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1. То describe kinetics of muon cвtвlyzed fusion which has 
вttrвcted much interest recently one must know cross sections вnd 
rвtes о! vвrious processes involving meвic вtоmв (cf.,e.g.,ref. 1). 

In thiв paper crosв вectionв / S · for reaction 
u ~J 

d;-<-(F= %, ) + d- G~ 2 dJ)-(F= %) + cJ 
(;s / /s (1) 

2i - \..)12 

d;и. (F= ~/z) +ds- 6;1 -;;..J.мJF=%) + d 
are calculated. Неrе G11 and G~ 2 are elaвtic-вcattering сrовв 
вectionв of d_,u.-atoms in раrв вnd ortho вtates (F•1/2 вnd Fa3/2, 
respectively) on deuterium nuclei; G~~ and G~ 1 are сrовв вectionв 
!or trвnвitionв between thoвe stateв; S iв the total вpin of the 
d).L +- d вystem; F iв the вpin of the O)L -atom. Conвidered energy 
region iв Е ~ 50 ev•). Тhе ground вtаtев о! О# -вtоmв are 
only conвidered, i.e.,two lower reвction chвnnelв свn Ъе open: chan
nel 1 with the c)~-atom spin Р·1/2 вnd chвnnel 2 with Р•3/2, the gap 
Ъetween their thresholdв being equвl t o the hyper!ine вplitting 

cl с>• ~ s energy о! the !),-L-вtom D. с .. 0.049 eV. 
When deвcribing reвction (1) we took into account the exchange 

interaction wьere tье total вpin s • F + sd was conвerved. тье 
вpin may take values S.1/2, 3/2 !or the tranвitionв Р•3/2 ~ F•1/~. 
Spin-вpin and вpin-orbital interactionв which change S and whose 
valueв are several orders о! magnitude lower than that о! the ex
change interaction / 2/ are not considered here. Тhere!ore the elaв
tic scattering (Р•3/2 ~Р•3/2) iв only роввiЫе !or t he Sa5/2 
вtate. 

Earlier / 2- 4/ reaction (1) was studied within the l imits о! low 
collision energy Е ~ д Е h5S. 

*) The initial energy о! deuterium mesic atomв produced in the ground 
state dоев not exceed ~ 2 eV !or D2 and D2+T2 mixture and ~ 50 eV 
!or D2+~· 
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Fig. 1. Cross sect1ons lJ11 f or elast1c s cat tering of d~-atoms 
1n the para s tate (F-1/2) on deuter1uш nucle1 and ! or para-ortho 
trans1t1on G:

2 
• Results for l ow coll1s1on energies ( S-wave 

only) are shown. 

2. Тhе cros s sect1ons Ъаvе been calculated 1n the adiabatic re
presentat1on / 5/ where t he рrоЬlеш of s l ow coll1sions 1n а three
body systeш 1s reduced to t he шultichannel scattering рrоЬlеш /б,7/ 
w1 t h а great nuшЬer о! cl osed channels, N- ' ) ~ 100: 

z N 
L Ja->( R) t-(k 2

- J (J + 1 ))u1r>(R )- .L 1J.srR) 11lь-)(R)= О ( 2) 
d R2 al ' R2 о, jfi. tJI.! ifJ 

1 • 1, •• ·.,N; ( •1, ••• , ")); у .. 19 2 1s the nuшЬer of open channels. 

