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Abstract

In this paper a method of direct conversion of muon ‘catalyzed fusion (MCF) energy )

s proposed in order to reduce the cost of muon production. This MCF concept 18 based

on a pellet composed of many thin solid deutermm—tntlum (DT) rods enc1rcled by a

. ‘metallic -circuit immersed in a magnet1c ﬁeld The direct energy conversion is the
_result of the heatmg of the pellet by beam 1n_]ect10n and fusion alphas. The expandmg
. DT rods causes the change of magnetw flux l1nked by the circuit. Our-calculation

- . shows that the direct conversion method reduces 'the cost of one muon by a factor

of approximately 2.5 over the previous methods. The present method is compatible

" with a reactor using the pellet concept Whefe the muon"sticking is reduced by the ion

cyclotron resonance heating and the conﬁnement of the explodmg pellet is handled by

magnetic fields and the coronal plasma

%) Permanent Address: _Plasma Physics Department, SOREQ, Yavne, Israel



I. Introduction

Muon absorption in matter and the induced fusion of deuterium and tritium?~5 is a remark-

' able phenomenon since the negative muon is capable during its lifetime (7, = 2.2 x 106 sec)

of inducing about 150 nuclear dt fusion reactions in a liquid density medium. This end result -

of nuclear fusion occurs after a chain of atomic and molecular processes. The most crucial

step in the physiés of muon catalysis cycle is the resonant formation of the dty molecule
which increases the probability of the end result by at least two orders of magnitude (rela-
tive to nonresonant dty formation). However, this high production rate of the dtu molecule is

disi}urbed‘ by muons lost in the catalysis cycle. There seems to be a probability of about 0.4%

tha;t the helium ion created during the nuclear fusion interaction will capture the negative

muon. -

- The “energy cost” for the creation of a ':ﬁuon is one of the most important. practical

»pa,ra.met'ers in analyzing the relevance of muon catalyzed. f‘usAion for energy productiOh; The

muons are produced during the decay of pions which can be }crea,ted_inA nucleon-nucleon

collisions. The energy threshold for pion generation is about 500 MeV of pfojectile kinetic |

energy and the process of negative muon generation seems to be effective for nucleonic

proj ectiles with a kinetic energy of 1 GeV per nucleon for single pass collisions. An optimistic X

estimate requires 4 GeV of energy to prOdﬁce ogé negativ_e muon. Therefore if one muon
catalyzes about two hundréd dt fusions, the en_efgy output is = 3.5 GeV (one dt fusion gives
17.6 MeV) per muon, so that no ener_gjr gain seems to be possiblé from “pui‘e” fﬁsion nuclear
reactions.

-For a pﬁfe‘ fusion reactor one can define the.séieﬁtiﬁc ga,invG, as the lra‘tio‘ betwleen the

output energy X 1 Erus and the input energy E,

G=tuXulBuy Q)

where X, is the number of fusion reactions per muon, &y, = 17.6 MeV (for a dt reaction),
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and E, is the energy invested in creé,ting one muon. Téking into account the thermal to -

electficity efficiency g, the accelerator efficiency 7, and the fraction 7, of the total electric
power required to recirculate (in order to operate the accelerator and the auxiliary facilities)

one gets the basic equation for the energy balance that gives the critical X

> xe = [ e__ -1 - o
Ku 2 Xy [17.6 MeV] (rete i) @

For examiole, taking optimistic efficiencies 7, = 60%, 7 = 35% and assuming 7, = 15%isan
| economic possibility, one needs X = 9000 in a muon éata_iyzed reactor. This number seeris

~ to be unrealistic for the present status of knowledge. However, by improving technologies

ntn = 80%, 7e = 70% and 7, = 20% together with E, = 2 GeV, one reduces X to 1000.

Thus the strategy of the muon catalyzed fusidﬁ resea'rcil may be put in a succinct way:
either to'incfease X, or to reduce E, (or‘ both). In the present paper we explore a method
to reduce E“ Before we investigate this,‘_hoWever, let us sur\?ey the efforts of ucF reactor
studies of Petrov,® Eliezer, Ta;jima, a,nvd.’Rosenbluth,"' and Tajima, Elieze;“,z and ‘Kulsrud.s
The last one is based on the idea of Kulsrud,® which is the effort to réduce Xy

Since pu:ref'fusion'devices using.muon catalyzed fusi'on' seem to lose rather fhaﬁ to "gaih
energy, Petrqv? suggested using rﬁuontcata.lyé,is in a hybrid fus_ioh-ﬁssion reactor. This reactor

scheme includes an accelerator (of tritium or deuterium), a target (of tritium or beryllium)

“ where the pions are created, a synthesizer with the d-t fuel'a,nd' a blanket where the fusion and

fissile materials are produced. Follbwi_ng Petrov’s concept of a muon catalyzed fusion-fission
reactor, Eliezer, Tajima and Rosenbluth” suggested an improved reactor concept based on
two new main ideas.

