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ABSTRACT

CentraltoourelrortwM theinvestigationofmuon catalysisofnuclearfusion,inparticular
ofmuon lossprocessesandmuon production.Duringa briefperiodin1989/90considerable
efforthadbeendevotedtowardstheinvestigationofJones'reportofnuclearfusionoccurring
inelectrolysisofheavywater,withparticularemphasisbeingthesearchforconsistencywith
currentknowledgeofnuclearphysics.Thishasstimulatedan explorationintothecatMysis
offusionby ayetundiscovered,stable,ultraheavyelementaryparticle.Our muon catMysed
fusionresultsaregreatlyencouraginginthatwe considermuon catalysedfusionindense
anddegenerateplasmaenvironmentsashavingpracticMpromise.
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' " I Introduction

Ratherthantopresenttheevolutionarystepswhichhaveleadtothepresentresearchposition,and

which arelargelyreflectedin thepublicationscompletedunder the auspicesofthe program (see

Section13),we shallprimarilysummarize hereour currentresearchposition,indicatingwhere ap-

propriatewhat couldbe done inthefuturetoclarifyissueswhichwereopened up by ourprogress.
Followingon thediscussionoftheviabilityofcatalyzedfusion,we willpresentalongwiththekey

experimentalresults(Section3)a shortaccountofthephysicssurroundingthesubject(Section4).

This isfollowedby a discussionindifferentsectionsofkey researchtopicswe have addressed.In

consequenceoftheprogressmade, we believethatthefeasibilityof a small-scalefusionbasedon
catalyzedreactionsrestson eithertheremotechancethata yetundiscoveredultraheavynegatively

chargedelementaryparticleexistsinNature,oron thepossibletechnicalrealizationof a system
basedon muon catalyzedfusion(MuCF) inhighdensitydegeneratehydrogenplasma(density1000

LHD, temperature O(I00 eV)).

In Table 1 we show allhydrogenbasedfusionreactions,ltwas theobjectiveofthisresearch

program to identifyalternatepathsto fusionsuchthattheneedforthehightemperatureplasma
couldbe avoided.The fundamentalideaisto use a negativelychargedelementaryparticleto

screentheCoulomb repulsionbetweenpositivelychargedhydrogenisotopessuchthatspontaneous

fusionreactioncan occur.Followinga fusionreactionthenegativelychargedcatalystmust be set
freeinorderto facilitatea cycleof atomicand molecularprocesseswhich leadto a longchainof

¢atalyze#]nuclearreactions.Thisideawas indeedputforwardindependentlyby severalresearchers

inthe lateforties:Frank hypothesized[1]thatsuchcatalyzedreactionscouldbe atthe originof
thestrangeeventsseenincosmicraydata,and (asisreported)aboutthesame timesimilarideas

were developedinthe contextof hydrogenbomb developmentinthe SovietUnion by Zakharov.
The catalyzedIM fusionprocessproposedby Frankin 1947has been accidentallyexperimentally

discovered10 yearslaterby Alvarez[2]:muons when stoppedinhydrogenbubblechamber leadto
occasionalfusionevents,whose signaturewas visuallydetectedasan aberrationinthemuon decay
characteristics.

Muons areunstable(r - 2.2_s)radioactiveparticles,found in Nature as secondariesof the
cosmicactivity,and which need to be producedinelementarycollisionsin orderto generatea

usableabundance.The key propertyofmuons which allowsthem toperformthecatalysisistheir

relativelyhighmass (207timesthatofelectrons)which helpstolocalizetheirquantum mechanicM
probabilitydistributionsuchthattheirchargeiscapabletoreducetherepulsionbetweentwo light

nuclei,permittingspontaneousfusionto occurat a usefulrate.Muons arenot uniquein their
abilitytocatalyzefusion:inprincipleallnegativelychargedheavy elementaryparticlesareto be

considered.Among theknown,unmtaSleelementaryparticles,muons havean exceptionallylonglife
span which allowsformany fusionreactionsinconditionsof "normal"densityand temperature.

Other todayknown elementaryparticleseitherdecaytoofastor/andhavea preferencetoundergoa
reactionwithoneofthefusingnuclei.Thereremainsthepossibilityofa yetundiscoveredelementary

particle.Only an ultraheavy particlerwith Mx > 10IseV couldhaveescapeddiscoverytoday

and,as ourwork shows (SectionI0),suchparticleswould be quiteusefulincatalyzingfusion.
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' ' Table 1" Hydrogen fusion reactions

-84% SHe (5.4 keV) +_ (5.48MeV)

p+d
- 16% 3He(0.20MeV) +# (5.29MEV)

s.wave p-w&ve

--52% 42% t (1.01MEV)+p (3.02MEV)
d+d

-48% 58% SHe(0.S2MeV) +n (2.45MeV)

4He (52 keV) +'1 (19.76MEV)p+ t --*

d+t _ 4He(3.56MeV) +n (14.03MEV)

t +t ---. 4He + n + n (11.33MeV)

2 Viability of catalyzed fusion

i_ ali approaches to fusion one seeks to understand the abreak-even point", where the energy re-

quoted to sustain fusion is exceeded by the fusion energy yield. In catalyzed fusion (CF) such a
condition arises from comparison of the energy cost of the catalyst, presently s negatively charged

muon, and this has to be compared to the fusion yield reachable before the catalyst is "poisoned"

or simply decays due to a finite life time. We must consider the total rate of muon loss: in addition
to its natural decay, muons can be captured by elements with Z > 1, in particular also directly -

following the fusion reaction in the process called muon sticking to the helium nucleus, see Section 5.

For details of atomic and molecular processes in MuCF we refer the reader to our recent review ,

[3] in Advances in Atomic, Molecular and Optical Physics, Vo129. We note here that the achievable
number of fusions Y (yield) per muon, is obtained from the ratio of the cycling rate Ac (see Section 4)
to the rate of muon loss Al. The latter contains, apart from the rate of muon decay A0, also the
rate of muon lose due to sticking, Ac_. We have for the yield

Ac 1 1 (1)
Y = = + + <w;' <

Best confirmed values today are Y -- 150 and Ac -" 10s s-I. We note that it is not the rate of
the nuclear fusion reaction AX, especially for the very energetic reaction dt --, an which limits the
number of fusions per muon, but rather it is the rate of the different atomic and molecular processes

accompanying a fusion cycle, which are also contained in Ac < < AX. We note that:

where the sum includes the rate of fusion as well as ali the necessary rates governing the cycle of

reactions. Figure 2 below gives s brief impression of the numerous rates involved, and we discuss
the different processes required in the molecular cycle in Section 4.

Given the fusion yield, the Q.value of the fusion reaction fixes the energy yield:

Ey = QY __ E_ (3)
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_ ' ' which must be greater than the energy cost of muon production, E,. This break-even condition
is very different from the one known in hot fusion - in the latter case the energy loss through

radiation is compared to rate of energy production. In muon catalyzed fusion (MuCF) we com-

pare the characteristic nature of the cataJyst to the fusion yield. In consequence, there is little
dependence in MuCF on scale of size, and hence the magnitude of any final technical device solely
powered by MuCF is too a large extend left open to economical optimization. Let us now sum
up the current energetics of the muon catalyzed dt-rea_:tion. Every d-t fusion releases 17.6MEV
and hence the maximal energy yield per muon is presently 2.7 GeV stemming from a record yield
of about 150 fusions. Thus the so called _cie,_ti.fic break-even has been exceeded; that is, the

amount of fusion energy release by a single muon during its catalytic cycle exceeds the minimal

energy required to make the muon, which is 2m,c 2. As we shell discuss in Section li the cost
of muon production is about 10 GeV of thermal power. We are thus just about a factor 4 away
from the engineering breakeven, the point at which a self contained reactor could perpetually oper-
ate without energy supply from outside. Economical breakeven may be another factor 5 - - 10 away.

How can we gain a factor 20 or so required to make MuCF a fusion alternative? We take the
position that in pzinciple a much greater number of fusions per muon is possible, than _ 150 al-
ready achieved. A limit to the fusion yield per muon arises always in a particular context envisaged

for the likely MuCF fusion apparatus. We believe that for high density degenerate plasma, the
number of achievable fusions per muon is very large and that such an environment holds promise
for practical applications of MuCF, see Section 8.

3 Experimental status of IuCF

The important measurement involves the determination of the fusion yield, or its inverse, which

after some corrections is the probability of muon sticking in fusion w,. For dt fusion a surprisingly
small value was discovered by Jones ct 4/(1986) [4] at LAMPF sad since confirmed at many labo-
ratories including the PSI (Paul Scherer Institute formerly SIN), Triumph, KEK (Japan) and RAL.
Most of the US-LAMPF dr-fusion sticking fraction results were obtained considering the cycling
rate of muons and measuring the rate of muon loss. Similar experiments have now been repeated
with a somewhat different analysis of kinetics of the neutron emission and cycle dynamics. An

interesting novelty was the work of Hartmann [5] on the X-ray emissions from the MuCF cycle
from which the sticking probability can be extracted by a theoretical analysis. In a tritium rich
environment this is a very difficult experiment, as the natural triton decay generates a background
just in the energy window of interest.

A summary of the experimental measurements of w° is given in Table 2 and Figure 1. While
there is only a slight density dependence arising from the regeneration phenomenon in the theoret-
ical calculations using pure three body Coulomb theory, there is a pronounced trend (within the
error bars) for a decrease of sticking with density in the LAMPF data, which sre just barely in
agreement with the PSI - neutron based sticking data. However, the density dependence in the
LAMPF data could also be related to the fact that the high density points were obtained by chang-
ing the temperature near or in the liquid DT-phase. lt is interesting to note that these results sre
nearly half as small as the theoretical expectations. There is no doubt, in qualitative terms, about
the significantly smaller experimental sticking than the theoretical expectation, considering the
enormous neutron yield reported per muon, which can be as high as 150 neutrons [4]. Interestingly,
X-ray based sticking is in good agreement with the LAMPF neutron based data. The result shown
in Table 2 was extracted using the theoretical yield of Ka-X-rays per stuck muon: K_/_,:0.53.



