


Performed before 1970' experimental investigations . into
process of muon transfer from mu-atoms of hydrogen 1sotopee yin
- their ground states to nuclei of elemente with Z > 1

Hﬂ.+Z—>Zﬂ.+H. (H=rp, 'd: t), ‘ (1)

indicated that at admixture concentrations (% ~ '104-—104 muons
are transferred to atoms of all elements studied except He, for
which it is suppressed by several orders of}magnitude [1-3]. The
reason [4, 5] is that 'thepe are  no  intersections and
pseudointeraectibne between ~ the molecular term 2pd, which
corresponds to a system like H{ + He, and the term of the system
Heu + H.- ) e Fy g

" As° to muon transfer from excited mu—atoms -of hydrogen
isotopes to He nuclei, no theoretical calculation were _publiahed,
and only one experimental paper [6] appeared reportinef;eatimatéd
»rate of the muon transfer from excited dl-atoms (du)*; +

e —»‘Heu + d to be (A: y*> 10! &l. It is also known that
fle

there exists [l -meson transfer from excited pll -atoms to He nmuclei
(73, v ,

In 1877 an experiment [8] was carried out at Dubna to look
for possible muon transfer from pli-atoms in excited states to 4He
nuplei ((pu)* + 4He — 4Heu + p). The trgnsfer rate (A%h)* .wase
determined by analysing yields of wmuon decay electrons and
meso-X-ray Y-quanta of Xell-atoms with energy EYA ~ 3.8 MéV
{resulting from muon transfer from pil-atoms to xenon nuclei used
as an admixture with Ch ~ 19" ) These yields were -‘measured in
exposures with pure hydrogen. }5+Xe and E§+Xe+ He mixturea.

"The experiment [8] was ‘carried out at a set-up echematically
shown in Fig. 1. There were three measurement series with
different initial pressures of hydrogen ‘and - relative
concentrations of helium (Ch = nh/nw where }m. and ny are the
numbers of helium and hydrogen atoms in cm’). The initial
hydrogen pressure varied from 16.5 to 24.8 atm, and ‘He
concentration from ©.95 +to 1.93. After processing of the
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experimental data it was found that (Aak) is large and close

value to (l ) obtained in (6].

In 1980 a group of theorists from LINP and JINR assumed
of muon transfer from mu-atoms of hydrogen

mechaniam
i is a molecular

isotopes 1n the ground state to He nuclei.r This

charge exchange mechanism [9].

i . hanism
The principle of the ' mec :
atome and He nuclei result in intermediate

excited state

is as follows. Collisions

petween hydrogen mu-

complexes, which are muon molecules '(HeHl) in the

~

Fig. 1. Lay-out of the regis-
tretion equipment in the muon
beao:‘1-3 — monitoring scin-
tillation detectors; 4, 5o
CsI(T1) scintillators;

6— stopping filter; “e“,“fffj
detectors forﬂelectfons} and

Y~quanta, respectively.
muon molecule is

2p0, and the released binding energy of - the

carrled away by a conversion electron

.Hy + He — [(HeHu) e 1t + &7, (H=p,d,t). - (2a)

| i : : th
“Then the muon molecule'goee from the excited state 2p0 to e

vgroundvstate~150teither with .electron conversion

(et e 1T — (HeH)'T + o7 (2b)
or with ¥-quantum emission
[(Heﬂu)*ef]+ — [(HeHW) o™ + ¥ (6.85 keV). (20)

und states in the term 186 of the (HeHu)

‘Since there are no bo
a hydrogen. isotope nucleus. and a

system, it dissociates -into

helium~mu—atom

’ (HeHu)++ — (Hﬁﬂ)+ (24)

Coneideration of the mechanism [8] yielded a conclusion that the
muon transfer rate from the ground state of pu(du, tu) atoms
exceeds ite earlier calculated and measured values (~ 105 c )

In this connection the Dubna group carried out full Joint

‘analyeie [10] of experlmentally found [8] yields and time

diatributlone of electrons and meso-X-ray ¥-quanta from Xejl-atoms
under the aseumption that there is muon transfer from the ground
state of pu—atome to He nuclei. The analysis showed that the
rate of muon transfer from pﬂ—atoma (in the ground state) to 4ﬁe
nuclei was l’ # (0.3640. IO)X1O sl agreeing with the calculated
value of l: [9].