Here k~ 1s the шошеntuш 1n t he channel (kf ~ О at 1 f У and 
~f L О at 1 >У ) ; J 1s the angular шошеntuш о! the systeш; the wвve 
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Fig. 2. Elastic scattering s-wave cross secti ons 
d}t-atoшs (Р•З/2) and !or ortho-para trans1t1ons 

low energy region. 
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(rJ tr1 Lr> _ Р) ) f~ctions IJ
1 

(R ).: r.J 1sG",F,I;/ R), ~} 2 (R) -=~1 <,G, 3/z. ( R , ••• о! the relвtive 
nuolear шotion are regular at R-0 and correspond to subsystems O;U 1s 
(P•1/2 )+d end OP·js (P•J/2)+d 1n the asyшptotic region R ~ оо 
where they Ьаvе the forш: _ {lj

1
c11 

. .. lj~v ) J ~]/R) - ~J (R)T ~о~ ~~ v 
l c.P'" tR )}= : : = . (2а> 
( <r t · ( ei-p (-- 1 k, 1 R) ~о~ l >У · 

1_/1J .. ,1 vJ 
(frJ • 7ГtJ 

Here lз(R)=J,(kiR)Б,:j , nJ(R ) =" nJ(k, R)O,j and j J(k, R)> nJ(k, R) 
are Веsвеl 's spherical !unctions; Т 1s the reaction шatrix to Ье ~ . 
!ound. Potentials u1~(R) are forшed о! the e!fective potentials of 
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the three-body proЫem u1j(R) /5/. ТЬе spin is introdu oed acoording 
to tbe rules 127 Ьу means о! tbe trans!orma't i ons A(S , J) : 

1fs= д(s,J)l] д·\s,J), wfte;u lJ =(V.-~J3 > l5~gju) 
1f.·uj g, 15iuj ~о~. 

( 1 ) 1 (-i й ) (з' о. г) 1 (-vs 1 ) А Vz ; J = Q. 2 = Гз а 1 ~ А 72 ~ J = ~ = « 1 rs 
) 1 (Гz. 1) . А(31 . J - 1)- 1 /1 iS) A0z;J = ~ = G - ~ а. > 72 > - - «~-'iS 1 

U .у2 = [ :Г<JJ 9 for J ~ О> 2 
tJ, ~AjiL fo >- J- 1 • 

(J) 

Here we take into account tbe wave-functions symmetry о! three syin 
partioles d~ + сУ and tbeir spin-spin contact interaction 12 • 

4 

The 

The method !rom re!. 7 is used to solve the proЬlem (2)-(3). 

matrix сrовв section 

s 1 " " -11 12 6 .. = 1Т Ь·· _ f (нiT )(~ - iT) .. 
':1 k~2 l.j 1 ~) 

(4) 

is found Ьу the calculated reaction matrix т. Preliminary results о! 
calculations were given in re! . в. 

) . In Figs 1-5 one сап see the results of calculations о! cross 

sections G ~j versus collision energy с = k2 /2М (М is the re
duced mass о! d~ + d system). Cross sections !or el~stic scatter-
ing о! d.,.u. -atoms in para sta tes G~~ апd !or traпsiti ons t o 
ortho states 6 iг. are shown in Fig. 1 ! or С. ~ о. 2 eV. 
Analogous quaпtities <:)~2 • G.s21 ! or ortho state are presented 1n 
Fig. 2 ! or Е. f: 0 . 28 eV. The S -wave cross sections a r e only 
shown ! or possible values о! t otal s pin S , as the contribution о! 

higher partial waves сап Ье neglected ! or the considered energy re-
gion (except !or G~ 4 case shown 11ore compl e tely 1n Fig. 5 
! or Е ? 0. 1 eV-~. NotewortЬy is the threshold behav1o\U' at 
Е • ~ EI1Ssa о . О49 eV (Fig. 1 ) . 

I n tbe limi t Е ~ О tbe т-matrix for J .O can Ье pres ent e d 

1n tbe ! orm т1 j • - а, i j · V 11:1 kj via introducing the s ca ttering 

lengths Cl ij • In t he Ta ble we pr-esent our best values of sca ttering 
l engtbs obt ained a t N• 92 and tbe r esults at N• 2 ! or compari son 
witb t be results о! previous caloulations. 