Petrov’s Hybrid Reactor®

In 1980, Petrov suggested a power reactor based on muon catalyzed fusion combined

with nuclear fission processes. This reactor scheme includes an accelerator (of tritium or



deuterium), a target where pions are created, a converter where the pions are confined in

vacuum by strong magnetic fields, a synthesizer with the d-t 1fu‘el and a a blanket where
the fusion and fissile materiaié are pro&uped. The converter is a cylinder about 40 m long
and 26 cfn radius (5 m? volume) having a longiﬁudinal magnetic field of 11 to 16 Tesla and
an applied d.c. electric field of 7.5 x 10° volt/m along the converter. Inside this vessel

there is a cylinder 2m long with a 2cm radius target where the pions are created. The

1 synthesizer is a second cylinder about 20 m long with an average radius of 20 cm surrounded

by a (longitudinal) .magnetic field coil of 11 Tesla. The density of the dt fuel is 0.5 liquid
hydrogen density with 30% tritium, so that the synthesizer has 80 kg of tritium. The main
result of the converter-synthsizer is the conversion of about 75% of the créa,ted.pions into

muons that participate in the catalyzed dt fusion. This means that the energy cost of

. a stopped negative muon in the dt mixture is about 6 GeV (using 4.5 GeV to create one '

negative pion'°) for tritium ﬁréjé_ctil’es and 8'GeV for a deuterium projectile beam. These

results seem to be opt_;imistic in this model reactor, mainly because pion and ':muon drifts to -

the wall due to collisions were neglected. Also, the influence of the mé'gnétic ﬁeld_bn the

scattered proton beam were not considered. In fact, the proton Larmor radius is of the same

order of’ma,gnitude as that of pions, therefore a significant portion of the proton beam is
lost in the vessel in this concept reactor. The fissions and fissile material are produced in

the blanket not bnly by the neutrons derived from d-t fuéion but aiso from the fast nuéleons

-of the incident beam which have about 80% of their initial energy after the creationdf the

- pions. . Taking into account the losses of the projectiles in the converter-synthesizer vessels

due to the magnetic field will reduce the energy and the fissile material obtained from direct
beam-blanket collisions. Mofeover, by taking irito account the diffusion due to ‘co‘llisi‘ons, the
neceséary quantity of tritium might increase significantly.

Petrov’s reactor is actually a “neutron factory” which breeds a thermal fissile isotope

2837 or ®*°Pu in order to use these materials in satellite fission reactors. In this scheme it
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was estimated that a commercial reactor would require about 100 fusion per muon.
Eliezer-Tajima-Rosenbluth (ETR) Hybrid Reactor’

The ETR reactor concept is based on three ideas: (a) The high energy.beam of tritium
or deuterium is injected into the deuterium-tritium (d-t) fuel and, after passage through the
fuel, part of the beam is collected'for reuse tivhile the portion ofthe_ beam which suffered a -
strong interaction is directed into an electronuclear blanket. (b) The p-ionsv created in the
target are surrounded by the fuel of deuterium and tritium and are magnetically conﬁned
until they slow down and decay into muons which catalyze the fus1on in situ: (c) The fus1on
created neutrons are absorbed by blankets to breed fissile matter for energy productlon |

In companson to Petrov s concept the h1ghllghts of th1s concept are (a) and (b). Instead

of a separate target converter and synthes1zer, these three funct1ons are combmed into

one. The d-t.fuel is the target and the produced pions are trapped in the fuel, which slows

’ them down before they decay into muons The muons are created in the fuel and trapped

' there, catalyzmg the d-t fusion through the atomlc and molecular processes unt1l they decay.

In thls way, one of the difficult problerns of muon catalyzed fus1on is solved i.e., efficient

trapplng of muons in a relat1vely small phys1cal volume. The present concept solves this

o problem by creating mesons in the fuel and by conﬁnlng them magnetmally The drlver is a-

“tritium (or deuterium) bearn which is retrieved in part after passing through the target. The

significantly scattered portion of the beam feeds into the electronuclear blank_et,-the fusion

created neutrons are captured in the fissile blanket surrounding the fusion fuel. The mirror

is filled with a pressurized gas mixture of deuterium and tritium gas. The gas is circulated

through the mirror, with a cooling section between traversals. The mirror is enclosed by
238U or %2Th blankets with admixed lithium for breeding of Pu, 23U and tritium. Magnets.
provide a magnetic field _conﬁguration with a mirror ratio R... The field at the mirror throats

is typically 10 T.



An accelerated tritium beam of a.pprox1mately 1 GeV per nucleon and a current of about
0.1 Ampere is 1nJected through a small tube perpendlcular to the axial magnetic field mto

the fuel When the high energy beam (1 GeV/ nucleon) strongly 1nteracts with the target in

' eﬁect proton-proton, proton- neutron neutron-neutron scatterings take place.

The total galn factor is given by

. Ebla.rﬂcet,out . Eblanket out(E N ) + Eblanket out(/-"c) | . .
. I{ - - 1 1 - (3)
A Eta.rget,in ' y;: Yz TO

EN denotes the energy gain from “direct” beam-blanket interaction and uc denotes the

energy gain from muon catalytic processes. The value of K is given in terms of .t.he physical

* quantities X, y,, and y, by the formula

Ze Toy aﬁs 4 YuYr Xy 05 Eﬁsv._

{ = = e . o , -
I, A | — _To- .KEN-{-I(# . (4) :

where yuv is the 7~ to u~ conversion efficiency (~ 50%); y,r1 is the number of nucleonic

’projectiiess hecessary to produce a 7=, the EN contribut;on is Kgy = Z.To 7 €as/To and the A

muon cdtalyzed gain is given by the second term, g, 0.2 GeV is the uranium fission energy

~ (for **U blanket), Z, ~ 20 fissions/GeV in the “direct” beam-blanket 1nteract10n (i.e., the

EN process), Tps is the beam kinetic energy before colhdmg with the blanket while To is

their- 1n1t1a1 kinetic energy before hitting the target (for p1on — muon creatlon) bf ~ 1 is

" the number of fissions i m the blanket caused by one 14 MeV neutron from the fus1on process.