- Table 2: The (a_) + sticking fraction for different d-t target densities _ = P/Po

DENSITY p = _p0 _=1.2 _=0.1

EXPERIMENT(from neutron detection)

JonesetaL (1986)[41 0.354-0.07 1.14-0.5
Breunlich et _1. (1987) [6] 0.454-0.05 0.504-0.10
Nagamine (1987){7] 0.424-0.07
Bossy et al. (1987)[8] 0.424-0.14

EXPERIMENT (from X-ray detection K./w.=0.53)

Hartmann(1990)[5] 0.364-0.09
Nagamine(1990)[27] 0.384-0.11

THEORY using w°=0.915

alter regeneration 0.59 0.65 ,s

4 Fusion reaction cycle

Each catalytic cycle cont_ns a number of processes in which with some small branching the muon
can be delayed and/or neutralized. Therefore it is necessary to understand the fusion cycle history,
including small probability alternatives. We will here briefly describe the complexity of the reactions
to be considered in a ultra pure mixture of Deuterium and Tritium. The main steps of the dt nuclear

cycle as shown in Figure 2 are summarized below, beginning with a free muon:

1. The _- is slowed in the mixture of hydrogen isotopes within less than 10-1°s to atomic
velocities, as can be deduced from muonic stopping power at LHD.

2. The _ is captured by one of the hydrogen isotopes d or t in proportion to their abundance
C_, Ct in a high orbit (nm 14), primarily by Auger procesmm.

3. Following the capture in an outer orbit:
a) If the muon is captured by a deuteron, it undergoes transfer to the heavier tritium isotope.
From the d_l,-state transfer must compete with the dd_ formation rate or direct fusion.

b) If the muon is captured by tritium, the muon cascades down to the (tp)lm state in 10-11 s.

4. The (t_)_e atom (with thermal or epithermal energy) collides with a D: or DT molecule and
either it:

a) there is direct nuclear reaction from which the muon emerges generally free and returns to
the beginning of the cycle.

b) or (t_)l, forms (resonantly) the excited (dt_,)11, muomolecule embedded within the host
electro.molecule. In this case in the muomolecule dtp(ll) an Auger transition follows, pri-

marily to the (Ju) = (01) state. This occurs within 10-_2s. Also within 10-12s nuclear fusion
takes place and the muon returns in most cases to the beginning of the cycle.
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Figure 1: Experimental and theoretical final sticking fraction as a function of density.

Irrespective of the fusion process (direct fusion or intra- molecular fusion process) the muon is
captured by (bound to) the product a-particle in a small fraction of all reactions. The branch-
ing ratio between sticking and not sticking reactions is the initial sticking fraction, which may
be reduced in the subsequent slow down process of the a_ + ion, which carries about I/5 of the

fusion energy yield (3.6 MEV). The molecular fusion cycle dominates at standard temperature and
pressure conditions and is best studied today both theoretically and experimentally. At STP the

muon stripping (regeneration reaches 300_, see Section 5.2. In order to increase the regeneration
probability it is necessary to consider degenerate plasma environments, in which theoretical calcu-
lations suggest that direct fusion processes dominate, see Section 8.

The population probability of the deuterium ground state ql, plays an important role in muon
cycle dynamics and a significant fraction of the average dt MuCF cycle time is taken up by the
time the muon spends in this state; also it may lead to the dd fusion reaction. The experimen-
tally observed (molecular cycle dominated) sticking fraction for dt fusion is 0.45 %, which may be
compared to 12.2 o_sticking probability for the dd fusion branch reacting into the SHe-channel. At
STP the molecular cycle dominates since there is a pronounced resonant molecular formation when
a neutral t_ muoatom enters a hydrogen molecule containing a deuteron, t_ can bind extremely
weakly to a deuteron, the muomo]ecu]ar binding energy being picked up by the (second) vibrational
band of the host electro-molecule. The rate of formation of such resonances is highly temperature
dependent. The understanding of this rate requires precise knowledge of the (11) state energy.

Because of the presence of the resonant process at STP, the molecular cycle dominates. How-
ever the nuclear fusion of the d and t occurs almost exclusively from the relative J - 0 states, and
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Figure 2: Representation of d-t._ fusion cycle processes

hence an Auger cascade is needed to prepare the initial state. The fusion proceeds also practically

exclusively via a SHe (_+) nuclear resonance located 50keV alcove the d + t threshold. The fusion
rate has been computed from the ground state and first vibrational molecular state to be of the
order of 1012s-l; the fusion rate from the (11) state is estimated to be of the order of 10gs -I, and
is primarily due to the non-adiabatic components in the wavefunction.

Fusion in the dd system is somewhat different due to the symmetry of the relative dci wave
function. The transition rate from the (ddl_) (11) state can only take piace if accompanied by a

., spin flip of one of the deuterons. The rate of this transition is su_iciently slow (37.3± 1.5)I0 e s -I [9],
for P-wave fusion to occur directly from the (11) state. The value of the branching ratio found in the
muon catalyzed fusion reactions at T=293 K is 1.4 in favor of SHe production. Most interesting is

the result [9] that this branching ratio drops below unity in MuCF d-d reactions at T=70 K. At this
temperature the resonant molecular formation rate has decreased enough and other mechanisms
lea_iing to the d-d fusion, e.g. Auger molecular formation or direct fusion reaction dominate the dd

fusion cycle.

The role of resonant processes in MuCF can not be understated: the extremely weakly bound
muomolecular states in the dd_ and dt_ molecules f_cilitate the formation of muomolecules and
hence these two cycles are considerably faster than other catalysis cycles, and known to have a
strong temperature dependance. The main reasons for the particular attention given to the dr#
c83e &re"

1. The dtl_ system possesses a (Jv) = (11) molecular state believed to be bound by just 596 +
2 meV, which can resonate with second vibrational band of the D2 molecule.
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. " " 2. The dtnuclearsystemhasa (Jr--_+) nuclearresonancejust50 keV abovethed+t threshold,
witha totalwidth of70 keV and hencethenucleard-treactionstrengthis100 timesfaster

than any otherinvolvinghydrogenisotopes;

3.The Q-valueforthed+ t---,a + n reactionis17.60MeV, making itone ofthemost energetic

ofallhydrogen-hydrogenreactions.

The lastpropertyisimportantdirectlyand indirectlyforenergyyieldper muon: the highpost-

fusionvelocityv_-, isat theoriginofthesmallmuon losstotheproduceda-particle,and alsoit
isthesourceofthe possiblemuon regeneration.

5 Muon sticking after fusion

5.1 Initial sticking after fusion

The probability of the initial sticking is the reaction branching ratio, in the case of the dr-fusion:

r(dt_ --. n + as) (4)
_o = r(dt# -., + a + _) + r(dtp -. n + a#) '

which is small, but significant in the context of possible MuCF applications. The total initial

sticking probability w° is actually the sum of the probabilities with which the muon sticks in any
a-particle bound state directly after fusion:

,,,o=ZlfR,. (s)
./

Assuming that the nuclear interaction can be _counted for ama perturbation, the branching ratio
of the reaction is found to be:

Z._l<-tlV._l{)l' (6)
_o= Z_ l<,_IV..li)l'+Z_ol<clV...li)I''

where In/>are the final states with a stuck muon and lc) those with a free continuum muon, and V.uc
isthenuclearinteraction.Alibra-and ket-statesinEq. (6) aresolutionsoftheCoulomb problem;
howeverfordifferentinitialand finalstateHamiltonians.ltcan be shown (seeReference[I0],

Section3.1 and referencestherein)that Eq. (6)isaccurateand does not invokethe so called

sudden approximation,aslongas itispossibleto ignoretheactionof thenuclearinteraction.In
thatcasestickingle:

I'(fd'_I_(,,o)i')*/'' (7)
With the adiabatic approximation to the three-body wave function:

@(r, R) = _rc(r; R)x(R), (8)

where:

1. the two center (TC) amplitude of the muon refers to a solution for a frozen position of the
hydrogens at separation R;

2. the relative nuclear motion amplitude x(R) describes nuclear vibrations under the influence
of the mutual Coulomb repulsion of the nuclei, kept together by the molecular potential
Vq_ = E(R);



. • • 3. E(R) is the Coulomb eigen energy to which at a given separation R the amplitude @Tc is sn

eigenstate.

Inserting Eq. (8) into Eq. (7) one finds the classic expression first obtained by Jackson [11]"

ad / *=I e (9)

Here @TO(r;0) is the muon wave function computed for the combined nuclei, i.e. the muonic SHe-ls
eigenstate.

Note that in these early discussions of the sticking process, it was customary to forget that the
muon is described in terms of the time dependent a-co-moving state. This omission led to claims
for the so called sudden approximation, i.e. that the sticking occurs instantly after fusion, in which
case it is not necessary to consider the time evolution of the muon amplitude. One of our early

contributions [12] was to clean up this confusion: the expression we presented above are the true
t -. oo amplitudes for sticking (adiabatic as well as nonadiabatic). From this observation arises
the necessity to study the po_ibility that the final sticking fusion amplitude takes so much time to
form, that its coherence could be disrupted by interactions in dense matter. We will return to this
issue in Section 6. We note here that in order to be able to describe this phenomenon we developed

a Monte Carlo Wigner-Function approach to the evolution of the fusion amplitude [13,14,15]. How
and if these considerations aft'ect sticking remains at present unresolved.

