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1. Cross seotions of muonio hydrogen aoattering are needed in the 
kinetio of muon oataiyzed fus10n /í1 and in the meaaurements of muon 
nuolear oapture rata by proton in a gaseoua hydrogen /2/ • To obtai~ 
these oroas seot10ns we use the elastio oroas se~tion8 of muonio . 
hydrogen soattering on nuolei of hydrogen isotopes 13/ 'oaloulated.in 
the framework of 'the ad1abat~o representation /4/ • Effeots,of bond1ng 
of hydrogén nuolei in' the moleoule:have been diaoussed in /5/ and 
more p~eofSely in /6/ fo110w1ng the Fermi approaoh /7/ • It. has been 
shown in /a/ and /9/ that the eleotron soreening is signif10ant f~r 
muonio hydrogen scattering on hydrogen atoms at oollision energies 
below 1 eV. Therefore, this effeot should also be ~noluded in o~oula­
tions of scattering on moleoules. Moreover, an influenoe of the resonant 
formation of dd~ and dtj-l' muonic moleoules on the dã scuased oroas 
sections should be est1mated. 

2. Let UB consider the scattering of a muonio atom (Il:r") on a 
molecule conaã et í.ng of nuelei b and c and ot ~o -eleotrons, where 
a,b,o denote any hydrogen iaotopes. Let the masses of the muon and 

the ~uolei be mf!' Ma'A\,M o' respeotively. '1'he reduoed maas 'of (af) 
equa1s m • It is assunied thà.t an 'int eraotion óf (au.- ) 'and the mole-

a . }
cule i8 desoribed by the potential 

V(7f;~) = V'n,(T~R) t- VeCr\R). (1) 

The vector -:? conneots the oent res of mass of both the s;rstems .and 
-'t ~ r-r _~. 

R - r - ' where and are the positions of nuolei b,o.c r b r o r b 
The Cal: ) - nuolei interaetion ia given, aooording to the F8~i 

method17/ by the p~tential V C fi-e-ma=I)n 
(2 )--, 2.TI' Ã ~('-~) 2-lr ") (-+ -,\/.n(f' 'R 1= -/IJb O 'í-lf"b +""""'i"1 /\,c 't- r-rC) , fb r-C 

where ~b j ~c are the reduced masses for Ca ~ ) soattering on the 
nuolei b,o and A-b ' Â c are the soattering lengths for elastic 
c~11is1ons of (a~ ) with the nuelei b and 0, respect1ve~y. The term 
Ve 'in /1/ represents an effeotive potential of Ca}J- ) interaotión 
with the eleotrons. It is 'obtained by averaging a potentia1 /9/ . 

@'llle.Hhdeim~a r.acnrryT, 
1l~~HWl ctc~eaOBaUS' 



U('11~'t"2) ::'L, L-~fA'{1.+~')exp(-Z1i;)-'~ ~~ L 1<'\1\tlo)\2,~'n('Y"~) ~ 2-J. () 
L.:. i;'2 " 11 '1l~O -t on , 3 

~'Yl,(TII)=-i - (1.'I"trn1í,)exp~(f'n'fv1 ~ t~:{2meCE}J-n-E)Ao1]2: , aejJ- =(HQ- mfL)/CM Qt W1/L) 
w1th an eleotron10 ground state wave function ~~ of the hydrogen 
molecule /101 i 

~e '== l~(1~-S~)}- r .[tf(~ib"J Cf(g~c) ,+ ~(~1.c)Cfi(g?b)] , (4 ) 

-w(1 .{ 2.) I. ':'\ (. 3 3)~ i. It '\ 1_S== e +W-+ '3W , ~:. oc1<rQ,e, ~(~tJb,cl= rx,,/lT Q..e ex~c-ocg~b,c Qel, v-f,2,. 

where r~ 1s a d1stanoe between the (a p. ) oentre of mas s and the 
~ -th el eotran, X 1s an 1nternal veotor of (a p.- ), gLb '~l.t 
are the d1stanoes between the eleotrons and the re.speot1ve nuc'l eã 
b,o • The Bohr rad1us of hydrogetr atom and the electron maS8 are de­
noted by a and me (a ~ m;l . ~ 200 in muonã o atom1c un1ts).

e a_ 
The matr1x elements <nl x [O) are oaloulated for the ground state 
~O)w1th ener,gy Ef tJ and exo1ted states In) w1th energ1es Ef'n 
of (a}L ). Averag1ng (3) w1th (4) one obta1ns 

