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1. Cross sectlions of muonic hydrogen scattering are needed in the
kinetic of muon catalyzed fusion and in the measurements of muon
nuclear capture rate by proton in a gaseous hydrogen /2 « To obtain
these cross sections we use the elastic cross sectlons of muonic
hydrogen scattering on nuclei of hydrogen 1sotopes 73 calculated.in
the framework of the adiabatic reprqsentation /4/ « Effects of bonding
of hydrogen nuclei in the molecule: have been disoussed in ’ and
more precisely in 6 following the Fermi approach 7 o It has been
shown in 8 and /9/ that the electron screening is significant for
muonic hydrogen scattering on hydrogen atoms at collision energies
below 1 eV, Therefore, this effect should also be included in calcula=-
tions of scattering on molecules., Moreover, an influence of the resonant
formation of ddu and dtp, muonic moleoutes on the disoussed cross
gsections should be estimated.

2. Let us consider the scattering of a muonic atom (qy) on a
molecule consisting of nuclei b and ¢ and of two wlectrons, where

aybyc denote any hydrogen isotopes. Let the masses of the muon and
the nuolel be my, M ,M )M , respectively. The reduced mass ‘of (B}L)
equals m_ . It is assuried that an interaction of (a}b ) ‘and the mole—
cule 18 described by the potential

VER) = V(B0 + Vp(TR), €))

The vector T connects the centres of mass of both the systems and
—

R = ;; - ;; s where ;; and f; are the positions of nuclei byc.

The (a}b ) — nuclel interaction 1s given, according to the Fermi

method’ 7/ by the potential V, ( fi=e=m =1)

. - (2)
V(7T = EEASE-) + B R
where }Lb 3>AC are the reduced masses for (a y,) scattering on the
nuclel byo0 and b 9 Aq: are the scattering lengths for elastic
collisions of (a ) with the nuclei b and ¢y respectively., The term
Vo in /1/ represents an effective potential of (a}k ) intergotion
with the electrons. It is ‘obtalned by averaging a potential
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U Z{ 1+ = (2')" 2 e (’Ql?[())l () ] numbers of initial and final states, respectively, and Y are the
( ) o L )QXP 3 l*z# Im ) ¥ 19 (3) . spherical functions of a solid angle {2 p * Inserting (2) and (5) 1nto
) (7) one obtains

