelling of effects due to finite x-y distributions. Currently the program uses 
only the nuclear scattering cross sections (i.e., muonic atoms incident on free nuclei) and 
thus will not correctly account for solid state effects. It should, however, work reasonably
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Figure 5.4.1: A plot o f the neutron time distribution predicted by the Monte Curio using 
the nuclear scattering cross sections. Also shown are the experimental data. The lack o f 
agreement is clear.

well for muonic atoms of energy higher than a few tenths of an electron volt.

5.4.1 M onte C arlo o f th e  Solid  D eu teriu m

The Monte Carlo for solid deuterium was the first approach used to understand the solid 
state effects outlined in §2.1.4 (page 17). The first of the simulations was performed 
using the Markushin code which relied on the free nuclear cross sections that contain no 
corrections for molecular or solid state effects. A plot of the predicted neutron spectrum is 
shown in Fig. 5.4.1, along with the experimentally measured spectrum. The disagreement 
is clear.

Calculations for the scattering of /id atoms on D2 contained in a solid have recently 
been completed [44]. These cross sections have been used in a Monte Carlo simulation in an 
attempt to accurately represent the energy loss processes and hence the energy distribution 
of the /id atoms in the solid as a function of time. The knowledge of the time dependence 
of the energy distribution then allows the resonant molecular formation and fusion to be 
modelled correctly.

The predicted effects of the collective nature of the solid state are shown in Fig. 5.4,2, 
The plot is of the response function of the solid. Given a process, in this case the scattering
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Figure 5.4.2: A plot o f the response function for reactions in solid D2. The elastic, as 
well as the inelastic (plionon), response modes are shown normalized to an arbitrary free 
reaction cross section o q . In the scattering reaction pd+T)^ the suppression o f the inelastic, 
and hence thermalizing, response at low energies gives rise to the long times required to 
reach thermal equilibrium. The figure was provided by Adamczak [35].

of t̂d atoms by D2 molecules bound in a lattice, the response function represents the 
correction factor which transforms the free molecular process into the process for molecules 
in the solid state. The individual curves represent the multiplicative factor which converts 
the free cross section into the solid state cross section with the appropriate number of 
phonons in the final state.

The reader will notice that each of the individual response functions (elastic, or 
0 plionon, 1 plionon, and so 011) tend to the same asymptotic curve as a function of 
energy. This behaviour is a consequence of the strong quantum nature of solid hydrogen 
and is expressed as an exponential decay called the Debye-Waller factor. Solid hydrogen 
is a quantum mechanical solid since the zero-point motion of the molecules in the crystal 
is large relative to the lattice spacing (15-18% of the average spacing which is ~0.5 nm). 
When interactions with the lattice occur on an extended spatial scale (many lattice sites) 
the position of the molecules is regular. This is what occurs for very low energy (long 
wavelength) processes. In the case of pd scattering, as a function of increasing energy, the 
effective wavelength of the scattering muonic atom spans less and less of the lattice and

 Total
 Elastic
 Inelastic
  1 Phonon

2 Phonon
  3 Phonon
  4 Phonon

j ___________ I_
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hence becomes more sensitive to the variations of the molecules away from the ideal lattice 
sites11. The Debye-Waller factor reflects this relative loss of periodicity by suppressing the 
effects due to the periodic structure.

Continuing with the example, the elastic scattering of a /id atom in the lattice is 
composed of the free molecular scattering cross section multiplied by the 0 phonon response 
function of the lattice (curve marked as Elastic in Fig. 5.4.2). At low energies (< 10 meV) 
the elastic scattering cross section exceeds the free scattering cross section by as much as 
a factor of three.

Inelastic scattering, the only energy loss mechanism available for the pd, proceeds 
via the excitation of phonons in the solid. From the graph it can be seen that as the 
energy of the fid decreases, the ability to create a phcnon in the solid decreases and the 
muonic atom has fewer available energy loss mechanisms. This suppression of the energy 
loss mechanisms leads to the long time required for the muonic atoms to thermalize in the 
solid D2 [44].

The Monte Carlo simulation required many input distributions during the simulation. 
Most important were the free molecular scattering reactions, pd +  Da, the energy depen­
dence of the resonant molecular formation, and the initial energy distribution of the /id. 
The scattering cross sections for the fid +  D2 were taken from the work of Adamczak cl, al, 
and include such molecular effects as electron screening and rotational transitions in the 
D2 ( [63], and references therein). The molecular formation rates, correct for fid atoms 
incident on a D2 gas at 3 K, were those of Faifman [64,25,26,36]. The initial energy distri­
bution of the fid atoms was assumed to follow the Two-Maxwell model found from other 
experiments with exotic atoms [2,5]. The relative population of the thermal to epithermal 
distributions was a parameter varied in the simulation.

The simulations have lead to a qualitative understanding of the observed rates. Al­
though the initial energy loss of the pd is rapid (~ns), as the atom slows to the energy 
range of a few meV, the slowing down processes are suppressed, For /ida, this slow ther- 
malization allows time for the atom to participate in the lowest of the molecular formation 
resonances (cf. Fig. 2.1,2, page 13) and leads to an enhancement of the fusion rate.

Figure 5.4.3 shows both the experimental data and the simulation. The simulation 
has been fit with the same kinetics as the experimental data and good fits (as determined 
by the x 2  value) to the two-exponential shape Lave been achieved. The values found for 
A3 have been in the range 2-3 ps~l, but this number scales directly with the initial ratio 
of epithermal to thermal fid atoms.