X, was measured experimentally to be dbont >150-for liquid ihy,drogen‘ d-t targets and .y_,r end

Yy Were estimated in Ref. 7.

'Tajima-Eliezer-Kulsrud (TEK) Fusion Reactor®.

In order to achieve a thermodynamically meaningful energy gain by muon catalyzed DT

fusion alone without resorting to breeding fissile matter by fusion neutrons, it is believed that

 the fusion catalysis cycling rate in a muon hfetlme, X,, ‘needs to exceed 1000. Neglectmg

- faster 1ntermed1ate processes nowadays we can 1dent1fy two cru01a1 bottlenecks for muon
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catalyzed fusion energy productlon The one is the dtu mesomolecular formation process

(rate )‘dt#) and the other is the muon sticking with fusion @ part1cles (probability wso)
X;Tlﬁ ws + (Adt# )7 : | (9

where

w;=wo(l—R) , R o (6)

7‘# is the lifetime of a muon, R is the stripping rate of muon from the (ap)+ atom, and

wso A 0 008, R 40%, /\dtu ~ 10° sec‘1 The sticking rate has now been expenmentally and

. theoret1cally settled to wy & 0 0045 This means that if ’\dtu — o0, the ca,talys1s cycle rate -

. X is merely 220

The effectlve stlckmg probablhty w, can be reduced by mcreasmg the str1pp1ng coefficient

"R The str1pp1ng (or react1vat1on) coefficient R may be wrltten as .

nerenln 1 o5 e

/g;,  F(FE)
Where'ast is the st11ppmg cross-section, F' is the stoppmg power of (a,u)+ in matter, and
E, and E are the birth energy of (au)'*‘(N 3. 5MeV) and. the (op)* 1on1zat1on potential
(~ 10keV). The cross-section peaks around 10 keV and quickly decreases below this
energy Tn order to make the reactivation coeﬂic1ent large (i.e., close to unity), Bracci and

Fiorentinill argued that (a;z) should be kept as long as possible in the higher velocity ré.nlge

~ Where the strlppmg probability is higher. They suggestedto apply accelerating electric fields

in the matter. Unfortunately, the effective slowdown field in the solid matter is of the order

of 45 MeV/ cm, with which, e1ther by dc or ac ﬁelds breakdown of the target arises.

Kulsrudg proposed. a clever scheme to reduce the sticking coefﬁcrent by reacceleratmg the

(ap)t i 1ons by ion cyclotron resonance mechanism. In this scheme the target D-T is in sol1d

~ (or liquid) form, say at about 25°K, and the target is divided into many rods (or pellets)

~of the order of 100 microns (each) in radius. By imposiug a magnetic field and a rotating
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_electric field the (ap)t is kept at a constant (average) velocity until stripping occurs. The

drag force in the rods (while the stripping occurs) is balanced by the acceleration force in the
vacuum between the rods (or the pellets). The acceleration is achieved by the ion cyclotron
resonance heating in vacuo with the frequency w = Qq, = eB/4dmyc, where m, is the proton

mass. In his calculation the necessary strength of rf electric field E,, for stripping is

eBy ~ 5% 10 fkV/em , - 8)

- where f is the filling factor of the DT target. On the other harrd, the break_down field for ac

field Eyq (which is much higher than the dc case) is approximately given!? by
eEyg ~ mwe o o (9)

where m is the electron mass and w is the rf frequency. At the frequency range of Qq, =

101°Hz (with 1M Gauss magnetic ﬁeld) the field in Eq. (8) is tolerable against breakdown.

Unfortunately, Kulsrud’s idea does not Work as he put 1t smce the alpha heating of the

target cannot be tolerated, for the following reason: Imagme that we want to let fusion

happen in DT i ice . bars (below 25° K). Per a'dt fusion rea.ctiOn, a neutron of 14.1 MeV and
an alpha partrcle of 3. 5MeV are created The neutron leaves the ice and presumably hitsa

surroundmg blanke_t (or worse, a mete_tl), while the alpha part1cle is 11ke1y_ to stay in the DT

ice and heats it. If we are to insist on keeping the low temperature of the specimen, every

time a fusion alpha particle heats the target, we have to cool (or extract the energy of that
* amount from) the material. Thatvis,‘ we have to remove 3.5 MeV energy per fusion. With

the cooling efficiency 7, (because of the second law of thermodynamics, it is not urrity and -

in fact a rmmscule number typlca.lly of the order of ) ~ 0.1, the necessary energy to keep the

» materlal at a desued cool temperature is 3.5 MeV/ 776( 35 MeV) per fusion. On the other

hand, the total fusion energy product1on is of course only 17.6 MeV per fusion. No energy

gain is possible. We call this problem “too cold fus_é'on — no energy production”.



