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The basic properties of the ground states in the four-body muon molegpleg, pduu, ptuun, dduu,
dtuu, andttup are calculated. It is found that the nuclear reaction ra®g}¥ ih such four-body molecules are
significantly larger than for the corresponding three-body ions with the same npggi; pdu, ptu,
ddu, dtu, andttu. In particular, for thedtuu systemR;(dt)~3x 101°-6x 10" sec !, which is~40 times
greater than the respecti®y(dtu) value.[S1050-294707)00403-4

PACS numbs(s): 36.10.Dr

In the present Brief Report we give the results of exten<for the dtu ion, and
sive variational calculations for the bound ground states in

the four-body muon moleculeppuu, pduum, ptuu, B [, of(v)v
dduu, dtuu, andttuu. The boundedness of the ground Ri(dtup) =Ks g0+ (dtup))= “mo f(v)
S(L=0) states in such systems was established lond Hgo o

Actually, for the symmetrical systems suchXS§X YY"~ X( 8, . (dtum)) 2)

this follows from the stability of the ground states in the
Ps, and H, molecules. Recently we have studi2] the  for the dtuu molecule. In these equationgs, )
symmetrical system@puu, ddup, andttuu. Now, we  =(§y), v is the relative velocity of thed andt nuclei,

extend our approach to the case of nonsymmetrical systemg.(v) is the appropriatet-fusion cross section, and the uni-
Our initial goal was to compute the so-called basic prop-versal functionf(v) takes the form

erties, i.e., energetic and geometric parameters for the four-

body muonic moleculesippuu, pdum, ptum, dduu, 2 2 -1

dtuu, and ttuu. Below we shall designate these neutral fv)=—- eXF{T)_l} - ©)
systems as muon molecules, in contrast with the related

three-body systemppu, pdu, ptu, ddu, dtu, andttu, Now Ks,=Ks3, since the expressions for both of these

where the description “muon-molecular ions” or even values are identical, and they depend only on certain nuclear
“ions” would be appropriate, since in each case one muorparameters for thel andt nuclei, which are the same for

has been removed from the neutt&@ur-body molecule.  both dtuu anddtu systems. Therefore from the first two
Already after the first few calculations we found a remark-equations we find

able difference in properties between the three-body ions and

the four-body molecules. Namely, the expectation values for Ri(dtup) (5., (dtuuw))

the (++) & functions(i.e., (5. ,)) in the four-body case Re(dtuw) - (6, (dtw)) ’ )

are significantly largefby 10-50 timep than those values

for the three-body systems with the same nuclei. Furtheie., the ratio of fusion rates for the appropriate four- and
analysis showed that such a large difference produces a preéhree-body systems equals the ratio of their pair+) &
portional deviation in the nuclear reaction rates for the apfunctions. Analogous formulas can be written for all of the
propriate three- and four-body systems. For instance, thether four- and three-body muonic systems mentioned
nuclear dt-fusion reaction in thedtuu molecule is=50  above. This means that in order to compare the nuclear re-

times faster than in thdtu ion. action rates we need to compute the respective ) & func-
Let us compare the nuclear reaction rai@sfusion rates tion expectation values.

R¢, for shor, e.g., for thedtu u molecule andlty ion. The In general, the accurate values @f +) & -function ex-
appropriate expressions aigee, e.g.[3-5]) pectation values for three- and four-body systems can be

found only from the results of numerical calculatioAspri-

o)y ri for the pair of systemabg andab, we would expect

Ri(dtu) =Kso( . (dtp))=| lim—o= (8, (dtw)) Ot for the par of systemaby. andaby, we would expec

v—o F(V) that the positively charged particlesandb are closer to-

(1) gether inabuw than inabu, and hence thé-function ex-
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TABLE I. The total energie€,(r, ,), and(5, . ) expectation value§n muon atomic unitsfor a number of four-bodygbuu) and
three-body &bu) systems.