. Be
Thus, & theoretically predicted [9] "new. phenomenon of

molecular charge exchange of - ground-state mu-atoms ‘of hydrogen
isotopes on He nuclei  was experimentally found ‘'in Dubna. The

‘relation between the quaﬁtity W = WW, and the concentration of

e
4He was aleo found in that experiment (w is the probability of
muon capture by the hydrogen atom in the kaﬂe mixture, v% is  the
probability that‘a pi-atom formed in the excited.state will change

to the ground state). Figure 2 shows the dependence of W on qk'

w
08|~
Fig. 2. Dependence of W on the
— \ D i relative atomic concentration
0 I\\ o of ‘He. }, Il are results of [9]
L Y\¥ > and [6) respectively.
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After the above phenomenon [12]1 and muon. transfer from
excited states of mesohydrogen (6, 8] were found, intereet in
studying these processes has greatly increased, mainl& for the
following reasons. - o '

A) Knowing parameters of muon 1fransfer from ﬁﬁ~apdms of
hydrogen isotopes both in ground and excited Btatea,“;§ne can
correctly  interpret measuremehts of characterietica' - of
muon-catalyzed nuclear fusion (UCF) in the D,+T, mixture and
estimate frequency and necessity of remoyipg‘helium from the £5+T2
mixture exposed to a muon beam. b) It is necessary to describe
céscgde trAhsitibnkkihétics for mu-atoms of hydrogen isotopes in
mixtires of hydrogen isotopes and helium.

Studying HUCF in pure deuterium with a high-pressure
ionization chamber, the scientists of LINP (Gatchina) carried out
experiments [11] to measure rates of muon transfer - from dl-atoms
to Sﬂel and 'He ‘nuclei (A% and Aa }. Measurement -of ' these

& e

quantities was based on the method‘ﬂsed‘by“the authors " to study
mion catalysise  in deuterium {12, 13]. The deuterium-to-helium muon
transfer rate was defined as a change in the slope of the time
distribution of the first recorded dd-fusion events sfter adding a
certain amount of helium to deuterium. The concentration of 4He
(JHe) in deuterium was 1.8%. The rate values resulted from the
analysis of the experimental data were Ai = (3.68:1:0.18)><10B a.l
and 2§m= (1.27t0.11)><10e s’ (the valueaHE are reduced to the
liguid hydrogen density). The results are in fairly good agreement
with the cadlculations {9, 14, 15] performed in a simple approach
within the frozen core model with allowance for electrod shielding
and with averaging over the Maxwell distribution of dii~atom rates
(see Table 1). e

At KEK (Japan) experiments [16,° 17]1~were. carried out to
measure rates of muon transfer from dﬂ—atoms,to 4He nuclei. The

rate ’Ag was determined by measuring the yield and time
- He . ;
distribution of y-quanta appearing at the radiative traneition of

the excited mu-molecular complex [(ufdﬁha)] to. the unbound  ground
atate of a system consisting of a ‘Heu ion and a deuteron (process
(2¢)). Registrapion-of 5.85—kev Y-quanta is direct experimental
evidence ‘fopf exis?ence of the predicted mechahism “[9] for
molecular charge exéhangerof mu-atoms of hydrogéﬁ iaotopea on He

nuclei. The experimentsirlb, 17} were carried out with the

; same
set-up and ?egistration equipment as - the exXperiment on
investigation of muon-catalyzed fusion in the Ddﬂa mixture (18]

.4 2
To determine Aﬁk, the time distributions and yield obtained for

¥-quanta (Er = 6.85 keV) were approximated by . the folloﬁing
expressions: ‘ : :

an, . :
- - d o — . . . i \
a /N” g e .k" o : (3)