The TEK fusion reactor concept is based on the fo]lowmg conﬁguratlon (Fig. 1). A sim-
ple mirror ratio R, with magnetic field B generated by superconductors is surrounded by
neutron blankets such as Li etc. Although the strength of the magnetic field is not uniquely

fixed, we may use a typical number of 1 MG. A pellet (or pellets) of DT ice is repetitively

. injected either mechanically or gravitationally into the mirror vessel. The pellet, consist's of

a series of ribbons of DT ice. The minimum overall size is ~ (2 cm)®, which is determined by

the two conditions, the inertial conﬁnement condition of the overall pellet and the magnetic

conﬁnement. condition of 7. These DT ice ribbons fill the pellet with the filling fé,ctor f.

in order to accommodate sufficient acceleration time, while keeping enough matter to strip
(ap)* a,ccording to Kulsrud’s mechanlsm of strlpping ® These DT ice spe01mens are pene—
trated by a hlgh energy bearn of dort partlcles (= 1GeV/ nucleon) injected perpendicular
to the mirror axis, which comc1des with the (longltudmal) axis of the specimens. Beam par-

ticles collide with the target nuclei, creating 7~. Pions are created in situ and confined by

the mirror magnetic ﬁeld, as in the earher hybrid reactor ‘concept.7 The portion of the beja,m
that did not suffer strong intera,otion will be collected, cooled, accelerated, and reused for
the next pass. At this energy of the d or ¢ the beam cooling may be provided by appropriate '

methods such as Budker’é electron cooling method!® or Van der Meer’s stochastic cooling _

1

method.!* -

The ribbons have the following characteristics. The thickness £, of a ribbon should be

smaller than the range of (oz,u)"‘ at the 3.5 MeV energy at birth Typica,lly we choose 100.,uvm ;

The width £, is typically several times £;. The length €3 is determined by the larger of the

' 1nert1al conﬁnement length and a few 7~ Larmor radius:

£y = mai{ CoTuydp) ‘ - (10
u L

where ¢, is the sound speed of the DT specimen and p, = fc/Qy. For 1 MG field and 1eV

DT specimen, these two are in the same range of &~ 1cm. The distance d, between two




. This condltlon is’ ertten as

ribbons in the width direction is

- dy=min(2p0u &b/V/F) o (1)

* and the distance d; between two ribbons in the thickness direction is

dy :‘ma,.x [gl/\/}" 2?52 ] , » (12)

where pq, is the Larmor radius of (o;ﬂ)f*‘_. Typical numbers for these are 0.4 cm and 0.2 cm,
respectit/ely. Radio frequency ‘electrornag'netic. waves with frequency w = Q,, .a,re a,pplied
with the electric field rotating. ; |

When the beam is injected into these ‘ribblon.s and fusion reactions begin, fusion alpha

particles are created and all their energy is deposited in the heating DT ice. In order to avoid

“the dilemma of too cold fusion — no energy prodﬁction mentioned before, the DT ribbons

are heated ‘up to temperature T}, which is ‘much higher than the room temperature T, so

that we can now estract energy from the DT ribbon instead of investing energy to cool it.

‘nhAT;z_" ATe/ﬂc > 0 ’. | o . ) » o (13)

where 73, a.rrd_fjc are the thermodynamical'efﬁciencies of the heat energy extraetion from the

- hot material (T3) into electricity and the cooling, and AT;.L: T, — T, and ATe =T — Tme

From this T;; has to be larger than 1-2eV for g, = 0.3 and n. = 0.1. This will resolve the

difficulty of Kulsrud’s idea. Of course, this brmgs in a new difficulty of conﬁnmg hot DT

ribbons at nearly the solid density to cope Wlth an enormous pressure.

In order to confine these DT r1bbons, we 1ntroduce the concept of coronal confinement.
We surround each ribbon with a coat of coronal plasma with density n, and temperature T,
such that |

npdy = nT, y S (14)
where n;, and T} are the heated DT ribbon density (¢ = 1) and temperature (< 1eV).
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When the DT ribbon expands after alpha heating, the coronal pressure balances it, while

the coronal pressure is now borne by the'maghetic pressﬁre outside of it. Thus, the corona

is magnetically confined:

where B, is the maghetic field which penetrates into the corona and B is the external field.

Details of the creation of such a cqrbna will not be discussed here. Some possibilities inc'lu‘de_ |
the alpha heating of the ribbon itself with or without a sponge-like surface, i.ﬁjection éf véry |
hot aﬁd very tenuous plasma to evaporate the surface, surface current application, laser
sﬁrface ablation, etc. | | |

The magnetic field tends to penetrate in_to; the ‘corona (and the ribboﬁ) by the resistive

p.rc}(';ess. The velocity of such penetration, v,, is given by

_ We"VPc ~ noc(nhTh)/ec‘ - ' , "
=TT Y BT T A ¢

where 7, AiAs the collisional resistivity of the corona and an explicit dependence of the‘coronal '

temperature is written in. This velocity should be sﬁfﬁciéntly small such that -

by, an

This equation imposes a constraint on B,"fc', T}, and T;. Besides the classical resistive pene-
tra‘pidn, there may a,ris:e_ anomalous penetration. .
The above described TEKfusi.qn reactor concept via muon catalysis tried to reduce the

effective éticking probability to be'less' than 10~ The TEK concept relies on the hot coronal

" pressure. It is, howeyer,,this lopsided energy conterit in the corona, some 10? times that in

“the pellct,fhat causes 'difﬁéulty_in this conc':ept.' Unless one can keep the coronal energy from

shot to shot, an urilikely technical feat, the amount of energy needed to heat the corona
is too energetically expensive. To date we are unable to devise a method enabling fusion

alphas to heat preferentially the corona rather than the pellet.
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In the present paper we suggest a new idea of direct conversion ol' energy produced by
fusion alpha particles 'anld by collisi_ons’ of the high energy (~ 2 GeV) beam with target
particles. This jtechnique, we shall show, is capable of reducing the energy cost of muon
creation by a considerable amount. | In Sec. II we present this idea, followed_by the energy -
cost estimate for muon creation in _Sec. III. We brieﬂy comment on implications of the present

method on reactor considerations in Sec. IV, and finally Sec. V is given for discussion.
II. Direct Energy Conversion

