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··-·-~Introduction 
,·, 

Ex<;>tic three~ body C~ulomb systemsd~e~ attention of many authors ~r a long· 
. period· of time. The existen~e of the positroniuni negative ion,· Ps- ~ e-'-e-e.+, 
has been predicted manx y~ars~ago [1 ], while it was de~ected experimentally 

· · rather recently [2]. Now tlifs.system is well studied a!J.d ·the contemporary vari-
- _ational calculation gives both. exact binding energy value and the annihilation. 

iifetime of 0.4 7936ris (3] .which is in a. go~d. agreement with the experimental . 
data 0.478 ±'0.02ns [4]. · · · 

· The existence of a bound state for the protonium positive ion, Pr+ = ppp, · 
.. consistini!; of two protons (in the singlet ~pin state) and a negatively 'ch~rged 

antiproton. is evident. It <;an- be easily obtained by the, simple mass scale 
t~arisfor~ation from-the Ps- ion;· . . · · .· · 

; At the same time it will be interesting to investigate the existence of other 
. antiproton ions with hyd(ogeri isotopes p, dand t. The study of these systems -
.has definite interest because there are exist two' competitive processes like 

' , - - . ' ·-· I ._. ··. c,. ·• • • • 

. an· an·nihiliition and .a nuclear fusion· that gives. an ,()pportunity to investigate· 
· .nuClear interaCtions at the low energy region.· ·. ·-

c>This work treats a three particle system as. a purely. Coulombic. We 
presume that the. nucl!!ar forces can be . taken irito account 'as -a perturba> / ' 
tivecorrection. This assertion· seems reasonable because. the protoniurn atorri .· 
(Pr. = ·pp) radius ap~- =· 57.6fm· sig~ificantly e~ceeds 'the characteristic nu-• 
clear size ro ~: 1. 7fm. which. defines .the' effecti~e ddius . of n;Iclear. short-range . 

_potential[5f . . . . . .. . . ' - , , . 
. '· - . . 

Basic res·uits 

'After separatiiJ.g of the cente;-of-mass motion, tlie D:~mrelativistic Hainilt~nian 
of· a ·three~ part! de 'system can be·-written in units h = e = me = 1- as "'·· 

. . . . . -, '. ' ' ..: '~ . 

. ,1 . . ·. 1 . ~- i. . 1 •· 1 - -1 
H= 7----'---:.0;r~- ---~rb -.-· -V'r~Y'r6----:- + ·-. (1) 

, 2f-l4 - , . ·2f-lb mp · ra - rb . ~rab 

· 'vhere r~ and.rb are the vectors from an antiproton to nuclei a and b, ·respe~-
tively, rab is the vector connecting riucl~Ld atrd·b; f-l(= m~mi/(mf; + m;) are 

. ·. the reduced masses of the cm:respon..<ling antiprotonic atoms. . -
. As: a tria1 function we shall -use the explicitly-correlated Slater~ type basis 
offunctious, whichhas a;good convergence for this kind of proble~s [6, 7, 8) .. 
Since our invesligation~oncerns with only S-state molecular systems we· shall 

;-
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write out the wavefunction in a form .. ' ' " ... 

.. K . 
w(ra,rb) _ ""'C·e-a;ra-f3;_r~--y;rai. . ·· - LJ t . '. ' ' 

i=l · · · for heteronuClear states 

- K . . -~ 
\}!(ra, rb) ~/ (1 -:- Pab)2:.Cie-a;ra:-f3•rb-:-riTab' ',, - '' 

_i=l ' -·· for homonuclearstates 

where Pab ist~e p~qn~ta,tion operatorofparticles c/a~d b. Nonlinear exponents 
are gener~ted accor~ingj;o the formulas ,J · · · ' ·. 

::; -~- A(tk(k+ l)v'2), . . , ~- . ,. 
\{3; -~ . B(1k(k + lh/3f 
. . ' 2 .. ' . ' ' ' 

- ~'Yi =:.·_G(tk(k+l)'v's)-min(a;,,B;), 
(3) 

where (x) is'thefractional:;art <of x. Q~antities, A,>B,· C; are va~iationai 
para1Ileters of the. trial funetio~. _ . . . • .. _· . . _ .. · . · ~ _ _. . .. -~ 

We have also investigate the possible existenceof P~states for_considered 
-ex~tic inolecules·. BU:t our very careful calculations ha:ve ~hown that' itis con-
ceivable thatthere-are no-such states.' ,, ; \ -- ., ' ' ' 

, -- ·- ,. , ; : ,.c. ~ I . '. · · C -., . • • · . -· _ -~, 

Our riuineriea1 results are collected in Table 2 as well as mean. distances c 

between particles iri a molecule expr~ssed in units rnp = L, The masses used: 
'were mp = m~ = 1836.1515r:n,e', rna.= 3670:481~e·,'mt ==_5496.918rne (tlld the' 
Rydberg energy was Roo_=:= 1~.605804leV. For the convenience of comparison' 
Table. 1 contains the necess!"-ry characteristics ,of corresponding antiprotonic 
atoms. /' ' ' ' . ~ ' ' ' ' ''. ' / ' ' . '' ' ' \ '. '' ' ' ' / . . 