The slow thermalization implies a reinterpretation of the parameters in the two node 
approximation. The As rate is a measure of the time the fid atom spends at the resonant 
energy values convoluted with the size of the resonant formation at that energy, The Aai

“ The DeBroglie wavelength for a particle is A = ~ .  For a pd at energy E (in eV) then 
A = nm. At 10 meV, A = 0.2 nm, which is similar to the zero point oscillation size.
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Figure 5.4.3: A comparison of the measured and simulated neutron fusion spectra in D2 for 
the Monte Carlo of Adamczak, The simulation makes correct use of the slow thermalization 
predicted from the solid state effects to permit a significant amount o f resonant formation. 
The scaling has been arbitrarily chosen so that the similarity between the data and the 
simulation for both resonant and nonresonant lifetimes can be seen.

value reflects all processes removing the epithermal /id atoms from the resonant energy 
region. This rate is composed of the spin flip to the lower hyperfine state (either by resonant 
formation and back decay, or by the direct spin exchange scattering) and thermalization 
by inelastic scattering.

The quantitative interpretation of these results is not clear at the moment. There is 
no consideration of geometry in the Monte Carlo simulation so effects such as pd loss due 
to the finite size of the solid layer is not taken into account. In addition, the molecular 
formation rates used in the simulation were calculated for free D2 molecules so there is 
no corrcctiou for solid state effects in the formation rate. The solid state will likely have 
an effect 011 this rate since the availability of phonon modes in the final state changes the 
resonance energy requirements. Men’shikov et, al. have suggested that this effect may be 
sufficiently strong to allow subthreshold molecular formation to play a role resulting in 
resonant formation for completely thermalized p d | atoms incident on D2 molecules in the 
J  ~  1 rotational state [65].
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5.4.2 M onte Carlo o f th e  E m ission  Process

The Monte Carlo of Markushin was used to aid in the understanding of the emission data. 
Monte Carlo simulations of various surface layer thicknesses were done, and the resulting 
spectra of the fusion time distributions fit with the same fitting function as vised for the 
experimental data.

The input values for the rates X1)(t(~  17.3 X  103 1), and A;w,(= 3.21 //.s'"1), were
assumed to be energy independent and fixed at the values previously measured in solid 
hydrogen [66,49]. The APll,t rate was also assumed to be constant in energy and was set 
at the value 5.6 fis~L [26], The scattering cross sections, which were for tuuonic atoms 
on hydrogen nuclei only, were taken from Bracci et aL [11] and Chiccoli el al. [12]. All of 
these scattering cross sections were calculated for muonic atoms incident on 300 K gas, 
which should work well when the energy of the //,d atom is high (> 30 meV) but for lower 
energy fid atoms the averaging of the 300 K thermal motion of the. target D2 molecules will 
be different than the thermal averaging appropriate for 3 K targets. The d/ul molecular 
formation rates, correct for fid atoms incident on a D2 gas at 3 K, were taken from the 
work of Faifman [64,25,26,36].

One important feature of the Monte Carlo is the ability to set the minimum energy 
which the muonic atoms can reach. Once the muonic atom has reached this value via 
energy loss in scattering reactions, subsequent scatterings cause no more energy loss. It 
is, in effect, a hard limit on the low energy thermalization of the muonic, atoms. Two low 
energy cutoff values were investigated, 0.1 irioV (~ 1 K) and 1.0 rneV («  11 K), Note 
that this value is not the mean energy of a Maxwellian distribution, but is a S function 
distribution.

The simulation was used in an effort to reproduce the relative yields of the different 
surface layer thicknesses. Figure 5.4.4 shows a plot of the measured yields, scaled by a 
constant chosen to raake the simulation of the 50 TI surface layer, for the case of 1,0 meV 
minimum energy, exactly match the 50 Tl yield data (320 //.g • cm"2), The simulation 
which allowed the muonic atoms to thcrmalize to 0.1 rneV was scaled by the same factor1'2 
to allow meaningful comparisons between the two simulations. Both simulations give the 
yield of protons resulting from emitted fid only, there is no contribution to the. yield from 
direct stops, The agreement with the data for the 1.0 meV energy limit seems to indicate 
that the simulation is not too inaccurate when using the nuclear cross sections (tinlike the 
case for the pure solid deuterium), but that the choice of the low energy limit is important, 
However, the simulation of the time spectra (see below) indicates that there are other 
problems with the simulation, hence further quantitative analysis was not done

The time distributions generated by the Monte Carlo with the 1,0 rneV low energy

l3T,he factor was 0.0044. The solid angle of the silicon detector was ~  0,02, and the stopping 
fraction of GMU muons in the emission layer is ~  0.2, so the choice of scaling factor is consistent 
with that,
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Figure 5.4.4: The Monte Carlo simulation o f the proton yield as a function o f the surface 
layer thickness. The simulations have been normalized to make the 50 TI (320 pg ■ cm-2! 
point match exactly between the measurement and the simulation with the 1.0 meV mini­
mum energy. Both simulations were scaled by the same factor. Neither simulation includes 
any contribution from muons stopping directly in the D2 layer.

limit are shown in Fig. 5.4.5. The fip disappearance rats wan the same for all of the surface 
layer thicknesses. A fit of an exponential decay function to the ftp disappearance yielded a 
rate of 24.963(10) ps~x. Based on the input parameters, the expected disappearance rate 
was 24.9724 /is_1[cf. B.\ in Eq. (2.20), page 25], in good agreement.

The production time of the protons, however, contains all of the effects of emission 
and molecular formation, including energy loss processes. Figure 5.4.5 shows the time of 
proton production as predicted by the simulation. The difference between the successive 
layer thicknesses is interesting, and is a function of the low energy limit chosen in the Monte 
Carlo. The appearance of fusions at long times, t > 0.3 pa, for layers thicker than 16 Tf is 
an effect not seen in the data, Fig 5,3.7, page 90. Because of the long lifetime associated 
with the late time fusions, they are clearly due to nonresonant molecular formation from 
/id atoms therinalized in the thin deuterium layer (it is also possibla in the simulation 
to know the arrival time of the /id in the surface layer, and pd atoms are not arriving 
late), Here again, the thermalization of the pd in the simulation is too rapid due to the 
inadequate cross sections,

8 • Simulation: Emin =  1.0 meV

J Simulation: Emi„ =  0.1 meV 

{ Measured Yields
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Figure 5.4.5: Time distributions o f the protons produced by emitted muonic deuterium ns 
predicted by the Monte Carlo. All o f the simulations pictured above were run with the 
1.0 meV minimum energy limit.