~ • Зcattering lengt hs !or d).l + d -ф + d processes 
(in units a#L • 2.56" 1o-11cm) 

s N а ,, а,2• а 21 а-22 
this re! .) re! .4 
work а) Ь) 

this re!. J re! .4 
work а) Ь) 

this re!. J re! о4 
work а) Ь) 

~/2 92 ).40 -0.95 4о07 

2 ).76 з.5 Зо61 -1.09 -1.1 -0.92 4.5з 4.7 4.26 

~/2 92 4о40 ..0.75 ).06 
2 4.92 5.1 4о58 -о.в6 -о.в6 -0.73 ЗоЗВ Зо5 Зо27 

[j/2 92 4о74 
-

а) two-level approx188tion of adiaЬatio approaob Ьу the мthod о! 
phue !unotions 

Ъ) iaproved two-level approxill&tion. 
2 . 

~ lplown !oi'IIIUla К;/ти. =- Yaii + зтгМj(гаi, ) · kit- ЗМ/аа &(9мk,jзг) 
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i 

свn Ье used to obtain , witb an accuracy ~ 2%, tbe diagonal elements 
о! T-matrix at Е. ~ 0.04 eV. 

Figs 3-5 sbow tbe total as well а з partial (s, р and d-wave) 
cross sections !or coliision energies 0.1 ~ Е. f 50 eV. For the 
energies 25 eV the cross sections reach а unitary limit !or JQO, 
since pbвse-sbi!ts Б 11• arc ia.Yi т11 jump as mцch as iТ tbere. А 
similar Ьebaviour о! G ~J. (J•1) is observed at ~ 35 eV. 

' s Now one can use tbe results obt~ed !or G<j to determine t ot al 
cross sections о! d~ -atoms !or any known population о! Ь!-states. 

Accuracy of the calculations of G5
<J is ~ 5% for the ener gy 

r egion С ~ 1 eV and is а little worse ( - 10% ) !or t_ ~ 2 eV. I t 
is determined Ьу the ~rrors о! numerical integrati on о! the system 
о! equations (2) and Ьу convergence of solution in the numЬer N о! 

!unctions used in expanding tbe wave function о! the three-body вys
tem in tbe basis о! solutions о! а two-centre problem 111. The 
numerical study has shown thвt the prescribed accura cy i s achieved 
at N•92 (J.O) or N•136 (J•1 1 2) and !or the set о! nodes over R: 
0.1(0.1)20(1)Rwax used !or numerical integration. The quadra ture 
!о~ве о! О(Ь2) order hвve been used, and Rmax bas been chosen t o 
вchieve the вsвumed вccuracy . 

s 5 
4. Using the cross sections G 12 and G 21 we Ьаvе cвlculвted t he 

temperвture dependence о! tbe rates о! ortbo-para t ransitions о! d)A -
atoms: 00 1 3/ 

< А21 > = t 5 (л;: + 2 -\~ 1z. ) f (Е) Т) d Е 
0 00 1 

L. \z> = :З ~ (A~zz +2 ,\z_) ,?(f)T)d f 
о 

Ah~ = (Л2 ~ > -1 <А1~ > · 
where A~j =No lJ'G~j 1 N

0 
• 4.25•10 2cm-J is the liquid hydrogen den

sity, ~ (Е.) Т) is the llвxwellian distribution о! d"u -atoms at 
te~erature т. The oalculations Ьаvе been made under tne assumption 
о! the statistioal distriЬution о! F-states ( 11.р.312 : l'l р. 1 ;2 • 2). 
Тhе reвults are sbown in Fig. 6 toge ther with the experiment al value 
вt Т • J4 к/91. An interesting beba~our of ortho-to-parв ·transition 

' in а deuterium target is the deorease о! e!!eotive r a t e Лkf (T) 
with growing temperature. This i s due to the !act tbat Afhfs is о! 
t he .same order о! magnitude as the Мaxwellian distriЬution width. 

5. Тhе re8Ults obtained oan Ье employed ! or the calculвtion о! 
ldnetics о! ,м-аtо111с and }-1 - molecular prooesses in Ьydrogen iso
t ope m1zture. 

