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! 1. Introducti'on 

The knowledge of the 'croas sections for Iow energy Bcattering 

!	 of muonic hydrogen on hydrogen nucIei, atorns or rnolecules ia needed 
in rnany branches. of muon physics, e.g.,in the kinetics of muon cata
lyzed fuaion /1/. The acattering on ieolated nucIei requiree the ao
lution of a three-body problem with Goulomb interaction /2/, and it 
h88 been investigated in Ref8./ 3,4/. The phase ahifta and crosa 8ec
tions obtained there are lwed in this paper t~ caIcuIate the crOS8 
sections for the scattering af muonic hydrogen on hydrogen atorns with 
incluaion of an effective potential describing the eIectrQn screening. 
The eIectron screening potential used in our caIcuIatione ia diacus
aed in Seco 2. In Seco 3' a rnethod of deriving the screening correc
tions to the eIastic, spin-fIip and isotopic exchange cross aect}ons 
ie described. Some resulte obtained for different isotopes of hydro
gen are presented in Seco 4. 

2. EIectron Screening Potential 

For the 8ske of brevity Iet ue denote the muonic and eIectronic 
hydrogen atorns by ((tIL) and' (be) , respectiveIy, where the nuc Let Q.,

I~ and o can be any hydrogen isotopes. Let ua coneider the (u.~) t (be) 
8cattering as shown in Fig. 1. 

me .!:!&.....l. 
Coordinates used for the deecription of 
8cattering of rouonic hyd~ogen on hydrogen 
atorns.	 ' 

Re\ 
t	 

/ 
m~ / The electronic and muonic ma88es are de

noted by 'Yfle and 'YYI J.l. and those of the/I /

!
 ./
 respective nuc Leí by Mo.. and !"1 b (MQ:~Mb)./ 

R 
Ma 

meS8 motion the 

Mb Let the re.du,ced mass of (Q,~) be "mQ.,. 

Upon eeparation of the overall canter o~ 

Schrõdinger equation of this eystem La (1\-=e.::'YY\~i) 

( li - E)Y(1\~ "l R) .:: O ") . (1)

I!tlIlulllillellÍWl ~ , 
,. ml~i1m ~.fleA1oamd
 
f, ~~n~TiMá ~
 



where 

H:= - Vl/2tffi ·to Hr'- ·t He .~ V '> V-;. V'Ylv.cJ.. -+- Ve ~ (2) , 

H~= -V';/2 -1/1" 1 (l1JA-E}k~)CfIA-1, =-0 ., (3) 

He=-V~/2mQ.-1/~ ,(He.-Eek)~e\<=O , (4) 

Vl'tuet::: -IR+-Mo..T/(Ma.+Yn~)1-1+ IR-m~rl(Ma.+ynrt)I-1, (5) 

V -=- -tR·-g+mJ.Lf/(M~+mtt')1-1+ Ifr-g-Ma.~/(Ma.·tm~)1-1 (6)e . , 
mll.-1::.M;1.+m~-1 1 m-1.= (MQ.·..mJ.A-f 1+ (Mb·+- mer1. 

Vector :R" o onnec ts the nucleus \:J with the centre of maaa of the 

rnuonic atom (a..J1) • The vector~ T and e represent, reepectively,-'" 
the internaI coordinates of (Q,JA-) and (be) • The terms of the order 

of me/Mb are neglected. The eigenvalues and eigenfunctione of the 

Hamiltonians H~ond He are denoted byE",,~')lf~l, and Eek , <fl2. k ' 
respectively ( ~,k are eete of quantum numbers). 

Our aim is to investigate bow slow collieions of the neutral 

systems under cone í.de ra t í.on 8:.e influenced by the electron- (o,rt) 
i~teraction potent~al Ve(r1(,R). Since the nuclei are heavy oompared 
to the negat.ively charged particles, their relative rnotion is very 
slow, and the Born-Oppenheimer approxirnatinn can be applied yielding 

an effective screening potential depending exclusively on R • To ob

tain thia potential, the wave function ~(T,~,1t)ia expanded over the 

baaià of e t ge nrunc t ons 9}-tL and <fJe.k c or-r-eapond í.ng to the iaoí 

lated atema
 

'V(r,~')R)= I F'YI(R)Cf'Yl(T,~) ') (7 )
 
rn. 

where 
~'n(:r\~) ~ lflfL(f ) \fel« e7) : \'Ytl. 

