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ABSTRACT

Nuclear lusion reaclions can be catalyzed in a suitable fusion fucl by muons (hcavy clections)
which can form emporarily very tghtly bound mu-molecules. The muons can be produced by the decay
of negative pions, which in turn have been produced by an accelerated beam of light ions ipinging on a
target. Muon catalyzed fusion (MCE) is appropriately called “cold fusion” becausc (he nuclcar fusion
occurs also it room temperature. For practical fusion energy gencralion il scoms necessary 10 have a fucl
mixture of deuterium (D)-Lritium(T) s about liguid density and temperature of e order of 1000°K.

The present status of MCF is limited o demonsirate sciemific break-cven by showing that it is pos-
sible 10 sustain an cnergy balance between muon praduction (aput) and catalyzed fusion (outpur). Con-
cepuoally an MCF reaclor is scen 0 be an cncrgy amplificr increasing by lusion rcactions the cnergy
invested in the nuclcar-pion-moon beams. The important physical quantily detcrmining this bakinge is
Xy, the number of fusion reactions cach muon can catadyze belore it is dost.

Feasibility for usclul power production is cquivalent Lo showing that X p €an cxceed a sufficicnuly
large nunﬁbcr. which is estimated o be about 109 if sndird iechnology is used, or may be of the order of
10% if more advanced physics and technoiogy can be developed. Since a muon can be produced with
preseat technology for an expendiwre of about 5000McV and -20 MeV arc produced per fusion cvent, it
follows that X p=250 would be a signilicant demonstration of scicatific bicak-even. Present cxperiments
have mcasurcd X =150, It may be therefore that the encrgy cost of producing muons must be substan-
tially reduced before MCF reactors could be scripusly considered.

In this paper, the physics of muon-catalyzed fusion is summarized and discussed. The muon
catalysis is surveyed for the lollowing  systems: proton-destcron (p-d), deuleron-deuteron (-d),
deuicron-uiton (d-1) and non-hydrogen clements.

“ The idea of muon catalysis in a plasmy medium is also prescaled. The formation of mu-atoms, niu-
nolccules and their disinicgration in a condenscd plasma are caleulated, 1t looks that in 4 homogencous
plasma theee are no appropriate values of lenperature and densilics for achieving the desirod X w=1000.

New ideas that might lead towards the Eoai of 1000 fusions per muon are sugpestcd by using laser
beams or sclective clecromagnctic radiation,

The paper is concluded with the secent suggcstion implying that cold fusion can also be uchicved in
a crystal. The first expesiments by Flcischmann and Pons™™ and Jones et al 3 are briclly summarized and
a plicnomenological estimate i given for the cold fusion rate in the condensed matter medium,

1. INTRODUCTION

The muon (u) was discovered by Anderson & Neddermeyer™ and by Sweot & Sievensont® In
1947 aficr the discovery of the pion () and the decay 1o 4, it was sealized that the muon is Wtualiy a
"heavy electron™ with a mass (M)
A ’
o M, =267 M, = lOS-ﬁbM—(;— (1.1}
¢
where M, is the clectron mass. j4 and ¢ also diller by iheir lepton quantum number. Morcover, e muon is
an unstable particle with a lifcline (tu)of

T, = 22105 (1.2)

The sizc of a ™ p— atom * (c.g. the hydrogen atom where the electron is feplaced by a muon) is of
Lhe order of the muon Bolr radius 0y, given by

= ﬂr.r. =26.10" ¢ (1.3}
a, M,

where a, is the Bohr radius of an cleciron aiom.

When an encrgetic nogalive muon (17) cnters a compressed hydrogen gas (c.g. hydrogen liguid
density defined by n,=425. 102 aioms/em?), the following chain of reactions oceurs: (@) Slowing down of
W () Captare of w- into atomic levels and the cascade to the atomic ground state (1g). (¢) "w-molecular”
formationr and the de-cxcitation o the molecular ground stie. () Nuclear fusion of the nucici (usually
hydrogen isotopes) which arc ke close ogether by the nepgative muon, The W™ is cither celeased o cap-
twred by the nuclear fusion products Q4 sticking}. Il the lifctime of the muon is long comparcd 10 the
Lime scale of the other processes (la] 10 [u), then many fusion reactions can occur during e lilctime of 2
muon. This chain of reactions, resulting in the nuclear fusion process, is usually called muon catalyzed
fusion.

The idea that regative muons might be able w catalyze proton-dewicron (p-d) fusion was first con-
sidered by Frank® in 1947, Deuterium -deuterium and deutcrium-tritium fusions catalyzcd by muons were
suggested by Saklarov & Lebedev® in 1948 and further sediscovercd by Zeldovieh®™ and analyzed by
Jackson.® The first experimental obscrvation by Alvarcs er al in 1957 of (xy) fusion

(pdp)—He o (5-4Mcv) ()]

was 4 rediscovery and for a short period of tme the Herkeley group thaught that they had “solved all the
fucl problems of mankind for th rest of time,"'® Afier this discovery the tuon catalyzed lusion was stu-
dicd in England®" theough the reaction

(pdp)—He +1™ + 7 (54McV) (1.5)

These experiments were followed by a scrics of theorctical calculations, mainly by Sovict scicn-
1ists. " The main rescarch resulicd in tic prediction that onc could not expect more than a fow catalyzed
fusions per muon during his lifetime, It thus appearcd that muon-catlyzed fusion reaclions were uscloss
as an cncegy source. This conclusion was questioned afice Duhclepov e al. %9 experiments which showed
that the rate of dd molecule fonuation depends strongly on emperature. Following (his cxperiment it was
suggesied by Vesman'™ in 1967 that the nuon-molecules can be formed sesonandly if these arc weakly



bound states of these molecules (i.c. the binding cncrgy is smatler i the dissociation cnergy of the
hydrogen molocules ~ few ¢V). This idca was alrcady mentioned by Zeldovich™ in 1954, howcever,
Dehelepov et al. experiment, % Yesman's papert™ and the following calculations® % and cxperimen-
tal measurements! 09 of the encryy levels of the muon molceules were crucial sleps in rencwing the
inferest in muon catalyzed fusion.

Using the same tesonance theory formation for the dip molecule, as for the ddp molecule, it was
predicted"® a very large dip formation rate which was confirmed experimentally. 2020 However, not
everything scems to be understood on muon catalyzed [usion. For example, the crucial problem of muon
sticking*™ as obscrved at Los Alamos, at ligh dengity is not explained theorctically in a satisfactory way,
Before 1985 theorists® @4 predicied neon alpia slicking loss fraction 10 be about 0.9% which imply
the possible muximum numbcrs (i.c. upper limity of d-t (usions per muen to be 110, Los Alamos cxperi-
ments@M measured 150 d-1 fusions per muon,

A comprehensive understanding of muon catal yaed fusion compriscs the knowledge of atomic phy-
sics, molecular chemistry, nuclear and panicle physics, accelerator scicnce and possibly reactor [echnolo-

gics. Al this slage onc con corclude only that better theories and more experimental evidence are neces-
sary o con;nplc:c our understanding,

2, ENERGY LEVELS OF W-ATOMS AND p-MOLECULES

The binding caergy of the muonic atoms in the simple Bohr moded arc given by

P Za)
ERZ—I'H“C!'%} @n

where i, is the muon-nuclcus reduced mass, Z is the nucleus clectric charge, n is the principal quantuns

. 1 ; Lo
number and ¢ is the fing-structure constant u.:m The corrcsponding Bobir rdius is

~ hn?

dnlhi, 22

Tn

22

The binding encrgics of the "l-alom” arc two orders of magnitude larger than the corresponding
binding cnergics of tic clectronic atoms, while the mdii of the Bohr orbits are two orders of magnitude
smaller. For example, the radius of tie 1s level of "lead muon” (Phy) is 4 [ (1 fn = 10" ¢cm) which is
smaller thiffi the 7 fm suclear radius of Ph. From this cxamplc it is evident that onc has o take ino

account relativistic clfects. I this case the Dirae cquation yiclds, 1o first order in o, for ihe tmuonic
cnergy devels the following expression,

_ 2y (or)? 3
Loy = "”l"fz—(nl N A [ Ty 2.3)
2n n 14
ar)

“The binding coergy of the 1s level of Py is 21 McV, while the fine structure splitting of its 2
level is 550 kel

For the muon-trydrogen atoms the particle masses and the cnergy levels of the ground states arct!®

My = 183611 M, ; M, =3670.40 M, ; M, = 5496.75M,

e(pp) = ~2528-52¢Y; e(dp) = ~2663-23cV: c(il) = -2711-27cV (2.4)
whilc the hyperfine splitting is given by
Ae(pp) = (-183cV; Ac(dp) = 0-M%V; AcQp) = 0-241cvV (2.5)

In the study of "j1- molccules” one encounters a difliculty which is not met in the study of ordinary
molccules, namely the relatively large valuc of the ratio M, /M, whicre M is the mass of the hydrogen (iso-
lopc) constituting the nucle of the "W molecule”. This fact implics that the Born-Oppenlicimer approxi-
mation is not a good method of calculation for the H-molccules. For these molecules ong needs (o know
the binding cnergy of 4 muon up to 0.1 eV out of about 3 keV [sce cquation (2.4)]. Therefore a relative
precision of betler than 10 is needed. Morcover, since the muon s relatively "heavy™ one mast consider
also the nuclear recoil duc to the muon motion. These facts make the nemerical calculations cxtremely
difficult for these molccules. A comprehensive review on the incthods and results of the theoretical caley-

lations of p-malccular binding encrgics can be found in Gershicin and Ponomarev'® 4nd Brace and
Fiorentini, (8

We will discuss now the Conlomb tiree body problem which is relevant for the uilesstanding of
the molecular cigenstates and cigenfunctions, in considering a molecule one simplifics the problem hy
scparating the nuclcar motion from the clectron motion. (IFirst we analyze the "clectron® molccule). This
scparation is usually justificd in molecules by the small ratio Mo the electron 1o the nuclcar masscs. In this
caso, the cnergy of the nuclci, Ey is significantly smaller tian the clectron encrgy E,=Ey The nuclear
motion is usually separated into thice tcrms: translations, vibrations and rotations. The translation cnergy
of the, nuclci is almost cqual 1 the kinetic cncrgy of the molecule as a wholc and this is the same as the
energy of a free particle. In considering (he cnergy cigenvalues of the molecule this motion can be
extracted and Whercfore we shall not consider it ut this stage. Denoting by R, e dimension of e
molecule, onc can cstimatc the order of magnitude of the clecwron cuergy £, using the uncertainty princi-
ple: the momentum is of the order of hiR, implying an encrgy

2
E = it
M 12

~ 10cV (2.6)

The vibration eneegy of the nuclei in o molecule, £y, is —;'—(K, IM)"'(V+%—) where V is the vibra-
4
Lion quantum number, M is the molccular mass and X, is a stilfness constant. For large vibrations (of the
order of R,) the molecule dissociates and in this case the encrgy of vibrations K,RZ is of the wrder £,
implying Ep:;—;(E, IMREYYS, Using equation (2.6) uinc gets an order of magnitude estimale for £,
%

Ey= E~0.1cv @n

il
M

where M IM=107% 10 107, The encrgy of rolmion is cstimaied from it incrtia, MR? implying
Ey=h*1{4n* MR?) o cquivalcatty {using cq. (2.6))



E,= [f‘ ]L ~107 eV (2.8)

where J denotes the rotational quantum number.

The muon molecules are composcd by 1we {or more} nuckei bound wgether by a negative muon. In
this case the dimension of these molecules are of the order of

M, R,
o Lol 29)
B

therefore the vibrational ( Ey ), the rowtional (£ ) and the mwonic £ u ) energics in a muon molecule
satisfy the following orders of magnitude

Ry=

M
Ey = == E, ~ 1000cY

M,

M A
Ly = l—M"—] E, ~300cv (2.10)

E; =

M -
T{"-] £y ~100cV

wherc the proton mass M was ke lor these numerical cvaluations. Equations (2.10} arc only an order
of magnitude eslimation but alrcady indicate an important differcnce belween the muon and (he elecuron
molecules. 1n the muon case, the vibrational and rotational cocrgics arc not very small pertwrbations 1o the
main muonic encrgy amd therefore the Born-Oppenlcimer method is expecied o be a poor approximation
for the calculations of ihe mu-nolecules cigenvalues. However, the Bom-Oppenheimer approach is the
simplest solutions and although e numerical cigenvalues in this approuch are not 1o be Liken og scri-
ously, it is usclul 1o start with this approximation in order 0 show the different aspeets of the muon
molccules. I particular, we  arc inlcresied  in 13 lypes  of molecules  such  us
(PR (eg)*  (prs)*, () and (dip)* where p,d and ¢ denote the prodon, deatcron und the witon nuciei,
The (exact) Humilionian describing these 413 ion systems is given by (we use here the usits systen:
h=2m e=1),

eSS

1 I 1 1 l 1
Vi-o VR —vio—to L 1 1
M, oM, T e, R TR PRyl IR 211)
where o and b denote the (wo nuclei, their position is given by K’: and E:, and the coordinate of p is"r’,l.