The simulations which allowed the pd atoms to lose energy until the 0.1 meV limit 
showed a much stronger contribution from late time fusions. The simulation of the 16 Tl 
layer with the 0.1 meV energy limit contained more counts from the long time fusions than 
the 50 Tl simulation pictured above. This is reflected in the plot of the simulated yields 
shown in Fig. 5.4.4, where the Monte Carlo with the lower energy limit strongly dominates 
over the simulation with the 1.0 meV minimum energy. Although both 0.1 and 1.0 rneV are 
energies below the lowest of the molecular formation resonances, the extremely thin nature 
of the layer allows the 1.0 meV pd atoms to diffuse out of the layer more readily than the
0.1 meV atoms due to the difference in velocities, and muonic atoms which escape cannot 
contribute to the proton yield. This escape process is confirmed by the Monte Carlo.

Simulations for an 8 Tl and a 40 Tl surface layer, made with the 1,0 meV minimum 
energy, were fit with the emission model dynamics to see wiiat, the model revealed.

The simulations were fit twice, once with a simple exponential decay in order to find 
the decay rate in the region 0.05ps < t < 0.3/is, and a second time with the full growth and 
decay model. Since the 40 Tl simulation contained the long lifetime fusion contribution 
not seen in the real data, its contribution to the spectrum was treated as a background 
since only the epithermal interactions were of interest. The fit time interval was short
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Growth and Decay model

Layer Amplitude acorr Ri Rz St bgs X3/dof (cl)
T / K  x 10~3/M (ps~l) (ps~l) ns (xlO-7)
8 87(20) 1.091(21) 25.7(1.4) 46(4) 0 2.7(7) 81/65 (9%)
8 74(13) 1.040(11) 25.3(1.2) 48(4) 3 1.9(7) 76/65 (16%)
8 59(8) 0.987(9) 24.7(1.0) 53(4) 6 1.8(7) 71/65 (28%)
8 55(8) 0.931(14) 24.3(1.1) 54(5) 8 1.8(7) 83/65 (6%)
40 79(13) 1.198(43) 21.2(1.4) 55(5) 0 109(5) 80/75 (32%)
40 6016) 1.112(19) 19.9(1.0) 69(6) 5 109(5) 69/75 (65%)
40 52(5) 0.842(35) 19.3(1.1) 71(11) 10 103(5) 82/75 (27%)
10 58(6) 1.112(20) 19.7(1.0) 71(8) 5.3(6) 107(5) 70/74 (62%)

Single Simple Exponential
Layer Fit Range Rate Background x 7 dof (el)

Tl ps (ps~l ) (xlO-4)
8 0.06-0.3 22.48(75) —0.3(6.0) 51/42 (14%)
8 0.04-0.3 21.07(58) 0.1(4.6) 65/46 (3%)
8 0.10.3 23.6(1.3) 0.4(5.2) 42/35 (18%)

40 0.06-0.3 18.1(1.2) 388(31) 42/45 (60%)
40 0.04-0.3 19.05(87) 388(24) 43/49 (71%)
40 0.1 -0.3 22.1(2.4) 292 (6H 32/38 (74%)
40 0.03 0.3 18.52(73) 396(24) 45/51 (72%)

Table XVIII: A summary of the attempts to fit the toy model to the Monte Carlo simula­
tions,

enough that a constant was sufficient to represent it (use of an exponential was also tried, 
and the fits were not significantly different), The summary of the fit of the model to the 
simulation is given in Table XVIII,

According to this Monte Carlo, the pp disappearance rate is very closely modelled by 
the i?.t lifetime found from the proton time spectrum by the simple emission model. This 
predicted agreement is in contradiction with the previous work in neon, where the time 
structure of the x rays from transfer was found to differ from a pure exponential, due to 
the interactions of the /id atom in the emission layer and the subsequent emission time 
distribution. The Monte Carlo simulation used in that analysis included corrections to the 
nuclear cross section due to molecular effects [49,67],

The values chosen for the pd energy limits were picked to investigate the effect that 
the limit has on the simulated spectra. Although choosing a higher value for the limit 
has the effect of suppressing the number of fusions occurring at long times allowing better 
agreement, with the data, such a choice is arbitrary, and does not correctly model the 
physics of the situation, which is an energy distribution of the pd atoms (not a (5-function), 
For s o u k : choice of the low energy limit, near 3-4 meV, the molecular formation rate is 
resonant, and all of the emitted pd atoms will fuse rapidly. Clearly, more Monte Carlo 
work is required, but for it to be truly correct, the cross sections for the processes such as 
pd +  Da -> pd +  D2 for Da held in a solid lattice of lH2 need to be used.
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Chapter 6

Discussion and Conclusions

Like many experiments, the data and analysis presented herein have posed as many new 
questions as have been answered. The pertinent results will bo recapitulated here, with an 
emphasis on the contribution made to the //.CF community, and on the proposals Cor work 
which can help clarify the presented results.

6.1 Results for Solid Deuterium

The results derived from our exi Timent show that the processes governing the fusion in 
the solid state are not completely understood in a quantitative sense, but that a qualitative 
consistency has been achieved with the only theory to date to explicitly examine fusion in 
the solid s' ate.

Kinetics Parameters

Under the assumptions inherent in the two-node approximation, the values found for the 
kinetics parameters presented in Table IX (reiterated here in Table XIX) represent the first, 
examination of the muon catalyzed fusion process in solid D2.

Parameter Value
A 3  iJ  2

34.2(8)stat,(l)si/s. ps
As 2.71(7)stat.(32)S1/S, ps

4>zXz 0.320(10)s(at, ( l ) s j / s .  I^ s  *

p s 0 . 4 7 ( 8 ) s ta t .  ( f y s y s .

A 0.487(15W (1 I ) „ „ .
Pp 0 .5 6 3 (1 4 W (ll)w .