Inserting (7) into (1) one obtained the system of equations for F~ 

('V~+ k~)F"'Yl -= 2m~ Vl)1n' F'n' ") (8) 

k~=2m(s+Eo-E'l'L) , (9) 

E=E-E o , E'n~Ep.~·tEQ.k ~ Eo-=EJ-lo·tE eo ') (10) 

Vrn'YJ,l == <-nIV(rr,E.R:)\tyLl) ~ (11) 

where ê. is tba collieion energy, Ep-0 and Eeo are the internaI 
energias of the two atoma. 
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Let ua consider the region R > R 1Yll~r1. » CL,u. ':::::: 1 where a pro

bability of (ctfA') excí.t a t í.on by the nuclei b is small ( Q,I-t; is 
the Bohr radius of muonic hydrogen)*. One can expact that the contri 

bution of Ve to the scattering amplitude .f'r-om R <Rmirt ia negligi ble 
because the corresponding volume i8 amall compared to that of the 

I 

r 
electron clOud characterized by Bohr radius Q.e(n.e~200, 'YYLe,v Q~"z1/200 
in muonic units. The firat two orders of a perturbation expanaion 
lead to the following equation for F /5,6/o 

(-\l~ 12m + V(R)- S) Fo(R) =0, (12) 

where 
'"V - 2 .
 
V(R) = V00 + L IV'\10 I I (Eo-Em) • (13)
 

'\'t 

Wnen the initial states are the ground stetea of the iaolated 

a t oms , i. e • , 

q'JAO~ \°rt) = lT-~~r(-'T"), Cfeo==IOe'>::(1To..~r4e><p(-~/o.e),(14) 
the potential VeR) ,for ko=: {2mS )112..« f o -"V' 1 ,ia given 
by /5,6/ 

V(R)=--9/ltR4 + V(R) , (15 ) 

where the firat term ia the asymptotic forro of (5), and VeR) is 

the effective 8creening potential 

\)lfO= <Oel[ Uo(Re) + lJ1l~,R)JIOe> -"1<e~õ-'R'- (16 ) .... 

Vo(R e)::: - deJ.l. (1 + 1/Re)exr(- 2Re) 1 ~jJ. =(Ma,- mj-l)/CMil,+ m,u..), (17) 

V (R' R)=.~ ~e·R _ ~ me "\ r<~ITlo>12I}lt(Re) (18) 
1 e, 2. R3 R?> 3 R ~ L y':' 

e e L:tO o t, 
~ 

~L(Re)= 1-(1+õt,Re)exp(-õItRe} ô't, -= LL'me(E/-A~-Etto)J2. 
~ 1 . 
Re is the diatance between the electrnn and the tCl)A) centre of maS8. 

The first order potential 00 (R e) represente the energy ~f interac

tion between the electron and the average electrostatic field of (o.jA-) 
which, at Re» 1 ,falIa rapidly with 'R e • The second arder term 

V1. (R'e ,R') deecribes at 1<e.» i the polarieation interaction between 

(o..f11 and the electro,n. By averaging (17) and (H3) over Cfeo one 0'J:l
tains /6/ 