P .
The ceater of mass coordinate Reu, is given by

e

Rew = (M7, MR M I (M 1M M), (2.12)
Itis convenicnt (o define Jucobi coordinaics I”und‘r{
R=R,-F, 2.13)
PPy )12

= . . . . . A
where R is the internuctear coordinate and 7 is the muon coordinale relative 1o the midpoint between e

two nuclei. In these coordinates (R7) the Hamiltonian (2.11) is given by

u :ﬁ—m!:v;m-ﬁ(vﬁgv,)hﬁ;v}—i- TR 2.14)
where {assuming M, 2, )
. PPy Re =P e RI% 7 =2, - By =P 12
My = MMM, M = MO M) {2.15)

gt = MY HMAML) ™ K = (My—M,) (My+M,)

Aller separating the center of mass motion onc has o solve the following Schrocdinger Couation;

Y @R = Y@ K (216}
wilth
B P SR P D N |
W=, Vg Vo) R @17

Equation (2.16) with the Hamiltonian (2.17) is an cxact three body problem, As alrcady mentioncd
above we now use the Bom-Oppenbicimer approximation. This approach assumes the anclei W be
infinitcly heavy with respect o the ncgatively charged particle. Morcover, for simplicity we follow the
solution for the (ddp)* nolecule in camplete analogy with the 113 molecule. In this approximation the
Schrocdinger cquation is

vt L o B, @.18)

—
2m, raory R

where £ plays the role of a paramcicr, The cigenfunctions of this cquation are classificd according o the
Principal quantum aumber #, the projection of the angular momeatum over the intcrauglcar axis m and the
symmictry with respect 1o inversion (in the midpoint) between te nuclei (e cven and odd states we
denoted by g-gerade and u-ungerade respectively). The solution 1o €. (2.18) is obtained from that of i3
by rescaling the length (~1/M,) and the energy (- o). The pocatial £(R) for the ground statc (denoted
by log, where a=1,m=0, cven parity) has a mivimum of 577cV at R,=512m(1im=10""cm). One can

approximate £(R) by a harmonic potential around R, so that ihe cllective potential Tor the intemuyclear
motion is described by

Vap = EQR) + VM, R-R,)P + 72 1(2M 1Y) 2149
where M, s the roduced mass of the nuclei (see cq. (2.15)) and w is derived by rescaliog the /7% solution,
w=2.110"s5¢e™, The poicntial (2.19) yiclds the following energy levels:

L = ER )1+ (V44) + 1 (J+11(2M,R2) 220

For E(R,)=-5T7cV one can sce that bound stacs (ic. Ep <0 ) exist only for V=0 /=0 ,V=0,and J =]
with cigenvalucs £y = -278cV and [ 10 =—143eV. Thus, the Bom-Oppenhicimer approximation for the
muon molccule (ddu)* gives only ww bound staics in sharp distinction with the case of clectron
molecules (where a large vibrational and rotationa specicum cxists). Similar fcatures, ic. very few bound
states , are obtained by solving more accuratcly the Shrocdinger cquation.
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In the Bom-Oppenhcimer approxiniation, te Whree-bocdy wave function is given by a product of a
muoni¢ wave funclion times a nuctear wave function:

- YR, P = u @) ). (2.21)

This description is inadequate for the muon molecules. One wiy out of this difficulty is 10 use the
so-called "adigbatic representation”. In this approsch™® 0 the wave function W is cxpanded over a com-
pleie set of solulions of the two-body Coulomb problem defined by the Hamitionian 2, (R ):

| [
L, vz_ —_—

HoR) == Vi (2.22)
where R is the distance botween the two body (note: 7, =P+ R 12 and?, =P~ R/2). The complete sl of
the cigenfunctions of (2,22} are called the adiabatic Lasis, One has o solve the two body Schroedinger
cquation

HaRWu(PR) = EL(RW,PiR) (2.23)

and the total wave function ‘(7. ]’?) of the theee-body problem is expanded in terms of the two-cenug
basis

¥, PR = T, 0ulP: Rt s (R, (2.24)
‘¥ satisfics the thrce-body Coulomb Schroedinger cquation, while ¥, ; (Ti") satisfics the [ollowing cquation;

ML B Y (T =
o VB + o+ ERNENK ()=

= 2 B Vin, + L3 Va0V 225)

where M=M M p/m,_ The total angular momentum J and the vibration V quantum numbers arc denoted
by the index { whilc the index a describes the muon configuration of the molecule. The intcgro-dillerential
cquation (2.25) has 10 be solved with a high accuracy in order 10 obiain (he wcakly bound mu-molccular
states. {Sce ref. 16 for a review of thie different approximations.)

In table 1 we show the p-molcecular cnergy spoctrum for the hydrogen isotopes. P4 gy, (in cleg-
tronvoll) is the differcnce betwoen the molecular encrgy and the atomic cnergy of the heavicst hydrogen
isoopc. J and V are the rotational and the vibrational quantum nombers respectively, M s important 1o
nolice (from table 1) that ddp and dip have weakly bound states with binding energics of -2.0 ¢V and
“0.64 ¢V sespectively. In tiese cases a resonance malecular formation is possiblc!* j.e. the cnergy
released from the p-molecular formation is absorbed in the clectronic molceule. Another inlcresting
leature of the p-molecules is the fact that very fow levels can satisfy £y <0, This situation is significamly
different o the casc of ordinary molecules where a rich vibrational and rotational spectrum cxists.

In calculating Lhe spectrum of the i-molecules the spin elfects must also be taken inte account, The
typerfine structure of the cacrgy levels have been calculated™ (o lowest order in a. In figure 1 we show
v schematic hyperfine structure of the levels t atom and the diy molecule.® Denoting by F the spin
luantum nuinber of the Y sysicm (in the dip molecule), by § the molecular ol spin quantum number
S’: I_‘TS) =§{+3’M1-3‘:,) and by j ihe total angular momenium (?z ?l?) s one can sce from tigure |
Ep~10""eV, Agg—1072eV and Ae~107%V. (Aep =€ (/V ; F=1}— eV F=0), ctc.)

TABLE 1. Binding energy €, {eV) of the p-molecuies of lhe hydregen isolopes wilh respect 1o
the appropriate mesic atom (i.e the diflorence between the molecular energy and the atomic en-
ergy of the heaviest isotope.)

Rotalional (/) and -ty (8V)
Vibrational (V) quantum
numbers (rpw) (pdu) Mg g W)
J=1V=} 2.0 064 449
J=3,v=0 47.7
J=0,v=1 356 347 837
I=2,V=0 856 1023 1720
J=1,v=0 105.6 96.3 975 2263 2322 2889
I=0,V=0 253.0 2215 2133 3250 3191 3629

-

FIGURE 1. Schematic hypertine struclure of lhe levels of the atom W and the molecule diu.

Fa=1

Q06 eV

Fa=51+t5p

-0.l0ev

€y :-0GA eV

diu




In order 1 appreciate the dilficulty of the eaergy level calculations we end this scction pointing out
the cffects of vacuum polarization, the strong inicractions beiween the nuclel of the p-molecule and the
clectron screening cifect. For exanple, the vacuwn polarization shifls the encrgics upwards (i.c. increase
the binding cncrgy) for the | s sttes in py, dyt, and 1. by 1.89 ¢V, 2.13 ¢V and 2.21 ¢V respectively. 62
The energy level shilts of the dip molecule induced by the nuclear intcsaction 99 arc about 10 ¢V for the
{/,V)=(0,0) and (0,1) stucs and arc as small as 3.10% oy for tw (4, V)=(1,1) state, The cleciron screcning
cifects may contribule a shift in the cnergy levels of about 102 ¢V for the diy and ddp molecules. Since
there are crors of the order of 0.¢ ¢V in the calculstions of the Coulomb encegics, most of the non-
Coulomb contributions just discussed are of academic inierest only,

3. MUON-CATALYZED p-d FUSION

The slowing down and absorption of y~ in hydrogen were calculated by Fermi & Teller®™ assum-
ing a mechanism of adiabatic ionization where the elecuon leaves the atom and the nCgative muon is cap-
turcd into a highly cxcited orbit of the P atom (scc Fig, 2).

W+l oppu+e” @a.n

where /7 denoles a hydrogen atom. In this modelt™ a W slows down from relativistic velocitics (v=¢) 1o
v (o= #) in a liquid hydrogen density (s = 425%10% aomssom®) and is caplurcd into a pu
atom in less than about 10°% scc., The decacitation Lime of an isolatcd Pyt atom is very large. However, in
liquid hydrogen density the mu-hydrogen atom decays (0 its n =4 level 581 during a ime of abous
1072 5c due 10 Auger clect on he cicctrons of another atsm. The w- decays from = 4 1 the ground
state by radiative wransition during 10°? scc.

The charge neutrality and the small dimensions of the Pi atom coable it w penctrate frecly through
the clectron shells of aloms and molecules and w© approach the nuclei within a distance of aboul e muon
Bohr radius a,, =26, 101 ¢ (eq- (1.3)). The ypical clastic cross sections of these aloms are about
G 4dnal = 10Mem?,

The muon from the pp atom can be ransferred irreversibly 10 a deulcron

PU+d sdpu+p (3.2}

because the binding encrgy for the dp ground state is 135 ¢V lower han tal of Lhe pu atom, This
transfer Aoy is about 10" sec’l. Gven for a very low douteron concentration Cy = 41075, (he yicld of
cquation (3.2) is 4.10° scc!, which is nol o dillerent than the p- decay probability rawe
=g 245,107 sec™,

Mu-molccules (sometimes called mesonic molccules, however, since the muon is a lepon and not a
mcson, we avoid the nomencluture "imesoatoms™ angd "mesomolecules™ for the muon iloms and Lhe mupon
malccules) are crcated during collisions of dy with the hydrogen nuclcus.

-

pd + H - (pdp)*+e~ 3.3)

In the pdy malecule, the proton and the deuteron are soparated by a disince of about 1079 cm (fow
Limes ay ). Therefore, there is a large probability per enit ime (Ar=3.10°scc™) for the proton and deu-
leroa o overcoine the Coulomib barricr and 10 fuse into YHe and K (equation (1.4)) or into ey + ¥ (.
(1.53). For a tiquid hydrogen density with 1% deulerium the sticking probability (i.c. lor reaction {1.5))is

10

FIGURE 2. p~ catalysis of p-d lusion,
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a) ¢ 4+ e —Vtel 4 o
\\“-’/’ R
Iy H “p c
— ,ﬂ‘—ﬁ\
b) (@} + e® — [e®) + @
s N
HP d* pd p*
Yy oo e e
. c):\o@31|\-‘:-:‘@‘:+ ®
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(p‘u.d )i‘ I_iefi- ‘u'_

@ clechron 4 muon e prolon @ nculron

B3%! In this casc only 15% of thc muons which did not decay are available 1o repeat the muon catalysis
cycle. The sequence of reaclions lcading o muon cawtyzed pd fusion, in liquid hydrogen density contain-
ing 1% deulerium, cin be repeated less than one fusion per muon,

4. MUON CATALYZED d-d FUSION

When a ncgative muon calers a condensed deuterium ncdium it quickly forms a di atom
(A.=4.10"sec™! for liquid hydrogen density (Lh.d.) of deutcsium). Subscquently a muenic moleculas ion
(depy” is formed with a rat Agu=3.10%scc™ (for Lhal). The deutcrons acc tightly bound (radius 5. 10
cm) and theeefore the following muon induced fusions can oceur:

‘He+n + H(+33 Mcv)

Hep +n

L4 p o+ p(+4MeV) @.n
Mp

(ddpy—

About 88% of the muons repeat the cycle whiic 12% arc lost 10 THe by forming the *Hep wtom,
This last cMect is called the "sticking” loss,
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The ddp malecule has 3 rotational-vibrational level (J=1, V=1} with a very small banding cnergy (~
2 ¢V). This fact causcs a resonance formation of Lhis molecule, ™ namely, during the E1 transition 1o the
J=1, V=1 level, the binding cncrgy (of ddy) is ransferred to the cntire 3 molecule. This phenomenon
can happen as long as Lhe binding cnergy of ddy is larger that the dissociation encryy of the D5 molecule
4.7¢cv),

The encrgy relcased in (he formation of the ddp molkecule is ransferred 10 the excited levels of (he

[(dip)d2e] molecule (an 11, lype of malecule), which is produced during the collision of a dyL atom with
a2, molecule,

dp + Dy lddwd2e)” 4.2)
The rate of the resonant formation js given by
A= ngov sec! 4.3)

where g is the D, density {of the order of the Lh.d.), v is the relative velocity of the colliding particles
lin (4.2)] and o is the appropriate cross scetion, Following Vinitskii er ¢! ®® (he raic for resonant produc-
tion of ddp or {diy) is given by !