N, _VN#aerh(pc&/A; 7 oy (4)
A= + Ao - - \ -
kot R 0G; o= A/, | ®

where N, is the'hnmber of muon stops in the;1§+ﬁﬂe mixture, E, . ‘is

Si(Li)-detectorﬁregiatration efficiency for 6.85-keV YV-quanta. a
is the radiatiéﬁ de-excitation probability for the’ (Heuc'i)++
complex, lr, A% are the rates of transitions (2¢) and (2b),respec-
tively, qk 17 the relative atomic concentration of‘He in D-dHe
¥ is the Dz+ ng' derzasity reduced to the 1liquid hydrogen deixsit;'
(ni = = 4.25x10" cm”), A‘ = 0.455xleﬁ'64.is the  free muon decay
rate. S - .

The rate of muon transfer from du-atoms to ‘He nuclei at T =

= 20 K - L
K was found to be Aﬂk- (13.111.2)x10% &1, The rate: obtained

for muon transfer from deuterium to helium is in fairly good

agreement w;th the calculations [15] performed in a simple
approach with 5119w§nce for elebtron ehieldihé (Bee‘Tablell)
In Los Alemos the analysis of the im 1 'd ' -

Los ’ vy of the exper%pental data [189, 29]

on UCF in I&+T} allowed information on rates of muon transfer from



Table 1. Experimental‘and;tﬁeoretical rates of muon tranafer
' from mu~atoms of hydrogen isotopes to He nuclei.

~ - ST o8 =]
Quantity VExpgrimental’conditiona } Rate (16' 8 ")
1T, K ] Gﬂe’ % Experiment Theory: [151
10,08~ ,05 | 25:48 .
0,04-0,0 : 0,36£0,1 [10]
0,025-0,066| 16-68
’ 10,03- 14,722 :
l‘ﬂe 800110,03-0,04 0,88:0,09 [22) 0,35*
0,02 17;34 - .
| 0,006 25 - 10,082:0,013 [21)
20 1,2 . | 0,043 }13,1#1,2 r16) 11,3*
: 0,1 1,8 3,68+0,18 [11] 3,22%
M 300 0,84 0,05:1,012,75+0,22 (23] 2,96%*
A 0,008 | 4,8 0,116
4 0,4 | 1,8 [1,27:0,11 111) 1,43%
’ 4 : xx
A’ae 800 { 0,45;0,6 | 0,04 2+1-119,201 | 1,3
A | aoo] 0,45;0,6 | 0,04 |15,0:2,5 r19,2e1] 8,7
‘ He ’

¥, *¥x indicate calculations in - the' simple  approach within - the
frozen core and unfrozen core models with allowapce for electron
shielding and with averag1ng over the Maxwell distribution of

dil-atom rates

du— and tu—atoms to 3He nu0161 in the temperature range from 506 K
tO. 400 K There is' substantial discrepancy be?ween the
experlmental value of Rj an&y the calculations performed in a

simple approach and one-channel approximation with and ﬁithout
electron shielding [15] (see Table 1). : :

In 1988-1989 two/groups carry out experiments ([21, 221 on
measurement of muon transfer rates from pi-atoms to ‘He nuclei at
PSI (Switzerland). In [21] the transfer rate was determined by
analysing y-quantum yield in transition of the (Heud)++ complex
from the state 2p0 to the state 180 (ET = 6.85 keV) measured in
the P&(Z.S atm) + ‘He(2.5 atm). In [22] the value of ha,ﬁas found

by analysing time distributions of T—quanta with the above energy
in the triple mixtures H2 + 50.7% He + 943 ppm Ar (mixture
pressure was P = 14.8 atm), P& + 34.4% He + 649 ppm Ar (P = - 14.8
atm). The resulte of these investigations are given in -Table 1.