* The resulte of /3,4/ ahow that 'RYfl.~n,.~ 30. 
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2U(f~)= - [2 de +i m 112,[ I<~i ?IO;>1 Jexr(-2R/~e) . 9 q>(R/q ) (~9 ) 
IA. 3 e L~o(t:~t-l:tlO)1/2 a.e.~ -r Lt' 0-e,4 e 

where 

<!>(<i); ~~ \:'1-(1 + 2~+ 2~2) V<f (-2~)J + [(1 fi;- 2) V<f(-l~) Ei~21)-

- (1/lt2)exf(2~)Ei,l-2~)1 , 'j = 1< la.e 1 

CXJ 

E'~ (- z).:: - ~ e.- t t -1 dt 
'Z 

At 1<.» Cle the component of U(R) which Ls proportional to CL~lf 
Qe.4-~m~ approaches 9/itRlt - c.o\'\st/R6 ,and the total effective 

pot-ential of two neutral atoms (15) fol1owa a Van der Waala R- 6 be

haviour. However, the main contribution of ViR) to the Bcattering 

amplitude comes from the region 'R'''' (te. 1 where the exponential terms 
of the order of Cle.3 and u.ê 3.5" are dominant ", Moreover , (19) does 

not include the polarization interaction at distances 'R e <"V 1 which 
also gives a -cnnt r í.but í.on to V(R.) of the order of Q.e:* • There
fore, in our calculations we have neglected the terrns of an order 
greater than that of O"e3.'5 • Fina lly, after the numerical estimation 

of t,he sum over the (Q,~) eigenstates in (19),· we have obtained 

the screening potential 

UO<')::: -.C Q~ 3 e,,(f (-2R/ lhe) 30 ,{R ~ ~OO (20) 

C ~ 2dtp.. + <6. -o t)n~/2 ~ 2..3 (21) 

~ -6
The magnitude of thia potential for K'VQ..e is of the order of 10 

in muonic units. ThUB, we are dealing with a three-body potential , 

relatively strong at R« Qe.' and a weak effective Bcreening potential 

VeR) which dominates at R"" O-e e 

Let UB consider a particle wi th momentum k and maaa m scat

tering on the potantial VeR) • A relativa cha nge of the wave function 
of particle at 'R =0 due to VeR) , is given by the firet Born1 

2 1-1r
approximetion end is of the order of mC/o..Q. (1+k'l)y""1D. That proves 

* PracticallYI in the numerical calculationa it is sufficient to con
sider only the region 'R< RWl.QX ·~l.io.e~ gOO. The absoluta value of the 
last,'terrn of (19) which decreases as RêLr(R»a..eJ ia greater than the 
absoluta value 'of the first exponential terro at distances R ~ 5"a.e, , 
and it g1ves the contribution to the screening corrections equal 
about 6% • 
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the applicability o~ Born approximation to the potential (20) for 

any cpll1ston energy. 

3. Cross Sections 

Below we estimate tqe corrections to the elastic sp1n-flip and 

muon isotop1c transrer cross sections for the scattering of (~~) on 
hydrogen nuclei which arise due to incluston Df the screening poten

ti~l (20). The values for the phase shifts and cross sect1ona.for 
these processes reported in Refs /3 , 4/ were ueed as an input in our 

ca Lcu Ia t Lona , 

The phaae shifte of (Q.fk) Bcattering on nuclei have been obt a í « 

ned from the solution of the three-body problem in the framework of 
adiabatic representation /2,~/. The calculation Df the initial phaae 

shifts in this representation requires the solution of a multichan
nel scattering problem given by the system of N differential equa

tions 

st.. ~oJ#)(R'hrk.2 - L(L+'12]u.(~)(\RI) -L
N 

H~" (R'htf:X-\í<')= O, (22)dR!2Lt~ L ~ RI 2 .1 '- ~~~ k H 

where ~~:: 1,..., N ') ('j.,::: 1,.,.,)1 ,RI Ls the internuc lea r distanee, L 
is the orbital angular momentum of the system , k~ are the momente 

to<.) . 
in respective channeLs , end '1i.. (RI) are the wave f.unctione describ
ing the relative motion of the nuc Leí., The effective pot~ntials Hi!(~') 
of the three-body problem are ,defined in /2/. If the, number of ~pen 
channels eq~als to ry , one has 

k·~l) O i,~)l 

k·1<0 
~ >y 

and for 'RI ~ 00 
~ 

't~~) (RI) ~ { jL (k,R') 8,~ - nL:k,R') Õ'j Tjo/. ~ ~ V, (23) 