H41° M e M, [ M, )2
l(m“’)=x—"a,L(noa.’:){“M:] [*”;'-] 1 1dg 1 2 y(eg.ex) “.4)

where g is a statistical faclor which cquals o % for ddy formation (and 1 for dip), ag is the Bohr radins
(ag = htm,e?), my! =M§l + M7 where M, is the deuteron {or triton} mass; 1, is the dipole intcraction
matrix clement describing the transition from the ground statc D3(7=0,V=0} molccule o the excited
[(@dit)d2e} molecule /=1,V=8); dj is the dipole matrix clement calculated between the funclions of the
initial stat€'i of \he djt + d system and the final stale f{/=1,V=1) of the ddpt molecule; 7y is the Maxwellian
distribution factor

27 | -2
e Er) = [ In ] £r 2 cxp(-3eg/2e7), (4.5)

3. Lo

Ep= -i-ki‘ Is the average Kinctic cnergy of the dp atoms al emperature T and &g satisfics the resonant con-
dition

B =& +E,~E (4.6)
where g, is the binding encrgy of e molecule ddp (or dip) for the 7=1,V=1 giate £, 15 the vibrational
energy of the [(ddp)d2e] (or [(dip)d2e)) molccuic. Equation (4.5) indicacs a tempeniture dependence of
A(ddi) as ghven in (4.4). The maximum valuc of Addy is achicved at Lo=er=0.053cV (~ 600°K) and
cquals 0.8 x 10° see! in good agreement with thc measured experimental value. (The ates are calculated
atLh.d., ny=4 25x102 ¢ ). Morcover, lurther cxperiments have confirmed the lemperature dependence
of the lormation raic A(ddp); c.g. when the lemperature of the deuterimm changes from - 160°C (o +100°C

( Ag= 0.04 oV corresponds o 200°C) the rate Adchy) increascs by a factor of four. 2% The jonresonant
formation of the ddy molecule occurs according to the rcaction

i+ D[ (ddp)de]* +e~ “.n

and this process has a reaction rate of about 5x10%scc™!, which differs by o faclor of 16 from the
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measured resonance fonmation rate.0%
The muon catalysis in pure deulerivim can be summarized by the following clain of reactions:
(@) W isslowed down and captured by the deulerium {(du} during a wbout 10 sec,
p

(b) LTh(: dp atom collides with the L. of Dy molecules and a [(ddu)i2e] molecule is formed
resonantly. The time scale for this process at ~600°K is about 10* scc.

(€)  The dd induced fusion occurs in ~107 scc where *Hean (60%) and t + p (40%) arc created,
Aboul 12% of the muons arc lost by the sticking process to ey, whilc 88% of the K~ repeat
the cycle.

5. MUON CATALYZED d-t FUSION

When a negative muon cnters a dense deuterium (D)-vitium (T wrgel it starts a chain of reac-
Tions: (we denote by capital letters D and T the deuterium and sitium atoms while the small louer
denotes the nuclei).

(a) Stopping and capture of M by d ort and the cascade 1o the groum state of the hydrogen like atom,

4D ﬁ (yre” {5.1)

5 -

WHT 5 (e (5.2)
whese ¢~ denotes an eleciron and A, is the rate of the process (3.1) and (5.2). [n general, the rate &
(sec'} is given by

A= nov [scc'] (5.3}

where n[cm“’] is the density of the targel, cr[cmlj is the cross scotion describing (he process under
considcration and vlem/sec) is the velocity of the projectile. The rate of the muonic atomic fonna-
ton®" in equations (5.1) and (5.2) for the liquid hydrogen density is 4x 10" sec™!

() B~ transler from the deutcrium 1o the tritium

Wy} +¢ l_‘_’; {ty)+d (5.4)
The rate for this process at liquid density is estimatcd®" (g be 2x10%sce™! . The 48 eV difference in the
binding cncrgics of () and (Y1) causcs the transfer of |1 in an irreversible process {by equation
{5.4)).
() At Lhis stage, a {diy) molccule jon mity be formed at the center of an EL, type molecule. The forma-
tion of the relevant hiydrogen type muinolecules are described by

@)+ Dy M (ayaze] (55
W+ D7 M aduyaze) (5.6)
(W + BT 7“"_";' itdi)2e] 5.7
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“ G+ Ty 7&_,.:. {up)2e (5.8)

where in gencral the wumolecule is in an cxcited state, The values of the rates describing cqumions
(5-5)-(5.8) were measured®} 1 be Ay, =3Ix10%scc™ A =3x10%s0c™! and Ay, 2108 sec™, where LY
is defincd by

l‘lﬂ = 1‘-.lu«l-dcd + A’dlp—tcl (3.9

Cy and C, are the concentrations of the deulcrium and tritiumn nuclci, so that if the presence of He and
ather impuritics arc neglected otic has,

Ci+C =1 {5.10)

The valuc of the dip rue is almost two orders of maguilude larger than the ddp and iy mics.
This phenamena can be cxplained by the resonant formation of these molecules.®® A degencracy in
the cxcited state of the dip ion and the exciled stale of e clectron molecular complex is causing a
stong resonance clfect (sec Fig, 3). The rawc Ay is Tound 10 be dependent on the leimperaiure since
the kinetic energy of the g atom, which lorms the dya jon, is wmperature dependent, This fesonance
condition can be described by the encrgy conversion

g =Er+e, (5.11)

FIGURE 3. Resonance formalion of the dip molecule.

RHSONANCH €r=€C€r+€, (J=I,V=] )}
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where gy = 0.64cV is the onergy of dipion in the quantum state J=1, V=1 (J is the rotational quantum
number and V is the vibrational quantum number of the jon (du)*) g, is the clecuon cnergy in the
H3-type molecule and £ = /24T is the thermal encrgy of the i atom a1 a temperature 1 {for
T=3500°K) onc has gr=0.0McV ). The cnergy released (er +£,) during the lormation of the
J=1,V=1 dig ion is absorbed resonatly by the clectronic moleeular excited sttes of the mumolecule

[(dy1)d2e). Since the thermal and the clectronic moleculir excitiwion have broad cuergy distributions,

e resonance condition can be satisficd over 3 large sange of wmperatures. This cifect has been
obscrved experimentally. @2

(d) Next in the chain of reactions onc has he deexcitiion of dip, ddjr, and uy ions to their pround
states and the eccurrence of te nuclear fusion reactions

d+1 ﬁ‘nw n+17.6McY (5.12)
1
d+d /‘f{‘“uu n+33McV (5.13)
d+d /‘f{"u +p+4McV (5.14)
lm
tH D Het 204 10McV (5.15)

The fusion rates arc cstimated® 1o be A=10"scc™ for the dU nuclear reaction while
M=y = 10 seg!,
{c) During the fusion reaction Uiere is o possibility that the muon sticks 1o 3 charged product, In partic-
ular, in reaction (5.12), the muon can stick to ihe *idc by forming a muonic helivm ion CUcp). In this
case, the muon stays bound to the He Particle and therefore it is lost for the chain of reactions
described above [(a) w {d}. The sucking probabilitics for the reachions given by cquations (5.12)-
(5.15} were cstimated 1o be®? ©,=0.9x1072, ,=0.13 [for €quation (3.13)}, w} =0.003 [(or cqualion
(3.14)] and @,~0.05, implying that the sticking fraction 10 Ihe He paclicle in the di fusion is about
0.9% of the cvents, in e dd fusion about 15% and in thc U fusion about 5%. For the most imposiant
di case, the valuc of wy implics that the muon sticks w0 the He particle alier catalyzing
1/wg=110 fusions, no imaticr how fast arc the other processes leading 1o the mesomolocule formation
and [usion. The sticking process may be the boiile neck of the muon catalyzed fusion idea, However,
new Los Alamos experiments® had measured 150 fusions per maon indicating that the sticking pro-
bability is aboul 0.6%. Morcover, & density dependent anadysis™ of he alpha-tuon sticking might
suggest ws = (0.240.1)% for ¢=1.2 (i.c. 1.21641). At prescon, neithier the smallncss of ay nor its den-
sity dependence is understood. Jackson® was (e first 10 estimate w;=0.9% by using a Born-
Oppenhcimer approximation. A Montc Carlo calculation by Ceperley & Alder®h yiclded ws=0.6%,
Mucller & Ralclski® suggested thar the nuclear d-1 interaction affects the wavelunctions describing
the dipt sysiem in such a way that w; is reduced to 0.1%. 1t has also becn suggesied by Cohen &
Leon®™ that a fraction of the muons may be delayed significantly during the decxcitation of e dig to
the ground siatc, thus increasing w (i) above 1 very small initial value, 10

A scLof rale cquations can be wrilien to describe the kinetics™ of tie chain reactions described
above from (a) 0 (c). The rates for these feactions and the sticking probabilitics arc summarized in



15

table 2 for liquid density of the hydrogen isolopes (4.25x10%em™). The soltution of the raic cquations

resulls in an capression for (e fusion neutron yicld— X, namely the average number of dt fusion

catalyzed by onc muon. For high density mixtures of d and [ and neglecting small elfects, one obtiins

that the value of X ;‘ is given by the sum of probabilitics of muon decay during a catalysis cycle and
" the muon captuse by *He or *le (sticking)

X3 = L +W 5.16
1 % ( )
where dy=1/1,=045%10%cc™ | A is the muon cycling rate, cstimaied 10 be
L G G617
1(.' J‘-dlcl ldmCd ’

and W is the probability of muon capture by He, and can be approximated by

O-Sl-dapmdcd + :\imu\cl
1|Iq| Cd + 1-dlc.l ldlucd‘

W= we+ 5.18)

The ratc equations arc more complex if onc takes inko account the cxistence of *He and ‘He
concentralions in ihe deulesium-tritium target. In this casc cquation (5.10) is replaced by

TABLE 2. Esfimales of the rale of coeflicients at hydrogen liquid densily (n=4.25x10%2cm"?)
normalized to the rate of muon decay (1,=2.2x10"%sec), The sticking probabilities are given
by their inverse (1/w).

Frocess A, liw
H4D—s(dpyre A,'7,=8.8x10°
+HT{p) e ho T, =8.8x10°
(dp)+D;-—~>(dd|.1)d2c A-Mp"[u= 0.6
(D w{dyr)d2e
o+ A Ty >2.2%10
()+DT—(dy)2e
(l_|1)+T2~+(u|.1)12c Aoy T, =66
d+i='Hetn Apt =2 2108 mL:mo
50%—3He+n
ded 50%—t+p A1, =2.2x10° l
ek ——=71
y
te—*les2n AT, =2.2x10° wl:m
d
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Ca+Ci+Cu=1 (5.19)
where Cpye = Copj + Cigge.

