





k Introduction
P

Dur1ng the last several years the study of u-atomlc and

u- molecular processes 1n m1xtures of "~ hydrogen and’ helium 1so-'

: topes has been’ exten51ve1y carr1ed out experlmentally/lxl(i%l

: and theoretlcally/12 20,

T stlmulated by the: exper1menta1 observatlon of a theoretlcally o

pred1cted new phenomenon - molecular charge exchange of the

- _ground state muonlc hydrogen on he11um nuc1e1.

(HuHe) ’ : & : R ? ( la)“’ ~"1,:
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The study was further st1mu1ated by the observatlon of B

"<:muon transfer from exc1ted states of ¢ muonlc hydrogen. As

' fol lowed from/al

';'too large as - compared w1th ear11er exper1menta1 result‘s/ZU

/22/

and ca1cu1at10ns It hecame ev1dent that further study of

:u-atomlc and u—molecular processes in the m1xtures of ; hydro-“,
g f gen and he11um 1sotopes 1s necessary to: obtaln unamblguous
_,'1nformat10n on the parameters of these, processes.‘ Two‘ c1r-
cumstances are important here. The first one 1s that 1nforma— i
Ytlon ’ about muon transfer ‘from. muonic hydrogen to hellum

‘ﬁjnuclel w111 allow one to understand the experlmental data on‘

muon catalyzed fu51on Cin D + T m1xture (wh1ch produces

: ’hellum as- a. result of the natural tr1t1um decay and of fus1on .
:V,j\-_reactlons), as well as to est1mate the necessary extent of
‘ "_;k‘/mlxture clean51ng of helium accumulated Secondly, the rates »

vof the u-atomlc and u—molecular processes are necessary to -
'descrlbe correctly the k1net1cs of ~the cascade tran51tlons =

’and the thermallsatlon process of muon1c hydrogen.

" The" “1nterest for thlS atudy was;j

: ’, A ’(ﬂlc)

muon transfer rate from the ground state- is

<,
-
o

i

Up to nouk,the measurements are performed of the .muon
transfer from the ground,state of pu, du, and\tu-atoms to
4He/1,3,7,8/’ 4He, 3He/2,§,6,10/ and '3He/4/V

to the partial muon transfer rates from the excited states. of

respectively. 'As

muonic hydrogen isotopes to helium, only feg: experimental
boundary estimates, averaged over excited states of the

. L. /.27, -
muonic atom, are now available M

The kinetics of excited muonic hydrogen in - hydrogen-

/m/' a method for de-

helium mixture has been- considered in
termination of muon transfer rates from the excited states of
muonic hydrogen to helium having been proposed. Here we made
an'attempt to obtain the rates of the muon transfer from
excited pu—atoms to ‘He nuclei, analyzing the,data experi-.

+ I3/
mentally measured in' ™ .

Data analysis

Let us remember the conditions of the,experimenta/ and
the method of measurement of the characteristics of muon
transfer process. Fig.1 shows the scheme  of the .processes
which take place when a negative muon ~stops‘ in the
H2+ He + Xe mixture. One should note, . that the loy concen—‘
tration of the probe gas - xenon .in’” allowed one to neglect
the direct muon atomic capture by xenon as well as the influ-
ence of xenon admixture upon the kinetics of the cascade
transitions in pu-atoms.

The experiment was performed at the muon beam of the
JINR synchrocyclotron using the gas target with internal
scintillators, aimed to detect muons stopping in the target

. volume. The target was filled, successively, by pure hydro-

gen, by }2+ Xe mixture (relative atomic xenon cohcentration’
X 10_4) and by H2+ Xe + ‘He mixture at different values of
-the mixture density ¢ and relative helium concentrations Ch.
becay electrons from the muon decay wererregistered at each
run, as well as X-rays from -Xepu-atoms, formed due to muon
transfer from muonls LDydrogen toﬂfeggn nuclei. '
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Fig 1

The processes involved when a muon stops in the
.H2-+4He + Xe mixture

A, = 0.455 . 10° s free muon decay rate;
- (ppu) - molecule formation rate:

A
pPH

A, — muon transfer rate from the pu - atom to Xe

- nucleus;
P
%h- muon ' transfer rate from the ground state
pu - atom to helium nucleus; ’
QE(CE‘ relative atomic concentrations of He and Xe;
] - density of the mixture H;ﬁHe + Xe with respect
to the density of 1liquid hydrogen n = 4.25 16%°

-3
cm 7

(n) .
Ah - muon. transfer rate from the excited pu-atom ‘in
the state with the principal quantum number n

to ‘helium nucleus;

He Xe s
‘Acn’lcw_ rates of muon atomic capture:by helium and
- Xenon nuclei, respectively;
Ao - rate of the muon decay from the ls-state of the