exrC- \\<~'R) ;,,)"9 , 

c.. f 1 ~:~ 
O ~h:: \. O 

I 

i. • • "l 
•. ') ( , -r r 

1where (L(k~R trt L \ciR') are the aphe r í.ceI Besael runct í.ona , and 
T ie "a reac.:tion mat r-í.x, Ueually 1 at low c oLlí.s í.on energies i t is 

necessary to c ons í de r a great numõer (N-"'iJ I'\J 300) of closed chennels 
in order to determine T accurately /7,8/. 

The influence of the electron screening on the phseB shifts csn 

be investigated by direct Bolution of the multichannel prob~em (22) 

wi~h the potential H~j == \-\ ~j + Ui.3 ' where \J~j denotes a matrix 
element of the 8creening potential. 'lhe main contr:l.bution to initial 
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T comes from tbe region "Ri «Q.e where the screening eff'ects are . 

negligible. On the other hand. the influence of the electron screen

ing is dominant at 'RI", Q.e where the functions of adiabatic basis are 

a pproximated by the eigenfunctions Cf ~lJ of (~Jk) /9/. Therefore, to 
obtain \J~KU{I) one can use the method presented in the previous 

sec t í.on , Let ua note that the potentials H~i .in (22) depend on 

the distance ~I between tha nuclei, while the screening potential 

(20) depends on tha distance 'R between the centres of maas of the 
atoms. Howeve r , for ~"V RI rv ele. th1s difference is nogligible/6/. 

__ We have solved system of equations (22) with the potentials 

\1~~ = H~i i- \J~} using the method repori;ed in /7,8/ 
~or N =2 and 14 at low collision energias ( €. ~ '10 eV). In this ca
se only one or two channels are open (1' =1 or 2) .. 'lhe elastic acat

tering of the ground atate (o..f) 1s a first charme 1 ( M a.. ~ Hb ), 
and the second one wh1ch corresponds to an excited state of C4f) hy

perfine structure (M 0.= Mt;) or to the ground atate of the aystem (b~) 

consisting ofthe muon and the lighter nucleus b • Numerical re
Bults have shown tbat the two channel approximation of the phaBe 
shift screening corrections 1a sufficient for any combination of hyd

rogen iaotopes, although it ia not a.lways satisfactory for the initi 
aI phase sbifte/8 / . The error introduced by this appro;imation ia 
less than 1 per cent. 

The second and more simple way of determining the screening cor
rections is the variable phaae method/10/ applied earliar to the two

channel Bcattering problem/11/ . In this case the reaction rnatrix T 
is w~itten in the forro 

f = TiL ~T t (24) 

where T ia the reactiDn matrix of the pure three-body problem, and 

~T deacribes the 1nfluence of the electron. f is related to the 

eca t t e r-í.ng matrix S by 5:. (1+tT)(1- tfr i . Neglecting at 'R~ ~m~t1 
the three-body potential and taking T as the firat approximation 

of a variable reaction matrix T(R) , we obtain 

L\T::: bIJ(Rm~ ') 1 A- ÀTU<) ~ - 2m V(R)(u:tTv)(Ll+V'1) j ÃHR...' )=0(25)
dR I~ • 

The diagonal matrices U a nd '\I' consisting of the Riccati-Bessel 
functions are given in /11/. 

When the collision energy €. ia greater than .ó.E:: E1- E (tio 
i8 a~tbreebold energy of the second channel), the partial cross sec
tions are /11/ 

6 

.-L 
- :: _ lttr . IDT Si; + ~ t~i I~ L.::O~1 (26) 

I ~. >. ). d\'K - k.2.(2.Lt1) (D -1)t-~(tL+t-L.) ., 
~ T M 22
 

:D - d-~ r-L-\.. t- L -r L. 2T - ~ :. t 11 22. - (t-12) , 
where l =. 1,2 denotes the channe 1 number, and k ~ are the momenta 

in the respective channels 

k =- C2'YYl<t.)1/2. , k 2::' l1m(E - L\ E)]1/2 . (27) 
1 

On the othe r hand , for t. <.1f i t is convenient to express the 
elastic cross section in the open channel by the w.ell"'7known formula 