Although the muon catalysis of d-1 is not yet completely understood, e recent cxperitcnts
suggest Lhat about 200 fusions per muon may be possible to achicve in a deuterimm-witium mixwre,

6. MUON-CATALYZED FUSION FOR NON-HYDROGEN ELEMENTS

Itis very intcresting to analyze the muon-catalysis of nuclei with charge Z>1 in gencral, and
these leading (o nuclear reactions without neatrons ia the final state in particular. For cxample, the lol-
lowing reactions arc of major interest in achicvin g “very clean” fusion:

d+*He—*He+p+18.3MceV 6.1)
A+ Lin2* Het 22 AMcV 6.2
pH B Het 8. TMeY 6.3)

However, in order 10 achieve muon catalysis, the muon molccules must be fonned and the nuclear
fusion must occur fasier than the muon decay time. It wens out that although the rates for some
molccular formalions have been caleulated 1o be faster than the muon decay, the rates of the nuclear
fusion reactions arc (0o small 1446

The formation rates Ap = MZpp), Ay=A(Zdy} and A=A{Zu) Tor the appropriate molecular for-
mation were calculated 1o bel*®

Z="He:}y =08710%cc™ ; A, = 14810%s0c™ ; A, = 5.62-10"sec”!
Z="He: k= 04440%scc™ ; Ay = 20310500 ; A, = 1.98-10% 500"
Z="Li1dy = 22.100%0c™ ; &, =345 108scc™ ; A, = 2.08-10%scc—

Z="Li: A, = 10810%cc™ ; Ay = 1.851055cc™ ; Ay =0.81-10%scc™ 6.4)
The rales are calculated for thermal collisions encrgy of £9=0.04cV (—450°K).

Experimental data for ‘Hepyt, ®7 *Hedy, 9 2Hedy and THey @9 are in agreement with the
theorctical calculations summarized in (6.4).

The low rales of the fusion reactions of these molcculcs in comparison witl the appropriate
“hydrogen” muon molccules are primarily causcd by the lirge nuclear scparation—R, While #=2q "
for muonic hydrogen molcculcs, R=4q, lor thc Hepy moiccule and R=6a,, for the Lipu molceule,
where a, is the Bohr radivs of muoaic hydrogen. Due to the increase in the Coulumb basricr gne gels
for the Bppt molccules a value of R=15a, . It is cstimated™ (hat the fusion reaction rate for Hedy is
about 100 sec™; while for SLidy it drops down 10 0.01 sec™ . Thercfore duc 1o the large dimensions
of these molecules the fusion reaction rates are small in comparison wilh the muon decay rate. More-
over, the Zpp molecules arc formed in an cxcited stie which dissociawe very fast (=107 2sec) by
Auger or radiative Lransitions

PU +ZZpp—Zu + . 0.5
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In this tespect, the Zdp and Zip are distinguished from the Zpy molccules,

In conclusion, muon catalyzed fusion lor cncrgy application might be used only for “clean”
deutcrium-tritium mixtures,

7. ENERGY PRODUCTION

Muon absorption in matier and the induced fusion of deutesium and tritium js a remarkable
Phenoincnon since the nogative muon is capable during its Lifclime (%W =22 % 107%scc) of inducing
about 150 nuclear di fusion reactions in a liquid density medium. This end resull of nucicar fusion
eccurs alier a chain of alomic and molcculur processes. The most crucial step in the physics of myon
catalysis cycic is the resonant lormation of the diy molecule which increascs the probability of the cid
resuil by at lest two orders of magnitude (relative (o fonresona dip formation). However, this high
production rawe of the dip molecule is disturbed by muons lost in tie catalysis cycle. There seems Lo
b¢ a probability of about 0.3% that the helium jon creatcd during the nuclear fusion interaction will
capturesthe negative muon.

An optimistic ecstimate requires 5 GeV of encrgy W preduce one negative moon, Thercfore iff one
muon calalyzes aboul two hundsed oy | usions the cnergy outpul is =3.5 GeV (onc di fusion gives 17.6
McV) per muon, so that no encrgy gain scems 1o be possible from “pure’ fusion nuclcar fCUCHions,

. For a pure fusion reactor ane can define the scicnlific yain G, as the ralio between the oulput
cnergy X, q and the input cnergy £

G=qX,/E,,
wheee X, is the number of fusion reactions per muon, q = 17,6 McV (for a di reaction), and E, isthc
cocrgy invesied in crcating ong inuon, Taking inlo account the thermat 10 clectricity ciiicicncy T, the
accelerator efficiency 1, and the [raction 7, of the total clecwric Pawer required to tecirculate (in order

lo operate the accelerator and the auxiliary facilitics) one gets the basic cyuation for (e cuergy bal-
ance

Xu= [Tiﬁ;](ﬂAqrnm)il (.n

For example, taking oplimistic cfiicicncics Na =60%, Ny, =35% and assuming T, = 15% is an
cconomic possibility, one needs X, =9000 in a muon catalyzed reaclor, This number seems 10 be
unrealistic  for the present  siatus of knowicdge. However, by improving technologics
N = 80%,1,, = 70% and Ni = 20% 10gether with Ly = 2GeV, anc reduces X, to 1000,

Since purc fusion devices using muor catalyzed fusion scem 1o lose rather than 1o gain cncrgy,
Petrovi®) suggested 10 use muon catalysis in a hybrict fusion-fission reacior, This reaclor scheme
includes an uccelerator (of witium or deuterium), o furget (of ritium or berylliumy where the pions

e created, a synthesizer with the d-1 fuel and o blankei where the fusion and fissile malerials are pro-
duced.
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Following Pcirov's concept of a muon catalyzed [usion-fission reactor, Eliczer, Tajima and
Rosonbluth®® suggested a reactor concepl bascd on two new main idcas:

(a) The high encrgy beam of tritium or detesium {(~ 1 GeVimucleon) is injocted into a targel of
writium (or beryllivm) with dimensions smalier than the mcan free path for strong interactions, Aficr
passage through the target, the bulk of dic beum is collceted for reuse and enly e small portion of the
beam which suflcred strony interctions is direcied o an clectronuclear blankel.

@) The pions created in the target arc survounded by the fuc of deuteriuni-tritium and arc mag-
netically confined unil they slow down and decay into muons which catalyzc tic Tusion in gy, In this
scheme the converter and synthesizer are combined into one vessel. The d-t Tucl is the target and the
produced pions arc wapped in the fue! which slows down thc pions, so tha ihe necessary condilions
for trapping the pions arc sulficicat conditions for stopping the muons. These muons cause the
catalyzed chain reactions leading 10 nuclear dt fusion. In this way an cilicicnt trapping of muons in a
sclatively small physical volwne is achicved,

7.1. Petrov’s llybrid Reactor

In 1980, Peirov suggested a power reactor bascd on muon cawlyzed Cusion combined with
nuclear fission processes. This ceaclor scheine includes an aceelerajor (of tritium or deuterium), a tar-
gel where pions are created, a converter where the pions arc confined in vicuum by strung magnetic
ficlds, a syathesizer with the d-t fucl and g blanket where the fusion and fissile malerials are produced.
The converter is a cylinder about 40 m long and 20 e radius (5 m? volume) having a longitudinal
magnetic ficld of 11 to 16 Tesla and an applicd d.c. eleetric ficld of 7.5x10% volt/m wlong the con-
verter, Inside this vessel there is a cylinder 2 m long with a 2 cn radius targed where the pions arc
created. The synihesizer is a second cylinder about 20 m lang with an average radius of 20 cm suc-
rounded by a (longitudinaly magaeiic ficld coil of H Testa, The density of the di fucl is 0.5 liquid
hydrogen density with 30% wrilium, so that the synthesizer has 80 kg of uitium. The main resalt of the
Ccoaverier-synthesizer is e conversion of about 75% of the creaied pions into muons that pasticipale
in the catalyzed di fusion. This mcans that the energy cost of a stopped ncgative muon in the dt mix-
turc is about 6 GeV (using 4.5 GeV 10 create onc negalive pion) for tritiwn projectiles and ¥ GeV for a
deuterium projectile beam. Thesc results scem (o be oplimistic in this modcl reactor, mainly because
Pion and muon drifts (0 the wall duc Lo collisions were neglected. Also, the influcnee of the magnctic
ficld on the scaticred proton beam were not considered, In fact, the proton Lasmor radius is of the
same order of magnitude as thal of pions, therefore a significant portion of the proton beam is lost in
the vessel in this concepl reactor. The fissions and fissile material are produced in the blanket not only
by the ncutrons derived from d-t fusion but also from the fast nuclcons of te incident beam which
have about 80% of their initial encrgy alter the creation of e pions. Taking into account the osses of
the projectiles in Uie converier-synthesizer vessels duc (o the magnetic ficld will reduce the cncegy aivl
the fissile material oblained from dircct beaun-blankel collisions. Morcover, by tking inio account the
diffusion duc collisions, the necessary quantity of tritium might increase siguificanily.

Petrov’s reactor is actually a "ncuton faclory” which breeds a thermal fissile isotope U or
Py in order 1o use these maicrials in satettite fission reactors, I this scheme it wus cstiniied that o

comnicrcial reactor would require about 100 Tusion pes imuen. On the other hand, o purc lusion rcactor
seems Lo acquire 1000 Tusion per muon in order to be ceonomicaily viable.
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7.2. Eliczer-Tajima-Rosenbluth (ETR) Hybrid Reaclor

The ETR reactor concept is hascd on three idcag: (2) The high cnergy beam of tritium or dou-
terium is injected into the deulerigm-tritium (d-0) Tucl and, afier passage through the fuc, pact of the
beam is collected for reuse while ie portion of the beam which suflcrcd a strong intcraclion is
direcied into an clectronuclear blanket, (sce figurc 4). (b} “The pions created in the targcl are sur-
rounded by the fucl of deuterium and tritium and arc magnetically confined until they slow down and
decay into muons which catalyze Whe fusion in situ: (c) The fusion creaied neutrons arc absorbed by
blankets 10 breed fissile matter for cnergy production. In comparison to Pelrov’s concepl the highlights
of our concept are (a) and (b). Instead of 3 Scparate rgel, converler and synilicsizer we combine these
three functions intw one, The d-1 Tuel is the targel and the produced pions arc trapped in the fucl which
slows them down beloe they decay into muuns. The muons are created in the fucl and Gapped there,
catalyzing the d-1 fusion through the atomic and molecular processes until they decay. In this way, one
of the most diflicult problems of muon calalyzed fusion is solved, ic., cllicicnt trapping of muons in

relatively smal) physical volume, The present concept solves this problem by creating mesons in the
fucl and by confining them magnctically,

Figure 4 sketches a version of the reactor cancept. The driver is 4 witium {or deuterivm) beam
which is retricved in pact alier passing through the larget. The significantly scattered poction of the
beam feeds into the clecronuclcar blanket. the fusion created neutrons are captured in the fissile
blanket surrounding the fusion fuel, Figurc 4 shows a magnclic mirror conliguration. The mirror is
filled with a pressurized gas mixture of deuterium and tritivin gas. The gas is circulatcd through the
mirror, with a cooling scclion between traversals. The mirror is cncloscd by 1) or 2773, blankets with
admixed lithium for breeding of Pu, 2U and tritinm, Magnets provide a magncetic field configuration
with a mirror ratio R,,. The ficld at the mirror throats is Lypically 10 T.

FIGURE 4. The mirror reactor cencept
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An accelerated witivm beam of approximately onc GeV per nucleon and 4 current of about 0.1
Ampere in injected through a small wbe pecpendicular 1o tic axial magnelic ficld into the fucl, When
the high cncrgy beam (1 GeV/nucleon) strongly interacts with the Larget, in clfect proton-proton,
prolon-ncutcon, aculron-neutron scattcrings ake place,

The total gain factor is given by

Ehlnukcl.oul _ EH-mu.ml(EN) + Eldantu,ma(pﬂ)

K= -
E yrget.in )'.IIJ’;' To

£N denotes the energy gain from “dircct” beam-blanke! interaction and He denoltes the cnergy gain
from muon catalytic processes. The value of K is given in tcems of the physical quantitics X .y, and
¥x by the formula

_ Z!T{ytﬁl +Zuyuxpﬁjefu
T T To

K =Kev + K, (1.3
where y, is the 7 w0 = conversion cliicicncy (~50%); yx' is the number of pucleonic projccliles
necessary 1o produce a n- |, the EN contribution is Ky = ZoTgpea, 1Ty and the muon calalyzed gain is
given by the sccond term, €,=02GeV is the uranium fission cncrgy (for U blankey),
Z,=20 fissions/GeV in the “dircct” beam-blanket interaction™ (ic., the £N process), Ty is the beam
kinctic cnergy before colliding with the blanket while Ty is their initial kinclic cnergy before hitting
the Larget {for pion — muon creation). §=1 is the number of fissions in the Mankel caused by onc 14
MeV mcutron from the fusion process.®! X u was measured experimentally to be about 150 for liquid
hydrogen d-t targets and y, and y, were cstimated by Eliczer ef al The above reactor produces a
considerable power on its own. However, the fissife malerial produced in tic blanket (c.g., ™Pu) can
be used to run between 3 10 6 saiellite fission plams of cqual oulput. X denoltes the number of these
satellice fission plats. The vatuc of Xg, of coursc, depends on the design and breeding mtio of those
plants and is thus somewhat arbitrary.