V(-:tR) -= - CQJ3 íexof- Z()(,I~+~) +- e;<p(- '2.odf-.~\Ri) + 
e i OJ~(i+S~)L \ \ a.e o,e (5) 

+'2,Sexof- o(\T+~RI +-c,d:f-~iitl)ll c-=-?ho +4.20m1/21 ~:: ~ (l,i= 1-~ 
1\ Q,e .J1 TIL eJ'í MbtMc 1r v­

S1noe the e23ctron soreen1ng 1s the most s1gnif1oant for 00111­
aí.on energ1es t. lower than the energy W of exc1tat1on of v1brat1o­
nal leveIs ( w~ 0.35 eV),the hydrOgen moleoule ia assumed to be 
a r1g1d rotator. Therefore, in our oaloulat1ons the 1nternuolear d1s­
tanoe R has f1xed equ111br1um value R=1.4a and the oorrespond1ng

/10/ .var1at1onal parameter OG e quaâ s to 1. J2 • An ~.rnpli tude for 
(a~ ) soattering on the mo~eoule, oonneoted w1th any ohange of an 
1n1t1al rotat1onal quantum number K, 1a g1ven in the f1rst Born 
approx1mat1on bT the formula 

f{p~K'; p,K) =fn(p\K'íp,k)+t,l~~KW,K) =-~ ~Y;Mk(~)V(t,R)YKM/~)áQR'(6) 

VC-cf.,'R')·: v;C{,R) +Ve,Ct,RJ , Vrn,(~1R)=-~V'Y\.('f,R)exf(~t?)~3T, (7) 

Ve(q:.~R)-= ~Ve(;r)R) expCL"ttrjd,3rr) {= p-f', m- i =(MQ+vn~Tí(Mb1-Mc~,i(8) 
.... ~I I I

where p,K, Mx and p, K, M are the momenta and the rotat1onal quantumK 

2 

numbers of 1n1t1al and final states, respeot1vely, and y~ are the 
apher:loal ftinotions of a SQl1d angle ..Q R • Insert1ng (2) and (5) 1nto 
(7) (me obta1ns 

V'tt(t,~)= ~1fÀ,b Q)(o(~rtR)+'2.1TÀ~QX()e-~~~R) ., (9)
)-lb r .. }J-i:, , . I-­

VeOt,,1:) =- QI~i';'S 2) {LAC 1:;) .;. exf(,..Z;)FCZ;~exf(·'~tR).;. NZ;)ex~l-'~'tR)} ~l li) 
where 

z: = 1~ , .Aez;}-= (1. +~~)-~ ~ (11) 

FCl;)-= SV(f(-W~A(~)LC.J+{+(W-1.)~?)~itl,;~ +(Wt'2-+wZ;~)wsWL;J + (12) 
, ~ 

+ i~ [W~ h,Ci;Hw- i)siVl-·t; - WC05W'c;1}, h C~}~ ç iexfCw~cli e<rfz)slrt~Z. 
w 

"1'hetotal cr-oas seot1on of (a ~ ) soatter1ng on. the moleoule for 
g1ven 1n1tial K 18 

\., 1 ~I 2. I (l3)
C)'O'\DteSJ =(Ír;~tO\'+G'emo t6():::: '(J<t-1L\f(f~i<\?;K)\ tb(~\+tKI-S-El()d.3p, 

MK'~k\l1~ ..
where 

,. 1. -('1: 1"\ -2 
t.l =~i~/~(IYL 1 S-=:'V~/2,rm ~ S,\<-' =BKI(KI+~) ~ SI<'~í?K(Kt~), B"'2,R2 Mb+ Mcj"'10 eV. 