(28)'Õ'1~ = Lt~l (2 Li" 1) S~V1,2.~ 
where 

t:Ln SL 
,-

t1'1 
L 

k=.k 1 ' (29) 

If L =0, Eq. (25) leads to 
~ O 2 

flt? = - 2m ~U(R)r(S'inkLRtt~~Ú)Sk~t<i,t-ltQ12)~s2k;R]dR (30) 
. 1." k- ~ \; o 

for two open channels and to 
00 

68o:=._1~jU(l<)$~V\~(kRibo)cJR ()1) 

for E,<~E. The formulae ab~ve include the r-eg í.nns "R<~IM~lI\ and 

'R>R\'YlM which give negligible contributions to the integraIs. By 
virtue of (20) and (31) we have 

t\ 8 == rrnc .i (1+ .)< siYl.18 0 -'c.os2Óo") X rz: k . (32) 
~ O 2Qe x 1+ X 2. 1 - a.e 

When k«'1/C\.e (t«0.01 eV) 

me rv-.{O ., (3)~SO = - ~À1 \< c: - (í\e - 2,À1/ae) k Ã. e :- - T 

where ~1 a nd ít e. are tha ecattering lengths for the three-body 
potential and the screening potential, reepectively. 

For muonic hydrogen scattering ori nucle~ it ia sufficient to con
sider only a few partial waves in the energy range S f::, 1 eV /3,4/. 
On tbe other hand , an ena Logous energy range ia very narrow (k a.e,«1 
for t <:< 0.01 eV) in the case of' the screening potential (20) , and 

it is necessary to take into account more partial wave~ in the total 
elsstic cross sections. ThuB, it ia convenient to use the Born amp
litude of scattering of (a..}N) on the potential U(fn 
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k2. R. o« 1 can be satisfied ( I< O ie the characteristic radius of 
(34)·t('1):= -Ive ( ~ + Ql q..2.(It")- 2 ') three-body potentials). They have led to the formulae expressed in 

terms of the scattering lengthe. However, such formulas cannot be 
where II ie the momentum tranef~r. extended automatically to the case of scattering on atoms /13/ by 

The corresponding total cross Bection ie ! simply replacing tbe ~itial scattering lengths Iv~ in -tbe respêctive 

()el,(X):<>et(O) 1~x2+X~(3 ~O> G'dO)3-'f. 2. i rrJo)~ ít1iít; ( 35) 
C1+x2)=> :><»1 X 

and the first two Born phaee ehifte are 

~8B:= - .k ._x_ 
(36)O Q.e, 1+x 2 

LlS i? =:. - ~e ..i [ x 
1(x2

+1 ) - 2ln(1+x 2} ~_ ~~)<3 (x~O) (37)
1 Qe X. 3 ·1'1" x2.	 ~ 3a e ) 

Finally, the total elaetic croee section (41 for ecattering of
 
(" o.,p-) on (b e) ie
 

'\'1 

- »rr '\(	 '(38)
()11(k) -:: G'H(k) + 6'e/k) -to k2 L 2L+1)LiôLS~2oL. .
 

l=O
 
In the formula above ~ partial wavee contribute to the initial croee 
eection cr11 for scattering on hydrogen nuclei. The terms containing 
( ASL) 2 are neglected. 

For é. >L1f tbe following formulae are valid for elastic scat
tering in the reepective channels 

(39)G'L~ == I
iVl 

[cr~ (k~)- õ~(k~)J + õel,(ki)
 
L=O
 ()iewbere ~he partial electronic croae sectinns are 

,-:,IL. (k-) _ 41f c' 2 11 <'B	 (40)\JeL ,,- ~ :>L\'1. uOL 
_ L k~ 

and G\i ie defined by (26). 