Table XIX: The kinetics values resulting 
from the simultaneous fits to both neutron 
and proton data from solid deuterium. The 
value of X \ (— 0.044 ps~l) was fixed for all 
o f the hts^

Parameter Value
At 0 , 0 5 2 ( 8 ) (3)«Ws. p s"1
Aa 1 34.0(8).,Crti,(l)«)/s. ps *
Aa 3.21(51),tflt>(lG),,,Sl/i8"1

(ji zXz 0.320(10),,tat. ( 1 ) , ps *

Table XX: The measurement o f At from
•x

the simultaneous fits o f neutron and proton 
spectra.
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Figure 6.1.1: A  graph o f molecular formation rates as measured in solid, liquid and gas, 
and calculations for liquid and gas. The points o f Zinov et al. do not include the systematic 
uncertainty associated with the Xx value.

The qualitatively successful Monte Carlo simulation of fusion in solid Dy is a clear 
indication that the effects of the solid state on the fusion are important. What is perhaps 
most surprising is that the two-node approximation works at all in this situation.

The kinetics model is simple in < >e sense that time-independent rates are used, an 
assumption which can be challenged when the thermalization of the pd  is slow. The indi­
cation from the solid D2 Monte Carlo is that the thermalization is rapid until the pd reach 
relatively low energies (<10 ineV) [44]. Since the /idi can only participate in nonresonant 
molecular formation when at energies below 10 meV (cf. Fig. 2.2.2, page 23), the assump­
tion of the time-independent nonresonant rate is valid. The assumption is also consistent 
with the value measured for Ai[= 0.052(8)stat.(3)sj;s, ps-1] which is in agreement with the 
nonresonant molecular formation rates measured in other experiments [33]. For the pd |,  
the slow thermalization at the lowest energies allows the muonic atom to participate in the 
lowest of the molecular formation resonances. Even so, the spin deexcitation processes and 
the thermalization remove the pd from the resonant energy region at least ten times faster 
than the effective formation rate. Under such conditions, the sensitivity to the shape of 
the resonance is suppressed and a constant rate can model the reaction.

Indeed, the value of the Aai rate contains the spin flip from scattering, a contribution

“ Theory: Scrinzi et al. [23]
£ Gas: Zmeskal et al. [24] 
i  Gas: Balin et al. [31]
I Liquid: Nagele et al. [32]
5 Gas. Petitjean et al. [33]
5 Liquid/Gas: Dzhelepov et al. 
i  Solid: Zinov et al. [68]
S Solid: This work
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Figure 6.1.2: The comparison of A | i  to previously measured values.

from back decay, and the effective rate of energy loss for the pd* which are in the energy 
window of the lowest resonance. Since the measured value for the effective spin flip contains 
all of these effects, while at the same time is consistent with the calculation of spin flip by 
scattering alone, the measurement is an implication that the calculated rate is too large.

Emission of the pd from the layer is a loss mechanism that is not explicitly taken into 
account in the analysis, however the process would mimic the </>z\ z loss mechanism, The 
value found for <j>z\ z , coupled with the value for the transfer to nitrogen, \ z «  JO5 //s ' 1, 
implies a nitrogen contamination of about 1.5 ppm, a value which was independently 
measured for the thick deuterium target [69]. If the value were to represent only pd escape 
from the layer, then roughly one third of all the pd atoms arc emitted from the layer. 
Given the current understanding of the scattering cross sections, this process is unlikely 
to give such a strong effect. A Monte Carlo which includes the cross sections corrected 
for solid state effects as well as an accurate modelling of the finite geometry of the targets
is required before the quantitative reinterpretation of the As and A.u rates in terms of

2 2 2
thermalization will be possible.

An examination of Eq. (A.2) shows that an increase in A/, the deexcitation rate, leading 
to fusion, for the resonantly formed [(dpd)j„ dee] will increase the effective formation rate 
by more successfully competing with the Tsi» deexcitation mode (back decay). If there 
exists a sufficiently strong coupling of the rovibrational modes of the resonant six body

 Full theory: Scrinzi et al. [23]
 Scattering: Adamczak et al. [37]

5 Gas: Zmeskal et al. [24]
I Gas: Kammel et al. [38]
I Liquid: Nagele et al. [32]
<5 Gas: Petitjean et al. [33]
I Liquid/Gas: Dzhelepov et al. [34] 
5 Solid: Zinov et al. [68] 
i  Solid: This work

_!_______________I_______________L
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complex to the phonons in the solid, then there may be sufficient augmentation of the 
deexcitation rate to allow this effect. The molecular formation rate in solid has not yet 
been rigorously examined for solid state effects.

Zinov et al. [68] have presented values for pCF in solid deuterium over a range of 
temperatures, assuming a similar kinetics function. That experiment and this one are 
consistent, however the disagreement with theory indicates that comprehensive calculations 
for the molecular formation rate including solid state effects must be made. If the even-odd 
populations of D2 angular momenta are as important as suggested in Ref. [65] then further 
experiments will certainly be required.

The next round of experiments will have to examine the thermalization process, as 
well as the possible para-ortho effects. The one predicted effect on the molecular formation 
for thermalized pd i only occurs for para-D2 (i.e., 7  =  1) [65]. Using solid ortho-D2 would 
help to verify or discount that effect.

In a solid hydrogen layer (i.e., where the density is fixed) the molecular formation 
rate is concentration dependent, oc c,i4>N0 , but the thermalization rate is not, since the 
scattering and energy loss processes for both pd +  D2 and pd + 1 H2 are similar for low 
energy pd in solid (a  (c</ + cp) (f>N0, where c</-f cp =  1). An experiment in a solid mixture of 
D2+ lH2 with several values of the deuterium concentration will not yield the same reduced
formation rate A3 if the slow thermalization process is responsible for the rate observed

1
in pure D2- The experiment in a D2 +  H2 mixture will be more difficult to analyze, since 
the /tp to pd transfer and subsequent creation of an epithermal pd will change the initial 
intensity of the epithermal pd atoms, the effect believed to be responsible for the elevated 
A 3 to begin with. Again, accurate simulations of the experiments will be necessary during 
the analysis.