The total clectrical gain K, is given by

Tllhpml
P

K= =N 1+Xx)K 1.3)

where P is the accelerator power, 1, =0.35 is the thermal 1o clectric power conversion cllicicacy and

& is given in cquation (7.2), Delining 1, as the Iraction of e (ol clectric power required Lo recircu-

late in order to operate the accelerator and thic auxiliary (acilitics, then the electric net oulpul is
Pg=(1-n)ng(1+Xg)K P, (7.4

One gets ihic following relation

Palma =0Tl 0 (7.5)
implying
1 1
VT NnK () K
Substituting in equations (7.2) and (7.6} the following paramcicrs for a fucl conlaining 50% tritum

and 50% deuterium at 0.5 liquid hiydrogen density, in the ETR reaclor scheme it is conccivablc to
take:

(7.6
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£=20GeV™ 5 =02GeV 8= 1,70 = 1 GeV Xp =5 X, =200 )
Ta= 06,7, =035y, =0.5,y, =035, Ty = 0.8 GeV
which yiclds
Ky=32, K\, =70, K=102, K,,, =214, 1, =78% (7.8)

An impostant result is the valuc of 1, which can serve as a figure of merit in a driven nuclear
reactor, If we assume as usual an output clectricity of Py = (14Xz)10°W we nccd an acceleralor
power of Py =30 10*W which for | GeVinuclcon projeciile implics an average currenl of 0.3
Amperc.

In erder 1o compare our scheme with other driven fusion-fission rcacwors we define as usual a
gain @ for thesc reactors by (comparc with X, in Equilion (1.6))

1
2= NuNon, (1 + Xg)

where vp is the driver efficiency (taken optimistically) as 0.6 for magnctic confinement and lor ion
fusion devices and 0.05 lor Jaser inertial [usion. Equation (7.9) implics tiat the uCEF (muon calulyzed
fusion-fission) rcactors with X 1=200 are cquivaleal o MFF (magnctic [usion-fission) or ion ICFF
{incetial confinement [usion-fission) which have a gain of @ =10 or a lascr ICFF with a gain of
Q=120

.9

7.3. Tajima-Eliczer-Kulsrud {TEK) Fusion Reaclorts?

In order 10 achicve a thermodynamically meaningful eacrgy gain by muon catalyzed DT fusion
alone withoul resorting to breeding fissile matler by fusion neutrons, it is belicved that the fusion
caalysis eycling rale in a muon lifclime, X pe fccds lo exceed 1000, Neglecting Tasier intermediale
processes, nowadays we can identify two crucial boitlenceks for muon catalyzed fusion cnergy pro-
duction. The onc is the di mu-molecular formation process (rate Ay, and the other is the muon stick-
ing with fusion o particles {probability wgg):

X! 0, HAg T, (7.10
where

W, = w,o(l - R}, 7.1

T is the lifetime of a muon, R is e stripping e of muon from Uie (o)t atom, and
,0=0.008, R=40%, X, =10°scc™, The sticking rate has now been cxperimentally and theorctically
scitled 10 w,=0.0045. This mcans that even it Ay —ree, the catalysis cycle rale Xy is merely 220,

The question is: il the nawre gives us a value of X w220, is it possible w enhance it by an
ingenious method? Roughly speaking, the deicrmination of g involves nuclear physics along with
dips molecular dynamics; that of R and Aup involves atomic and moleculyr physics. Thus il sccms pru-
dent to us o try 10 "manipulale” o improve the processes What pertiin w lower encrgy physics, i.c.
atomic and molecular physics, as it s casicr (or "cheaper”) 1o influcnce lower cucrgy physics. This is
onc of our guidelines. In the lollowing we cunsider the enhancemeat of suipping by one way or
anothier that docs not involve nuclear physics.
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The cllective sticking probability wg can be reduced by increasing the stripping coclicicnt &
[sce Eq. (7.11)]. The swipping (or reactivation) cocllicicnt R may be wrillen as

R=1-cxp —nff—ﬁ—o“w)dﬁ (112)

FE | '
wlicte &, is the swripping cross section, & is the stopping power of (Q)* in matier, and &y and £; arc
the birth energy of (oy)* (=3, 5McV) and thie (o) ionization potential (= 10 keV). The cross scetion
peaks around = 10 keV and quickly decreases below this cnergy. In order 0 make the reactivation
coefllicient large (i.c., close o unity), Bracei and Fiocentini®® argued that (o} should be kept as long
as possible in the higher velocity fange where the stripping probability is higher. Thcy suggesied o
apply accclerating clectric ficlds in the matier. Unfartunately, the eifective stowdown ficld in the solid
maltey is of the order of 45 MeV/em, wilh which, cither by de or ac ficlds, breakdown of the Larget
ariscs.

Kulsrud® proposcd a clever scheme 1o reduce e slicking cocflicient by reaccelerating the
(og1)* ions by ion cyclotron resonance mechanism. In this scheine the targel D-T is in solid (or biquid)
fomm, say at about 25°K, and the Larpet is divided inlo many rods (or pellets) of the order of 100
microns (cach) in radius. By imposing a magnclic Geld and a rotaling elecuic field the (oau)* ion is
kept at a constant {average) velocily until stripping occurs. The drag foree in the rods {while the sirip-
ping occurs) is balanced by the acecleration force in e vacuum between e tods {or the pellcts). The

“acceleration is achicved by e jon cyclotron  resonance  heating  with  the [requency

w=£,, = el me, where 1, is the proton mass. In his calculation die necessary strength of rf clec-
tic ficld E,, for sicipping is

eE,=5x10°f kV fem (7.13)

where f is the filling (actor of the DT Larget. On the other hand, the breakdown lickd for ac ficld By
(which is much higher than the dc casc) is approximately given 03 py

cEyg=muwc | (7.149)

where m is the clectron mass and w is the rf Irequency. Adthe frequency range of Ilu,,:l(l‘" Hz (with
IM Gauss magnctic ficld) the ficld in Eq.(7.13) is tolerable against breakdown. Unfortunaely,
Kulsrud's®™ idea docs not work as he put i, since the al pha heating of the target cannot be talerated,
for the lollowing reason: Iimagine it we want o et Tusion happen in DT icc bars (below 25°K}. Pera
it fusion reaction, a ncutron of 14,1 McV and an alpha paticle of 3.5 MeV are created. The neutron
leaves the ice ane presumably hits a surrounding blanket (or worse, a mcil), while the alpha particle
is likely 10 stay in the DT ice amd heais it I we are 10 insist on keeping the low lemperature of the
specimcen, cvery Gme a fusion alphi paticle heats the target, we have to cool (ur extrawt the cnergy of
that amount. from) the matcrial. That is, we have (o remove 3.5 MeV cnergy per lusion, With the
cooling cificicncy 1, (becanse of the second law of thermodynamics, it is net unity and in fact a min-
iscule number ypically of the order of) = 0.1, the necessary chergy Lo keep the material al a desired
cool lemperature is 3.5McV/n, (=35McV) per fusion. On Ui other hand the 1o1al {usion encrgy pro-
duction is of coursc only 17.6 McV per fusion, No cnergy gain is possible. We call this problem “ioo
cold fusion - no cnergy production”.
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The TEXK (usion rcactor concept is bascd on the following configuration. A simple mirror ratio
R, with magnetic ficld B gencratcd by superconductors is surrounded by neutron blankets such as Li
cle. Although the stengih of the magnetic ficld is not uniquely fixed, we may usc a typical number of
1 MG. A pellct (or pellets) of DT iee is repetitively injecicd cither mechanically or gravitationally
into the mirror vessel, Fhe pellet consists of a scrics of ribbons of DT ice. “The minisoum overall size
is =(2cm)?, which is determincd by ¢ two conditions, the incrtial confincment condition of ihe
overall pellet and the magnetic confinement condition of 1=, These DT ice ribbons il the pellet with
the fiiling factor f in order 10 accommodaic suflicicnt acceleration tme, while kecping cnough maticr
W strip (ay)* according to Kulsrud's mechanism of stripping. These DT ice specimens arc penctrated
by a high cnergy beam of & or ¢ particles { = | GeV/nucleon) injecicd perpendicular 1o the mirror axis,
* which coincides with the (longiwdinal) axis of the specimens. Beam particlcs collide with the wrget
nuclei, creating  x7's. Pions arc created in situ and confined by the mirror magnetic fictd, as in the
caclicr hybrid reactor concept (see section (7.2)). The portion of the beam that did not sulTer sirong
intcraction will be collected, cooled, accelerated, and reused (or the next pass. Al this encrgy of the d
or ¢ beam may be appropriately provided by Budker's clectron cooling method %8 or Van der Meer's
stochastic cooling method. ¥ The cnergy cost of this cooling will be studicd in the fulure. The beam
cacrgy has o be boosted as well.

The ribbons have the lollowing characteristics. The thickncss {, of a ribbon should be smaller
than the range of (ap)* at the 3.5 McV cnergy at birth. Typically we choosc 1005um. The width £ is
typically several times ¢;. The length {4 is determined by e larger of the incrtial cofinement leagth
and a few 1~ Larmor radius:

1y =max(c,T,. 4p.), (7.15)

where ¢, is the sound speed of the DT specimen and Px=Pe L. For 1 MG ficld and 1 eV DT speci-
nca, these iwo arc in the same rnge of =10% cm. The distance 3 between Lwo ribboas in the width
dirchion is

dy = min (2pa, 1), (7.16)
and the distance d; between two ribbons in the thickness dircction is
d; =max |{, /1, ha ] 117
2fPuy

where py, is the Larmor radius of {og)*. Typical numbers for these are 0.4 em wwl 0.2 cin, respec-
ively, Radio [requency cleclromagnetic waves with lrequency w = £y, arc applicd with the clectric
ficld rotating.

When the beam is injecied into these ribbons and fusion reactions begin, fusion alpha particles
arc cecated and all their cnergy is deposiled in the heating DT ice. In order 1o avoid the dilemina of
too cold fusion - no energy production mentioned before, the DT ribbons are heated uf lo lempera-
ture Ty, which is much highee than the room temperature 7o, so that we can now extract encegy from
the DT ribbon instcad of investing encrgy 10 cool it. ‘This condition is writlen as

M\ -AT M >0, {7.18)

where 1ty and ), are the thermodynamical cliciencics of the heat cnergy extraclion from the hol
maicrial (T} inio clectricily and the cooling, and AT, = 1=, and AT, = T,—T;, From this Ty has o
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be larger than 1-2cV for 1,=0.3 and 1,=0.1. This will resolve (he difficulty of Kulsrud's idca. OQf
coursc, this brings in a new dificulty of confining hot DT ribbons al ncarly the sulid density © cope
wilh an cnormous pressurc,

In order t0 confinc these DT ribbons, we introduce the concept of coronal conlincencnt. We sur-
round cach ribbon with a coat of coronal plasma with density 1, and temperature 1, such that

miy=nT,, (7.19)

where ny and T, are the heated DT ribbon densily (¢=1) and (cmperature ( =< 1cV). The thickness i
of the coronal plasma is

1
lc-'-—4—d| . (7.20)

We choose the densily of the corona such thal the majority of (op)* of stripping docs not Lake place
there:

i I
no<-tn, and T,>=7,. (221
’c l"1
Equation (7.21) can be writicn as
41 ’ .
n“:d_n* =4fn, and f,)mﬂ \ (122

where the cqualily in Eq.(7.22) applics when the ficst term in the paccathesis in Eq.(7.17) applics, T,
typically is 10¢V. When the DT ribbon expands alicr alpha heating, the coronal pressure balances it,
whilc¥he coronal pressure is now bome by the magnetic pressure outside of it. Thus, the corona is
magnclically confincd:

=— (7.23)

where B, is the magnelic ficld which penctrates inlo the corona and 8 is the cxiernal ficld. Details of
the creation of such a corona will be discussed elsewhere. Somc possibilitics include the alpha heating
of the gibbon itscIf with or without a sponge-like surface, injection of very hot and very lenuous

"plasma Lo cvaporate the suslace, surface current application, laser surface ablation, cic,

The magnetic fictd tends Lo pencleate into the corona (and the ribbon) by the resistive process.
The velocily of such penctration v, is given by

v = VP meclmTa)i, 12
Fooomt BTy (7.24)
where 7 is the collisional resistivity of the corona and an explicit dependence of the coronal lempera-
ture is writlen in. ‘This velocity should be suflicicnuly small such that

Livy>ty, . (7.25)
This cquation imposcs a constaint on 2, I;.Ty, and T,. Besides thic classical resistive penetration,
there may arise anomalous penctration. A most promincnl ¢xample is duc to the Rayleigh-Taylor ins-
tability developing at corona-vacuum interface, as the capanding corona decelerates duc 1o the mag-
nckic pressure. A simple cstimale of the growth ralc of the R-T instability is
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Favgl/l, =ac, i, , (1.26)

where o is a geomewrical factor ordingrily less than unity. There may be a possibility of devcloping an
clectric ficld and the coronal plasma penetrate theough e magnetic ficld with cExB /02 drilt velocity.
In this casc it may become neecssary to short out ihe clectric ficld. Finally, the collection of all these
ribbons is confined incriially

iyle~ale, >, , (7.27)
wherc a is e size of the pelict.