The adiabatic sticking probability is _0 ~ 1.2 % u shown in the first column of Table 3. More
sophisticated three-body non-adiabatic wave functions [16,17,18,19] lead to a somewhat smaller
value of w° = 0.89%, which is slightly dependent on the initial molecular state. The non-adiabatic
results presents_i in Table 3 are for the (ni)--(01) state from which most of the nuclear reactions
from with'_n t_ _nolecular system occur. In the last column of Table 3 the initial sticking fractions
into the rd stat_ _e presented amobtained allowing for the R-matrix perturbative nuclear impact
on the muon fusion amplitude. _0 __ 0.92% is today viewed by the majority of MuCF researchers
as the best value for the total initial sticking probability, questioned only in the context of possible
non-perturbative nuclear phenomena.

5.2 Muon reactivation

Our own work has addressed in considerable detail the issues surrounding muon regeneration. Once
the muon sticks to the a-particle, it is not entirely lost from the cycle of reactions: at the initial

velocity of about va_ - 5.82_c; it carries about 86 keV kinetic energy_ which is significantly greater
than the energy needed, 11 keV, to strip it from the a-particle. Even more importantly, it takes
many atomic collisions before the a_+-ion looses its energy, ca. 3.5 MeV. In order to relate the

initial sticking w0 _ _s(t -- 0) to the final sticking _, after regeneration, it is customary to introduce
R, the reactivation probability_ which can be density dependent. The final sticking is:

_, = _°(1 - R). (10)

The diverse muon stripping processes compete with the rate of energy loss of the (_)+-ion in the
hydrogen medium, which depends upon the stopping power S(u) and density p of the hydrogen:

dE

d"-t"= -pt_,_(v). (11)

I0
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- ' " Table 3: Partial sticking probabilities _(%) for the (01) state for the reaction (dt/_) --_ (/_4He) + n.

 ,O,(BO)O ,O,(01)b

ls 0.9030 0.6840 0.71
2s 0.1287 0.0981 0.10
2p 0.0321 0.0240 0.02
3 0.0509 0.0386 0.04
4 0.0220 0.0167 0.02
5 0.0086 0.01

ali others 0.0181 0.02

total 1.1645 0.8881 0.92

• Stickingfractionsin Born-Oppenheimerzpproximztion [11].
bCoulombstickingfractionsfroml_ferencel [18,19].
cStickingfractionsincludingnuclearinteraction modificationsof the wzve function I20,21].

The time required to bring the (a_,)+-ion to rest in liquid hydrogen is of the order of t,to_ _ 4× 10-11
at LHD, so muon stripping, if it occurs, does not have any impact on the cycling rate of the muon. In
the simplest first estimate of the significance of regeneration let us assume that ali muons captured
in excited states rapidly fall into the 1s-state, which is thus populated with the initial probability

_0. Allowing only for one step processes we find:

_---'_'= -_.,r(v)w,, (12)at

where A,t,(v) = ¢,t,(v)pv is the rate of muon stripping from the ground state, with the stripping
cross section _,tr(V) (sum of ionization and transfer cross sections). Using the energy rather than
the slowdown time of the a-particle as the integration parameter and combining Eq. (11) and

Eq. (12), the stripping fraction for the ground state is:

1-R_-exp - S(E) d , (13)!

where E0 is the initial and E l the final energy of the (ap)+-ion. The stripping fraction is therefore
exponentially the ratio of the muon stripping cross section to the energy loss weighted electron
ionization cross section referred to generally as the stopping power S. In this simple calculation,

Ro/for E l = 0 is found to be about 0.3.

In a complete treatment of the muon reactivation process necessary for example to obtain the
density dependence or the X-ray yield not only the ls state, but also ali excited states must be
included in the population equations, each of which has different initial amplitudes, see Table 3 and

different stripping cross sections. The excited state populations are coupled by radiative, Auger
and Coulomb induced de-excitation and Stark mixing (quenching) processes. The reactivation

probability R of the muon after fusion can be calculated including ali above processes by solving
the following coupled differential equations numerically:

= _ ,'-''Z). (14)rt|r @ • I
dt -"ion • 1

nt

,,-._.+ _ ),k--.,p,+ _-k--.,._ (15)AAu rk-- _$SC • | "'GZ¢

k>i k<i k>i

11



" Table 4: Reactivationcoefficientsofthe(a/_)+ reactionR u a functionofdensitywithquenching

crosssection_,-,2p=0.0037s_v-2 and withoutquenching(Q=0) [23].

density R R (Q-0)

0.0 .2782 .2782
0.2 .2908 .3181
0.4 .3093 .3441
0,6 .3251 .3653
0,8 .3376 .3815
1.0 .3478 .3938
1.2 .3561 .4036
1.4 .3633 .4115
1.6 .3696 .4183
1.8 .3752 .4239
2.0 .3802 .4290

- _ Ai''_kr_rad _ "t" Z I k-*_ n
k<i k>_

d

with

A(') A_=oo+ _ x,--.m (18)ttr = '_tra •
m

P_(t)isthe populationofthe (a#)+-ionstatesas a functionoftime t,P, isthe number of
strippedmuons. The reactivationprobabilityor reactivationprobabilityR is:

|otopR _' Ct)dr. (19)= A.,P_
.ro

The multiple step processes involving radiative transitions are the source of s weak density depen-
dence in the reactivation probability [22,23], see T_ble 4. One finds in the complete analysis that

Eq. (13)iscorrectin the limitofzerodensity,inwhich casethe transitionstowardsthe (a#)+
groundstatedominateallintermediateexcitationprocesses.

There sre a prioritwo pathsto enhanceregeneration.One possibilityisto identifyexternal
conditionsin which thestoppingpower isreduced- as alludedto thisisthe casein degenerate

plasmas [24].Indeed,itseems thatregenerationcan be nearlycompletein such environment.
Another possibilityistore-acceleratethea/_+-ion,which has been consideredinsome detailby

Kulsrud[25],and itrequiressn essentiallymatterfreespace,which is,however,inconsistentwith
thea_sumptionthata/_+-ionsaxegeneratedby fusionprocessesina densehydrogentarget.

There seems to remain a discrepancybetweenthe herepresentedvaluesof finalstickingand
theexperimentalresults.Thereforewe haveconsideredthe alternatemeasurement ofstickingby

observationof theX-ray yield.Shouldthe muon be bound st any time to the a-particle,there

willbe some muonic X-raytransitions.These ariseeitherfrom theinitialpopulationoftheexcited
statesorfrom theexcitationofthegroundstateduringthea-particleslowdown process.Ineither

12
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" " Table 5: Number of X-rays per 100 d-t.fusions: XYK. x 100 for densities _ = p/p0.
L ,,,

XY'K. XYx. XYKa/K . XYK,/XYK.

EXPERIMENT: __ I _ _ I _ _ 1< 0.oa o.o2±o.013Hm. n (I0)[Sl 0.  ±0.05 _
N_gmnine(1990)[27) 0.204-0.06

THEORY: _ = 1.2 _ = 0.I _ = 1.2 _ = 1.2
Cohen (1988)[28] 0.26 0.31 0.12 0.019
Markushin (1988)[29] 0.26 0.31 0.12 0.018
Takahuhi(1988)[30] 0.25 0.18 0.02_
Rafe_ski H Eet _ (1989) [23] 0.31 0.39 0.07 0.012
Stodden et _/ (1990) [261 0.31 0.36 fJ.082 0.021

NOTE: Theore_:.cal results a:e re-normalized to _o = 0.915%.

cue the radiative transitions occur in competition to the other density driven Coulombic processes
and hence their observed intensity provid_ key supplementary information about sticking. The
K-series X-ray yield per muon fusion, KX_-.I is obtained from the population probability Pi(t) of

the (ap) + states, given the transition rates Ara_:

riot.q,KX,...I = dt"'-'a_(t)_°. (20)'_r_sd
J0

A detailed investigst_on[23]of the dependenceof the KX-yield on the diversephenomens controlling
the hkto_ of the (a/_)+-ion hu shown, thst siEnificAntdifferencesare only brought about through
the choke of the Stark mixin$ in thr L-shell: turnin8 off the mixing reduces the Ka X-ray yields

by 30%. On the other hand, significant modifications of the stopping power could impact the
KX-yields. In particular, s reduction of the stopping power, which leads to greater reactivation

(and h_nce smaller final stickin$), increases the yield of muonic X-rays emitted after fusion. A
qualitative expression for P_ [23] shows, that the K= X-ray yield due to excitations into the L-shell
is: -_

xx. ~ '

where the ratio of the K-L excitation cross section to the stoppins power eaters. Consequently, a

(density dependent) reduction of the stoppin$ power enhances the KX= yield. This observation
precludes any s_ hoe manipulation of the stopping power of the (a#)+-ion with the goal of reducing
the final sticking, as this leads to an enhancement of the theoretical X-ray yield.

Taking the best theoretical sticking value of 0.92% to renormalize in prior theoretical results
on X-ray yields accordance with Eq. (20), we arrive at the theoretical values shown in Table 5.
It seems that the our theoretical results for XYK. [23], which were since confirmed by another

study, [26] are a factor 1.5 too large compared to the experimental values [5,27]. This difference
may be taken as s further suB,cation that muons are captured by fusion a-particles less often than
expected.

13
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• • 5.3 Density dependence of sticking?