Branching Ratios

There are three parameters that constitute the effective branching ratio f3p-. (3S, j3p, and 
P.,, [cf, Eq. (A.5), page 113]. Table XIX contains the measured values of each of these 
parameters once the standard values are assumed for the other two.

The measurement of @p =  0.563(14)s*a«, (H)«j/s. is consistent with the previously mea­
sured values, but has an error two to three time larger than the previous measurements. 
The measurement of /3S = 0.487(15)a£a£,(ll)sys. is consistent with the prediction of Hale 
et al., whose value was 0.470 [43].

Since the (3S and /3P values are consistent with the other measurements, it is best to 
assign them their standard /alues and from there derive a measurement of P s for the first 
time. The theory of Faifman [26], predicts a value of 0.560 at very low energy, Our mea­
surement at the value 0.47(8)s£n(.(6)sys. is lower then the prediction but the disagreement 
is not strong given the uncertainty, It should also be noted that the Pa value is dependent 
on the energy at which molecular formation occurs, so for pd atoms in the process of ther-
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malizing a constant P s does not accurately represent the true physics processes. Again, a 
comprehensive Monte Carlo study of the physics will be needed in order to compare the 
energy averaged P S(E) with the measured constant P s.

6.2 Results from the Emission Measurements

Based on the analysis of the fusion proton energy spectra and the agreement of the relative 
yield predicted by the Monte Carlo (cf. Fig. 5.4.4, page 97), it appears that the calculated 
cross sections for the pd interactions are not grossly incorrect for the higher energy pd 
atoms. This conclusion must be tempered by the consideration that the simulated yield 
contains a component from fusions at long times (cf. Fig. 5.4.5, page 98) and none from 
direct stops. The experimental data, on the other hand, (cf. Fig. 5.3.7, page 90) do 
not indicate any contribution to the yield from fusions at long times, but will contain a 
contribution from direct stops. From the fit to the yield data as a function of layer thickness 
(cf. Table XII, page 82), the indication is that the ability to fit the data decreases as the 
contribution from direct stop fusions is increased (A% parameter). The size of the direct 
stop contribution found in the fit to the time spectrum is relatively small (cf. Gaussian 
Amplitude in Table XVII, page 89), which indicates that the direct stop contribution is 
not particularly important. Thus the agreement between data and simulation may be 
accidental since the data show no evidence of a large contribution to the yield from either 
direct stop or long time fusions, but the simulation contains a significant contribution from 
fusions at long times with a magnitude strongly dependent on the artifically chosen low 
energy Limit in the Monte Carlo.

The measured value of Ri, the decay rate defined in Eq. (2.20) (cf. Table XVII, 
page 89), can be used to compare to the measurements of the A,,,/ and XPM, rates found 
under the similar conditions for emission of the /id but with the Da surface layer replaced 
with a layer of neon.

From the previous work with neon, the decay rate of the muonic neon x rays mea­
sured for a Crf =  0.1% target (i.e., the same as for the measurement presented hero) was 
17.9(2.8) ps"-1 which is remarkably close to the rates measured here in the time spectrum 
of the fusion protons [70]. Since the emission processes for the pd are the same for the 
two experiments, and the transfer reactions and subsequent x rays will be very rapidly 
generated for the pd atoms emitted into the neon layer, the similar lifetime in the proton 
spectrum indicates that the molecular formation and fusion in the D2 surface layer is rapid. 
This confirms the second assumption necessary to the success of the toy model.

The Markushin Monte Carlo of the emission indicates that the lifetime measured in 
the proton time spectrum should be equal to the pp disappearance rate when the fusion 
in the surface layer is fast. This is in contradiction with the Monte Carlo used for the 
analysis of the neon data which indicates that the pp disappearance rate is somewhat
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faster than the signal rate, and in fact, that the detected signals are not truly represented 
by an exponential decay [49]. This specialized Monte Carlo used cross sections which were 
corrected for the differences between the nuclear and molecular scattering processes [67]. 
The low energy differences in the cross sections have a large effect on the emission time, 
leading to a situation better modeled as diffusion of the pd to the surface layer rather than 
as an emission rate.

Prom Eq. (2.20) and using the values for Xpd(= 1-73 x 104 ps-1) and the molecular 
formation rate Xpfip( -  3.24 ps-1), the R \ rate is ~26 ps-1 , fully 50% larger than the 
measured R i rate (cf.. Table XVII). This is an indication that the modeling of the emission 
process as a rate is inadequate. Since only one c</ was measured in this experiment, it is 
impossible to give a measurement of the Xpfip and Xpd rates.

The consistency between the measured rates for the two very different signals indi­
cating pd emission is good. The interpretation of the rates, especially here for the proton 
signals where only one Cd was measured, in terms of the pp disappearance rates is difficult 
and will again rely on a Monte Carlo which has cross sections which are correct for the low 
energy pd in solid hydrogen.

For the R 2  rate, and the rest of the interpretation of the parameters of the simple 
emission model, the accuracy is limited by the background and by the detector resolution. 
The somewhat large time resolution of ~24 ns FWHM means that reactions happening 
faster than about 40 ps-1 cannot be measured with good accuracy. For the acorr value, 
the correlations are very strong with the R 2 value so again the predictive power of the 
model was consumed by the poor timing resolution.

The proof in principle for the physics accessible by the emission measurements is clear. 
Given a better timing resolution, and the correct input for the Monte Carlo necessary for 
the completion of the analysis, the ability to access the reaction rates of muonic atoms in 
the [0.1-10] eV range is very promising.

6.3 Improvements and Future Directions

The solid D2 targets were contaminated by nitrogen and thus sensitivity to a kinetics 
parameter was lost during the fits to the data. This contamination resulted from the 
difficulty of doing experiments which are strongly sensitive to nitrogen while at the bottom 
of a ocean of nitrogen gas and especially with equipment which leaked. Much of the 
problem with leaks resulted from the design and construction of the gas handling system, 
which had long sections of small diameter piping often under stress at the weld joints. A 
new tritium-compatible gas handling system has been constructed which has helped to 
alleviate the problem in the experiments done since the initial work presented here.