In 1990 an experiment (23] was carried. out in Dubna to
meagure the rate of muon transfer from dii-atoms to He nuclei in a
deuterium-helium mixture at a pressure of 1350. atm. - The transfer
parameters - were: measured - by - analysing yields -and- time
distributions bf successively registered dd~fusion neutrone
induced by one muon [24]3: : :

a4 Ly \ . ; 2
A"ﬂe -’:c(J\z—kl)-(l—wxp}»“f(;—W)(xl—ko)i]/cxecp, L (e)
A= k+(e+m ~€,0; )ﬁcp ddu ‘ ) (7)
A, = A+(E +wd—s oA )wﬁcp agpt (1 HIOhy +C cpx J | o (8)
* = il )M"; n = ol _ (9)
W= ”’“‘A.Z/nf ¥ | (10)
ant-p : ,
{—.] , eﬁ(p “ }‘1‘;‘ Lo : ’ (11)
dt ” S , ,
7



AN D/t A v -
e Tt
[df_& ] = wanﬁ(px“ue ; (12)

are the numbers of muon decay

where ~ (N' )D’Mh, (N: )D,D/ﬂe

electrons end first registered neutrons measured in pure deuterium
and D2+‘He respectively; ¢ is the D2+4He density with respect to

the liquid hydrogen density; WD is the probability of muon capture'

by the deute;'ium atom in the D2+4He mixture; Wo is the probability
that. a di-atom.formed in the excited state will change to the
ground state; T)'l), nl/lle are f.he vields of the first registered
neutrons (per.muon stopped in the target) in experiments with pure
deuterium. and D2+4He respectively; }‘l’ 7\7 are -slopes of time
distributions of the first registered neutrons in exposures with
D,
experimental  set-up; md is the probability of muon sticking to the
3He nucleus resulted from the dd-fusion reaction (md = 9.122+0.003
{123); B is the relative probability of dd-fusion:with = production
of a neutron (B = = ©.58 [12]); l o
ddii-molecules [12,25]; CB is the helium concentration A

of mu-atomic and mu-molecular processes ‘in the D2+ ‘He mixture is

and D2+4He: Sn is the neutron registration. efficiency of the

scheme

given in Fig.3.The experimental lay-out is shown in Fig. 4. The

helium concentration ranged from 5x10 4o 107

Fig. 5 there are time distributions of the  first registered

.»'As an exémple, in

neutrons measured in the experiments with pure deuter:.um and with
D+He (Clk = ©.31%).
4 TJD M!e
expoaure with Dy+'He by substituting the values of e }»1,
}\7 to expression (11). The processing of all the data resulted in

Values of w ' were determined for each

A - (2.75te.22)x18® s,

Fig. 3. Scheme of mu-atomic and
mu-molecular proceseses . in the
D2+4He mixture.

is the rate for formation ~“~of
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Fig. 4. Experimental lay-out:

1-5 — scintillation detectors;
CHz—stopping filter; M—tar-.
get; NE-213—neutron detectors.

Fig.5. Time distribution of. the
first registeredneutroxis from
the dd-fusion reaction: 1l-expe-

- riment with pure deuterium, 2 -
experiment. with D2+ He (Cﬂe
©.31%); solid lines show the
fitting.

The boundary values of W. correeponding to the minimum and maximum

‘He concentrations were found at a 99% confidence level:

wo‘cna=°,-§f1°-?) > 0.98, wn‘cnfl‘?-z)??-%

The values derived.for l:l and w‘ are. in . agreement with the
. ﬂe * .

results of calculations [15] and [26, 27] respectively.

Table 1 liste the resulte of all experimental measurements of
muon transfer rates from. mu-atoms of - hydrogen isotopee to He
nuclei cerried out by now. )

Comparison of the experimental results obtained allow the
following conclusions. ' :



§&+4He mixture

1. The difference between the results of (10]
(3.620.1)x10' s) and [21] (0.32¢0.13)x10' &) can be explained
now. Since there is a predissociation channel for the (Heud)++
complex in the excited state 2p0

(HuHe)* — Hep + H, ‘ (13)

(considered in detail in [2B8-30]), one must introduce a correction
¥ to the value of (Ks Y obtained in ([21). This correction is
. e . K

derived'from the analysis of the yield of 6.85-keV ¥~quanta

¥ = }‘T/““rﬂe”‘p) =~ 0,07, {14)
where Ab is the rate of process (13): KT, )5 = 0.15%T are bthe
rates of processes:(2c) and-(2b) - reepectively ()$,_ y le are
‘caleulated in [28-30)). Since the authors o6f [21)  determined l:

. ) He
with o = lr/(k7+ X ) = ©.85 (without allowance for the
predissociation channel), one can get a correct value of XP from

expression (4): h

,85 . o
N — (}»’ ) = (0,3910,16)x1¢° 571
ﬁe He

Thias value is eeen_to be in good agreement with the result of
[18]). As to thewdiscrepancy'between [19) and [22), its nature has
not been clarified by now.