There is a clear disagreement between predicted values of w, and the experimentally observed values
at high density with which unusually high fusion yields (more than 150 neutrons per muon [4]) is
ammciated. The source of this discrepancy could lie with any of the po_ibly misunderstood aspects
of the catalyzed fusion cycle, which is density dependent. But any density dependence (beyond the
trivial linear dependence of ali two body rates) requires either a competition between a two body
rate and &density independent rate, typically a radiative transition or the competitive presence of
three body processes. A third alternative is to understand the density dependence as a temperature
dependence in the range of 10-40K, since the high density points were obtained changing at the
same time temperature and density. If the density dependence of sticking is to be explained, its
understanding aught to be related to the following effectively density dependent processes known
at present in the MuCF cycle:

1. the probability to reach the ground state of dp (the so called qle probability). Here radiative
K=, K_ transitions in d_ compete with excited state transfer rates d, --, _;

2. the muon recapture probability (the convoy effect);

3. the probability of muon regeneration, where according to the present un¢': __,_.andingonly a
small density dependence arises from the competition of 2p-ls transition with excit&tion into
higher orbits;

4. there is a nonlinear density dependence in electro-muo-molecule resonance formation (three
body effect) coupled with the possibility of a small aticking side cycle of MuCF.

The original estimates of ql, predicted a strong density dependence. However, data [31,4] appear
to contradict this result showing ql, to be only weakly density dependent and is in addition larger
than theoretical values, ql, is not properly understood, but in view of the experimental results it
does not appear to be the source of the _m problem. The muon convoy effect would, even if it led
to a resolution of the density dependence, leave us with a very small value of the initial sticking
which requires a new phenomenon, perhaps related to non-perturbative interference of atomic and
nuclear interaction. However, the preliminary results concerning the direct meuurement of _0 at

very low density (the RAL-LAMPF experiment [32]) appears to rule this out, although the error
bars are large at this preliminary stage; it is thus probable that the low density initial sticking is.,

in agreement with conventional predictions. The final conventional source of density dependence
may be some unaccounted for factor in the reactivation probability. Attempts have been made

to explain this in terms of a density-dependent stopping power [23]. It is found (see Section 5.2)
that a density-dep_.ndent reduction of the stopping power could explain the density dependence
of the effective sticking; however, modification of the X-ray spectrum from transitions within the

(Hep)+-ion incr_ the current discrepancy already present between theoretical predictions and
experimental da_ _or ddp and dtp fusion.

6 Evolution of muon amplitude after fusion

While working on the problem of stripping (regeneration) of the muon from the a_, during its
slowing in passage through matter [12], we realized that we must also address the "opposite" phe-
nomenon: some of the unbound muons will travel along with the a particle in the Coulomb cusp,
and could be captured. The _mportance of this phenomenon would be that at the same time it
allows to understand the density dependance of sticking [4], since muons cascading in flight from
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• thehighctorbitwilloftenbe strippedagain.

As a firststepwe computed [34]the Ucapture"ofthemuon intotheco-movingcontinuumstates
inthesocalledCoulomb cuspleadingtoenhancementofthemuon phasespacedistributioninthe

vicinityoftheoutgoinga-particle.Some oftheseso-calledUconvoy"muons willrecombinewiththe

a-particledue to interactionswith thesurroundinghydrogentargetmatter.Thisispossiblesince
contrarytonaiveexpectations,muons travellingwitha velocitygreaterthan thatoftheemerging

heliumnucleusslowdown more rapidlytraversingthetargetmatter than the a-particledespite

theirfourtimessmallerstoppingpower,becauseoftheirsmallermass. Hence thea-particleeven-
tuallycatchesup with muons thatwere initiallyrunningahead,and thesecan then be captured

intobound statesby emissionofradiationorby externalAuger processes.We thereforealsoturned

our attentiontotheproblemofmuon captureinflight[35].Environmentalconditions,e.g.target
densitywillinprincipleinfluencethefractionofmuons availabletosecondarycapture.

The muon energyspectrumafterd+t fusionwas obtainedand compared to thecaseofd+d

fusion.Here the convoyeffectwas foundtobe lessimportant,consistentwith thepossibilitythat

the densitydependanteffectsaremainlypresentinthe d+t case.We found thatthefractionof
themuon spectrumcontainingonlymuons travelingahead ofthe a-particleamounted to 0.83_,

comparedwith lessthan0.1% iftheCoulomb attractionofthea-particlewas switchedoff.Inthis
work itwas assumingthatthefinalstatemuon amplitudecanevolvecoherentlywithoutinteraction
withthesurroundingmatter.Thisassumptionisnot necessarilycorrect- muons afterfusionwill

ingeneralundergos number ofcomplex processesduringtheirslowdown inmatter- when they
arebound tothea-particle,oraccompany itina convoycusp.Duringthistimebothetrippin#and

recaptureofconvoymuons initiallytravellingincontinuumstatesinrespecttothemuon canoccur,

inparticularalsothe interactionwithsurroundingmattercan contributeto incoherentprocesses.

The recaptureprocessadds tothe initialstickingand may potentiallyleadto densitydependent

totalsticking.Both stickingand convoymuons occurwith a similarprobability[34]oftheorder
ofO(I_). In thesestudiessn importantproblemisthedeterminationof themuon capturerate
intohydrogenor helium.Muon capturecan proceedeitherby Auger transitions,by three-body

collisions incorporating neighboring atoms or by radiative transitions. We have as a first step,
calculated the racliative capture cross sections from an initial continuum state to a final s final

boundstates [35] for continuum states with kinetic energies of about 10 keV and maxi_;um energies
up to the order of I00 keV.

We haz] thus embarked on a major numerical project with the aim of understanding the (incoher-
ent and coherent) processes directly following the fusion reactions. Our key point with potentially
significantimpacton understandingofmuon stickingistherecognitionthateventhoughthestick-

ingamplitudeinitsmagnitudeisinvariantintime,itsphasespacebuildup occursovera relatively

speakingverylongtime,whilethea- particletravelsseveral._.We studiedthe evolutioninthe

laboratoryframe intime ofthemuon distributionfunctionf(F,p'_and we obtaineda number of
quantitiesof interest,suchas muonic energyspectrum,distributionsin positionand momentum
spacesuitablyprojectedto illustratethepossibilityofmuons beingrecapturedby the a-particle.

Recognizingthatthe stickingprobabilityevolvesduringsn appreciabledistancealongwith the

travellinga-particleitmust be keptinmind thattherecan be otherinteractions,suchasCoulomb
scatteringfrom othermatteractingon themuon duringthetimeitspost-fusionamplitudedevel-

ops.Preliminaryresultsofthisprogramofresearchwerereported(see[15]and referencestherein).
However we havenotyetdeterminedifpresenceofmatterand/ormuon recaptureprocessesimpact

: thefinalstickingprobabilitysignificantly.
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. . T Direct fusion

Much of the detailed investigations of muon catalyzec] fusion reactions of the past year has centered
upon an investigation of the non-resonant in tiight processes in dt fusion leading to the fusion of d
and t. This involved the development of the R-matrix formulation for the dt system to incorporate
the presence of the muon, and the details of this work are contained in the Ph.D. thesis of David

Harley (unpublished). Two main processes have been examined; reactions in which the dt fuse
above the t_ + d continuum without the formation of sn i_termediate (11) dt_, -molecular state,
and transitions from above the t_+d threshold to the non-resonant (quasiresonant) dt amplitude
existing just below threshold.

The in-flight fusion processes has been computed by obtaining the dt nuclear waves in an effec-
tive potential generated by the muon. The R-matrix for the dr-an system was then used to match
the dt nuclear waves to the an waves, to obtain the fusion cross section. A rate of 2 × 105s -1 was

obtained at room temperatures [38]. Since the dt,.I = 0, 2 waves are coupled to the an continuum,
these waves extend as a continuum to below the d + t_ threshold. Thus transitions can be made
to a fusing dt state at any energy above the sn threshold. In the presence of the muon, these
transitions are mainly expected to occur in the region of the Coulomb resonances, viz. the (01) and
(00) states of the dt_ molecule, as the amplitude of the dr-an continuum state is greatly enhanced
by the existence of Coulomb bound states in the dt region. However, a transition from above the
d+ t_, threshold to these Coulomb resonances are inhibited by the large energy that must be carried
away by an Auger electron, and transitions to the below threshold are believed to be mediated by
the formation of the intermediate (11) dt_ state. Even transitions to the (11) state are suppressed
by the electron matrix element by the need to make s transition to the second vibrational state
of the composite ((dt,)dee) electro-molecule. This can be avoided if a transition is made from
directly above the d+ t_ threshold to the continuum dr-an state directly below threshold, exciting

just a rotational state in the ((dr#)dee) molecule. The electron matrix element is then of order
unity; the suppression is now in the dt matrix element, which is no longer resonant.

In Figure 3 we show the non-resonant continuum of nuclear states which exists both above
and below the d + (t_)l, threshold (up to -17.60 MEV). The continuum exists as a consequence of
the above discussed coupling of the dt_ channel to the an_ continuum, and the stationary states
may be easily constructed as the R-matrix is well known for this system. These global stationary
continuum penetrates deep into the dt region near to the 3-body Coulomb eigenenergies, with
resonantly enhanced amplitude, and generally has an amplitude about 10-4 smaller away from
these eigenenergies. Furthermore, just below (and above) the d + (t_)1, threshold, the amplitude
diverges weakly as the energy of the dt_ system approaches the d + (tp)l, threshold. In order to
be able to involve this near threshold continuum in the nuclear reaction processes, there must be
other bodies to pick up the (small) surplus energy. Hence such reactions are of importance at high
density.

In Figure 4 we show the impact of the direct pseudo-resonant rate on sticking, seen as function
of temperature, assuming as a parameter the strength of the reaction. The consistency of data

with this type of theory [33] suggest that the pseudo-resonant direct fusion reaction mechanism
could indeed be responsible for the smallness and vulnerability of observed sticking. It seems to
us that it is necessary to perform a complete re-evaluation of ali raw MuCF data with the explicit
allowance for a direct reaction mechanism of varying strength.
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, ' -8 High density catalyzed fusion

Muon catalyzed fusion in high density environment was first suggested by [36] and it was subse-
quently [37] severely criticized. These objections and our current position are as follows {39].