The effect of thermalization may possibly be examined by looking for the rates in 
'H2/D 2 mixtures where the low energy thermalization of the pd atoms is the same as in
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pure D2, but the concentration c<f of D2 is less than 1, If the resonant fusion rate falls 
off faster than a linear function of c<*, then there is evidence of slow thermalization as the 
source of the resonant fusion peak. The examination of the difference between ortho and 
para deuterium is also interesting.

A fully working Monte Carlo is necessary. It will have to include the ability to model 
the effects of the finite target geometry and use the cross sections corrected for molecular 
and collective effects (some of which are not yet calculated). It can be misleading to use 
the free molecule cross sections and assume that the results of the simulation apply when 
the evidence of solid state effects is so large.

The emission measurements were the first of their kind, and have subsequently been 
repeated and also used as a method to produce slow fi~ (muons with energy less than 
10 keV) [22]. Until such time as a complete Monte Carlo becomes available to assist in 
the analysis, the results presented here can, at best, be taken as a qualitative indication 
that the calculated cross sections are accurate. More extensive experimentation, with more 
and thicker D2 surface layers, and with different c,/ concentrations, will be necessary for 
quantitative measurements to emerge. Some of the problems associated with the poor 
timing resolution of the silicon detectors has been overcome by the use of better cabling 
inside the vacuum system.

Tritium compatibility was built into the system to allow experiments with that radioac­
tive isotope, and the emission of fit atoms from a tritium-doped lH2 layer has already been 
verified. The resulting energetic fit atoms were used for a time-of-flight experiment which 
has collected information on the molecular formation resonances in the dt system [71]. All 
in all, the solid layer target system has many applications in the experimentation with 
energetic fid and fit atoms.
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A ppendix A

Notation for the Rates

Like all branches of physios, /iCF has many different notations conventions. A notation 
system based closely on the work of Men’shikov [72] and Zmeskal [24] has been adopted. 
In general, a rate A is made from a cross section a via A — crvN where v is the velocity 
of the interacting bodies and N is the number density of target particles. For experiments 
in hydrogen, where different experiments use very different conditions of concentration 
and density, the convention has been adopted of expressing results with respect to unit 
concentration, c =  1, and the nominal liquid density of hydrogen, N 0 =  4.25 x 1022 cm-3 .
The experimental density is given as a product <fiN0, where <j> is the relative density. Thus
the reduced rates here are related to the measured rates via

Am e a s u r e d  _  t _  * 7-
—  j  - .— A ? e d u c e d  — CTVIy 0 .

C<p

The following symbols will be used:

• A0: The muon decay rate in free space, =  0.455160(8) \is'"1.

• A,: The transfer rate to high -Z contaminating atoms.

• A/! Fusion rate from J — v  =  1 rovibrational state of a d/id molecule.

• Ai?s' Formation rate of a d/id molecule in spin state S from /id in the hyperfine state
F.

• A/,'/.'/: Spin flip rate from state F to state F7 due to processes other than resonance 
molecular scattering.

• r sf>’ 1 "lie decay rate for a d/id muonic molecule of spin S into /id with hyperfine 
state F'.

•  Fgi The decay rate for d/id of spin S into any of the entrance channels:

F>
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• Apd'- The rate for the transfer process /<p +  D2 —> /id(43.3 eV) +  p(91.4 eV) 4- dee.

• Apfj.pi Formation rate of a p/id molecule.

• (3S and /3P: The branching ratios for fusion in the d+d reaction from either the s wave 
or p wave initial state to produce neutrons in the final state.

a (d +  d)i 1uaiJC —> n +'1 He ,  ̂ | ^
1 (d + d)i wave -4 Anything

• P s: The measure of the probability of s wave bound state formation from the noil- 
resonant formation process. See the entry for j3f below.

For the measurements considered here, the above rates, each associated with a single 
physical process, are not the best parametrizations. For example, it is impossible to know 
the spin S of a d/id molecule when it is formed. Such a molecule could then fuse to release, 
a detectable fragment, or decay into a /id state (Tsrv) thus imitating the spin flip reaction 
A j? pi. Averaging over the real physical processes to produce effective rates is the practical 
approach to the problem and leads to the two-node approximation of the kinetics. The 
effective rates and their composition are as follows.

• A/: The effective fusion rate for .resonantly formed d/id. For resonant d/id formation, 
the fusion channel must compete with the resonance scattering channel F.y (the so 
called and somewhat misnamed back decay) and so the sum of the doexcitation rates 
which eventually lead to fusion of the d/id must be compared to P.y [73], The exchange 
symmetry of the dd system excludes the normally rapid electric dipole transition as 
a deexcitation mechanism. The comparison of widths of the decay channels of the 
[(d/id)dee] become more important since the normally dominant 131 transition is 
missing.

A resonantly formed d/id is initially in the J  v — 1 state where p wave fusion 
occurs at a rate of 440 /is-1 and deexcitation to the v  =  0 state occurs at a rate of 
20/iS“ l (once deexcitation to the v ~  0 state has occurred, fusion occurs at a rale, of 
1500/is"1). For the calculations here A/ =  4(i0 /is'"1, a value composed of the direct 
v =  1 fusion rate, and the u — 0 deexcitation rate [24], Any contribution to the 
deexcitation rate due to solid state effects has not yet been investigated. The value 
of A/ is important since it enters into the equations below for the effective rates of 
formation (Eq. (A.2)] and spin flip [Eq. (A.3)}.

• Af '. The reduced rate of formation of d/rd molecules from a /id atom in the hyperfine 
state F. It represents molecular formation that leads to fusion and is composed of the 
nonresonant formation rate and th 1 fraction of resonantly formed molecules which
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successfully fuse instead of scattering as characterized by Ts-

Af  =  A„r +  ^A/?s-=—y —- (A.2)
s A/ + r 5

• A T h e  reduced hyperfine transition rate from state F to F '. The regular scattering 
transitions are strongly enhanced by the Ts decay branch of the molecular formation 
reaction.