)= 1- (hx DUPOHT) | Yo meEri E )] %y = (Mo-mp ) (M rmy) * I
Y mh CPUIMIY 5 [ MM Epn Epuoll™ 5 o Ty /- Tty SV = 0T M ool Ao ool it
with an electronic grcund state wave function ‘{”e of the hydrogen V%(iﬁﬁ)—avqu?(%({.g)*awm QXP( "g’qﬁ.R) kl (9
molecule N e Vorood® 2110
Y, = f'?ﬁ 0lp., )- olp,, TR)=— ——— 4 [AD) + expll ‘ WWER)+AlL -1‘*-13}
2 =12(1+59)] [‘?[Q.itrj‘{’(g?,c)*(?(Q&c)(?(e,zbﬂj @) Ve(T,R) 205D [A@ exp(ml’,)[—'(Z_,)]exF(Lg;q~ ) AL)epEpTR)Y,
here
W 2 3, 1% "
S=¢"(Lw+ 5w, w=uR/nyg, §lo )= (a/Mag ;) *expt- 00y M)y L7120
where r, is a distance between the (a}L ) centre of mass and the o ) 2\=2 '
| =th electron, X is an internal veotor of (a}b )y Q\b 2 Cic C= 30e 3 A= (142 ) 'y . (1)
are the distances between the eleotrons and the respective nuclei 2%
byc + The Bohr radius of hydrog;n‘ atom and the electron mass are de- F(Z_,)'-’ %@(f(‘w){A(m\KW*i‘F(W’i)\gz) WG + (W 2+ NCQ") COSNE} + G
noted by a, and m, ¢ a, = omy 200 in muonio atomic units). Z ) 0
The matrix elements <n|X|0D> are calculated for the ground state L . RANIA . -1 .\
2 —{ - SL_‘__VLN -} ] = d-Z :
}0ywith energy E,9 and excited states |n) with energies E}WL “'Z?'_ [.N h(2)-(w ) 4 WCo5HT, 3 htg} 4 ext:(w) ?&EH)S‘"ZZ‘
of (a}), ). Averaging (3) with (4) one obtains W
N 'r+ R ) 2601F= m ‘The total oross section of (ap/ D) scattering on. the molecule for
Ve(*)R) = %(4+52 { ( E + ?)(P( E + ) given initial K is
. . BN X | (13)
 ol|TpR rod ﬁ’)] - o 4, 4/2] _Me ook oy - o b e A = T E (e g0 -e-5,)d°
+25expl- LR EEEEE ) O~y h20me ™) 6= T 1 81218, ¢ Az P
kKM
Since the elactron screening is the most significant for colli- where ’ )
sion energles £ lower than the energy W of excitation of vibratio- g‘:P"?V/?Van/1 Q:VQ/Zm) E,k —BKCK‘M) &K—?K(KM) B—Z,R?‘( ) fo'ey,
nal levels ( W 0,35 eV), the hydrogen molecule is assumed to be il 2,
a rigld rotator. Therefore, in our calculations the internuclear dis-— ) The nuclear /t6e/rm ‘G, 1in (13)’ comectgdl with M”“\ 4 has been
tance R has fixed equilibrium value R=l.4a and the corresponding estimated in/ >/under. the oonditien €» B(K/ »K>1 ) ., For BKELW
variational parameter O equals to 1.32 /1% | a amplitude for 1t equals \ C' .
(aju ) socattering on the moleoule, connected with any change of an } mo (e) = CE G’,E:(Q) + CFG',:;C@? N G4
initial rotational quantum number K, is given in the first Born b C
approximation by the formula where (5% , ,,1 are the oross sections for (ag, ) scattering on
I~ — ingle nuclei b and o, respectively, and C are coeffloients
I X R\ T s Fa~F
%‘(P‘)KSPsK) %m( ] )qu)"'%g P-, )‘3, = Z—TTSYKIN;((E)V(%R )YKMK(%)aQvaw depending on a given combination of hydrogen isotopes. The pure
eleotronic term G' ol s describing (a.}k ) scattering on the poten=
. tial (5), and the 1nterferenoe term A0 are caloulated in this
\ 3 —y = . s . ’
\/(T.’;R)'— Vm@l:ﬁ)ﬂ“ve(%“ 3 Vm({\€)=SV%(T1R)Qxf(fql}’)d@r? D) , paper. Sinoe the eleotronic amplitude V, decreases rapidly for
qQ 2, 52,04/:-:.e (GRA>Y 1) and inelastic processes are connected with a
- > v - P | i less momentum transfer ¢ of an order of 1 one should
q =S £2on) (3 > ~>>_-.| LMy dimensionles E ¢
V. (% ) VE(T{R)QXP(KLT)&T') ? 1 m (M m}‘) +(hb+H) (8) expect that the elastic scattering (X'£'K ) glves a main contributiom,
L2
where P’K, My and p‘, K, MK are the momenta and the rotational gquantum to ()Jc . The elastic cross sections are described,by virtue of (9),
(10) and (13), by the formulae
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U (5o)= mﬁ \T@Prdy, — 14, (5a0),
4]
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b, 2%0 , o
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In particular, for the hor@ogeneous molecules ( =.3i =0.5, A= A=A,
b ¢ .
G;’ =G, =G, » Cp =Cp =Cp ) and for ¥, 2,0.75 ( £ 2 0,02 eV).

GolZo)= 0.054 /2% | G (Lo)=0.075/2% an
Thus, the total cross seotlon g b
can be written in the form

mol, : 0.4%6. (1. A el 4 (18)
6 "E) = 206, + ol (1-5.96 }&C)Q OF
'1'1;3 inelastic oross seotions, oonnected with the transitions

K — K'= K+l, glve a oontribution to 'G"QM"L less than few per cent,
For example, G;"OL(ZO) for the reaction dp +D, (K=0) — @i+
+D, (K%1) equals to 0,00077 G,"(0) /%2 1in the region

2 R 0,02 eV, Oy the other hand, G,“%(Z,) for the process
ayp D, (K=1) —~  ap+D, (K0) 1s governed by 0,001 Go**(0)/g,
law at %, > 0 4 It 1s of the order of S0 at %, ~ 1073
( ¢ ~ 107" eV), However, after averaging over the Boltzmarnian
dtstribution of collision energies ¢ 1t gives a negligible contri-
bution to the averaged GQMD\: « Some results of -our calculations for
the homogeneous molecule are presented in the Table,