1. Stopping distance of muons in T > 10 keV electron plasma being too long (due to reduced
stopping power at sufficiently high temperature). Due tc the much enhanced direct fusion
rate, the required temperature is 1,000 times lower than considered originally [36,37]. Tem-
perature must be chosen wisely such that the stopping distance for muons is suffciently short,
while the regeneration of muons is enhanced [41,42].

2. Rate of formation of muonic hydrogen atoms being too slow and fusion reactions being too
slow up to very high temperatures. A detailed study [41] suggests that muonic hydrogen
formation is not a bottle neck. We have recently explored [33] direct nuclear fusion reactions,
see Section 7

3. IF-confinement time is thought to be much shorter than the required 5 _sec - this is a question
related to the required densities and temperature. In our opinion temperatures of the order
of 10-100 eV are sufficient, as we found new direct fusion mechanmrns. Hence the emphasis
shifts to the identification of the conditions of density and temperature, target size and its
geometry, for which confinement time of 5 paec at T-10-100eV can be achieved. This question
will require much further consideration beyond the scope of this project.

The main steps of the MuCF-dt cycle occurring in a D-T mixture are summarized below, adapted
to the situation likely to occur in an inertially confined high density plasma target - in order to
simplify the situation, we will consider a completely ionized target. Rates given are in most cases

normalized to the (atomic) density of liquid hydrogen (LHD) .00 - 4.25 10_2cm-s, which is the
convenient density scale. We note that when studying to the plasma process one must adjust
diverse Auger processes to reflect the modified electron density at the site of the muonic system:
normally the center of an electron atom we have:

I_(O)lZ = 1
= 50,00 (22)

We thusfindthatatdensitieswellabove50 LHD and T > 30 eV theAuger processesproceedat

a rategreaterthancomputed forconventionalMuCF atomicprocesses.In denseplasma we thus

havethefollowingMuCF cyclesequence:

I.Muons arestoppedwithinI0-Z°(.0o/.0)secina hydrogentarget.

2. Muons arecapturedintoatomicorbitsby Auger processes,which usuallytakeslesstime

than the stopping,with an estimatedvalue10-tz(70.00/.0)secor shorter.Sincemuons are
bound with an energy207 timesgreaterthan electrons,theyc_n form atomicstructurest

temperaturesup toseveralkeV.

3. Muon cascadesdown by (external)Auger processesinducedby two body collisionsto the

muoatomic L-shellwithin10-zz(.00/.0)sec. The finaltransitionto the ground statetakes
lessthan theradiativerate,which isjustabout 10-llsec,asitislikelythatthistransition

willMso be dominatedby collisionprocesses,much likethetransferprocesses.We notethat
shouldthemuon be capturedinitiallyby a deuteron,transferprocessestotheheavierisotope

compete withthecascadeprocessesind_.These transferprocesseswillbe greatlyenhanced

ascompared toconventionalMuCF due to threebody collisionsinvolvingthemuoatom and
two hydrogenions.The relativepopulationd_ _ t_ iscontrolledby the Boltzmann factor
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. • . e-_E/T, where _E = 48 eV is the energy between the Is-states in muo-deuterium and

muo-tritium. For T<48 eV the muon is mostly in the (t/_) state, at higher T we have a
concentration proportional distribution.

4. The de-excited muoatom collides with another hydrogen ion and undergoes direct fusion
reaction at a rate presumably exceeding 109s -1 at 0 = 1,000p0. In this respect the IC-MuCF
system differs completely from conventional MuCF which proceeds via a chain of molecular
processes.

5. If the muon has been captured by (becomes stuck to) the helium produced in fusion, it almost
certainly will be regenerated in collisions. The fusion yield is thus mostly limited by reaction
rates.

We have studied several direct reaction mechanisms that may occur in IC-MuCF environments
[33]. The most immediately obvious is in- flight fusion, in which the Coulomb barrier between the d

an t is substantially screened, permitting fusion at low temperatures [36]. At energies below a few
keV, tunneling through the barrier is essentially energy independent and the fusion cross section
consequently changes like 1/u. The resulting fusion rate at LHD, which we have computed using
an R-matrix parameterization of the dt nuclear interaction and which is in substantial agreement
with results obtained using optical potentials, is then approximately [38]:

A,!"-1 x 10s (p/p0)s-l (0< T < I00eV). (23)

Thisratescaleswithdensity,so8t10s LHD we c_n thereforeexpectsomethinglessthan 100fusions
permuon.

A seconddirectreactionchannelwhich we have studiedreliesupon the belo_thresholdam-

plitudesof the dt_-an_ continuum,seeSection7. In the dt_ system,thereexistsa largeand

long-rangedleakageoftheUfused"an continuumintothedtchannel,dtstatescan fuseby making
transitionsto thisbelow-thresholdquasi-resonantcontinuum. Typicallywhat we have in mind

isthe transitionof a d + t_ continuumwave to the below-thresholdcontinuum,followingsome
interactionwhich permitsthetransition.The contributingtransitionsare thosewith initialand

finalenergiesveryclosetothed + t_threshold,withsizesoforder_, inwhich crammany particles
arewithinthereactionregionand many-body reactionsbecome important.

The _-_',_:esswe have found tobe most favorableat hightemperaturesisthe scatteringof t_
offd+,placingthet/_off"mLu shellwithrespectto a seconddeuteronand enablingthetransition

to thebelow-thresholdstate.Sincethisisa three-bodyreaction,thefusionratescalesasp_.This

reactionexhibitsa mildbut importanttemperaturedependence,favoringlow temperatures.The
temperature here refers specifically to the temperature of the d+ ions and the t/z, and in fact most
of the fusions come from the low energy part of the thermal distribution. Any deviation from a

MaxweUian distribution would have an important impact on the fusion rate. This phenomenon of
an increasing fusion rate with decreasing temperature is due to the increasing integrated strength
of the below-threshold wavefunction wave in the dt channel as the energy approaches the d + tp
threshold, in which cue it is the low energy part of the thermal spectrum that makes the dominant
contribution to the rate.

Another three-body direct fusion reaction may be equally important; this involves the initial
scattering of two d+ ions before one ion fuses with the t/J. In this c_e, the scattering matrix
element is strongly energy dependent, although the dominant contribution comes from the region
of the thermal spectrum in which the momentum of the scattering d+ ions is comparable to the
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reciprocal of the screening length. In consequence, the fusion rate is more temperature dependent
than for the d+-t_ pre-scattering case. In Figure 5 we show a number of characteristic rates as

function of temperature 1 < T < 100 eV for a dense thermalised degenerate plasma at p = 1000p0.

Aside of the rates discussed above we also show the (11) resonance formation and dissociation

' rate, as well the de-excitation rate. As is apparent, only for temperatures in 10-30 eV are current

calculations suggesting the dominance of the novel fusion channels discussed here.

Other direct reactions to be still considered include in particular the formation of deeply bound

muonic molecules in three body collisions, as well as the rates of their dissociation, to be com-

pared to fusion rates which for J=0 angular momentum states are long -l. lt is likely that we

did not yet identify the dominant fusion mechanism among the many possible processes in dense
matter. On the other hand we have demonstrated here that high density (inertial confinement)

MuCF deserves a thorough study as our results suggest that we have identified a viable path of

high density and (relatively) low temperature targets in which thousands of MuCF fusions seem

possible. We recall that in a degenerate plasma muon sticking is sui_ciently reduced by the token

of greatly reduced stopping power. The limit to fusion yield in degenerate dense hydrogen plasma

is mainly given by the cycling rate and losses due to finite size of the system, both issues present-

ing considerable future challenge, lt is fair to say that in degenerate dense plasma MuCF we are

facing a set of problems which are at least as involved _ were faced in last 30 years in MuCF at STP.
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• . 9 Catalyzed fusion with Z > 1

We have also investigated the processes involved in muon catalysis of hydrogen isotopes with light
nuclei Z > 1, with the objective of identifying systems in which at least one fusion per muon is
possible [43]. A particular practical advantage of such systems is the possible absence of neutrons
in the final state, as well as the avoidance of tritium as a reactant. We systematically explored
ali nuclear systems searching of those having the potential to lead to fast fusion rates despite the
high Coulomb barrier. We have considered here in some detail the tunneling through this barrier
as well as the internal conversion of the muon. Furthermore, we established in qualitative terms
the necessary conditions for muomolecular rates in collisions of muonic atoms of hydrogen isotopes
with small concentrations of light elements.

There are two main reasons why MuCF reactions involving Z > 1 nuclei has previously been
dismissed. The first one is that if the rayon becomes bound to a Z > 1 nucleus, it forms a positively

charged and therefore inert ion, which will not continue in the chain of fusion reactions. Only if the
muon remains attached to a hydrogen isotope, the muonic atom is neutral and can approach closely
other nuclei. Hence, only one of the reacting nuclei can have Z > 1. The second reason, already
noted by Frank [1], is that the barrier penetration calculated in the WKB approximation yields
fusion rates more than ten orders of magnitude smaller than those involving hydrogen isotopes
only. In our work we have shown why these arguments are unfounded for certain systems.

Despite some significant advances we do not believe today that muon catalyzed fusion involving
nuclei with g > 1 is a practicable alternative to d- t fusion; since Z > I nuclei have to participate
in the reaction, muon capture (scavenging) cannot be avoided; however, the significance of non.
molecular in flight scavenging can be reduced by working with small partial concentrations Cz of
Z > 1 light nuclei, an approach which is possible if formation of (Z#H) molecules is the dominant
reaction due for example to the presence of strong resonances in the material used. In order for
Z > 1 MuCF to be of practic41 interest, a number of requirements must be met:

a) the effective rate for muonic molecule formation must be of order 109 s-I/Cz to allow for
1000 fusion cycles during the lifetime of the muon;

b) the rate for nuclear fusion must be at least 109 s -l, but also at least 2000 times the rate of
intramolecular transfer reaction of the muon to Z;

c) the probabilities for scavenging of the muon by a Z nucleus or for capture by a fusion product
(sticking) must not exceed 0.1_.