·The scope of our interests is to estimate the micle_ar fusion, and annihilation
._ nites from the molec~l~rstates; T? do :that we make use tlie so-called G-f~ctp; ' .. 
' and ')'-factors which. canoe determim!d like 8-function operators at different ' . 
coales~ence points: · · . · . · .• - . - .. · ·. · . . . . 

~-- '· 
~,....-_ 

G =!F'(O)j2 = J 1\lf(rci, rb; Tab)l;.;b=od:i 
. 'Y~ =J 1\lf(ra,rb,r~~)l;n=O-dr, ' - . 

~-· 

---n·= a,b.' ,. (4) 

The calcul~~ed yalues ofthese qU:antities ~;e · prese:Uted, in Table 3~ The exp~es-
.siori for the fusion rate _has been given by J ackson[9]. as ' i · · 

>. ='A IF(o)l2 =-·, ·s(O)IF(OW.~. :· .(5) .•. 
•·· l • ·.· _ >· (1 +8· )1rcarii' · 1 

· '-. /, , , ab .. :.:c:_ .:.· 

where a is the firi~ structure constant, c is the velocity of light, rn ~ rn~rnb/ ~ · 
(rna + rnb) is the reduced m:ass of the nuclei and S(E) is th~ fusion. charge
independent cross section factor. The nuclear reactions _which can be observed 

~ . . _- . . . 
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. T~ble 1: Binding energies, Eap(eV), reduced masses, /lap~ (rn;;:-1 + rn;1)-\ 

- :r~factors, 1'~p= ( 1ra~p)-1 , aip = aef /lap, mear: sizes, < r >ap~· and mean-square 
sizes, < r 2 >ap; of the hydrogen isotope atoms in the ground state (in units 

_rnP ~ 1). 

'pp ' dp ' ' 'tp 
Eap(eV) 12491.16 .· 16652.1_2 18726.91 
. /lap ~- 0.5 0.§666 . . 0.7496. 

-. 'Y~p' 3.979(~2) 9.427(-2). 1.3,11(~1) 
. < r >ap 3 2.250 2.001 

2 ' ' < r. >ap . '12' . 6.752 ' 5.339, 
----

·Table 2: :Binding energies, t:(eV);'mean sizes, <rab~>, < r >af;, <r >bp, and 
mean-square' sizes, < r;b >, < r 2 >aj;,· < r 2

. >bp, ofantiprotonic molecular ions 
. (in units rnP = 1). Ma 2: Mb. , · - . . , 

ppp .' dtji 
E(eV) · 599.829 . :319.151 ' '~-

~·- . - . I -, ,, 

-<rav< 8.55 . 4.80 .6.51 
~• < r·>ap - 5.49. 3.26 2.54 

< r·>bp· 5.49 . 3:26 5.79 
? • < r~b > 93:1 '41.5 '. · .. 27.7 

. 2 
I 48.4 ' ' £'11." ,... 1. ~ ......... - I < r >ap 

' 2 < r >bp .48.4 
--

Table 3: The sq1,1are:.of the _\\'ave functiori amplitude (Eq.(4)) at coalescent 
points, G, 7;;', 'Yb'\ (iU: ·units rnf; = 1 ), Ma 2::: Mb: Fusion rates, ). " from the 
arttipro't<?nic molecuhtr states (in s-1 ).· · - · 

- . - ppp ddp ' . ttp . ' ' - dtp 
a· L712(-4) 2.579(-4) 2.381(-4) 1.974(~4) 

·: :r;:' 2,073(-2) q.o11(~2) 7.242(~2) 1.o35r1) 
'\._ 

'Y'b 2.07~(-2). 5:0J1(-2)- 7.242(~2) ~:650(-2) 

'Y;f; + 'JJ:i; 
)< ; ~ - • - ~ 

. 1.042 '1.063 1.080 ... ' 1.053 
.. 'Y~f; ' 'Ybp . '' 

---~ - >., -·' . 3.4( -9) . 8.1(14): 7.4(14) 1.1(17) 

-~-
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. from ,experi~ents a~e 
c • " ~ • l .. 