Je A resonant mechanism of formation of muonic molecules aap

at collision energles BLKELL W

and dtPL leads to additional resonant corrections G-‘rmoL to
the vonsidered oross sectlions given by the Breit-Wigner formula
e [
ol e T ki
v oo )= T ki - KIK a9
v KE (- €T 2+ 4 1%
Kl)\(ll KK G K
4

Table, Cross sections of scaﬁtering of muonic hydrogen

I\‘iR C'r,o_ss' section Cbliviéiqn Energy f_eV]_
s Process [10—20 cmZ] 0,04 . 0,10 0.»25'
. - G 17,5 \‘19 3 21,7
“i 1\ m . o .
dpti+Dy ol 35,8 43,5 50,5
| . o, 17.6 19.6 21.7
dp () +D, oy Mol 36. 3 44,3 . 51.1
G 19.9 21,7 23.9
dun(h)+D 1
pit)rd, Gt 38.5 48,3 56,1
p=372 CARATYN ST -5.0 -2.4
Gm, 16,0 19,4 27.2
o+, gmet 430 a8.7 67.8
~ Gt L AG 2.1 =1.0 -1.9
Gn 0.62 1.25 1,67
't)\b (Hl)‘i'-rz O)MOLT 49,0 20,6 10.8
é(: 1/9, S@moL +AG 47.5 17.6 6.7
*

and the muon.

" averaged -over the total spin .j of the nucléi Q , b or c

e
where FE“K N PKIIKI are the partial widths of resonances

t

/12/
’

ETKNK are the resonance energles, . FK" is the sum of partial
widths of all the channels including the nuclear fusion

and

' deexcitation of the muonic molecules. Our estimations, using
Sy /12,13,14/ mol,
L the results of show that G, averaged over the Max-
y wellian distribution of collision energies give a contribution of
lJf an order of 1 % to the averaged nonresonant G ™%, This result is
g _
i caused by very small widths (10 3. 10"4 eV) of the resonances.

The authors are indebted to Professor L.I.Ponomafrev for

encouragement and constant interest. We are grateful to Drs, M,P,
Faifman and L,I,Menshikov for providing the energies and widths of
the resonances and for helpful dliscussions.
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Apamuak A,, Memnexux B.C. E4-86-215
HuakosHepreTHYECKOe paccesHHe Me30aTOMOB Bojopoaa
Ha MOJIEKYNAX BOAOpOAa

BbluMCIIeHbl CeYeHHs HH3IKO3HEePreTHYECKOr'o pacCefHHs Me30aTo—
MOB BOOOpOJa Ha MOJIEKYIaX H30TONOB BOAOPOAa, YYTEHO BIIHAHHE
3JIeKTPOHHOT'O 9KPaHUpPOBAHHA H OOpa3OBAaHUA Me30OMONEKYJ Ha ceye-
HHA YHpPYroro DACCesHHsI Me30aToOMOB, CedeHHs 3THX IpOIeCCOB Bb-
yucHeHbl NPH 3Hepruax croinkHoseHua € > 0,04 2B, NokasaHo, 4TO
npu »Hepruax < | 3B 3IeKTpOHHOe 3KpaHHpOBaHME CYmMEeCTBEHHO BIIH-
AeT Ha NpouecCh YNpyroro pacCesHHs Me30aTOMOB, ero BiMfAHHE
Ha Heynpyrue mpolecchl mepeBopoTa CIMHA Me30aToMa H nepesapafg~
KH CYHECTBEHHO MeHbIIe,

Pa6oTa BeiOJiHeHa B JlaGopaTOpHH TeopeTHYecKom ¢usuxku OWUAH,

Tlpenpunt OGbeNHHEHHOr0 MHCTHTYTa AHEPHBIX WMCCIEMOBAHMIL. .11y6i~|a 1986

Adamczak A., Melezhik V.S.

Low Energy Scattering of Muonic Hydrogen
on Hydrogen Molecules

E4-86-215 ]

Influence of electron screening and muonic molecule forma-
tion on low energy scattering of muonic hydrogen on molecules
of hydrogen isotopes is estimated. Cross sections of these
processes at collision energies € 2 0.04 eV are calculated.

The investigation has been performed at the Laboratory
of Theoretical Physics, JINR.
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