The above described TEK fusion reactor concept via mugn catalysis tricd 1o reduce the effcclive
sticking probability (o be less than 107 by using ion cycloron resonance heating. The necessary
steuciure of e DT fucl was claborzied. This particular structure allows the above operation, simul-
tancously kecping the mccessary crileria for the mu-molccule furmation processes. A number aff
paramciers such as the strength of magnetic ficld, the filling factor cic. have yel W be optimized. It is
cntircly possible, however, thal a comfortable (for physics} choice of paramcicss, may lead w the
requirement of a fairly lirge magnctic ficld of the osder of 1 MG. Many anomalous plasina relaied
processcs may come into play. The rf power may be dissipatcid by cxtrancous resonauces and other
unwanted heating and thus te Q-valuc of f source may not be as high as we wish. All these physical
as well as wechnical problems can be formidable and certainly provide an immense challenge,

e

8. THE PRODUCTION OF p~

The W~ particles are produced by the decay of the negative pion, -V, The m™ mesons
ire generated by using proton, deulerium or witiwin accclerators. For kinclic cenergics per nuclcon Ty
smaller than 0.7 GeV/nuclcon, the probability of inclastic nucleon-nuclcon collisions, V(T
la.b = p {prolon} or a (ncutron)} is very small so that a &7 cannol effoctively be poduccd. V, is usu-
ally delined by the ratio of inclustic cross-scction, o, w0 the 1ol cross-section, gy, for strong
interactions ( 63 = 05+0% where o s the strong claslic cross scclion). We do not consider initial
encrgics larger than 2 GeV per nucleon since in this case the number of undesirable pasticless (c.g.,
nculrdl pions) that are created increases. Therefore, in the energy domain under considesation,
0-7<T'5<2GcV, the negative pions arc produced us shown in figure 5, with cross scetions Tpor Fpa and
ox,. The probabilitics W of producing a 7™ ance the inclastic collision occurs are given by W, (1),
The multiplicitics Y5 were calculaled % 1o be

Yio = cop VipW o ARV oW o 4 CEIV W, (8.1)
Wheee €Y give the Iraction of PP, paand oo collisions between a projectile A4 and a target
B(AB =p.d,0. (V)" cquals dic number of nuclconic projectiles {passing an vo targe) NCCESSAry 1o
Creale oNe & in a reaction A + B4 - - -, OAs ()" is the numbcer of nuclconic projectiles neces-
sary 1o creale one pion whilc the projectile A passes through x cov af tacger B, and GAsY 1T, is the
cencrgy yiclded for this type of =™ creation. y§,(x) is given by

Yo (%) = nobulZpZyah (L4 {Ag~ g )+ Ly {An-2)] O HAr—LaNAs~2s)ok,) 8.2}

where Z and A arc the number of Protons and nucleons respectively for the appropriaic collisions { A-
larget, B-beam). ¢ is the density in liguid hydrogen units ¢ = n/ng, where n =425 10%ams/em’,
o%{a,d = p or n) is calculated from figurc 5 by using o;n=0.80'% (which is satisficd for our range of
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FIGURE 5. The probabilities of W produclion.
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encrgics), o = o and o!%(1GeV)=45 mb( 1mb = 1077 ). The mean frec path Is 4y is calculalcd
Irom

I5khn = 03 = gnyolsy (8.3)

where 03 is given by
b = ZaZO g+ AA—La Y Ay-Lg a4 8.4)
WZa(Ag-2p)+2, (AAWZA)]O;:

Onc¢ oblains, for cxample, from (8.2)-(8.4) that in vitriumi-triltium - collisions along 04 cm
(x=1l,u=64cm), onc n is created by four nuclcons having a total kinclic cncrgy of 4 GeV. The
Rumber of nuclconic projectiles necessary 10 creale one 1 arc (for a single collision)

Y pp) ™ =
(Y*pd™ =20; [Y*(Wd)f" =6 (8.5)

(PR = 14.3; (YR =4.8; Ir*uy' =4
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.
where the projectile has a kinetic cnergy of 1 GeVinucleon. This situation is achicved for targeL
dimensions much smaller than the mean frec path for strong interaclion. For large targel dimension,
the nucleon projoctile has multiple collisions in the target, about 50% of the incident nucleons luve an
clastic scaktering in the first collision. “These nucleons can liave in their second or third scatlering an
inclastic collision if the transverse and longitudinal dimensions arc large enough. However, since the
probability of a strony inclastic interaction (where a 1™ can be created) is very simall for energics less
than 0.6 GeV, all the nucleons with cnergics bekow this value arc incfTective and their cocrgty is aclu-
ally lost as far as ihe creation of negative pions is concerned. Thercfore the multiplication factor is
calculated by adding the probabilitics of the first collision being inclastic and the appropriate probabil-
itics that a possible second and third collisions arc inclastic. Taking into sccount multiple scattering
we oblain the following cncrgics £y tequired to create one 1 (for projectile kinctic encrgy of |
GeV/Nuclcon),

Eg(-d)=4.5 GeV, E (d-1)=3.7 GeV, {8.6)
Ex(-1=2.0 GeV, Ex(1-50%d+50%()=2.85 GeV.

In the ETR scheme (sce seclion 1.2), the ™ mesons arc created inside the d-t fuct and thercfore
the pions creaicd by multiple collisions are not lost into an undesirable surraunding material .

We cad this section by pointing out the possibility to create =~ by triton-triton colliding beams.
A laboratory kinctic encrgy of 1 GeV per nuclcon corresponds 0 a cenler of mass cncegy of 225
McVIquloon. In this case onc nced Bx225 MeV = 1.8 GeV of cnergy in order to produce a k™ jn
rriton-triton colliding beans. In this schemne the prochuction of desirable numbers of g ' sect
will require very large aperture slorage rings, somcthing similar w Tokamak rings. The minimum
luminosity in this case is about 10*cm Zsec™! (number of events = luminosity (L)% cross scetion (o).
This luminosity is many order of magnitude larger than that of any cxisling storage ring. [owcvor, it
is interesting to point out that such a luniinosity is anticipated in Lkamak devices,

9. Mu MOLECULAR FORMATION UNDER LASER IRRADIATION

The muon catalysis leading 1o nuctear fusions depends on the density of the hydrogen isotopes
mizture (c.g. D-T) as well a5 on it lemperature and composition (c.g. the pereentage of T in the D-T
mixjure), ‘The cxperimental dat and our prescat theoretical knowledge suggest than cven by optimiz-
ing the density, temperature and concentrations one cannot increase the value of X u above 220 duc to
the sticking problem. In section (7.3) we have discussed the possibility of climinating the sticking
problem by the ion cyclowon resonance acceleration of (oy)*. Another new direction of rescarch is
suggested by wsing laser beams. ™Y The wim of this research is 1o substitute e high density needed
for mu-moleenlar formation by ihe laser beanss, The lascr photons can play the role of a "new” cncrgy
bakancing body or altering the density of states for the atomic and molecular process.

We consider a three encrgy-level system of a . molecule such as dip, ddy, dpu cle., as illus-
traied in fig. 6. ‘The quantum icvels are denoted by (a), (bY and (¢) where E,>ESE, arc the appropri-
alc energics. The lilelimes of these levels satisly the condition Ta*T.. For example for (he dip
molccule these levels are: a state in the continuum of the system (pd, the bound siate UV)=0,Dof
the molccules dyt, and the boynd state (J,V)=(0,1) of dip.

28

The system is initially in the state (a). Under the influcnce of an external ficld with frequency m
we can induce a two-sicp decay of level (a). During the first step 4 virlual Lransition level (c) is
induced by absorption of a single photon while the second stcp is a transition to level (b) through a
spontancous decay or an Auger process. The cleciromagnetic interaction belween the cxternal ficld
and the system is described by the Hamiltonian / = Veos ax. ¥ will be specificd Jater, Qur formal
approach is analogous 1o the treatment of Raman scattering. The Schrocdinger cquation yiclds a Sys-
tcm of cyuations for the amplitudes v, and . of the leveds (a) and (¢). The transitions from (a) lo (c)
wilhout the laser ficlds and (he decay level (c) are included phcnomenologically by the rates Y.andy,,
Within the rotating wave approximation tese ceuations arc

T S . SO @1
2 h
. 1 in i
""=—ET‘V‘+TV'=E Ar“h J (92)

IV | denates the iransition malrix clement between the states (a) and (¢) and A is the deluning given
by

2n(E,—E
A=-—(m._'7)_m

9.3
i 0.3
The solution of ¢gs. (9.1) and (9.2) for the injtial conditions y,(0)= 1 and y.()=0is
MIV, | .
()12 = | S0 | €T e singns) ©.4)
h np

where ¥ is

FIGURE 6. Stokes {resonance) formation of dip.
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YALAL) (9.5)
L is the complea Rabi llopping frequency,
W= (B8 H2m 1V, | th)R M2 {9.6)
and & is given by
&= IA('Yn_'Y:) . (97)
The probability fos tie Stokes process P35, (1) up to time T is given by
T
Ps(Ty=vJarlyn? ©.8)
[

Since for our cascs of intcrest Ta® T, 00 can abiain the probability £ 4(7) for the ransition from (@
10 (b) by switching off the lascr during a time T by

T
o) =vJuriy. 2. ©9)
0
‘The cfficicncy 1 for Stokes transitions up 1o ime T is given by
Pu(l)
=P—G'UT, (9.10)

By intcgraling (9.4} onc oblains the following cxpression for 7 s{T):

e [2mivLl )

- . ry . g . TS 2 2
wle-rXE0sh YTy sinh YT ycoss ¥ exsined . 2P +x3-y I,
il rex? (P-y) (P 4z @10

xand y are the real and imaginary parts of | (scc cq. 9.6)).
To first order onc finds a simplificd solution of cys. (9, 1) and (9.2):

e ()1 F=e™ 9.12)

TVl 12 o g meon,
Iy, ()12= ac ¢ "+e e Tcos
() [ p ] X RS . 9.13)

We arc inleresied in a system where (c) decays imuch Lasler than (a), i.c. Ye>7,. Then v and 8 reduce 1o
'\':“8:'{{.7:- According lo (9.12) and (9.13) the population of the excited level 1y, (1)12 decays 1o first
order for Jarge times on Ihc same slow time scale v;' as Iy (il !, We assume that the pulse of the
extemnal ficld is long compared 1o tie lifetime of (c) and small compared 1w Wi lifetime of ()
o'l ey, By integrating (9.12) and (913} unc gets e following cxpressions for (1) a2

LI ]2 1.7

PSi(T') = l * A2+(‘/:T )2 '

9.14)

v, 12y,

- ' 2.1
- h ’7,(A"+~l*'yf) (>-15)

Consider he resonance case, A=0, One gets from ¢gs. (9.14) and (9.15)

miv, | ]21

Pu(n}= h %

(9.16)

and the induced Stokes cllicicncy:

B [IuIV,eI T, o7
Rl B Yot @7

Inorder 10 calculate the interaction matrix clament 1V,.} we assume 2 tipole transition between
quantum levels (a) and (c):

W2 = %(eE;,)’Id.clz. ©.18)

£\ is the clectric ficld of the lascr, related to the flux £ by E} = 4n?F Fh, where Ay is the laser
wave-length. In terms of the laser intensity defined by Iy, = cE} 18x, Uie malrix clement Welis
given by

z
=R, e 9.19)
- 3 ¢

We usc the mavix clement |d, 12 as caleulated in ref, 28
e 12 = - SHGR Uy, (MR )12, ©:20)
m)

where R is the midius vecior joining the nuclei « and d, r is the radius veclor of . with origin at the
geomelric center of scgment R and 4 is the dipole moment of the systcm comprising the mu-atom and
the nucleus of the Dy molecule, relative 1o the mass center of di.