Th‘e schematic conﬁ.guration-ofA our direct energy conversion'me_thod for ruon catalyzed
fusion is described in F1g 2. The pellet is composed. of many DT rods.® The pellet is
‘immersed in a magnetic field, Which confines created 7~ and p~. The typical dimensions of
arod are: the thickness £; = 100um, the W1dth 4y is several times £4, the length 43 is larger of
" the inertial conﬁnement length ¢, 7, and a few 7 Larmor radii pr, where T, is the lifetime of
fi” cs is the sound speed and p, = 100 cm/ B(Tesla) The ﬁllmg factor f of rods in the pellet
_is related to the requ1rement that the stuck muon (ap)t can be appropnately accelerated'
by the microwave heating, i.e., the ion cyclotron resonance heatmg (I_CRH).Q’8 The rods in
the pellet can be the target of the beam projectile creating 7r:".7 A part of the beam Which
suffers electromagnetlc colhs1ons is recirculated.” The pellet in- Flg 2(a) is encircled by a
' 'v01rcu1t that extracts electromotlve energy created during the expans1on of the rods The
expansmn is due to both the-heatmg by prOJect1le part1cle collisions and by fusion produced
' 'alpha partlcles The alphas are produced by fus1on catalyzed by muons that were created
by the projectile w1thm the rods The pellet is so demgned that when rods are heated up
to 1 —3eV they explode in a matter of a feW Ty 'I‘he cross-section of the ﬁnal stage of the
explosion is schemat1cally dep1cted in Fig. 2(b) | |
| A s1mple model descrlbmg the d1rect energy conversion is glven in Fig. 3. The external -

magentlc field Bo is assumed not to penetrate the by now hot gas/ plasma of the rods.
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Whatever penetrates the rods B; -and pla,srha B, is much‘s.ma,ller than Bo The plston in
this model i is s1mply the boundary between the.vacuum and the DT material (gas /plasma,)
. The initial tempera.ture befere explosion but after h_eatmg is T1 ~1—3eV with volume Wi
“and density n; (~ liquid density) [Fig. 3(a)]. The final tem_perature? volume, and density of
the gas/plasma are denoted by T3, V2, and n,. The exact optimal temperature Ty depends on
several factors, including the possible mesomolecule formation rate of (dty) via the plasma
mechs,nism 15 The flux ¢ contained in vacuum within the circuit is squeezed by this expansion
process. This results in the change of flux 31/)/ ot and thus the electromotlve force £ and
current [ in the circuit R, which is extracted d1rectly This explosion is most hkely adlabatlc
and thus it is our basic assumption in the model. In the discussion we ‘shalvl point out possible
. cases 'When the assufnption breaks down, |
The work W done by the DT rods after heatmg on the externa.l By magnetlc field during
the expansion is g1ven by ‘ !
| W= /pdV Wi+ W | | (18)
vwhere WB = / PB dV and WT / PT dV and ps and pT are the magnetic and thermalb
' pressures. An operatlonal a.ssumptlon, though not necessary, is introduced: the external °
' _brha,g'netic field By is kept constant and the flux 1 inside the DT material is kept cohstant.

pB B ,(ﬁ% )V-z, W

. The magnetic pressure is

8T 8w L?
where ¢1 :'BlSl BlVl / L the length L of the system is so long that it is assumed to be

: constant during the expansmn

. , .
wa=2lu-e), o (20)
where . :
N2
€ 7 (21)



~and € is much smaller than unity in our interest. This would corresp'ond to adiabatic expan-
sion with “gas constant” for rnagnetic field” v =2. The thermal work Wr for adiabatic

expansion

~

W= (pl_vll) (1-et), ) (22)

where v .is the gas constant and is assumed to be v = (f+2)/f = 5/3 with f bemg the

number of degrees of freedom Thus the total work W is

B2 ony T . -
W—81V1(1— )+—"71_;1V1( s‘f-l), | S (23)

where we assumed electron and ion pressures are ny I1. The total initial energy Q in the

- system o : :
2- ‘ B? - ~
Q— 1n1T1V1+-8—V1- o ' (24)
The efficiency of the direct conversion of 'energy @ into electricity in the circuit is
| 1 4 - h
Cw - )+ sA=e)p-w, .-
77dc = a = il "y - (25)
43 e o

- Where Q. is the energy needed to cool the DT rods to the sohd temperature and W, is the |
Work done by the system returning from the final expa,nded state Fig. 3(b) back to. the initial
state Fig. 3(a), and ﬁ = ny Ty/(B2?/8r). In most cases of 1nterest ,3 is much larger than unlty '
and, therefore, we neglect the second terms in both the numerator and the denomlnator in’
Eq. (25) herewith. The energy necessary_ for coohng the_ DT material to the solid temperature
is estimated to be ' . } ‘ ‘ |
' MCAT MCT;

Q. = =2, (@
- Me .‘772: ’ (26)

where M is the mass s of the rods, C the heat capacity ~ % (kg = Boltzmann’s constant), |
AT =T, —-24K, and nc the cooling efﬁc1ency The work W, is calculated along the isotherm
T =T, yielding |
| W, = ps Vi tn(Va/WA) — _NTytne, o 27)
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where N = ny V5. Thus we obtain the direct conversion efficiency as