abuu E (rye) (644) (6+4) (rye) E abu
[ —0.9654742 2.34202 3.86110°¢ 3.9372107° 3.299486184  —0.494386820249  ppu
pdu —0.9995455 2.17506 2.28310°* 1.4617107° 3.100710404  —0.512711796501  pdu
Pt —1.0123990 2.11527 1.50661074 8.9750< 1076 3.036524321  —0.519880089782  ptu
dduu —1.0365953 2.00237 6.63010°° 2.4395¢< 1076 2.834451766  —0.531111135402  ddu
dtuu —1.0509269 1.93798 3.18310°° 8.871x 1077 2.747914133  —0.538594975058  dtu
ttuu —1.0661515 1.87102 1.0%510°° 2.187x10°7 2.652824760  —0.546374225598  ttu

pectation value for theabuu system should be larger than ppw, pdw, ptu, ddu, dtw, and ttu. It follows from
for abu [6]. For instance, in theltuu and dtu systems Table | that the nuclear reaction rates in these four-body
(84 (dtuw)) should be larger thaqé, ,(dtu)). This  systems would be expected to 5€10-50 times larger than
means that for fusion rates calculated by means of8qve  those values for the corresponding three-body systems. The
would expect thaR(dtuu)>Re(dtu). most interesting case is tluist,u_,u system, where the time for

The correctness of this prediction can be tested only by nucleardt reaction is=~40 times shorter than in thetu
extensive numerical calculations. To compute the boundn- In terms of recent experimental results Ry (dtu)
states in the three-body systems we used the so-called expd-0l We can estimate the numerical valueRyfi(dtuu) as

i iati : : ~3Xx108-6x 10" sect.

nential variational expansioffior more details see, e.d7]).

For the four-body systems the so-called six-dimensional Such a large value dRy(dtun) and similar fusion rates
Gaussoid variational expansidproposed in[8]) has been IOF other four-body systems suggest that these four-body sys-
applied. This expansion has the form tems should be of interest for applications related with low-

temperature plasma ignition. Indeed, an intense muon beam
N can be used together with laser or electron beams to form the
W o=, Ciexpl— a2~ al a2 aby2—alr, thermonuclear burn wave in the initially low-temperature
i=1 (Ti»=<50 eV) DT target. This will require further investiga-
(5) tion, however, at the present time it is clear only that the
presence of the muon beams would make easier low-
temperature ignition in a DT plasma. Actually, this opens a
linear (variationa) parameters, while the}, are the & non- ~ NE€W avenue for initiating micro and supermicro DT explo-
linear parameters. sions: Ehe totali mass of fuel can be as low as
~4x10"1-1x10"7 g, and the total energy release

The results of our calculations are given in Table I. In 4 o h I losi b
Table | the so-called muon-atomic units are used. In thesa 2-2X 10 "=6.5<10" J. Such small explosions cannot be

units m,=1, 4=1, and |e|=1. To evaluate the corres- produced in terms of the traditional techniq(see, e.g.,
ponding binding energies in electron volesV) the conver- [11]).

sion factorm,X27.211 396 1 must be used. The lowest h Itfshomtj)lddbebr_\oted that the reaal?fzfation'of _?_ucle?r ;usionhin
decay channel for these four-body systems is the dissocfl€ four-body, bi-muon systems differs significantly from the

ation into two neutral muonic atoms, e.gtuu—dgu+tu. trad?tional muon-c_atalyze_d fusiofsee, e.g.[5] or [12]). In

For the three-body systems the lawest channel is dissoc2l Z0ET: SEl i Core Y SRE JEU e e e
iagtlno,n g'g,th;:e_?tv/:ei gnyorz;iiégrg agfd ;Tzlg(;];e:ttf)l{dea elium-muonic sticking coeffic_ignt probably has a quite Ia_rge
In our present calculations we used the following vaIuesE’fg]Jf (HajwvgsgratshéorzJsli;:iggilgg?g mg%g&‘i‘gg;egi_f;ﬂgg
of the massesm,, =206.768 26f,, m,=1836.152 70, systems has a great advantage, since the nuclear reaction

my=3670.483 01th,, andm,=5496.521 5&, [9]. g . ) .
In Table | the total energiegy . ), and(3, , ) expecta- B:gg;eisgs significantly faster. This could be very important in

tion values are given for the ground bound states in the fourt
body muon moleculesppuw, pduw, ptuw, dduu, We are grateful to the Natural Sciences and Engineering
dtuw, and ttuw, and in the three-body muon ions Research Council of Canada for financial support.
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whereN is the total number of basis functiong, are the
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