Now, let us coneider the influence of tbe preeence of the elect
ron on the inelastic crose sections G't- (i:t t) . The transitiope bet
ween the states are due to the 8bort-rJ'nge forces at 'R« <l.e wbere 

tbe ecreening influence ie negligible. Therefore, one can expect that . 

tbe ecreening corrections to the inelastic crose eections which comes 
from the regiQn ~N Qe are relatively emall. Since the approxima
tion o~ the scattering lengtb is good for k« 1/O\.e (~« 0.01 eV), 
it must not be introduced while coneidering inelastic processee. For 
theee processes .6.E ia greater than the collision energy €o ~ 0.04 

eV, c6rreeponding to tbe room temperature, where one .alwaYB has 
k1o.. >f • Tbe estimatee of t he spin-flip cross sections given in/12/e

ooncern the tbree-body problem wbere both relatione ki Ro «1 and 

channels by the ones À~ obtained with screening taken ipto account, 
wbere 

"X.' :. À' +- ""1 .. ' (41)
" l. u"'l.1: \ The variable ppaae method gives the scr~ening corrections for any 

co11ision	 energy. From (25) one hae 
-o í '2 00 

t-i2 = t~2 e;<PL- 2~~ f~ ~U(R)( sivt k~K + t t c.osi<~R) d:KJ : (42) 

2	 2O= Âe 1 O 2.+ x:	 •t J '2 e>< p -- ~ ._f1+ t ·· _li 1} X-.:: \<-.0.. ~: ~ 2 ... t o.e. I- 1+ x·'l L 1.1. xr J , L "e 1 ,.
~=1 ~ l. 

Thus, neglecting higher-order terms corresponding to greater momenta 

k1~(2mÀE)1and to the quantity~~'l ""),,e.«1' for k2«\(~ one ob
taina the leading term of (41) K1Q e o.e, 

tO =: tO [1- Âe J. 1 (43) 
12 12 Q. e ·1 + (\< 2.Q.e.) 2

It ã.a evident that screening is considerable in the range k2. {. i/ae 
where usually only the 5, -wave contributea to the initial inelas

-L
tic croes aection. Since according to (25) , t~2 ie proportional 
in this case to t~2 higher partial waves due to the pure VeR) 
dOI not contribute to the croes aection. 

If the relations 

It ~'1 I« 1 1 It ~i 1« i , \t ~21 «i	 (44 ) 

are eatiafied, then by virtue of (26) and (4.4), the ratio G'1?/~2. 
is equsl to 

- -o
~2 : 0'2'1 -:::::. \ \1'1.12. ~ 1- 2 Â.e __1__ (45 ) 
()12 0'2:1 t11 Q.e, 1+ Ck2,o..e)2. 

:: 4. Resulta 

Some resulta of our calculatione for different combinations of 
hydrogen iaotopes 'are shown in Tables h~ 2 snd Figa. 2,3,4,5. It 
can be aeen from (35), (38) and (39) that the influence of the elect) ',I 
ron on elastic Bcattering ia extremel~ 

! 

important when the collisionlr energy i approaches zero (E f:: 10-3 eV). The value of the electro
" I. nic scattering length Ãe defined by (33) ie much greater tban tbe 
:' 
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* Cross eections are given in 10-20 cm2 units, scattering lengths in
 
2
muonic units Q.}-I-=.i) 2i m)A- e ::. 2.56 _10-11 em, 

**	 Screening'corrections obtained by numerical Bolution of (22) with 
additional effective Bcreening potential. 

thre~-body scattering lengths ÀL o Therefore, in this energy region 
the cross sections are mainly determined by the Bcreening potential. 
For higher collision energias (ktte» 1) _ <reJ., decreases, according to 
(J5-) as ki:2. ,and the croas sectione ô'~~ of Bcattering on hydrogen 
etoms approach the respective croas sections ~~~ of scattering on 
nuclei ut collision energies about 1 eV. If (44) i8 satisfied, 
the screening corrections ~ t~l. ' expressed by (JO) are always posi
tive and weakly depend on the initial phase shifts. In particular, 
(32) i8 appro~imated by (36). The variations of values of ~tL~for 
ãifferent hydrogen isotopes are mainly due to tbe factor 111 • 