A;=4.7-•0 . . . .. ··· .·.> :. 
PtP 

·f. ~-· d -t e++ V:+ 2.2MeV, .I 
'·· ., --·. 

. d +d .. A.~-:-17 .. ·{· .· _ 
3He·~ n-f 3.3M. ~V, 
t+p+4.0MeV,. .. 

d+t. A.~-t. 4He+n+l7.6MeV,-

J.+ t A.~-
17 

4He_:t 2n-+lf3,MeV? 

,• ,. ,(6) 

,·, 

where 'thefusioncoristantA; is expr~ssed incm3s.:._ 1 ~ The·n~~learfJsion con- . 
stants were evaluated f~om the:'vitlues of S(O) tabulated by Fowler; Cailgh.lan _ 

1
_ and Zimii_lermim [10], thl:!.s~. numbers have uncertainties ofup to 200% .. Table 

3 sho\vs the calculated fusion·rates from the considered molecular states. 
. To·_ esti~ate th~ branching rati~. of two. possible channels ·of ari · ion: decay 

;\ve canuse the experiment'al data of annihilation width of lS state of pp atom., 
I\s ~ lkeV and that.this width has a few isotope dep-~ndence [11']. The nuclear 
shift.to th~ energy le~~l ofth~ ground state .is equalto Re(.6.E1s)<~ 0.7k~N. 
[12]" •· .< . ·, : . ' ' .... · .. : ., • ' . .. ' ·.- '·. -~ ' ' ' . ·" ,. . 

A.~nihilation rates from th~ mol~cular st~;e carihe. calculated aS~ ~atio ()f 
. g~mma-factors.of~ mole~iilar·state 'and ·a corresponding p=atorri lS:state. 

• •• • • _ _, ' " -. y • ~ - • 

i·-· \c""" 

... , . . ann · ·· a \,· ~ a ann' . ·. '·(7) {

·'m. '. m}~~ 
_Am•: .. = _la .. p··:t·_lbp' ·_--.A"~· · 

- . ;..· . 'Y a.p . lbp . 

. -.-- \, .-. . ·: \. ' .--~ - . . . .- ~·-- . : -.·. ''- . _.: . . . . 
........ · . 

where ).:r.n =T/n '-~ L5. ·1018s-;-~ is the ari:riihilation rate of a~ p-atom. We . 
have estimated thevaluesofthe multiplicative factor in (n (see Table 3) and . 
obtaine{that thisfaetorinsignificantlydeviatedrom'the unity: .That lead us. 
to1 the conclusion thaCthe amiihilation rat~s from th~se mol(!cular .states arl:! /; · 
approximately the same aS from'theground''state ()fthepp_atom. .~-
. · · · Re~ently;. there was.publi~hed a .work·. [13] pre~enting an esti~ation of an
nihilation/fusion. i:'atio of, about 103 ·for. the dtp. bound statci .·that differs fro'm 
our results by: two orders of mag!!itude d~e to' the very ~ough'estimation given.' 
in [13]. · ·, - -. .. . . , 

' ~ \ I 

I' 

Conclusions· 

As it is known, the concept of an antimatter and speculations on its exi~tence 
· have more than nine decades).istory [14]~ The discovery of.the metastable'. · 

states of the heiium "atomcules" pHe+ [15] ' ' ; . . • _ ! - • 

'p+He~p/ie++~, (8) ' 

;" 

,. ' ·. 

',"'-

sh~ws the p~s§ible way for the· antill'ydrogen II ~rod~ctio~, s~e; for 'example: 
[16]: . .. ' . - .· . ; 

. Ps + pHe+---+IJ +He, · 
,' ' - ' 

/ .' -
(9) '; 

ail.d. renews an interest to. the' ~tom:antiatom rearrangement colli~ions. [17] 
'• < > • •' I • ' • _' • 

fi + H-:--tPr+ Ps. . (10) 
- ..... -

If :;;e substitute the hydrogen gas by the D,T mixture we prob~bly can observe 
.the r~action of the·dtp molecular ion formation.: .· _ · · · "··· ·· -:-

1'' 
1' 
-~ 
. ~ ( 

-:::--~· 

H +DT~[dtpe] + fs. · . (11) 

' 

· .. -.i '< 

l]-
' 

"' 
.. The oth~~,-pr<lbably, n1ore realistic ~ay t~:observethis statei~ the ,direct 

collision of p with DT molecules. Stoppirig,by the DT' molecule the antiproton 
·;rephices one el~ctrori on its ,orbit occupying th~ level with principal qmintum. 
.num'ber.(ri)dose to. · . . · " .. · ' > · · · ·· · 
' . • ' . . ~ . ; 1/2 . · .. 

no .= (M /me) ~ 35, .. . 