Воwетеr, when oomparing the calculated elastic cross seotions 
of aesic ato88 with the experimental ones/101, one sbould take into 
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account the electron screening 1111 and the шolecular structure • 
e!!ects. They can s1gn1!1cantly a!!ect the oross sections at low 
coll1s1on energies . Е ~ 0.1 eV. On the other hand, their iD!luenoe 
on the ortho-para trans1 tions 1s 1nsign1.!1cant, as such trans1 t1on 
prooesses occur 1n the region о! шesic-atoa 1nteraot1ons w1th the 
nuclei, i.e. at distances R - 2-3 - ~р , where the eleotron soreening 
e!!ects are weak. Тhе obtained teшperature dependence о! the apin-
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12 
, respective-

ly) 1n а deuteriuш target. E!!ective spin !lip- rate Ahs(T)(assuш
ing the ,P.opulation r a tio о! h!-states n р.312 : ttp.

1
;

2 
• 2) as 

well as the experimental value at T•J4K /10/ are also shown. Results 
are norшalized t o the 11qu1d hydrogen density. 

!lip rate !or d)U-atoшs can Ье шeasured since it appears in the 
experimentally access1Ьle region. 

The authors express their gratithde to Pro!essor L.I.Ponomarev 
!or h1s interest 1n the work and use!ul discussions; to Drs. К.Р. 
Fai!uan, S.I.V1n1tsky and A.Adaшczak !or help and d1scuss1ons; to 
Pro!essor V.P.Dzhelepov and Pro!essor V.G.Zinov !or support. 
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По всем воnросам оформления nодnис ки следуе т обращать с я в изда т ельский 
отд ел ОИЯИ по адрес у : 101000 Москва , Главnочтамnт , n/я 79 . 

Возняк Я. , Мележик В.С. Е4-85-953 
Сечения рассеяния мезоатомов дейтерия н~ ядрах дейтерия 

Вычислены сечения упругого рассеяния мезоатомов дейтерия в орто- и 
парасостояниях на ядрах дейтерия в интервале энергий 0-50 эВ, а также сече

ния переворота спина мезоатома в таких столкновениях. Расчеты выполнены в 

адиабатическом представлении, в котором исходная задача о медленных стол
кновениях в системе трех части ц сведена к многоканальной задаче · рассеяния. 

Получена температурная зависимость скорос ти орто-пара переходов Лh 1 СТ) 
мезоатомов в дейтерие вой мишени. Вычисленная скорость 37,2 · 10~ с- 1 при 34 К. 1 хорошо согласуется с экспериментальным значением Лехр (34 К)=37,0±0,74 · 10 с 
(группа Beнa-SIN , 1983г.). 

Работа выполнена в Лаборатории ядерных проблем ОИЯИ . 
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Helezhik V. S. , Woznia k J . 
Cгoss Sections fог Scatteгing of Deuteгium Mesic Atoms 
оп Deuteгium Nuclei 

Е4-85-953 

Cгoss sectlons have been calculated .fог elastic scatteгiпg of deuteгium 
mesic atoms in oгtho andpaгa stateson deuteгium nuclei in the 0+50 eV eneгg~ 
range; cгoss sections fог spin-flip have also been calculated. The calcula
tions have been peгfoгmed in the adiabatic гepгesentatlon wheгe the initial 
ргоЫеm of slow collisions in а thгee-body system is гeduced to the multi
channel scatteгing ргоЫеm. The tempeгatuгe dependence of the oгtho-para 
tгansit i on гаtе Льr(Т) fог d~-atoms is obtained fог а deuteгium target . 
The calculated гаtе Льr (34К) = 37.2 ·106 s-1 is in а good agгeement with 
the recenc expeгimental va lue , Леsр (34К) = (37 . 0 ± 0.74) · 106s-1 (VIenna-SIN 
gгoup, 1983). 

The lnvestlgation has been peгformed at the LаЬогаtогу of Nucleaг 
PгoЬiems, JINR. 
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