It seems that there is no case of fusion-interest in which these requirements could be fulfilled.

- However, in order to see one fusion per muon for purely fundamental research interests much more
realistic values of the above parameters (10es -1) arise. Another reason to continue further in this
research direction is the need to understand the impact of light element impurities with Z>I in
MuCF. MuCF with Z = 2 (He) has already well studied. Molecular scavenging studies was found
to have a rate of 108s-l.

10 Fusion catalyzed by ultraheavy charged particles

An initial reaction to the report of sporadic observation of fusion neutrons by Jones et al [46] in
heavy water electrolysis was that cosmic muons are at the origin of these phenomena [47]. The
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. ' primary objectionto thissuggestionisthe wellknown factthat muons would veryquicklybe-
come bound to elementsotherthan hydrogenand areremoved from thecatalyticcycle.Direct

experiments[45]have notbeen ableto confirmMuCf asoriginofJones'neutrons.Attentionthen

turnedtothepossibilityofquarkcatalyzedfusion[48],but itisdifficultto understandwhy, given
therelativeeaseofdetectinga fractionalcharge,ithasnot been observedattherequiredlevelof

abundancein matter.Another catalyzedfusionalternativewe in particularpursuedisthepossi-
bilitythata yetundiscoveredultraheavy,stable,negativelychargedparticlercould catalyzethe

observed fusion reactions [49].

There hasbeen a longstandingsuggestionby Mamyrin [50]ofthepossibilitythatan unknown

catalystisthesourceofpoint-like,highabundanceofSHe inindustrialgrademetals,toughother
more conservativeexplanationsare alsoadvanced (e.g.tritiummigrationto metal defects.To

presentday,the possibleexistenceofsuch new particleI'remainsin the realm of a speculative
thought.However,shouldsucha particleexist,itwouldhaveextraordinaryfusioncatalyzingprop-

ertiesworth furtherrecord.The particularadvantageof the largemass Mx forthe purposeof
catalyzedcoldfusionisthattheinertiaofsucha particledelaysitscapture,eitherbecauseofits

immobility,or becauseofitsreducedcapturerateby otherelementsdue to the highlyincreased

energyscale.Furthermore,a stablerwould bindintheearlyUniversewiththeproton,toform a

neutralobject(lp)witha bindingenergyof25 KeV (assumingforsimplicitya pointlikenaturefor

theCoulomb potential)and a sizeof30 fm. Henceevena substantialcosmicfluxoftheseparticles
couldgo undetectedtillpresentday,and thedetectionoftheirpresence,bound withheaviernuclei
on Earth requiressensitivityto ultra-heavy"nuclei".Up to now experimentshave had littleto

say about Mx > 101SeV.Severalrecentstudies[51,52]havepointedoutthattheexistenceofrof
mass O(PeV - I0IseV) would be most welcome,explainingcertaincosmologicalriddles.These
considerationsalsosetupperlimitson possibleabundanceoftin Nature.The fluxofsuchparticles

islimitedby theircontributionto thetamm ofthe Universeand isthereforeF < O(1 cm-2s-I)
whichforMx ~ 101SeVwould closetheUniverse.Such a fluxwould,however,induceobservable

X-rayactivityintheouteratmosphere.However,atthelevelof10% ofthefluxneededtoclosethe
Universe,we stillwould havein theseentitiesas much mass as in thevisibleUniverse,and their

flux,would have remainedundetectablebut can leadtoobservableelectrolysisfusionphenomena.

Inour work [53]we have extendedconsiderablyconsiderationsof Ioffeetal[54]regardingthe
interactionof l'indeuteriumrichenvironment,which we believewould be particularlysuitedto

stopthe cosmicfluxofsuchultraheavyparticlesintheform (Xp).We notethatdespiteour and

otherstudies,thecomplexchemistryofI'isdifficulttoassess[49,53,55].Despitetheseuncertainties
we can predictthattin a densedeuteriumenvironmentwillinducecatalyzedfusions,and this
constitutesa sensitivemethod ofdetectinga primordialfluxofsuperheavychargedparticles.The

particularsystematicadvantageofa searchfortin deuteriumrichenvironmentsderivesfrom the

factthatneitherthepreciseknowledgeofallinteractionsbetweenX'andhydrogen,northemass of

]['arecrucialparametersfora largerangeofvalues.Inourview [49,56,53],thefateof(Xp)impinging
on materialswithevena tinydeuteriumabundanceisasfollows:

I. (Xp)becomes(ld)followinga hydrogenexchangereactionon deuterium.Sinceinthisprocess
25 kev energyisreleased,the relevantcrosssectionisverylargeand we believethatthis

processisby farthedominantchannelforan exchangereactionofXp withnucleiinmatter.

2. Once (ld)isformed,ithasan appreciableprobabilityofinducingdiverse(d,p)ord-d nuclear
fusionreactions.Energy releasedinsuch interactionsleadsto theremovalofthehydrogen
remnant from theX'atomicorbit.

3. Subsequently,a negativelychargedX- willpassthroughthematter,leavingbehinda track
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" " of ionization energy. The substantial relative kinetic energy of Mx, which may be as high
as 500 MeV and which arises from tl:e motion of the Earth through a gas of these neutral t

objects presumed to be nearly stationary in the Universe, by virtue of their large mass.

4. The reason that a flux of (Xp)could have gone undiscovered may be in part due to a probably
small chance of I'reaching the Earth's surface. The chance of X'reaching the Earth's surface

in its active form (Xp)or (Xd)is potentially a function of numerous environmental factors,
due to the complex pattern of interactions X'can enter with different materials in even trace
abundances.

In conclusion, while we have pointed [49] to the pouible relation between the Jones' report [46]
of neutron activity in electrolysis with natural flux of yet undiscovered rparticles, the question if
this is the source of the observed anomaly is purely experimental, and so far there seems to be no
positive evidence to confirm this proposal. On the other hand, from this work arises the insight
that fusion activity is a sensitive probe for the flux of ultra heavy, negatively charged particles [53],
and that existence of such entities would very probably make catalyzed fusion viable.

II Muon production

Any MuCF system we design will effectively be an energy multiplier as without an input (in form of
the catalyst) it can not function. Consequently, it is clear that there is a lot of practical leverage in
reducing the energy cost of muon production. We also note that muons need to be formed in large
quantities since even if each muon were to catalyze thousands of fusions, the thermal power would
be 1.5 10-SW per muon during its lifetime (assuming I000 fusions per muon). Said differently,
in order to generate the continuous thermal power of only 1.5 MW, we need a steady presence of
10_ muons, that is a usable muon flux of 10_/2.2 × 10-e/s-70nA muons. The muon production
issue can be summarized as follows: how does one produce _A fluzeJ of usable muons at an energy

cost which is not 9rester than few Ge V beam power per muon? The practical p_th to produce high
intensity cheep muon beams as required in MuCF is believed to proceed via hadronic interactions,
that is the production of negative pion beams in collisions of (neutron-rich light) nuclei which in
vacuum always decay into the needed negatively charged muons. In addition to the composition of
the beam and target, the f- production cost depends also on the geometry of the target, projectile
beam energy, and the external fields used to channel pions out of the target volume.

In our at this stage conceptual, but quantitative work we have invoked off-the-shelf technologies
only, when considering the energy cost of muon production, lt should be remembered that a usable
muon is a muon which has been stopped within the MuCF fusion vessel. There are two principally
different concepts which we considered:

I. the active target scheme: a fixed target is external to the accelerator, and production of muons
for fusion occurs in immediate vicinity of the fusion vessel, the muon (pion) production target
is practically the fusion device. Such a concept is in principle similar to the spallation breeder
concept and similar ideas have been put forward to merry muon catalyzed fusion with fast
breeder - - we have rejected this line for pragmatic reasons and were lead to consider:

2. the storage ring with internal target: the beam of particles which contains the energy to be
used for muon production is stored in a ring whichcontains a thin primary target - secondary
beams emanating from the interaction of the stored beam with the internal target are either
directly or indirectly employed in shaping a suitable muon beam - considerable advantage is
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Figure 6: Scheme of s MuCF reactor.

derived in such sn approach from both the presence of the negative pions in the secondary
bean= as well ss from the diversity of the secondaries originating in a well defined interaction
vertex.

In detail, the scheme [57] which we believe is most practical consists of a storage ring, a thin
internal beryllium target and several thin external targets, see Figure 6. The stored proton beam

(5 GEV), chosen also to minimize beam losses produces as'.3e of the primary w- also other usable
shower particles. Shower particles are directed to external target to produce more negative pions.
To evaluate the effectiveness and cost of pion production we carried out simulations with a hadronic
cascade Monte-Carlo code. We have estimated the negative pion production cost for a number of
metallic internal tarsets, such as Be, Pb, Ag, ¢= and ILl. We have studied the secondary shower

particle distribution as function of enersy, momentum and azimuthal angle for these metals as the
internal target materials. We found that the energy cost, about 11 GeV beam energy per first
interaction negative pion are comparable to other proposed schemes. However, we found that it is

possible to greatly reduce this cost by use of the secondary bean= emerging from the thin internal
target. Includins _- production by secondary shower particles from the internal target having sn
azimuthal angle sreater than 36°, we estimate an energy cost of about 2.7 GeV per negative pion
for sn initial beam momentum of 5 GeV/c: "jsin8 beryllium as internal and external target material.