, ~hei.e M*·i~ ~he ~ed~c~d\mass ofp with re~~ect tothe nu6leus ( J or t.) . . A· 
· . hydrogen-like atom. in· this.· state' has· a strong ittra:ctive· potential· :V_ a/ R2 · in 

the field ofa~ charged particle dU:~ to the linear Stark effect and series of th{~e- · 
.~body resonances below its thresh6lds.It makes possible th(!}ollowing cascade 
:reaction:' ,' . ' . '• ' . i . . 

fi+·bT~· [dtpe]*:+e- ~ (dtp)~+.2e"',, ··· (12) 

. \\'here [dtp~]* is some r~sonant.state. For a: mu~~ stoppi~g iii DTmixture the .· 
dis'~ussion~of the similarprocessesca~ be foiind iri [18]. . . .. ·•... ;· • . . 
' ;It ~houd,be noted thafthefusion reaction of the nu~lei d and t in thedtp 
ion .. takes pla~e at the.ene~gy)~;reaterthan that ofthe corre,_spcmding dtp. ion; 
. Therefore-one can anticipate·an 'essential increasing'of the fusion rate for the d. 
and t nuclei in the dtp)on in compa~isionwith the corresponding rate for. the 

•· .' dtp. io"fi~- Thus, the rati~ofthe fusiorian4 ~nnihilati~ii rates could·be essential. 
gr~ater than the values .indicated in the present work This effect·is now in .... 
progress and)nthe CMe of it being 'considerable 0~~ can di'scuss the antiproton ' 

. catalyzt!dJusion .. , . . :0· ' 

\\ 

\ ',· ·'' 
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.. -llpHHHMaeTCSI nO,l:lllltCKH mt· npenpHHTbl, c 

uH~T~TYTa ~,~:~epHbiX HCCJie;:i.os<iHnii I-1 ~<Kp<ITJ<Ht< cool 
. Ycl-a.iosneHa~CJie,~:~yJOuUtS! cToH~ocTb no,~:~nHct 

011_.SUI, B~Jnoq'l!Sf nepecbtJIKy, ~o _oT,~:~enhHbiM ieMliT 

11H.AeKc TeMaTHKa 
I . •• 

l . -

1. 3KcnepHMeHTarlbHasi <f!H3HKU Bb!COKHX 3Hepmii 

2: TeopeTHtJecKaSI <f!H3HKa BbiCOKHx sHepmii 
. . 3. 3KCnepH~eHTaJI,blfaSI HeHTpOHH<ISi <fl113HKU. 

.c:\ .9. YcKOIJI1TeJI·I1 
'to. AsToMaTI13UU11R o6pa6oTKH sKcnepHMeH'TanhHbJ 

11. BhitJI1CJIHTe.rthHaSI MaTeMaTHKa 11 WXHHK<i 

·. -'13.' TexHHKa QJ11311tiecKoro 3KcnepHMenra· 

' 14: 11cCJieAoB.aHHSI TaepAhix Ten 11 )1(11.z:IKOcTeii S1,~:~ep1 

·-15. 3KcnepHMeHT.an.hHUSI <flH31tKa siJ:\epHb!Xpe~IKU,11J 
·.~- . ' ·, . . .· . . ' . :: / . 
. npH HH3KHX 3HeprHSIX 

16. ,ll,o3HMeTpHS1 8 ¢1t3~t'Ka 3<tiU11Tht, 

-:· 17. TeopHSI Koi-I,~:~enc"pos;\nm)ro cocToSIHHSI , 

18~ J1Cil0Jib30BUHHC pe3yJibTUTOB '·' 
· ~ MCTO.z:\08 q}yHAUMeHTaJibHblX <fln3HlleCKH){'HCC 

. :. ' '. \ 

s cMe)I(H.biX o6micTSIX nayKH "iexmtKit. -

· . 19. B~to<f!H3HKa 

<<KpaTKHe coo6uieHHSI 011SIH~ (6 sbmycKos) 

llo,~:~nHCKll MO)I(eT 6h1Tb 'o<f!OpMJieHa C JII060~0 
no seeM sonpocaM o<flopMJieHHSI no,~:~nHcKH 

TeJihCKTHH OTAeJI 011.SUino a,~:~pecy:'l4198o, r,)ly6 