-t ik I e o
C Nde = 1 . : (28)
| 14— |
21,

For exemple,dfor v=5/3,e=10"3 and n. = 0.1, one obtaine Nde = 0.92. Here we assumed
that wherl rve return from the expanded final state.ba,ck_ to the initial state, the temperature
of the plasma T, does not 'cha_nge. »This is a pessimistic assumption. It is poesible toAcool
by (natural) rediation of heat from the temperature, T at 'the final stage of expansion down
to the room temperature T, = 0.03eV and then compress 1sotherma11y (see Flg 4). If this -

process is taken, Eq. (28) replaced by

| evl[1+ - T|e |]

e = I T,
: T -1
1+277c Tzs

(28)

III. AEnergy"of‘Mulon Creatiorl |

Utlhzmg the present dlrect conversion method in Sec. II we demonstrate that the energy

- cost of muon productlon for MCF is s1gn1ﬁcantly reduced We shall estimate the energy cost

for three MCF reactor schemes: (A) the TEK' scheme, (pellet with a recirculating beam)-
(B) the MIGMA16 accelerator with the pellet and (C) the Petrov’s target and convertor®

with the pellet synthesmer

(A) The TEK scheme

In this reactor concept the _'muon sticking is reduced by the acceleration or heating by ICRH
in the pellet with the structure described in Fig. 1. In concepts (A) and (B) the target and the
synthesizer (along with the convertor) are one and the same (the synergetic). Furthermore,

a portion of the beam energy is recovered for recirculation. With the direct energj convertor

15



the neutron ratio in the collisions

- upon this reactor concept, however, the recovered energy E, is increased. The net energy

cost B, forimuovn.ivs.given by .
E =B —E . @)
where FEjy is the energy needed to creat¢ one 7~ without energy recovery |
B=y'T @0
with Yo being the yield of 7~ (given foi"example in Ref. 7") ana_ Tois theu energy of the projectile
pér 4nucleon. The recovered energy E. by the direct cénversion, the recirculation é,nd the

conventional thermal conversion can be estimated in the domain E,.mjn- < E, < E.pax, where
: Ernun = y;l [(TO - gtot)'r]a. + 8em Ndc + gnuc nth] ’ : ) (31)

E’rmax :- y;l {(TO - gt.ot)"]a + gem Nac + gnuc [r"?th + (]- — T)ndc]} L - (32)

Eiot = Eem + Enuey Eme = Ea + En, Where Eum, £, and &in are the energy losses during one '

' .mean free path of the projectile in the target due to the _elecfromagnetic, elastic nuclear

and inelastic nuclear Acollisions_and'egtimatesA of Em ~'100Me'V, Sel ~ 100 MeV, &, ~

- 300 MeV may be used.” The efﬁcienc_ies Ndes Ma, and ﬁth are for the direct conversion, for
the lre'accele_ration (and éooling) of the recirculated beam, 'a.nd for the :therma,l conversidn,“

- respectively. Est.ima.t'es' of ﬁdc ~ 0.9, n, ~ 0.6, and Tn ~ 0.35 may be used. We define r as

= A+ A -7y —‘Zz

| R ) (33) -
~where A and .Z are the atomic and charge numbers for the projectile and v_.target.
' For d + d collisions r = 0.5, By = 5.9 GeV (To = 1 GeV), we get
21GeV <E, <28GeV, (34)
while for d + ¢ collisions r = 0.6, Eo = 4.8 GeV (Tp = 1 GeV),
1.8GeV < E,<23GeV. | (35)
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For a d prolectlle on a 50% D+50% T target this constitutes a reduction of muon energy by

a factor in the range of 2.1 < g— <2 7
m

(B) The MIGMA scheme
This écheme introduces a self-colliding projectile conﬁguration on the pellet. The energy

cost for muon productiori may be estimated in the domain of

E;Lmin S E/.L S Eumax - ‘ o (36)
where » . .
' E;Lmjn = EO - [7;7]1;}1 + (1 - T)ndc] EO 9 - | (37)
and
Eymax =_'E° — [rm + (1 —~ 7;)77d0] Ey | L (38) |

whére Ey _isAthe muon energy cost wii';h multiple collisions allowed,‘ while Fj is 6né with s_inglé '
collisions as defined by Eq. (30). | v |

For d+d colhslons Eyis est1mated to be 4 5 GeV Wh11e for d + t Eo ~ 3. 7 GeV 10 Thus,
) ‘for d+d collisions

1.7GeV <E, §2.2Gev_, - (39)
| and for d + ¢ collisions | ‘

17V <E, <21GeV . S ."(40)
The reductién factér for 50% D + 50% T target with d projeqtilés is ‘Ec','/ E, ~ 2.5.A
(C) Petrov’s production

In this method we combine Petrov’s original fnethods*of muon production by injection of the

projectile on a target that is separate from the synthesizer (along with his converter) and the
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TEK’S peﬂeﬁ synthesizer_.‘8 In Petrov’s scheme.multiple céll‘isionsi of projectile particles with .
target pafticles are expected.» With sufficiently large (or long) target this is> accomplished.
The target is‘ a thin rod of Be or T with length of 1 — 34y in the direction of the beam
' injection with aspect ratio of 100. This guarantees that the portion of beam suﬁ’ers-only
electromagnetic collisions through the target. This target is placed in front of the convertor
which is in front of the pellet (syﬁthesizer). The pellef is surrounded by the direct energy
convertor. The recoverable portion of the beam is aga;in recirculated as in the previous cases.
If -the target is Be, Sem o gtot; Snuc & %&ot, as Zge =4 and Sem(Be): = ZBe Sem(H). .The.
'ehérgy cost of muon production E,, is thus reduced from F, to |