,wiQL ( . ) 1 Q \1JThe nuolear term'()'\'L in 1), oonneoted w1th IillY\, , has beetl 
estimated :i_n/~/under,theoond1t1on S» B (KJ »K »1 ) • For B« E. ~ W 

1t equal.s' 

rz' mo~ ( t-'\ =(0 ~ b (~) + CC () C ( S) . (14 ) 
1J')l, ) F rn.. F tn. 1 

where G'~ "l r:;'~ are the cros e seot1ons for (a'~ ) soatter1ng on 
s1ngle nuela1 b and o, respeot1vely, and C~ i C~ are ooeff101ents 
depend1ng on a g1ven oomb1nat1on of hydrogen 1sotopes. The pure 
eleotronic term 6 YYtO~ ,desor1b1ng (a p- ) soatter1ng on the poten­e
t1al (5), and the 1nterfere~oe term ~~ are oaloulated in th1s 
papar. S1noe the eleotron10 amplitude \te deoreases rap1dly for 
q ~ 2. oG / a ( !; ~ 1) and 1nelast10 prooesses are conneoted w1th a e 
d1mens1onless momentum transfer ~ of!'in order of 1 one should 
expeo~~that the ela~t10 soatter1ng (K' mK ) g1ves a ma1n oontr1but1o~ 
toG • The elaet10 croes seotlona are desor1bed,by v1rtue af (9),e
 
(10),and (13), by the formulae
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~rru;t(..,,\	 YMLr)GCY'":'j r - peve- ~moL':O)"-"'lím2.G~l)e L:>O)=Qt '\0. D ~OJ, l;lCl-' 2,c<. ") "e \:-.,." '-, 
(15) , 

G-o(~.) : Q L~z. ~l, 7' 7s\Tc(Ij)\'I.~ a~ .-;, i , (~"-'>O) 1 

o 

-çCi;;')c;::A(s)qo(2~WS)+~O(2,{>'vl~)J +HsJ(l2~i~;)~(tws), Jc~): s:t-, 
1\ { ) - _~rnoL{' ')l~ (b ('f) ~c GC('y,,] 'b rJ:..· ( ) (16)wt1l;(J - tvUe :O }ll:/C \:Ai ~o + )J.cC '1~ol j (ii~i~\.J'i~1~ 't;õ"0,
 

.. C:r~(~,) < 't(~'52~W,(2tw;)~el;;(~)~tl~'Í G-~(~o)· 4(tsz)";f\o(?f;w~'A.TiS)'t)~,
 
o	 o 

In part1ou1ar, for the homogeneous mo1eou1es ( ~ =$i -=0.5, ~blll ?leZ:l\.., 
G~ ~Ci1 -:;: &i ' C~ aei =CF) and for ~o ~O.75 ( f. ~ 0.02 eV), 

GoC?;o) = 0.051/s; GiO~OJ ::.O.ü+b.ll;-g- (17) 

Thus, tlie total' cross seot1on ctrY'..o~ at 'co111s1bn energ1e's 13 <.~ f. ~ CU
 
oan be wr1tten ~n tha form
 

.(18)
crmoL(.t,} ~	 ZC 6: (t,) + 0.116 (1- 5(jG~) (f,molt(OJ i-
r rn m o.l . f4-c e f, 

The 1ne1ast10 oros~ seot1ons, oonneoted w1th the trans1t1ona 
K ~ ,Xl ~ K+l, g1ve a oontr1but1on to 'G"'ev.t"~ less than few per cent. 
For examp1e, <5':,o~(~o) for the reaot1on d p- +D2 (KaO) -,- Cf + 
+ D2 (K~l) equa1s to 0.00077 úe. MO~(O) /~~ 1n the reg10n
 

<z, ~ 0.02 eV~ On the other hand , <3"'elM
ol{;o) for	 the proce as 
d ~ +D2 (K-1) ~ dJA +D2 (K!.O) 15 governed by O.001 ()e~OL(O)~ 
1aw' at ~o ~ O • It 1s of the order of ãelM.ol(ol at ~o rv 10-3 

( S '" 1fJ7 eV). However, after averag1ng over the Bo1tzmar.nian 
distr1but1on of ool11s1on energ1es ~ 1t g1ves a negl1g1b1e oontr1­
but10n to, the averaged ~e~L. Some results of 'our oalculat1ons for 
the homogeneous mo1eoule· are presented in tha ~ab1~. 