The screening corrections ~OO in the caee of rifL Bcattering on 
deuterium in the state 5 =1/2 of the total epin S of the muon and 
two nuclei are shown in Table 1 and Fig.2. One can see that both the ~\ 
methode 01' caiculating of L\~o mentioned in the previou8 Bection give j 
pra~tioa lly the Bame results. ~Since (44) is fulfilled in the energy II 
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range €, ~ 1 eV., we have L}.Ô ·;:::: lJ.SB• Figure 3 represents the crosso.- - O	 -o 
sections ã'1~ and <1J1~ of ·this processo The partial cross sec.t í.on 61-1 
vanishes for E~0.018 eV because L\Ó()-':;-~o' The contributione of higher 
t han zero partial waves due to \J(R) t ncr-saas considerably the total 

-. -Ocross section <11'1 compared to 0',.,,,, . 
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~. Elastic cross sections <J'1-1 '~1COLlIsrON ENERGY [eV] 
of reaction dJ.t.(t{t)+1> and G1~,d11 

~. The phase shift 00 of reaction cl~(1f).t-d, vereus the 
and Bcreening correc collision energy 5 • The total croas 

tion ÓÔo for elastic scatter sec t í.on a'et of scattering on the pura
ing d.~(l'y) +]) versus the col screening potential U(R) is represen
lisioo energy ~ • ted by a dashed line. 

The total Gr08S section 0:,1 for scattering of cLJL on a deu
terium atom averaged over the states S =1/2 and S =3/2 (see Table 2 
and Fig. 4) is lesa than the respective o"'H in the energy range 
E40.005 eV since for bo t h the states dO ia negative, and its abso
lute value is greater than the positive ~8o • Therefore, for e =0.04 eV 
our result 6-1-1'= 11.2.10-20 cm2 i8 much closer to the experimental va
lue 8:!:2'1O-20 cm2 /14/ than the croas section ~1=17.6'1O-20 cm2 /4/. 

On the other ha nd , in rf	 scattering on proton So ia poaitive 

(8=1/2). Thus, the poeitive 6080 must 

lesd to an increase of êrfi com-,, ' 0:
rt 20 : \ 

g 15 :~u w' 
6 

Figo 4. Elastic cross sections ~11 ,I,
I

~" 1('"" d~I!II'D and G'11 of scattering of d}((~.l-) tt 

on deuteriunl atom and deuteriumS nuclei averaged over the statesg 5~ j-EM ~ I8=1/2 and 8=3/2 of the total .spin of 
" muon and ~wo nuclei. The	 experimental ~.~ , , --'-- 

aos 0'0 O,E 020 value/ 8 - 2 10-20 cm2 ia given in
 
COU.1510N ENEOOY [eVI Ref' , 14/ •
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pared to Õ1~' (Table 2). In particular~ for S =0.04 eV we have obtai
ned <1 =10. O .10-20 cm2, while ~i = 1.9·1 0-20cm2 /3/ and the expe r-Lme rrt11 
gives 1.7 : 3·10-20crn2 /15/. Let us note that to compare theory with 

experiment correctly, it is necessary to calculate the screening 
corrections for scattering on hydr{)gen molecules and to include the 
inelaetic channel of the formation of muonã c rnoLccu.Lo a

~. Elaetic croas sec t í.ona ã''1~ 
of process t}4('t~)+'í and	 G.11i 

la of process -t}.dH·ht versus
 
Z
 
'$2 15 

tbe collision energy ~ •tjllIlJ'T 

~	 ,§ Df	 :,~ , 
g 
~ 

/5" .IEhls: 
" c, - :j Table 2 end Fig. 5 ah.ow aI80 the 

l·~ , , 1 results for the e last ic processes 
~0lL15~~oN EN::GY[ev~20 cL}J-+ \i , cl}-t+ T and tjJ.(t~}tT. 