Xeu-atom,

The -analysis ‘of time distributions for ‘decay electrons

4

‘ned)by

and X-rays allowed .us to obtain the probability for muon,’
stopped in the mixture H2+ He, to be captured by hydrogen
atom and the muonic atom thus produced to reach the  ground
state: i

‘W’= WOWH.v ) (1)

w; is the probability of pu-atom formatiohzas a result of the

‘muon atomic capture by hydrogen, EF qa,_ is the proBability

for the muonic atom formed to reach the ground state (ground
state population). This‘population‘is determined not only by
the‘helium concentration and target density,.but also. by the
kinetics of the excited pu-atom, taking into account the de-
excitation and muon transfer processes. The value W .is defi-
) L _ ., - v
M = T aC7_ o2
He
where A is the ratio of the rates of the muon ‘atomic capture -
by helium and hydrogen, C;= NHe/NH - relative atomic helium

concentration; NM,NH - the amount of -helium’ and hydrogen

~atoms in the mixture H;}He + Xe.

‘Table 1

Eﬁ;berl PHZ(Atm) PHe (Atm) W R p= qig
1 24.60 | 2.4600 | 0.87 (0.03)| 0.935 (0.080)
2 24.60 | 5.4120 | 0.70 (0.04)| 0.815 (0.070)
3 16.50 | 6.2700 | 0.50 (0.02)| 0.662 (0.041)
4 | 24.60 | 14.2680 | 0.33 (0.05)| 0.493 (0.079)
5 16.50 | 12.5400 | 0.28 (0.03)| 0.461 (0.056)
6 20.00 | 18.4000 | 0.25 (0.02)| 0.446 (0.044)
7 16.50 | 23.1000 | 0.13 (0.02)| 0.285 (0.050)
8 20.00 | 35.6000 | 0.12 (0.02)| 0.323 (0.055)




The measured values of W are shown in Table 1 together ' put ' 4

with data, that illustrate the experimental conditions.

Sy . . . 5>
- Knowing C; and A = 1.7 ¥ 0.2 (which is the average over 5 ~ﬁ 'DCH
© =3 e
: 717,23,24/ R <
the results of }, we have obtained the rates of the "
. €4
muon atomic capture by hydrogen, WH, with the help of eq. 4 LR i;u? v QE
(2), and then from eq. (1) the groundv state populat;on ; 1 o, /// 3p ‘a(3>m CH
q, = Wo. To obtain muon transfer rates from these experi- \ﬁ \\\ 18 o Te
mental q,. values one should consider the kinetics of the i; Qe
. ; H R -1 =]
muonic hydrogen cascade in H, +'He ‘mixture. We assumed  the (;\ ! R Y
. . . 2 : 2 - '
cascade scheme to be that used 1in prev1ous‘papers”4ﬂa[ (see i 2 E// ;ﬁ New
fig.2). As seen from fig. 2, the initial population of the 4;;\\ Y t A2®p ¢
L . . : T He
pu—-atom state’ with n =5 1s assumed to be q;=1 because’ of 8 @ A
. . g . . . - . P2 o o]
the high rates of Auger deexcitation for n > 5 as compared © o S i
P . < 1 B
with muon transfer rates. We assumed also that the muon '] ) ; :
transfer rate for a given gquantum number n does not depend on : o
the orbital quantum number. As in/W/, we neglected the i 0
ig.

energy dependence of muon transfer rates. We did not take in . . :
The scheme of the pupu-atom cascade in- the ‘H2+ He

to account -also the .difference in the cross sections of the

- ‘as . S Syl Sl
external Auger process:.on hydrogen and helium atoms. The rate mixture. Transition rates are given 1in units 10 's ;

A and A’ are Stark deexcitation rates;

of the Stark deexcitation of the 2s-state' of the pp-atom was Ind
~ 11_-1 . L
taken to be A 2 0.04 ¢.10"'s for thermal energy 0.04 eV. v A A% juon transfer rates from the pu-atom to
. /15,187 . : : : - g - '
As 1n ref. , for n =2 we considered muon transfer helium nucleus.

only from the 2s-state, corresponding to the attraction
between the pu-atom and helium nucleus. ' ' ; For a given scheme of the cascade, one can write:

Assuming nonthermalisation of pu-atoms in the 2s and

2p-states, we used the following values of the Stark deexci- \5 1 1 1
' /147 - ’ Q-3 13,38 +t53 +t5a. 3 +32 + a (3)
tation rates : 1s 1 2 3 4 5 6 7 8 ‘
. _ i 5-4 4-3
A(2s— 2p)=232¢.10"'s" (&g, = 0.5 eV) i Arug © 3 Mrag ©
11 _-1 : a = H = H
A 2s 2 = 48 . 10 's. € = 1 eV ) 1 5-4 (5) 2 4-3 4-1 (4)
o ( - p ) 1 4 ¢ pu g : hAug pta g cHe AAug P+ Arad +.A g CHe
Af{2p— 28 ) = 3' A 25— 2p y.
) o : ,34-2p  ,3d-2p v ' A 35-2p
|
Though ‘the deexcitation rate of the 2s-state has a sharp : a, = 3¢2p'ad &thAuq — i a, = 3s-2p =2 ) ;
. ; A + A P+ AT C - A p+tA ¢ C
energy dependence, this fact hardly influences the value q,.r ; ) .rad Aug He Aug o He
' . . . f
because, according to the estimates/%/, the 2s-population is _' A3p-28 0 N
rather low ( 5+ 7% ) for our experimental conditions - a = Aug . a = ind ;
. 5 ASp—Zs + 13—1 " 1(3)‘0 c 6 A + A(Z)'w‘c
(C’ x0.05+ 0.5, ¢ 0.03+ 0.05). ) ag P T A He tnd , e

6 7



3p-1s
rad™ .
a_ = ’
7 3p-1s 3p 2s (3)
+ + A C
Arad A g, R4 . ) g He
4-1
rad .
a_ = - *
8 4-3 4-1 (1)
+ + A C
AAug g Arad ‘0 He

Here A"™ are muon transfer rates ( to be determined )
from the pu-atom in the'state with principal quantum number n
to a helium nucleus' ‘AMW— Auger deexcitation rates (all
these rates are reduced to the liquid hydrogen density);
A = the rates of the radiation transitions.
o As a result of the least squares fitting of experimental
data the following values of the muon transfer rates‘were

obtained: (x° = 4.9)

A®= (2 £7).100. 57 ;- A= (16°¢ 13).10".5T

A= (75 £ 60).10" .57 .

The x2 vaiue turned out to be independent of the value
A which can be explained by the low population of the
2s-state for our experimental conditions. For the same reason
it was impossible to determine the energy of pu-atoms in the
Zs state: the fits with €1 equal for 0.04 eV, 0.5 eV and
1 eV were indistinguishable. This means that to obtain the

(2s) and energy distribution of pu-atoms in the state

value A
n = 2 one should measure the intensity of K 1lines of the
retarded X-rays from muonic hydrogen (2p — 1S transition
after the ‘Stark transition 2s — 2p) and muonic helium. Suzh
experiments should be carried out at low density (¢ < 10 )
and sufficiently high helium concentrations (C 2 0.5). /w/

To summarize the present work and the results of
one can formulate a program for furtheralnvestlgatlons of the
kinetics of u—atomic and’u-molecular processes, occurring in
a mixture of hydrogen and helium isotopes.

1. Experiments with D, + He and"T2‘+ He mixturesr for

8

p =0.05+ 1 ~and low helium concentrations
(CM= 107% 5.104), when one may neglect the direct muon
atomic capture by helium, will allow one to obtain with a“
reasonable accuracy Q. values, muon transfer rates from the
excited muonic deuterium and tritium to helium, as well as to
check the scheme of the cascade transitions in  muonic
hydrogen atom. ) k

2. Starting with the given cascade scheme in du and tpu
atoms, one can obtain with good accuracy the probability of
the direct muon atomic capture by helium from experiments
with higher helium concentrations. We believe it possible to
measure the A value (according to . (2)) with the accuracy
24, .

3. Experiments at low density ¢ < 10™° and high helium
concentrations will allow to obtain muon transfer rate A(m;
as well as to get information on the energy distribution of
muonic hydrogen atoms in the state with n =.2,

4. It is possible to evaluate transfer rates from PL- to
He using experimental values of muon transfer rates from
excited states of du atoms to He and more precise a1gor1thm
of transfer rates calculation.

5. Experiments with Hé+ He mixtures for a wide'range of
density and helium concentrations can give information on the
muon transfer rate from.the excited pu-atoms, as well as the
probability of the direct muon atomic capture. by hydrogen,
and. hence the A - value.

- 6. Comparing A - values obtained from ekperiments with
H2+ He, Dé+ He and T2+ He mixtures Will help to answer a
question about the isotopic dependence of muon atomic capture
by hydrogen isotopes .. P

7. Measurements with H2+ He, D2+ He and~T2+ He mixtures
at various temperatures (20 K £ T =< 5000 K), densities and

helium concentratlons w111 give information. about the contri-

‘bution of. -resonant and nonresonant mechanisms of ‘molecular

muon transfer from muonic, hydrogen to helium nuclei. :.
We are grateful to Profs. A. Bertin, A. .Vitale, A.

Mikhailov and N. Popov for helpful discussions.
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