Even though there is no convincing evidence as yet that MuCF will ever become a viable en-

ersy alternative, several workers, in recognition of the observation that the fusion yield and cost
of energy pro_iuction are strongly system dependent, began the conceptual MuCF-fusion reactor
desisn. Fundamentally all such work centers around Petrov-MuCF reactor system [58]: a hybrid
system consisting of a MuCF fusion reactor with a plutonium breeder reactor. This system includes
sn accelerator (for d or better t), a pion-producing target, a convertor and blankets. Our work,
however, susgests sn alternate approach. Rather than to multiply MuCF energy yield by a breeder
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• " reactor, we think that it is possible to increase the fusion yield in particular in extreme conditions

prevailing in degenerate hydrogen plasma.

12 Studies of nuclear cold fusion

Even before the report by Jones [46] of the pouible observation of nuclear fusion during electrolysis
of heavy water there hsa been some interest in the possibility that fusion could be catalyzed by
ordinary electrons in non-equilibrium conditions [59]. Spontaneous fusion of Ds molecules at an
observable rate was dismissed in a study by Van Siclen and Jones [60], who estimated a fusion rate

in the D:_ molecule of less than 10-7° s -]. Following on the experimental report,we have considered
in some detail conditions which my have lead to the result. The effects considered [61] were space
confinement, electron screening, and/or some collective mechanisms which could effectively increase
the mass of the electron or lead to en enhancement of the deuteron relative energy. It was further

recognized that diverse solid state effects greatly influence the interaction potential and hence the
fusion rate [62]: the high electron densities available in metal hydrides lead to a substantial decrease
of the long range Coulomb potential, particularly for long distances. Hence even though the mean
separation between the hydrogen nuclei in a metallic lattice is larger than it is in the usual molecule,
the fusion rate can be consider_.biy greater, since metallic electrons form a electron plasma and

plasma density fluctuations pro ride a natural screening of the long range Coulomb potential:

V --ZIZ=e 2e-dr'. (24)
r

If r, derives from the density of states of the conduction electron gsa, we find that r, can be am
small as 0.15 _ for palladium and 0.25 ._ for titanium, taking the density of states from the heat

capacity of electrons. In titanium, the equilibrium separation between two neighboring hydrogen
sites is significantly smaller than in Pd, making it potentially the more interesting material for
fusion studies in condensed matter.

The two body fusion rate at low energies is mainly controlled by the tunneling through the

repulsive Coulomb like barrier, and this process is controlled by the parameter r/which in WKB
approximation is given by:

The remge of the iteration is in the classically forbidden region of motion, where the root is positive
definite. /_ is the reduced mass pertinent to the relative motion of the reacting bodies, V is their

(repulsive) potential and E is the relative energy° For the Coulomb potential, r/ reduces to the
usual Sommerfeld parameter, i.e. r/c = al(vie) where a = 1/137 is the fine-structure constant.
The critical role of r/is best illustrated by recalling the Gamov form for the nuclear reaction cross
sections:

_r(E) = $(---_--_)e-zn(r';''). (26)

Here, S is the so called astrophysical factor, which in absence of threshold resonances is a slowly
varying function of energy. For energies of a few keV, the d-d-fusion neutron S-function is measured
to be about 53 keV barn, and in free space q = _/_/-E, where for E measuzed in keV, _ = 44.4021

(keV)_. lt is easy to see that to reach Jones' fusion rates energy scale of P,_cw 100 eV is required.

We note that the conventional expression Eq.(26) fails in principle for low energies: while all
inelastic cross sections must diverse as inverse of the relative velocity (screened Coulomb poten-

tial), the above expression for a screened Coulomb potential diverges as I/v s. We have therefore
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Figure7: d(d,n)SHe crosssectionforscreeningradiusr,=0.05.1Lina reactionmodel [63].

devotedmuch effortto developeda correctand sophisticatednuclearreactiondescription[63]of

low energyd- d fusionprocess.We indeedfoundthatwhileforultralow energiesthediscrepancy
we notediscorrected,theG smov formulaEq.(26)applieswhen theratesofreactionsreachthehere

interestingvalues.The situationisillustratedinFigure7 wherethe d(d,n) crosssectioncomputed
forscreenedpotentialina reactionmodel isshown fortheoverscreeningused,r, = 0.05JLThe

. dashedlineistheresultoftheastrophysicalformula,thefulllineisthereactionmodel.One should
be cautionednottotakethemagnitudesoftheseextremelysmallfusioncrosssectiontooseriously,

since there is almost certainly some yet unaccounted for hiQher order or collective process at such
s small level. Our final conclusion is that it is not possible to explain ,]ones' neutron production in

terms of two body reactions [64].

Consequently, only non-equilibrium, collective many body phenomena could have lead to the
fusion rate reported. Jones's cold fusion must be s quantum process, far away from the classical

limit. Especially in a near degenerate condensed matter environment a theory must allow for many
body non - equilibrium quantum phenomena. Yet estimates of fusion rates u briefly reported above
are based on classical two body free space reactions. Note that despite the fact that individual

deuterons are claasical objects, a part of their amplitude is in the quantum domain (otherwise they

could not fuse at all) and the question arises about the coherence of the small quantum tails of the
N-body wave function. This issue may be greatly amplified where non-equilibrium phenomena are
involved.Only a non-equilibriumstudyofd_/n_micquantum . two -plasma modelcan providethe
ultimatetheoreticallimiton a conventionalcoldfusionrateincondensedmatter.Such a project

presentsformidabletheoreticalchallenges.
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Anotherquestionwhich aroseinthe contextofJonses'experimentwas theissuewhich isthe
more sensitivemeasure of rarefusionactivity:the laboratoryexperiment,or the astrophysical

limitsarisinsin particularinstudiesofpropertiesof ultrarnassiveplanets,such as Jupiter.At

leastin part,the impetusto studyfusionin condensedmattercame from the associationofthe

highpressureinthisplanetwithfusionrates[60].These resultswerereconsideredsoon aftercold

nuclearfusionphenomena caznetopublicattention[65].We havecarefullyevaluated[66]withina

realisticJupitermodel [68,67,69]thefusionyield,includingthe _.cumulatedfusionyieldoverthe
historyofthe planet.One ofthereasonswe areinterestedin temporalevolutionisthatat these
smalltemperaturesnuclearfusionreactionsarerecognizedby theaccumulationofSHe and hence
a changed isotope ratio of SHe to 4He.

The existing theories of the Jupiter are constrained by the few observational properties of this
planet.The most importantconstrainsare:Mass: Mj = 0.00095Mo; Radius:Rj = 7.149x I0_

cre;Age: tj--4.5x I02years;Luminosity:Lj --7.04x 1024efg/ssc,which isabout twiceasmuch
energymsitabsorbs.We notethatpresentdensitiesofhydrogenand temperaturesatJupiterare

about 50 timeshigherthanthoseinmetallichydridesexploredinexperiments.While thetemper-
atureisalso50 timeslargerthan theroom temperature,the mean hydrogencollisionenergyon

Jupiteritisstillsisnificantlybelowthelowestenergyaccessibletolaboratoryexperimentstoday.
In the standardmodel theintrinsicthermalradiationfrom Jupiterisexplainedin terms of the

gravitationalcontractionand coolingofs solartypecompositionobjectofJovianmass.However,
thesemodelsleaveample opportunityformuch oftheheattobe generatedby othersources.

We usedtheresultsofthesphericallysymmetricmodel ofJupiterbasedon Ref.[69].The planet
isassumed t_ be fluidthroughout,completelyconvectiveexceptfora thinradiativezone in the

atmosphere,completelyadiabatic,and fullymixed.In theconvectivecore(about80 0_by radius)
electronsaredegenerate.The sur/aceconsistsmainlyofmolecularhydrogen,and asitisa small

fractionofJupiter'stamm,itdoes not matterinour considerations.The standardmodel results

implythatthecentraldensity,4 g/cres,correspondsto al)out2 x 1024hydrogenatoms per cubic
centimeterand the centraltemperatureisabout 1.4eV - and both thesequantitieschange very

slowlyinsideJupiter.Under theseconditionsourconventionalwisdom calculationsuggestthatthe

fusionyieldisdominatedby p - d reactionsand is17ordersofmagnitudeshortinexplainingthe
luminosityoftheJupiter.

We than examinednuclearreactionratesassumingthattheinteriorofJupiteristwicehotter
thanitisactuallybehevedtobe,i.e.thecentraltemperatureisabout2.8eV.Thisassumptiondoes

not violatethebasicphysicsofJupiter,inparticularthe equationofstateofdegenerateelectron

gas.The Fermienergyofelectronsisestimatedtobe aboutE! *,,50eV, and isstilllargerthan the
assumed _entraltemperature.Incomparisonwith thestandardJupitermodel thed-d fusionrate

isincreuedby more than fourordersofmagnitude,but p-d fusionisstilllargestby sevenorders

ofmagnitudeand we arestillabout13ordersofmagnitudeaway from a significantcontributionto
Jupiter'sheat.On theotherhand we foundthatshouldtheinteriorpressurebe twicethecurrently
believedvalue,the fusionenergyreachesthe thermalyieldof Jupiter.This occurssincesucha

changeinpressureinducesa drasticchangeintemperatureprofileoftheplanet,itisnotbelieved
thatsucha grosschangeofstandardJupitermodel ispermissible.

At thispointwe notethatwe usedtheoreticalreactioncrosssectionswhich would neverlead

toobservablenuclearphenomena inmetallichydrides.So imaginethatforsome yetunexplored

reason,allconsiderednuclearprocessesatultralowenergieswouldhavebeen enhancedby a factor
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• . of1017,theexcessheatofJupitercouldthanbe easilyattributedto "cold"I>-dfusion.We alsofindo

thatsuchan enhancementofthefusionratewould leadtosn enhancedSHe to4He ratioinJupiter.