A f f ' =  A f f ' +  E  Afs  - (A.3)
s A;  +  r 5

• ftp'. A parametrization of the branching ratio for d/id molecules formed from a /id in 
hyperfine state F where ftp is given by:

«  ̂  _____ ______ /idp -f P 2 -4 n + 3He +  n____________  , .
(fidp +  D2 —> /i +  p + 1) +  (/xdp +  D2 -4 fi + 3He +  n)

Since a /ulp is expected to generate d/id molecules in a distribution of angular momen­
tum states dependent on F, and the branching ratio for the fusion reaction depends 011 
the angular momentum state, the branching ratios for the different hyperfine states 
F will differ. The ftp's are convenient parameters when writing the kinetics, and are 
composed of the more fundamental s and p wave branching ratios, along with the 
ratio of s to p wave bound state formation. The nonresonant fusion will lead to a 
distributed population of s and p wave d/rd bound states which will produce fusion 
products reflecting the weighting of the s and p wave branching ratios. Resonance 
formation always produces the p wave molecular state.

ftp =  y 1- +  (1 -  P,) ftp] + /V  (A.5)
A F A F

The reduced rates approach above has changed the basically unmeasurable physical 
parameters (A/, A ff'i Afs> and T sf') into parameters (Af and A pp/) which can be used 
in a kinetics fit to time spectra. It should be noted, however, that extracting physical rates 
from the reduced rates makes one sensitive to the assumptions in the spin sums.
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Appendix B

M atrix Exponentiation

This section is added for completeness and can be skipped if the details of the solution 
method are uninteresting to the reader.

Presented with the task of exponentiation a matrix, one needs the decomposition of 
the matrix into the following form:

A = PU P ' 1

where A is the matrix, U is the diagonal matrix of eigenvalues, Ujj == LiSij, and P is the 
matrix composed of eigenvectors. The exponentiation can be examined in terms of the 
power series expansion from which the following relation is trivially derived:

eA =  PeuP~1,

Further examination of the power-series representation of the exponent is sufficient to show 
that lor a matrix the exponent is simply (exp a ; )^ .

For the matrix presented in Eq. (2.3) the eigenvalues have already been presented 
[Eq. (2.8)] so we have

L.i 0
U ■

and hence

0 Li

3 Z 0
0 e /yi

The matrices of eigenvectors and its inverse can be found after some algebra and are:

B______ B

P  =
J w + ^ + a )

OB_________  OB (B .1 )
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P -1 =

‘(Lr Li)

- C B

t ' L + D ) \  B 2+ I L : + A

(B.2)

(.Li + D ) ^ j B H ( ^ +A ) 2 ^ B 2+ ( L i + A y

Armed with the above it is relatively easy to find the solutions for N  via the relation

N { t)= P e m P ~lN{t = 0) 

remembering that the eigenvalues have the relations

(La +  D ) (L i  +  D) = - B C

and
( i |  4- A) ( i |  +  Z>) =  BC.
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A ppendix C

Resolution Functions

The experimental resolution of the detector used to see the fusion fragments must be taken 
into account in any fits done to data, for that purpose we convolute the expected data shape 
with a Gaussian resolution function and introduce two fitting parameters, time zero (via 
a step function 0 ), and the resolution width. All of the time functions used in the work 
presented here were exponentials, so the general form of the convolution for an exponential
ext was:

/«) = /_” d r 6 ( ^ ) eA,e, p
o e

(r -  f)2
2c2 ( C . l )\J2-kcj2

where a is the standard deviation of the detector resolution (related to the FWI1M via 
FWHM =  oV81n 2) and the to represents the time when the process becomes active. 

Integrating:

i { t )  =  ■ - s u r e
(t -  to) + Aa 2

\ / 2 a 2
exp Mf — *o) +

(A o f
(C.2)

where E'RTC is the complementary error function defined by
2 f+°°

STHFC(x) = —p= / exp {—:r?)dx. (0.3)
V  7T J x

The total yield in the spectrum from U to t.j is obtained after integrating Eq. (G.2). 
The integrated form of the function is useful when fitting to data with time binning which 
is so wide that the value of the function is not adequately represented by its value at the 
midpoint of the bin (i.e., approximating the function {is linear over the size of the bin is 
not adequate).

The function representing that integral is:

/>'<*> - enrc (ft -  fo)

+ exp

— exp

A(t/ -  fo) + 

A(ff — fo) +

(A a ?
2

(A o f

s u r e

enrc

( f / - f o ) l

£KFC

. V2o*
(t/ -  tp) +  A a2

(ft -  to) +  A a 1 

\ ‘2 a 2
( C . 4 )
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A ppendix D

Calibration Data

D .l Neutron Detector Calibration

The neutron detectors were calibrated by a two point method, since the absolute calibration 
was not critically important to the experiment. The gamma sources 60Co and 137Cs were 
used. In addition, there was a strong background of 511 keV photons in the experimental 
area, and its spectrum was recorded as well to provide a check on the calibration.

10

2
10

,° -----------1----------- 1-----------1_______ i___ l!__ i T  W m O T itI
200 400 600 800 1000 1200 1400 1600

0

Energy (Channel)

Figure D.1.1: The 60Co photon energy spectrum as seen by the neutron detector. The 
lines indicate the method used to find the half-height intersection point.
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Source Energy Compton Edge Detector
60 Co 1173, 1332 963, 1118 1160
U7Cs 662 478 530

511 keV 511 341 420

Table XXI: Gamma source photon energies, Compton energies, and equivalent, detector 
energies at the half-maximum intensity point. Energies are given in keV. Note that (i0Co 
has two lines o f equal strength which are averaged to get the detector response.

As mentioned in the text, the effective energy of the sources ii' the detector was found 
after extensive Monte Carlo studies, and response curves of many different gamma sources, 
The source, its lines, the true Compton edge, and the energy of the edge in the detector 
are given in Table XXI.