TABLE 3. Quanlilies that delerming the efficiency of resonant Slokes induced molecular for-
mation of ddy and dtp.

Quantity  ddu i

1 3x10°%5 0%

Y. Ix1pis 101257

I1d,1 1.058x10 1,005%10™%cm
MACHY) T (Wicm?) 5107 1 (Wien®)

WA>AY) W0 WiemPed 107 (Wem®) ol
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MMy M, arc the masses of p, d, L and M w =M +M+M,. Tuble 3 shows the numerical values of
the dipole matrix clement 1d,,; | as calculated in ref, 28, the lifetimes of the Jovels 162 () and (c) and
the estimated clficicacy for resonant Siokes transitions as a function of the laser intensity, for e

. molecules dip and ddp. The results show that for moderate lascr inkensities of 10°W cm™2 the
cificicncy for resonance fonmation of dip by induced Stokes transitions is about 50, while for ddp it
has the huge valuc of 107,

However it must be cmphasized that the resonance condition is cxtremely important for the
above cstimation of 1. The resonance condition A<y, is cquivalent to a<3x 107y /(F,-F ) (V)
where

_— hA Ly hw 997
WE,-E) " 2m(EL 0.22)

In particular (or the du case the resonance condition implics a<Sx1074, whilc for dop, @e5x1078,
Marcover if A>%y, then e cfliciency of Uie Stokes induccd Lransitions is reduced significantly. In
this case onc oblains N=1071, (W fem?)ia?. For example requiring 2 resonance detuning of 10% (
a=0.1} and a Stokes efliciency 1) = 10 one needs a laser ficld of 10 Wrem?,

10. MUON CATALYZED FUSION IN PLASMA

10.1. Formation of mu-Atoms in Plasma

Dy shooting a muon beam into an ionized densc plasma the p~ panicles stop and thermalise inte
the medium al a emperatre T. The formation of mu-atoms in such a plasma is possiblc through the
lollowing processcs:

{a) radialive rccombination
WX Xy (to.n)
where X denotes an hydrogen isotape; p, d or t (o in gencral any other ion in the plasma),

(b) three-body collisional recombination

WX Y (X phY {10.2)

WX e (X e (10.3)
where Y denotes another ion and e an clectron,

The processes of radiative (10.1) and the threc-body (10.2) recombinations seem 10 be negligi-
ble relative to the eleclron three- body collisional recombination (10.3). Therclore, we cstimate now
%% only the rakc for the X formation through thc process (10.3) in a dewicrivin-tritium plasma.

The rate of tnu-atom [ormation is determined in anxzlogy with the theory of the three-body
clectron-ion recombination,

by Hhg=an (scc™') (10.4)

where a (ully ionised plasma is considered with an ion density (n,) equal to Uic clectron deasity (n,)

n,=Hen, (10.5)
and afem®sec™) is the collisional recombination cocllicicnt. a is derived by using the principle of
detailed balancing

da; da

L 1.5% (10.6)
pp 4 p? od0d
where i and £ denole the initial and final stte and do/d€ is the dillcrential cross scetion. Equation
(10.6) relatcs the processes i—»f and J—3i. Notc hawever that cq. (10.6) is correct 1o the ficst order in
the perturbation theory. The cxact rolation is between i-3f and £ —5i* where i° and S denote states
which differ [rom i and f by a change in the signs of the velocitics and angular momenlum com-
ponenls of the particles under consideration. Using cg. (10.6) onc has 1o calculae the ratc
Xpte—p™+X *+¢ instcad of that described by eq. {10.3). Thus o in e {10.4) is given by
1

oy

n

3
E R
- ) >lcels 10.7)

&t

where £, is the 1o1al encrgy of the muon in the mu-atom, Ac,,:c,'l—cu is the change in €, due 10 a colli-
sion

(xl-‘-)r,"":—’(x“)c;"'co (10.8)
By is the frequency of these callisions and
- 3 7
= _J’? S
2> = Jatg 17 T R oY 109
<l > { glele 8 (10.9}
In this chapter we are using the alomic units (.0}
o= ZL:I:' =m,=Kz=1
hl
Lau of length = —5— =529-10%cm
An*me
lauw of mass=m= 92.11-100%y
1 ime = —10 4310717
au. of time = PRI = 243107 (scc) (10.10)

2 4
4“}‘;" =4.3610™" erg =27.21 V.
t

la.u. of encrpy =

e and m, arc the charge and the mass of the clectron, & is Plank's constant divided by 2rand Xy is
Boltzman’s constant. In these units the length is mcasurcd in Dobr radii, encrgy has the dimension of
{engehy™ and Lemperature has the encrgy dimension,

lljs assumed that the main contribution w <(Ac“)z> in the process {10.8) coics from the colli-
sions with a high impact paramcter (8) relative 10 the mu-alom radivs, pr,, wheee r,=1/ le, | is the
characieristic sizc of the mu atom. Ag,, is cstimated 10 be
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ny iy
A;?zj}?,,,mz[-‘:“’:—]-%"—. (10.11)

where F,,, is the Coulomb repulsive force belween the clectron and the muon. The clectron-muon col-
lision Irequency is estimated by

é = nov,=nv,2apdp . (10.12)
Fascrting (10.9), (10.11) and (10.12) into {10.7) one gets ® the my-atom formalion ralc in 2 plasma

3
16212 n?A,

3.2-10"¢p%A,
T2 =
Imy I¥

-1 (10.13)
[revyr

- A (0.u.)

where g=niny is the plasma density in liquid hydrogen units, Ap i the logarithmic wrm (Ap>1)
which can be approximated by

Ao = 1Paus [P 073~ [ﬂ—""—:@i] (10.14)

1
whete rp is the Debye radius, ro=[T4(8rna)] % . From eqs. {10.13) and (10.14) onc gels
Me=1T=10%VR610'cc™ |, Ap=0.1 7= 10%eV)=7.510%scc™,

Me=1.T=10%V)=9-i0%cc! |, Mp=0.LT = 102eV)=1.3 10750~ | {10.15)

M= 1.7=30eV)=10"sec™ | Mo =0.1,T = 30eV)=1.510"sec™

These rates A must be compared with the quantily (7,m,)"'=10"sec™. For As(r,m,)" the process
lowers the valuc of X w it comparison (0 a liquid (D-T} density (sce chapier 53, while for b('r,,mg') it
docs not influcnce X p- Therelore, a praciical requirement for choosing a proper deasity and empera-
lurc in the plasma is

A=y th,,#10%scc™, (10.16)

10.2. Formation of mu-Molecules in a Plasma
Ina cold (T < 1 ¢V) mixwre of D-T, the duys molecule is formed resonantly (sec section 5)
1+ Iﬂ[(dlll)Jvdl‘.’cl, (10.17)

where the resonance encrgy of dip is sbsorbed by the vibrational degree of frecdom (v) of the
[(u)dee] complex. This resonance formation is ot possible in a plasma duc 10 the dissociation of
the large i, molccule.

In a plasma e resonance cncigy is absorbed by cleclrons, jons or neutral atoms. The mu-
molccule has charge +1 so that insidc the Plasma medivin it can be found cither as an ion (dipy* or as
a nuclous of a neutral alom uyye. Therefore the dy formation in a Plasma medium composed of

deutcrium and tritium can be induced by collisions with clectrons,

A.,(orm
tptd+e : dy+e’ (10.18a)
Ay
D e ea(dipiere’ (10.18b)
by ncutral-nculrai transitions

1HD+X es{dip)e+ X’ (10.19)

or by ion-ion or ncutral-ion wansitions
X esdip+X' (10.20a)
DX ea{dyl)e+X *+e (10.20b)

whete X = D or T. Aurm i the sate {sce™) for the formation of the dip molccule while A, is the
breakup rate of dip, Aorm and Ay, arc related through (he principle of the desailed balanee

2 3
form _ 3 .
™ =3n, ‘—“—uu,l. exp{le, i) (10.21)

whert n,(cm™) is the density of the specics b{b=d or D), G =Myl M5 | epy is the binding cncrgy
of di in the state )V (g;,=-0.64cV). The densitics Ny arc given by

Ny=Ngcy0pay (10.22)

np=ngdc 405 (1—-0;) (10.23)

where ¢, is the deuterium concentration, ©p is the degree of dissociation (D2-D+D) and o is the
degree of ionization (O —d+e) and arc determined by the Saha type of cquations ©4.6)

b 2KYZeap(-piT)

l-ap  (2n3rdngge, i (1024
o? R PR e
_ AT (11T (1025)

o, ¥ ngdc,

D=4.5¢V is the dissociation cnergy for the hydrogen molccules, ro=1.4a.u. is the distance of equiti-
brium between the nuclei in the melecule, K=0.062 (u.u.) is the rigidity cocfficicnt of the molecule

(potential erergy z—;-K(r—ro)z atr=rg) and 1is the ioni zation cnergy {=13.6eV).

Us‘_ing the detailed bakince it is convenicnt to calculaic Xy, rather tran Morm- The inicraction
causing the disintcgration of diy is given by

- 1=d-g {10.26)

where ?ls the dipolc moment of the mu-molecule and s the clectric ficld acting on the molecuic,
For the processes (10.18), (10,19) and (10.20) ihis clectric ficld can be approximated by
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oA ;
b=y (or (10.18) (10.27)
U(r):—ﬂ (for (10.19)).
22 U@ rt
A r
=T - (10.28)
B 11

r

where Pis the distance between the dip center of mass and the cleciron in (10.18) or the X particle (D
or T)in (10.19) and (10.20). U/ (r) in (10.28) is (he poicntial encrgy of a hydrogen atom in the ficld of
an {{; malecule; the r~ potential is a Van der Waals inleraction and the r™ is a polarization potcnlial
in the ficld of an ion. The dipolc moment in €q.{10.26) can be approximated by

- My,
d=—""R, 10.29
Map { )

(and"i’arc Jacobi coordinates) since the principal contribution rom @ to the transition matrix come
from large distance R between 14 and d.

The formation rates for the processes (10.18), (10.19) and (10.20) weee calculated by Mensli-
kov®? by using the Fermi Goiden Rule for the break up) processes,

Probability per unit lime = A(mc-‘k%‘lmﬁ I’B(E,-—E,) (10.30)
where the R, malrix is given in the first order of perturbation theory by <f 11/ 1i>, 1i> and If >, arc
the initial and final statcs and 1 is given by (10.26). This yiclds (o the lollowing rcsults:

(a) Elcclron induced collisions (cq. (10.18))
lfm'l-=‘:‘| O'D‘hzcl;"}mm (10'31)
AR (sec™!) = 1910 (V) 2expl(0.64/T (c V)] (10.32)
{b) Neutral-ncutral wansitions {cq.(10.19)) , '
Morm = 0B (1-01)p?c A fD,, (10.33)

£l
Mom(sc™ )= 3nd (2r1aT) ? cap (0.64/T(V))<va, W, > (10349)

where o) is the captuse cross section (duc to Van der Waals potential) for molecules X approaching
(dyng,

2 1
o |37 (195 ] 1035
o,.u:)m[;! 2 (1035)

E= %Mv’, M7 =My +M3, and W, is the breaking probability of the mu-molccule by a collision,

{c) Ion-ncutral transitions (cys.(10.20))

3o

Aorm=0{ =0, )07 €A T m (10.36)
3
Aorm(sec™ =63 21 /1aT) ¥ cxp(O.6AIT (V) <va,, W, >, (10.37)
where @, 7 is the caplure cross scction duc Lo the polarization potcniial
1

c¢z=":—" [*:"_5 2 (10.38)

It is worthwhile Lo point out that (or T210¢V and $<1 the fermation rate salisfy
Tuhap (T210cV, $<1) < AL < 1000 (1039

where T, is the muon lifctime. Therelore a significant molecular fonmation rate in a plasma medium
might be achicvablc only for T'<10cV (or Tor T210c¢V but with cxtremely densc plasimas, ¢ 1),

So far we have discusscd (he processes (10.18), (10.19) and (10.20) where the resonance encrgy
of the diy releascd during its formation is transforred 1o a single particle. In a plasina however there is
also a possibility to transfer the "resonance encrgy” into a collective degree of freedom such as "ion-
acoustic” cxcilation or "¢lectron osciblation mode” (Langmuirc wave). It looks that the Langmuirg
mode is dominant

td —dyt+hy (10.40)

where @ = 2w is the plasma frequency and ?is its wave vector. The interaction inducing this transi-
tion is given by (10.26) where the cleetric ficld is deseribed by

1o
M) | 2K [0 @K, . ilH
E-3|%a%) § [aeaie (041)
X

where © is the normatization volume, G, and C{ are the plasma annihilation and creation operators
and ﬁo is the coordinatc of e dyt cenier of mass. Since k<] rpl{rp = Dcbyc radius) and Prrp>1 (
Pr= thermal memeotum of the nuclei in the plasma) onc has k«Py, Therelore the plasma momcptum
is negligible and therclore it is juslificd 1o take Fo =0 in ¢q. (1041). Using (he Fermi Golden Rule
the Ay can be calculated in the plasma model 6% The plasma mechanism yields a maximum valye at
T=2.6cV (lor ¢ <1)

o

TAIE @ =1, C,=0.7)=10", (10.42)

The dependence of Aform ON ¢ in the plasman models is much stronger than ¢ (which is characicristic
for reactions (10.18) -(10.20)).