5 Enuc | .'
E EO [( Ndc + 7]th> F + "Iacc(l - )} ) ) (41)
ot Etot . '

where F' is the fraction of energy deposited in the target relative to £. For exémple, if the
.length of the target is 30, F = % + & + & = 0.85. The 'e'nefgy.cost is E, = 0.38]3'0_
" and thus the reductioﬁ'factor is EO/E“, ~ 2.6, where F' is assumed to be 0.8 and other
_parametéré are those as used in the previous ex,an'iples, The enefgy Ey according to some
repdfts_ _(Jéndel et al.l”) is as low as 2 GeV for multiple scattering. Th_is however may have
’b_o be upw_ara édjusted ,beéa_use our conﬁgufation for the tdrget and direct energy convertor
may or may not fit the assumptiéns_ for lowest Ey calcula,tionsi. For' this scheme: to work,
one needs enough e‘n_elrgy -by the projectile beam so that the taréet ‘material _eva,pora,tes and

explodes. This sets the condition for the duty cycle of the operation.
IV. Reactor Implications

»We.have proposed a method of direct conversion of the thermal energy of the target heated
by the projectile beam in order to feducé the energy cost of muon productioh for the MCF
reactor. The present method has been considered for employment in a few different configura-

tions of reactor environment. In each of these applications our calculation shows a reduction
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of muon i)roduction energy cost thanks to the present method by a factor of rougiﬂy 2.5 from
the value without direct conversion. Th1s reduced muon energy cost 1mposes a lesg severe
cond1t10n for energy extractmn n the reactor

This muon production is intrinsically a pulse eperation and may be applicable to Petrov’s
hybrid fission-fusion reactor concept® as well as to Tajima—Eliezer—Kulsrﬁd’s pure fusion
reacter‘ concépt 8 In particular it plays an important role to ameliofate the energy cost -
associated with the coronal plasma heatmg necessary in the T-E-K concept The energy
needed to run ‘the reactor has to be substantially less than the usable energy obtained by -
fusion react;ons.' The ratio « of the muon production energy to the elect;;c energy mode

available by fusion is given by _
~1_ Nafin k& Xy
o — e—————
B,

where & = 17.6 MeV, Xﬂ is the number of muon cata1y31s per muon (u~ ), and % is the

S @

nuclear ‘energy multiplication factor rangmg 1ton~6 from pure fusion to hybrid. The

~ effective thermal efﬁcieﬁcy fiin 18 given by '

. 1 4 o o

77§h,= 3 Nde -+ S’ M Tth » : . ' (43)
where the fusion alpha particle energy has been assumed. to be rec'overed-by' our present
d1rect1on conversion method and the neutron energy by the conventional thermal conversion. -

If there is a neutron blanket, the multiplication factor M can be larger than un1ty The value

of i is 0.44 if ng = 0.35, 7, = 0.9 and M = 1. For an (econormcally) attractive reactor

 « is-much less than unity. If we demand o be 0.13, this sets'a critical X, at which the

MCF becomes economically feasible (or economic breakeven), while the so-called scientific
breakeven corresponds to o = 1. The critical X, is thus given by

E,

. Xc "
Qang 77th k 5f

m

44

~For exa.mple the economically crltlcal X“(a = 0.13) = 1600 for e = 0. 6 mh =044, k = 1

(pure fusmn), and E, ~ 1 GeV, while the scientific breakeven X °(a =1) ~ 220. In Petrov s
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concept it allows larger 1, although more quantity of the tritium inventory is needed and no

possible employment of Kulsrud’s idea.? -
The pﬁre fusion reactor based on MCF has been proposed by Tajima, Eliezer, and
Kulsrud,® using Kulsi‘ud’s ICRH method® to reduce the muon st;icking on éLlpha particles. -

Kulsrud’s method required the solid DT rods surrounded the coronal plasma to establish .

" pressure confinement, which in turn is inertially confined as an overall pellet. The siightly '

offset frequency® so designed applied to the corona is capable of accelerating (au)* above the

value of energy below which the stripping cross-section of (ap)* atom in dense DT matter

becomes negligibly small. The original velocity Yo corresponding to 3.5 MeV spiralbs into a

limit. circle with the stabale velocity at v, corresponding to ~ 0.1 MeV. The stopping power

of an alpha particle is

e vo)é (45 KeV) | - .
-~ = — : 4

dz 10f(v \ cm ’ ' ( 5?
where f is the filling factor of rods in the pellet and v i'svthe instantaneous Veldcity of o ‘e‘r

(a,u)+ pe,rticie. The (au)* atom obeys the equetior_i_ of motion

dv e e o vo\3 . T
with
E= on cos(w't + ¢) + § Eo sin(w{t + ¢, | (47

Whelje E, is the microwave amplitude, w = Qau.+ Aw. and Qo and Aw are the (ap)* ion
cyclotroﬁ.‘frequency and the offset frequency,® respectively. A typical orbit of (ap)™ thet
approaches the stable limit circle Whese eﬁergy_ ie above this value is generated by _cornputei‘
from Eq: (46) and is shown in Fig; 5 as an example. |

The muon kinetic processes of sticking and stripping may be described as

Ny _ 9P, 0P, -
-a_t__NO/\CWS+N1W+N2'W_}-\_“NO+S’ (48)
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0N, 0P