§5+4He mixture‘

1. The difference between the ld valnea derived in [16. .17j
h
from analysis of the time distribution of 6.85-keV Y~quanta (Kd
h
= (13.1#1. 2)X108 8 ) and of their yield ((}\.4 Y = 6.711.3)XI08
He

- 10

8 ) is also eliminated by the correction ¥ = ©.49 [(28-39] to
7\" ) :
2. The dlfference between the data of [19] l;h = (2.7510,22)
x16b &) and (113 = (3-68:0.18)x108 8l) cannot be .
B . P

explained at present.
3. There is an explanation for the value of the ratio ART =

4
Dziale D2+ Be

YT . /YT = 90.982 found in (31]) from analysis of the
experimental data with allowance for the predissociation mechanism
4
Diﬂl D+ He

[(28-30] (YTZ R er are the yields of 6 85-keV Y quanta in
experiments with D2+3He and D + He respectlvely) With the
calculated values of l 2’ XT Xe [28—30] the calculated value of
Bf is about 6 10. . _

- !¥+3He mixture

To compare calculation reaulte with' indirectiy ‘obtained
experimental X;h correctly, - one must analyse the experimental

data .[19, 20] with allowance for muon transfer from excited-
tli~atoms. to 3He. . .

All the results listed in Table 1 are  the rates of muon
transfer from pii-, dii- and tl-atoms in the ground state to He and
‘He nuclei. : . L ,

As mentioned above, particular attention should be given to
the points.related to kinetics of excited mesohydrogen in mixtures
of hydrogen isotopes and helium. It is difficult to distinguish
experimentally between the process of muon capture by the hydfegen

"isotope atoms (formation of muon atoms of . hydrogen isotopes) in
‘mixtures like P5+ He,'I§+'He, I}+ He and the process’ of their

subsequent charge exchange in excited states on He nuclei. There
is ﬁractically no experimental data . on - these proceesea, while
theoretical information is incomplete, ambiguous, and fhus should
be specified and refined. A characteristic of the processes of

‘11



muon capture and muon tranefer from excited states of
e o e, oAty W = < W T auentaty

n of the mesohydrogen
ground state with allowance for muon transfer from an excited
mesoatom to- helium, depends on the- target density, helium
concentration and, generally speaking, on the energy of . the
excited mesoatom. In [26] a cascade of excited meschydrogen  in a
mixture of hydrogen 1sotopes and helium was conaidered and a
method was proposed for- determining the rate of muon transfer from
excited mesohydrogen to helium and the probability of muon capture
by the hydrogen isotopes -

v The authors of [32] employed this technique [26] to anal&se
the data from the experiment [8] and determine the rate of muon
transfer from excited pli~atoms to He nuclei. Ueing the veluee of
W= W‘% {8] found for different pressures and He concentrations
in the hydrogen-helium mixture and the calculated values of W
(W /(1 + Aqd A = 1 710 2 1is the ratio of etoppin:
capabilitiee of He and H atoms evereged over the data of [7, 33
341), the authors of [32] determined W values for the conditione
of each of 9 expoeures ‘in the experiment [B1. On approximatiné.the
values obtained - for- W = qﬁ by the eéxpreasion [32], which
feflecte dependence of the pli-atom ground state population on the
He concentration, E§+-He density and partial rates X{” of muon
transfer from excited states with 2 £ng<sb (1n1tiel’p;pu1ation of
the n = 5 state wae taken to be 1 because Auger de-excitation
rates of mesohydrogen in states withn > 5"coneiderab1y exceed
muon transfer rates to helium), the euthore of [32] estimated Ah)

m

to be
. ) ,
M) = (2amyx1eft g1, MY = (16213)x10M &7
Re ‘ He ’
: A{:_z (75:60)x10" &7