The probability ayy for the nuclear fusion reaction of it {or 44, ¢ic.) before ic disintegration of
the dig (or ddyt, cic.) molecule in the plasma medium is piven by

wy = A/ (ApHhy,) (10.43)

where My is the [usion raic (A{dy=1.2-10"5cc, cte.) and A, is related 1o Afom a5 previously
tdescribed. The nusmber X w Of nuclear fusion catalyzed by asingle muon in the plasma medium can be
approximatcd by



k1)
X pslog T Ao T, (10.44)
‘(.l)_',' is the sticking probability and e effective rate for the dt formation is
Aormbs - Am
Ka (el ) = Aorm 10, = ﬁ=lf—t (1045)

wheee &, is assumed to be mueh Jarger than Ay U k;=d,, then ol Y= porm. From c.(10.21) onc

gcts for the proccsses (10.18)-(10.20) the lolluwing rclation:

Aorm =1

—i-—=3.2-10“¢c,, (I{cV) 2 cxp (0.64/T(cV)) (10.46)
r

In particular for ¢=1,¢,=07,T=3%V onc 8ol Agra/hy,=5.3107%, In wis case ong gels
Aay(eff} 1,140 implying from (10.44) a valuc of X, smaller than 140,

Couasidering all possible mechanisms [or du formation onc has (o deline

Morm = )J__“,k};,.. 10.47)

Ay = )’;’-{r (10.48)

and 1o recalculaic (10.43)-(10.46) accordingly, However, Ui above analysis suggest that the dp
efleclive formation rate for T23¢V is small comparatively to the case of & condenscd £4as or a con-
densed cold plasma { Ts3cV),

10.3. Muon stripping in a Plasma Medium

The ions ()" arc formed during the nuclear fusion reactions with an initial probability
Wyg = 0.00B5. The initial cncrgy of the ion is about 3.5 MeV. During its collision with nuclei

atyu+X
oj+X — a+Xp (1049)

the muon can be stripped from its « host with a probability R
S R = 1-cxp(-P) (10.50)
p o | SEXE

Ta WE)

where o, is the stripping cross section, k(E) is related to the fricrion force (Fp) acting on the ion (118

(10.51)

Fp =nx (10.52)
where nem™) is the plasma density (or in gencral the mediym density), £, and E; arc the "Dirh”
crergy of oyu(=3.5MeV) and the jonization cncrgy (S10KeV). The stripping cross scction o, peaks
arpund 10 KeV and quickly decreascs below this cnergy. The cllcctive sticking probability wy is
given by

Ws = weo{1-R) = wyeexp(-P~) . (10.53)

wy can be reduced by increasing the siripping cocllicicnt R 1o s mazimum value ( K1 or
cquivalchtly P o0 ),

- . . — . . .
For a {ully ionized plasma onc can calculate %{£} from e following approximation 69

_ _dne? ay
K= m, In{av) v (10.54)
where v is tic ap velocity
_l_
v= (MIMHM)Z , (1055)
.a=2mrpleg, ry is Lhe Debye length and £ =2.718 - - -, and v is an cllective potential crealed bya
charge density f (v):
Sy,
W = 10.56
V-, (1036)
£ (v,} is the normalised clectron distribution Tunclion I{d:‘v, = L. Assuming a simple model
8lv,~(v—vo)] for V<V,
2z _ o ol ior 0
avifiv,) = Bv,)  forvov {10.57)
anc gets from cgs. (10.56) and (£0.57) the {ollowing "hmcnlial"
L forvey
v
(TOLE i {10.58)
= lorvav,
v
implying from cq. (10.54)
4
41u:2 In(av)sxy for v>vy
(TR
= 0 forv<vy (10.59)

From 'é'q.(IO.SI) it is clear that the %—0 contribution is the dominant onuc in calculating P, Equation
(10.59) is an approximation. The morc accurate behavior al vevy is k/ lc(,::(;‘-'—)1 (instcad of the zero
(1

in (10.59)). However, in gencral one can see that for vy, K(E) falls sharply with the decrease in v,

For a Maxwellian distribution of clectrons in the plasma one gets

K(E )Xo (EW(EEr) (10.60)
X
A e 2 _'w_"l‘, "
B{x) = \Egc b= [ ]r

As explained above, the main contribution W P comes (rom E<Ep, and in this limit

.13
E

N (10.61)

o
H Er | 3dn
From the newwal gas dats one calculute Palobe

Po=0.63 (w5 = wygexp(-Pg) = 0.0045). (10.62)
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Assuming for a plasma the approximation
PP g+ AP (10.63)
and using (10.61) we get
PoT 1 r, . 3
= ME = |s———=53- 10 [T (cY
ar E.-,gl’[u ] | e (10.64)
I
Using this result in eqs. (10.53), (10.62) and (10.63) we get ihe clfective sticking in a plasma
ws=4.5x 10 2exp(-5.3 1074 [F{cV)]*] (10.65)

From this result one can sce that at sufficicndy high temperature there occurs practically com-
plete stripping of the muons from theie agt ions. In particular for T = 10 ¢V Wy is reduced by a Faclor
of 0.6 whilc for T larger than 20 &V w; is eflecti vely zero,

In summary, in a plasma with a lemperatuee larger than 20 eV the "sticking probiem” disap-
pears. In this casc the mu-catalysis is limited by the diyt (or ddp) lusion probability during the molecu-
lar stability, From the previous scction {10.2) one can scc that for T > 20 ¢V the cffeclive ralc for
fusion is small because the dip molccules break up. Thus it looks hat in an hemogencous plasma
there ase no appropriate valucs (or lemperature and density for which, al the same lime, @, is smatl
and Ay (T} is Jarge. The main problem is to find a mechanisi where a hi gh rate of mu-molccular for-
malion exists for which the break up rate is small in the domain where the effective sticking is negligi-
bic. We suggest that it might be possible to usc powerful lasers or ion-resonance cyclotron heating ina
Plasma medium in order to get a positive answer 1o this problom, €5

.

11. COLD FUSION IN A CRYSTAL

On March 23, 1989, during 2 press rclease at the University of Utah in Salt Lake City, US.A., it
was disclosed that Dr. Martin Fleischmann, {Professor of Elcctrochemistry at the Uaiversity of
Southhdmpion) and Dr, Suanicy Pons (Profcssor of Chemistry and Chairman of the Department of
Chemistry at the University of Utaly), have successlully created a sustined nuclear fusion reaction al
room lemperature in a chemistry laboratory at the University of Utah. In ref. 1 the authors claim to
have achicved nuclear fusion in an clectrolytic cell containing heavy-water (,0). Apparcntly the
fusion occurs when e deuteriuny aoms accumulale in the pallaciuin clecirode {Ihe cathode)} and a
raic of aboul 10* fusionsfsec were reported, ! The cnergy released from the Tusion reactions scems 1o
bc less by ninc {0 ten orders of magnitide in comparison with the catorimeter hcasurements. The
most astonishing result of ref. | is the claim hat during the (120 hours) experiments an cnergy of
4Meggaloule per cm? of clectrode (Pd) volume was liberated, 1Lis too soon Lo proper analyzc this data
and t argue with Prof. Fleischmann stiatement; "What we have donc is to open the door of a new
rescarch arca™. However this caperiment might suggest that cold fusion is possible in a crystal. The
role of W is played by a crysul,

In a preprint (released ol the same time with Uic University of Utah press release) writien by a
second Utah group (led by Professor Steven E. Jones of Brigham Young University in Provo), Bicre is
also cvidence for nuclear fusion inside the patladivan (or utaniun) lattice. Jones ef af. have obscrved
nuclear fusion at room temperature during clectrolytic infusion of devterons into “Ti and I clecurodes.

40

This experiments measured about 0,5 fusions per second implying

A= l(l'nfusionsl(dculcmnxm) (LD

The acutrons were measuced with very sensilive spectromeicr in the energy domain of 2.5
McV where the neutrons from d-d fusion arc cx peeted.,

The rate of nuclear (usion of deutcrons is cslimatcd now by considering a phienomenological
model®” which might resemble the physical conditions arising in condenscd mauer. The interaction
between two deuterons is described by thitoring a screcned Coulomly putcntial (with a screcning length
Rs due to the cleciron gas in the hybride cavironment) with an harmonic potential, This potential
might simulate pheaomenologically the confinement of nuclei within a latice cell. In atomic units the
potential describing the deuteron-deuleron intcraction is given by:

VR) = ”"(%@ +V, + YK @R-R,)? (L2

where R is the relative posilion of the deulerons, K is the harmonic oscillator constant given by
K = pu(2nv)®, 1 is the reduced mass of the deuterons, The groum state encrgy of the deuteron is taken
from Rel. 68: hv/2 = 0.072cV, V, is of order of several ¢V (the dissociation cuergy of the lawice). R
is the screening length (of the Coulomb potential) due to the clectrons in the laltice.

The fusion reaction raic A is proportional 1o the probability of quantum-mechanical tunncling
through the basricr, or the probability of find ing the nuclei at strong interaction distance (of the order
of one Fermi):

FIGURE 7. Nuclear fusion reaction raies as function of the inlernuclear separation lor dilerent values
of the screening ength R,
]
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A=Al (sec™), (1.3

W is the solution of e Schrocdinger's cquation for the potential given in (11.2), and A is the puclear
reaclion constant oblaincd {ram incasurcd cross sections for low cncrgy collisions between hydrogen
nucici. For the d-d reaction, A is given by %

A =2.10"cm?scc™ (11.4)

A semiclassical caluclulion of w{D) is donc fotlowing Ref. (8) for mesomolecular ions (two isotopic

nuclei bound together by a negative mucn) and Ref, (69) for hydrogen molecules. For tic poteatial
{11.2) wc ge1 67

A=10° R,(a].u.)‘ e sec-1) (Ls)

The wming point K, is oblained from V{R) = E and is given by:

R,=R, +(Kpy (11.6)

The barrice penciration factor was calculated by connceting the screencd Coulomb polential with the
harmonic potential at a radius p:

. g ep-RIR) 3 |
1=£{2 Zp[E——T-———4R2 ~ i+
‘ L K .
! [2 [Zu[E—V,-'/aK(R—R,)’——E; 14 (L7

Fusion reaction ratcs were caleulated 35 a function of the equilibrium distance between the
nuclei R, for different valucs of the screching leagth R, The results are summarized in Fig, 2.

In summary, we estimated nuclear fusion reaction of d-d in condensed maticr by modeling the
d-d interaction by the combination of a Yukawa and an harmonic potential. The results show that
Lusion rates larger than 1072/ (see x deuteron pair) can arisc in the domain given approximately by
R, + 14.3R; <29 in atomic unils. In static conditions, Palladium (Pd) is a face cenicred cube with lat-
tice spacing of 7.35 a.u. When hydrogen is squeezed into the Pd i gocs into octahcdral sites and then
into tetrahedral sites. In the sicady state conliguration the distance between wwo deulcrons is 5.38 a.u.
for the ocahedral geomelry. Tac distance between two deterons in Ui octahedral-tetrahedral posi-
tions is 3.28 a.u. In the above calculatipns, we do not suggest any idcas or model causing the con-
densed matier 16 be in the domain of parameices where fusion raies we A > 108 sec™ ( per deutcron
pair } as receatly suggested by the cold fusion cxperumcns.
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