J. 'A resonant meohanã sm of format1on of muon1c moleoules dd 1"­

and dt f 1eads to àdd1t1-onal resonant oorrect1ons Q':o~ to
 
the oons1dered oross seot1ons g1ven by ~he Bre1t-W1gner formula
 

\'Yl.oi( v., iI	 ~ r~lIK Pe..k,lIk l 
cr'/'f' t-J -	 k'L L 

( c c''t" )1.. 1 r'?-'	 (19) 

\(1,\(1/ ~v- z, 1<111< +- í+ \<\1 

Tab1e. Cross sect10ns of Bcatter1ng of muon1c hydrogen 

------------------------------------_.­
Cr,,!ss' sec t í.on . Coli'iaiQn Ene r gy [eV] ,1~1

J ~~~~~ ~~20~~~ ~~:~~ :_0~:~~__~_O.?5i)\
II 

~ \	 

D'}V 17.5 19,3 21.7d.}[(h)+U'2.* cr vnol "35.8 43.5 50.5 

--------~------------..,.----,(----.,---- ­
O'n 17.6 19~6 21.7

') *" cl~(H +-})2.	 O'mo~ 36,.3 44.3. 51.1 

------------------------------------.;..-'--­
2J.~(\., (N. )+1)	 G''\'1, ~ 19.9 21.7 

~.2. p', ~o 38.5:48'.3 56.1 

} ':: 3/2- ~.em.oL t,h.õ ~~ 0.2 -5. ~ -2.4------------------------------,--- ­
()tr\, 1c6.0 '," 19.4 27.2­

~d'mo~ 43.0 48.767.8t~+1)2, 
,()e,'MOL t-~ () 2. 1 .'-1.'0 . -1.9 

--------------~	 -----­.._-------'
6'n o.ea 1.25 1.67t)--\'on+T?,. crW\.ol 49. O 20.6' 10.8 

~ =1/2, ()eWLO~ + ~~ 41 •. ? ' 11.6 ,6. 1 

--------------------..---...-----------.-­
,* , averà.ged -over the ,total sp1n .j of the nuo Léí, ClJ, b or C 

and the muon. ----------------------.---------------------- ­

ne r e	 /12/whera \ \(HK' j(1t K1 are the part1a1 w1dths of resonances t 

-S'fK11K are the resonance energies, . rl(lI 15 the sum of ~art1al 
w1dths of all the channels including the nuolear fusion /1 / and 
deexo1tation /14/ of the muon1o molecules. Our est1mat1ons, using 

I tf'(I	 the resulta of /12,lJ,14/ show that ü~~ averaged over the Max­
we11ian distr1but1on of co111s1on energ1es g1ve a oontribut1on of 
an orô er of 1 tJ, to the averaged nonresonant () 'V'ItO~. '.rh1s resu1t 1sIJ:. caused by very amal1 w1dths (10-J - 10-4 eV) of the resonanoes •~ 

The authors are 1ndebted to Professor L.I.Ponomatev for 
encouragement and constant 1nterest. We are gratefu1 to Drs. M.P. 
Fa1fman and L.I.Mensh1kov for prov1d1ng the energ1es and w1dths of 
the resonanoe~ and for he1pfu1 discuss1óDS. 
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AAaM'IaK A., MeJieJKMK B.C.. E4-86-2l5 
HM3K03HepreTMtleCKOe pacceRHMe Me30aT-OMOB BOAO)lO,[\a 
Ha MOJieKyJIHX BO~opo~a 

Bbi'IMCJieHbJ ceqeHMR HM3K03HepreTHtJecKoro pacceHHMH MesoaTo­
MOB BO~OpOAa Ha MOJieKyJiaX M30TOITOB BO,[\Opo,I:\a. YtiTeHO BJIMHHMe 
3JieKTpOHHOrO 3KpaHHpOBaHMH M o6pa30BaHMH MesOMOJieKyJI Ha ceqe­
HHH yrrpyroro pacceHHHH MesoaToMoB. CeqeHHH 3TMX rrpo~eccoB Bhl­
'IMCneHbJ rrpM 3HeprMHX CTOJIKHOBeHMH & ~ 0,04 sB. fiOKa3aHo, 'ITO 
rrpM sHeprMHX < I sB sneKTPOHHoe 3KpaHMpoBaHMe c~ecTBeHHo BnM­
HeT Ha rrpo~ecchl yrrpyroro pacceHHHH MesoaToMoa, ero BITMHHMe 
Ha HeyrrpyrMe rrpo~eCCbl rrepeaopoTa CITMHa MesoaTOMa M rrepesapHA­
KM C~eCTaeHHO MeHbmeo 

Pa6oTa BbinOJIHeHa B Jla6opaTopMM TeopeTMtJecKo:H: tPM3MKM OIDIH. 
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tion on low energy scattering of muonic hydrogen orr molecules 
of hydrogen isotopes is estimated. Cross sections of these 
processes at collision energies € ~ 0.04 eV are calculated. 
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