Wz‘/\chNo‘_Nl_BT_NI a == A V1, | ) (49)
6N2 _“"vo-'-vs . 6P3 o .
S | i

where No, N1, and N, arée muon numbers of free muons, stuck muons, and muons in the
stable limit cycle, respectively, P; and P, are stripping probabilities from the respective
state, S is the muon productionA source, w, the sticking ratio, and A, and A, are the rate of

muon creating and the muon decay. We consider the steady state = = 0. Then

at
S , .
No = /\” - ’. (51)

Ay + A W1 —R) =
/‘+ ws( ‘)'P8+A”

’ Where ws = w(1 — R). On the other hand we have

P, 1 8P, dE 'v6Pd8

| | z‘rﬁﬁz“rﬁw;‘t o
| where 0P, /0€ ~ 01 MeV':l?’ v ~ 2.2 x 108 cm/sec and
o =cE S (53)

in the stea,dy state. Thus P, //\u ~4.8x E/(100 keV/cm) The ICRH a331sted MCF cataly31s .

number per muon 1s now glven as

v A\ -1 : ) ‘
o= (R+0) B
where ‘ _ »
Q=uwl-R)———, 55
( )(Ps//\#)-i-l ‘ _ : (55)

- where P,/ ), is given by Eq. (52). Assuming Auf A ~ 1/2000, X, ~ 1530 at £ = 300 keV /cm,

X, becomes 10 at E = 100 keV/cm for examplé. The necessary electric power of RF fields

for this for our pellet is approximately 108 W at peak power at E = 300.keV/_ cm and ~ 103W

on ave}age power assurning the duty cycle of 100/sec. The value of X, obtained in Eq. (54)
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at £ = 300 keV/ c¢m is in the neighborhood of the necessary value of X, required in Eq. ’(4:4)

One notes, however, that in der1v1ng these equatlons a number of approxunatlons and sim-
phﬁcatons have been done and more research is necessary to deterrnme the 1mp11cat1on of
these equations. Some of the processes whlch were neglected so far will be considered in the

“next, section.
V. - Discussion

The model con31dered in Sec. II for the direct convers1on processes assumes a sharp clear cut
boundary between the DT material (or plasma) and the vacuum In reality the boundary
may be diffuse. Furfuhermore,-thls boundary may experience deceleratlon due to the rising
magnetic pressure or other reasons and then experience the Rayleigh-Taylor instabﬂity. Un-
der such ‘circumsfances the sharp and well-deﬁned boundary assumed in Fig. 2 and in Sec. H.
is not r'ealized any more. The bound_ary becomes milky and less efﬁcient cornpression of the
- vacuum volume may result. The growﬁh rate of the Rayleigh—Taylor instability is 'given by

/ag (E;-)m o - o (56)

where AP is the pressure difference over the boundary AP nT + B2 2/ 87r — B? / 87, p
the mass dens1ty, and a the thlckness of the boundary The safety cond1t1on for no mixing

YTy < 1 may be cast into .
< a

T, S —
H© ACS ’

- where Ac, = (A P/ ),)1/2- and the right-hand side is the differential‘sound‘ time of the boundary.

‘(57') -

In the analysis in Secs. [I-IV we have further neglected the possibility that the DT material
during the adiabatic expansion can be cooled beyond the recombination temperature' If so,
the adlabatlc equatlon state that has been used for work calculatlon has to be replaced by .

an approprlate counterpart that takes this phase transition into account
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 In a more realistic model of the TEK -concept. the coronal plasma is immersed between

the DT fuel and the vacuum (F1g 6). The boundary in Fig. 3 is now that of the corona and ,

the vacuum in Fig. 6. If we ignore the rods, the eﬂiciency of direct ‘ener“gy conversion by the =

corona is

Nac=1—€""" [H%—l(f )] -‘ | '(58)

here we assumed that T, = T, and ,3 co. When B < 00, g is slightly Ia,rger than the -

 value in Eq (58).

The present method of direct energy conversion may help the TEK reactor concept.® In

~ its operation it was necessary to heat the corona so that the pfessure balance between the
_ reactmg DT fuel and the corona is mamtamed This may be done by (i) the alpha partlcle

‘heating of the corona, (11) shock wave heatmg of the corona, (iii) the external heating of

the corona. The first two seem to be unlikely to succeed The third method calls for extra

energy for heating the corona, which costs energy as much as the thermal energy of the rods

- times the ratio of the coronal volume to the D’I‘ fuel rods. This is clearly very costly. Further

studies of feasibility of these are necessary.
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Figure Captions

1. A schematic deséription of the configuration of the injected beam and the target im-

mersed in the magnetic mirror.

. A schematic external circuit for direct conversion of muon-catalyzed fusion energy

through the compression of magnetic fields. (a) Before the‘react_ion;‘ (b) During and

after the reaction.

. Tlustration of the states before (a) and after (b) the explosion.

. The thermodynamical cycle for the present direct energy converter in the p-V diagram.

The upper curve Ty T, is the isentrope, while the lower one T, T is the isotherm.

. A typical orbit of (ep)* in the ICRH field. The mesoatom starts from the lower left

* corner in the v, vy plane and eventually ends up in the limit circle. (NB: This computer

output has a scale in the v, larger than that 1n the v, so that a Cir,cleAa_ppear_s elongated

in the y-dir‘eétion).

. A schematic picture of the system with a coronal plasma Z(compa,re with Fig. 3).
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