Such large errors in determination of the sought-for quantities

.12

mainly ariselfrom statistical errors in measurements [8]. It
should be mentioned that the following assumptions were made in
[32] for consideration of the pji-atom cascade scheme:

1) the rate of muon transfer from etatee with a certain n and
different orbital quantum numbers 1 is the same;

2) there is no difference in exterﬁel Auger effect cross

sections for ‘He and H etoms;
3) the rate of muon transfer from excited states of pji-atoms

does not depend on their energy;

4) concerning n = 2 atates, allowance was made only
mesohydrogen charge exchange on He nuclei from the state 2s
corresponding to attraction of a pi-atom and a He nucleus.

Inseneltlvity of qﬁ to Z{h) under the experimental
conditions [B] is due to amall initial populetion of the 2s-state
and a small absolute value of )ﬂh) Having analysed . all the
available data, we formulate the programme for further study of
kinetics of mu—etomic and mu-molecular processes in ~mixtures of
hydrogen ieotopea and helium. : ) )

1. Experiments with DpHe (9 = 0.05-1.0, G, = 107'-5x107%)
and Tj#He (@ < 0.2, G, = 10 ‘—5x1e ) mixtures will allow one to
determine 9, with high precision, to refine the calculated values
of .muon transfer rates from excited states of dii- and ty-atoms to
He nuclei and to. .define more exactly the, scheme of cascade
transitions in mu-atoms of hydrogen isotopes. ) . v

2. Using the given cascade scheme . and carrying out
experiments withv25+Heaand T2+He at higher He concentrations, one
can find the probability of muon capture by the deuterium .and
tritium with a fairly good accuracy, which entails determination
of A to an accuracy of 2-4%. - i ) -

3. Experiments with D,+He and T,+He at esmaller densities
O < 10'5 and higher He concentrations will allow one to determine
muon- transfer rates from dji~ and tii-atoms in the 2s-state and . to
get.information on energy distribution - of wmu-atoms in  2s~ and
2p-states. Using the theoretical dependence ofvlg) on..the energy
of mu-atoms of hydrogen isotopes, and experimentally obtained

13
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Brcrpuuxuit B.M, : E1-93-451
IlepexBaTt MIOOHOB OT MICOHHHEIX ATOMOB H30TOIIOB BOXOPOAa

x gpam He. Cratyc n npepnoxenua

ITpuBopuTca ofcyxneHne n cpaBHEHHE BCEll COBOKYNHOCTH Pe3yJIbTaTOB
IKCIIEPHMEHTOB N0 MCCJIEAOBAHHIO SBJICHUS NEPEXBATa MIOOHOB OT 4-ATOMOB
HM30TOIOB BOAOPOAA K sapaM resms, ITpepsioxena nporpaMMa faabHEANMMX HC-
CJIeAOBaHHI JAHHOTO SIBJIEHUS C LEBIO NOIyyeHus 6osiee TOYHOM U AeTaIbHOM
HH(OPMALNH O XaPAKTEPHUCTHKAX [-ATOMHHX H {-MOJIEKYJISIPHEIX IIPOLECCOB,
MPOHUCXOIAMAX B CMECIX M30TOIOB BOAOPOAA M TE/Hs,

Pa6ora sunonsena B JJaGoparopun saepaux npobaem OUSN.

IpenpuHT O6beaHHEHHOr0 MHCTHUTYTA SIAEPHBIX McCaeaosanuit. MyGua, 1993

Bystritsky V.M. E1-93-451
Muon Transfer from Muonic Atoms of Hydrogen Isotopes

to He Nuclei. Status and Proposals

All experimental data on muon transfer from u-atoms of hydrogen isotopes
to helium nuclei are discussed and compared. The program of further
investigations is proposed so as to get more accurate and detailed information
on characteristics of u-atomic and g-molecular processes in mixtures of
hydrogen and helium isotopes. :

The investigation has been performed at the Laboratory of Nuclear
Problems, JINR.
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