Moreoverwe can questionwhat happensifwe usume thatd-dfusioninJupiteroccurswitha rate

inferredby Jonesi.e.,which means that< #. v >_ isenhancedby a factorof 10Is.Then therate

ofenergyproductioninJupiterdue tothed-dfusionisstillnineordersofmagnitudesmallerthan

theobservedluminosityofJupiter.Thus Jones'experimentisby somuch a more sensitiveprobe
ofratesofd-d fusionreactions.

We have thusdeterminedthatthe Jones'sexperiment[46]isnot in any contradictionwith
availableJoviandata and thatindeedtheexperimentisa more sensitiveprobeoffusionactivity,

consideringboth timeevolutionand thepresentday Jupiterconditions.More generally,we found

no physicalenvironmentwith which Jones'result[46]forsporadicneutronproduct;oninheavy
waterelectrolysiswouldbe inconsistent,eventhoughwe have notbeen abletofindan explanation

forthephenomenon:we areleftwithquestionsrelatingtopossiblecatalyticactivityofa yetundis-

coveredparticlerand possiblycollective,o/]'-equilibriumquantum behaviorin metallichydrides
underelectrolysis.

13 Principal publications

Listed here are publications co-authored by the principal investigator in the field of Energy Re.
iatee[ Applications o.f EJemeatarl/Particle Phl/aics which were prepared under the auspices of the
here reported prosram in the period February 1988 - May 1991. This list contains aside of ref-
ereed papers, significant unrefereed work such u major conference and laboratory reports, books
and chapters in books, which when appropriate sre placed in direct relation to related refereed work.

GENERAL REVIEWS PUTTING THE WORK INTO GREATER
PERSPECTIVE

, Proceedings oi tl_e 1988 MeetinO on "Muon CetHTlZe_]Fusion',S.E.Jones,H. J. Monkhorst
' and J.Rdelski,eds.,AIP ProceedingsseriesNo. 181,New York,1989.

* "The ChallengesofMuon CatalyzedFusion,"inMuon CatH_IZedFusion1988,AIP Proceed-

ingsSeriesNo. 181,p 451,New York,1989.

• (a)"Reviewofthe CurrentStatusofCold Fusion"(withD. Harleyand M. Gajda),in The
Nuclear Equation o.fState: Discover'71oi Nuclear SAock Waves and tke EO$, W. Greiner and
H. S_er eds. (Plenum, New York, 1990), p 541.
(b) "Review of the Current Theoretical Status of Cold Fusion" (with D. Harley and M.
Gajda), in EmerginO Nuclear Energy $gaterr_ 1989, U. von M611endorf and B. Goel, eds.
(World Scientific, Singapore, 1989) p 308.

• "Cold Fusion: Muon Catalyzed Fusion" (with H.E. Rai'elski, D. Harley, G. R. Shin), 3. Phys.
B: At. Mo]. Opt. Phys. 24, (1991) 1469.

• "Muon CatalyzedFusion"(withH.E.Rafelski),inAdvancesi,Atomic,Molec2d_rand Optical

Phll_CS,Vol29,(1991),p 177,D.R. Batesand B. Bederson,eds..

• "Muons inFusion"(withH. E. Rafelski),Partic]eWorld 2,(1991)21.
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• . MUON PRODUCTION
w

. UActive Target Production of Muons for Muon Catalyzed Fusion" (with M. J_ndel and M.

Demos), Phya Rev. C37, (1988) 403.

. (al UDeep Antiproton Annihilation on Nuclei," in addendum to Physics at LEAR with Low
Energy A_iprotona, C. Amsler, et al, eds. (Harwood Academic Publishers, Chur and Lon-
don, 1988).

(bl _Deep Antiproton Annihilation on Nuclei", in Antiproton.Nucleon and Antiproton-Nucleus
Interactions, F. Bradamaute, J.-M. Richard and R.Klapisch, eds. (Plenum Press, New York,

xoo),p2sx.

. "Quark Gluon Plasma in 4 GeV/c Antiproton Annihilations on Nuclei," Phys. Lett. B207,

(1088) 371.

. _Quark Gluon Plasma in Antiproton Annihilation on Nuclei," in Proceedinge of the 8td Con-
[erence on the lntereeetion between Particle and Nuclear Physics, Rockport 1988, G. Bunce,

ecl., AIP Proceedings Series No. 176, p 393, New York, 1988.

o _Pion and Negative Muon Production for Muon Catalyzed Fusion," (with M. Jgndel and M.

Demos), Muon Cata/ysed Fusion 3, (1988) 557.

. "Double Target Option for Pion Production for Muon Catalyzed Fusion" (with G.R. Shin),
in Emerging Nuclear Energy Systemm 1989, U. von MSllendorf and B. Goel, eds. (World
Scientific, Singapore, 1089) p 271.

• "Pion Production for MuCF" (with G. R. Shin), Nuc/. rnstruments and Methods A287,

(x00o)ses.

DIRECT CATALYZED FUSION REACTIONS

• "(t/_) + d in Flight Fusion _ (with D. Harley and B. M/iller), in MuCF 1989, Rutherford

Appleton Laboratorll _0-0_8, 1990,p 56; J.D. Davies, cd..

. "Time Independent Description of the t(d,n)a Fusion Reaction in the Presence of the Muon"

(with D. Harley and B. Miiller), Z. Physik A336, (1990) 303.

. "Nonresonant Fusion Reactions in the t_ + d System _ (with D. Harley), Muon Cata/yzed

Fusion S/6, (1990/1991) 249.

FATE OF MUONS AFTER FUSION

o UMuon Sticking in Muon-catalyzed d-t Fusion _ (with H. E. Rafelski, B. Miiller,D. Trautmann,
R. D. Viollier and M. Demos, Muon Cata/ysed Fusion 1,315 (1987).

• "Nuclear Resonance Effects on the Muon Sticking Probability in Muon Catalyzed D-T Fusion"

(with M. Danos and B. Miiller) Muon Catalyzed Fusion 3, (1988) 443.

. "Muon Reactivation in Muon Catalyzed D-T Fusion" (with H. E, Rafelski, B. Miiller, D.

Trautmann, and R. D. Viollier) in Progress in Particle and Nuclear Physics 22, (1989) 279.
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• " " • (a)"Muon Spectrum and Convoy EffectsafterMuon CatalyzedFusion"(withB.Miillerand

H.E.Rsfelski),Phys. Rev. A40, (1989)2839.

(b)"Muon Spectrumand Convoy EffectsAfterMuon catalyzedFusion,n (withB. M(illerand
H. E. Rafelski), in MuCF 1989, Ruther/ord Appleton Laboratory 90-0_, 1990, p 81; J.D.
Davies, ed..

• URadiativeMuon CaptureinLightAtoms" (withG. Soft'),Z.PhysikDI4t,(1989)187.

• "Muons Afterd-tFusion"(withG.R. Shin),J.Phys. G16, (1990)L187.

• "Muons Afterd-tFusion(comment)"(withG.R. Shin),Phys.Rev. A43, (1991)601.

• "TransportTheory Descriptionofthe Muon afterd - t Fusion"(withG.R. Shin and H.E.

R_elski), Muon Cs_aJy,ed Fusion 5/6, (1990/1991) 315.

NOVEL CATALYZED FUSION OPTIONS

• "Possible Influence of Vacuum Polarization on QI, in Muon Catalyzed D-T Fusion" in Al=on

CatalyzedFuaion1988 (withB. MiillerM. J_ndel,and S. E. Jones),AIP ProceedingSeries

No. 181,p 105,New York,1989.

• (a)"Muon CatalyzedFusionofNucleiwith Z > I" (withD. Harleymud B. M/iller),J.Phys.
G: Nucl. Part. Phys. 16, (1989) 281.
(b) "MuCF with Z > I," in Muon Catalyzed F_s_on 1988 (with D.Harley mad B. M/iller),
AIP Proceedings Series No. 181, p 239, New York, 1989.

• =Muon Catalyzed Fusion at High Density" (with D. Harley), Particle Accelerators 37/38,
4o9.

COLD FUSION AND ITS CONSISTENCY WITH NUCLEAR PHYSICS

• (a) "Observationof Cold NuclearFusionin Condensed Matter,"(withS.E.Jones,E.P.
Palmer,J.B.Czirr,D.L.Decker,G.L.Jensen,J.M. Thorne,and S.F.Taylor),Nature 338,

(i 89)73T.
(b)"Anomalous NuclearReactionsinCondensed Matter:RecentResultsand Open Ques-

tions"(withS.E.Jones,E.P.Palmer,J.B.Czirr,D.L.Decker,G.L.Jensen,].M.Thorne,S.F.
Taylor),FusionTechnology19,(1990)199.

• "Limitson Cold FusioninCondensedMatter:a ParametricStudy" (withM. Gajda and D.

Harley),UniversityofArizonaReportAZPH-TH/89-19-2 (broadlycirculated,unpublished).

• "How Cold FusionCan be Catalyzed"(withM. Sawicki,M. Gajda and D. Harley),Fusion

TechnoJo/17 IS, (1990) 136.

* =Attenuation of the Flux of Neutrocharnps in the Earth's Atmo6phere - A parametric Study"
(with M. Sawicki), J. Phys. GI6, (1990) L197.

• "Reactions of charged musive particles in a deuterium environment" (with M. Sawicki, M.
C=jda and D. Harley), Phys. Rev. A44, (1991) 4345.
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" " • (a) "Jovian Limits on Conventional Cold Fusion" (with M. Gajda), J. Phys. G" Nucl. Part.
• • " Phys,.iT, (11)655.

(b) "Nuclear Fusion in Jupiter" (with M. Gajda), in AlP proceedings series, Vol. 228 (1991)
p 591, S. E. Jones et al, eds.

• "Coupled Chsnnel Model for Ultrs-Low Energy Deuteron-Deuteron Fusion" (with W. 7,skowicz),
in AIP proceedings series, Vol. 228 (1991) p 911, S. E. Jones et al, eds.
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