The influence of ac r-eerrí.ng is extremely strong for the reaction t}l(f~}..T, 
where the reduced maas In is the greatest, and the initial scattering 
length ~1 occura to be very sma L'l , 

Differences between the acreening corrections to the spin-flip 
phase shifte obtained from formula (42) and from the numerical sol~
tion of the syetem of differential equations with the additional pa
tential U(R) are lese than 1 per cent.The ratio (cr11-G'2J1)/Ô2;1. given 
by (4,) ie equal to 8% for the reaction d..}.dtt) +D~ d-tt(H) +:D at 
the collision energy corresponding to the temperature T=30K and ia 
negligible at T=300K, which agreee well witb the results of /4/ and 
experiment /1,6/. This effect is the strongest for the tj.!- scattering 
on tr1tium where the cor-receí.on to the spin-flip croas section equals 
18$ at T=30 K leading to the additional weak depend?nce of the apin
-flip cross aection on temperature in the range T~ 300K. 

AnalogouB screening effects are alao obaerved in 8cattering of 
muonic hydrogen on helium and lithium atorns /16,17/. 

5. Cancluaiona 

The electron screening in elaatic acattering af rnuo~ic bydrogen 
on hydrogen atorna is important at collision energies lower than 1 eV. 
Therefore, this effect ehould be taken into account in the kinetics 
of muon catalyeed fuaion. The elastic ecattering on etoms can be des
cribed in terms of a scattering length only at very low cOllision ener
gies S<R à.01 eV. To compare the resulta presented above with experi
ment, it would be of interest to have more experimental data. eapecial-
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ly,	 for low temperatures of an order of 30K wbere the scattering of 
muonic hydrogen on electron is dominante 

The screening i8 relatively small for inelaetic processes where 
the	 increase of cross sections does not exceed 20%. In the temperature 
range interesting for the muon catalysed fusion (T ~ 300K) this ef
fect is negligible. 

The authors wish to thank Prof. L.I.Ponomarev for·encouragement
 
and interest. Ne are also indebted to Drs. M.P.Faifman, A.Gu~a, A.I.
 
Mikhailov, N.P.Popov and J.Wozniak for helpful discussions.
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AAaMqaK A., Mene~HK B.C., MeHbmHKOB n.H. E4-86-29 
3neKTpOHHOe 3KpaHHpOBaHHe B rrpo~eccax HH3K03HepreTHqeCKOrO 
pacceHHHH Me30aTOMOB Ha aTOMaX BOAOPOAa 

BblqHcneHbl rronpaBKH Ha 3neKTPOHHOe 3KpaHHpoBaHHe K ceqe
HHHM HH3K03HepreTHqeCKOrO pacCeHHHH Me30aTOMOB Ha aTOMaX BO
AOPOAa. IToKa3aHO, qTO ero yqeT ITPHBOAHT K cymecTBeHHOMY H3-
MeHeHHm ceqeHHH yrrpyroro pacceHHHH Me30aTOMOB ITPH 3HeprHHX 
CTOnKHoBeHHH £ < I 3B. BnHHHHe 3neKTpOHHoro 3KpaHHPOBaHHH 
Ha rrpo~eCChl H30TOITHOrO 06MeHa H rrepeBOpOTa CITHHa Me30aTOMa 
OTHOCHTenbHO Mana. 

Pa6oTa Bbmonnena B ITa6opaTopHH TeopeTHqecKOH cPH3HKH 
omm. 
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Adamczak A., Melezhik V.S., Menshikov L.I. 
Electron Screening in Low Energy Scattering 
of Muonic Hydrogen on Hydrogen Atoms 

E4-86-29 

Electron screening corrections to the cross sections 
for low energy scattering of muonic hydrogen on hydrogen 
atoms are calculated. It is shown that the presence of the 
electron influences considerably the elastic cross sections 
at collision energies below I eV. This influence is relati
vely small for the spin-flip and isotopic exchange proces
ses. 

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