The determination of the channel number corresponding to the half height of the 
effective compton edge was determined two ways as illustrated in Fig. D.1.1. The first 
method was simply to find the average peak height over the maximum region, plot a line 
at half that value and accept the intersection of the edge and the line as the channel. The 
second method was to fit a straight line to the edge and choose the intersection point of that 
line with the horizontal line defining the maximum (This algorithm works on logarithmic

><D

m  
u<D
Pi

<D
tlC

X)
<U

O4->
P . ,ao

o

110

010

- l

- 2
-1

Proton recoil  Energy (MeV)

Figure D.1.2: A plot o f the equivalent light output for NE 213 scintillator. The data are 
taken from Verbinski et al. [54],
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plots, and is the “quick-and-dirty” method used during runtime). Both methods yield the 
same channel number to within 5%, which is acceptable since the energy calibration is not 
critically important to the measurement.

The equation for the gamma calibration of the detector is

keV
E7 =  1-23— (c h -  231). (D.l)

The graph from Ref. [54], Fig. D.1.2, can be used to convert E7 into the proton recoil 
energy (pulse height).

D.2 Silicon Detector Calibration

During the data collection in FEB92, calibration data were taken for the silicon detector by 
using a precision pulser signal sent to the detector preamplifier to measure the linearity of 
the device while an absolute scale was determined by the use of a small americium source. 
In this case, due to size and convenience, the americium source from a common household 
smoke detector was used. Sources of this type have heavy protective coatings on their 
surfaces, and do not provide a very accurate calibration scale. The more accurate method 
is to assume that the most energetic fusion proton seen is 3.02 MeV and use it as the scale 
reference.

Figure D.2.1 shows both the pulser data, and the 241Am spectrum obtained during the 
FEB92 runtime. Table XXII shows the measured values for the centroids of the four pulser 
peaks. The ratio of the pulser peaks is assumed to be well known, so the centroid values of 
the peaks define a linear scale which allows the origin of the energy scale to be accurately 
found. The Fit 0 value g '/en in the table, derived from the fit of line to the centroid channel 
versus pulser input, was then subtracted from the centroid value of the known energy peak 
(either source, or fusion protons) and from there the calibration equation was calculated.

The following calibration was obtained for the FEB92 setup using the 8 T( fusion 
protons (is the known : ^nal (cf. Table XI, page 81):

keV
E  = 0.993(3)—------   (channels -  23(3)) (D.2)

cnannel

Peak centroid (channels) Note
Pulser 30.00 
Pulser 60.00 
Pulser 90.00 

Pulser 120.00

1632.2(1)
3235.0(1)
4843(1)

6454.0(1)

a =14 Channels 
a =13 Channels 
a =12 Channels 
p =12 Channels

Pulser Fit 0 23(3)
241Am Source 4636(3) Energy=4.55(10) MeV

Table XXII: Centroid values and widths from the FEB92 pulser data. The Fit 0 value 
indicates where the scale begins, the a measures the intrinsic width o f the electronics.
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Figure D.2.1: The pulser and americium spectrum in the silicon detector for the FEB92 
run period.

Using the source as the energy signal gave:

keV
E  = ° - " (2) t o d (diannelS “  23(3)) (D'3)

Based on the widths of the pulser peaks, the FWHM energy resolution was about 30 keV, 
Likewise, the silicon detector in the AUG92 runtime had the following calibration:

keV
E  =  0.71(5)—:-----r(channels -f 5(1)) (D.4)channel

However, for this particular configuration, the electronics contributed a detector resolution 
FWHM of about 170 keV.
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A ppendix E

List of Abbreviations
Table XXIII: Abbreviations used in the thesis.

1AT2 Beam line 1, Target #  2
ADC Analogue-to-digital converter
AMP Signal amplifier
ATT Signal attenuator
BF Busy signal fanout
cl Confidence level (%); Probably of a worse x2 in a fit
CLF Clear pulse fanout
CnY(H/L) Wirechamber n Y-coordinate High/Low time
CnZ(H/L) Wirechamber n Z-coordinate High/Low time
CINH Computer generated inhibit
CnF Wirechamber n signal fanout
COIN Signal coincidence module
CPINH Clear Pulse Inhibit
del.e Delay decay electron coincidence
del-tel Delay decay electron coincidence with energy cut
DISC Signal discriminator
DYN14 Dynode 14 from the neutron phototube
DS Downstream target foil
EINi, E2N1 Plastic scintillators in front of Ni (i==l,2)
Y j B End of Busy
EEVG End of Event Gate
EEVGF End of event gate fan
El Extended computer inhibit
EVENA End of event gate timing output
EVG Event Gate
EVTO Neutron detector charge veto
EVCL Event Clear
EVTR, Event Trigger

continued on next page
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FAN Signal fanout
GMU Good muon (no pileup during the event)
GN1 Good Nl anticoincidence
HINH Hardware inhibit
LIN AMP High quality spectroscopy amplifier
MINA 20 cm diameter Sodium Iodide crystal
Nl, N2 Neutron detectors 1 and 2
1/N Prescaled trigger
1/NF Fanout module for the above
NIM Nuclear Instrument Module; logic levels 0 mA=off, -16 mA=on
PSD Pulse shape discrimination
PSD-5010 Pulse shape discrimination hardware module
PSD SHIFT Pulse shape discrimination I)C voltage level adaptor
PUG Pile up gate
T1 Particle entry scintillator
T1AMP Particle entry energy loss amplifier
T1ATT Particle entry energy loss attenuator
T1HI Particle entry with high threshold
T1IF Particle entry signal fanout
TBI Particle entry, no busy, no inhibits
TBIF Signal fanout for the above
TBS Tritium barrier space
TF AMP Timing filter amplifier
T I Torrx liter
TPn Trigger pulse from detector n
TRGn Trigger signal n
TRGF IVigger signal collection and fanout
TTL Transistor-Transistor Logic: 5 V logic levels
US Upstream target foil
WCINH Wire chamber high-voltage-failure inhibit
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