


1 Introduction

At the present time interest in the study of charge-nonsymmetrical muonic
complexes like HuZ (H= p,d,{; Z= >*He, ®7Li, "Be,...) [1-10] has signifi-
cantly risen. [t is connected with appearance of real possibility of measuring
the characteristics of fusion reactions in the ultra-low (~ keV) energy range of
relative motion of nuclei. This will allow one to solve such problems as prob-
lems existing in astrophysics {11,12], verification of the hypothesis concerning
charge symmetry in strong interactions for the energy range mentioned®.
Thus, application of muon catalyzed fusion to investigations of nuclear reac-
tions in the keV energy region seems to be more promising than the traditional
method. Due to very small cross-sections for the processes under investigation
(~ 1019 — 10~%® ¢m?) and insufficient beam intensity, investigation of nuclear
reactions in single collisions is not practical.

The present work is devoted to description of the rate of nuclear synthesis in
dpHe complex as well as optirization of experiments with a deuterium-helium
mixture (D,+He). The aim of these experiments is to obtain information
about rates of deexcitation and decay of muonic complexes (du®*He) together
with partial rates for nuclear fusion inside these complexes?

2 Scheme of muonic processes in D;+He mixture

Figure 1 presents a scheme of muonic processes occurring in the D,+*He mix-
ture after the negative muon stopped in it. Muon transfer from muonic atoms
dyt to He nuclei occurs via creation of an intermediate g-molecular djtHe com-
plex in the excited state with the orbital momentum J = 1 (term 2po). Sub-
sequently, the complex decays toa Hep atom and a deuteron {predissociation
channel) with the rate A} or deexcites to the ground state 1so with emission
of the 6.85 keV X-ray or Auger electron. The rates of the deexcitation process
are A, and A, respectively. The total rate A\j,. = A, + Al + A} is the decay
rate of the duHe complex in the state with J = 1. The complex in the ground
state 1so decays to hydrogen isotope nucleus and to a muonic atom He in the

! In nuclear fusion reactions in charge-nonsymmetrical muonic complexes the as-
trophysical range of energies (~ keV) is realized [13,14].

% Choice of the duHe system for experimental investigations is motivated by a large
number of theoretical studies on this complex (in companson with other charge-
nonsymmetrical complexes) [3,10,15].
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. Fig. 1. Scheme of muonic processes in the Dy+3He mixture



ground state 1s (see Fig. 2)° ‘

Apart from these decay channels from 2po, a rotational transition to the state
with J = 0 or a fusion reaction inside the complex mtll the rate Af are also
possible:

dp*He = p + o + p + 18.35 MeV, ' (1)

= °Lig + v(16.4 MeV), : (2)
dp'He = ®Lip + v(1.48 MeV). (3)

In the state with J = 0 (as in the state with J = 1) the nuclear fusion reaction

with the rate A? and the decay process with the rate A, = A% + A% + A in
the above- mentloned channels are also possible.

Because the transition between the states with J = 1 and J = 0 occurs via
collision of the complex with molecules (atoms) of the mixture, the population
of the du*He complex in the state with J = 0 is a function of the mixture
density. V

Papers [8,9] present different scliemes of the 1-0 transition?. According to [§],
the 1-0 transition is realized in the form of a two-stage reaction:

i} creation of a neutral quasi-atom of helium, the rate of this process ‘is An =2
10%2 ! (normallzed to liquid hydrogen density (LHD), ny = 4.25-
10% cm~%):

[(dee)zp,,P] +He - [(dee) + ]+He ; (4)
.o =1 I=1

“ii) an external Auger effect with the rate A = 8.5 10" 571
[(dee),,,Qe] N D(Dz) [(dee)zpc,Qf} +DDy) e (5)

Paper {9] in its -authors’ oplmon) presents'a full scheme of the 1- 0 trarmtlon
(see Fig. 3): » :

- (M)t Dy (Mue) + D+ +e , (
(Mye)* + Dy + X = (M;eDy)* +X, ‘ (7
(Mye)* + He + X = (MjeHe)* + X, (
B (Mie)* + He— (M, ee)t + Het, 8 (

3 A more detailed description of muonic processes occurring in the Dy+3He mixture
can be found in [3,4,7,9,10,15] and references therein. ‘ )

4 The processes determining the 1-0 transition in [8] are a part of the branched
scheme of all possible processes [9] in the rotational-1-0 transition.



T~

— (Hep)* +d

Fig. 2. Scheme of molecular charge transfer of du-atoms on heliufn’,huelei

\' s N

Fig. 3. Full scheme of the 1-0 transition processes.in the ;iy:"He compléx between

the states with J =-1.and J =0

mm T e N

(MyeD2)* + He— (MleHe)Jr + Dy, (10)
(M;eHe)* + He— (M;ee) + He", (1)
(MyeDy)* — (Mge) + DI + ¢, (12)
(MyeHe)t + Dy — (MpeHe)* + D7 +e, (13)
(M, ee) 4+ Dy — (Moee) + DT + ¢, (14)

“where M, = (diHe) =1; Mo = (duHe)s=p; X = D, He.
All the following considerations will be connected to these two variants of the

1-0 transition scheme:

a) two-stage transition 1-0 [8] (processes (9) and (14)),

b) all processes in the 10 transition [9].

Because the nuclear reaction can proceed in the states with J =1 and J =0,
the yield of this reaction will be determined by the partial rates from these
states and by the population of these states while the reaction takes place”®.
The yield of the X-rays will be determined by the partial rates of the complex
radiative decay from the states J = 0,1 (A3, A}), and the effective rate of the
1-0 transition (:\10).

This means that the variables A2, AL, A, can be found by joint analysis of the
experimentally measured yields and time distribution of the reaction (1)-(3)
products and the X-ray. The following formulae are used:

dNP(’Y) dNP('r) de(v)
dt dt dt )
) ’\f orm ’\10/\ , e
= n#quJ’VdEP(,,) " (’\I,p(»y) _FM pY t; (15)
. dec -
dNy _.dN,l( + ng _ ' ‘
dt™ dt dt _ ‘
Aform o8 IR
__.nuTqISWdEx f ()\"Y + ;0 ’Y) Seht (16)
4 ' dec /: :
NP(’Y)_= NP(’Y) + Np('y) =npy - T; ' (17)
Ne= NG+ N S T o
’\f orm :\10/\? . .
Np(r) = MuisWaepm) v A (’\f,p(v) + —Tp(ﬂ ) (19)

5 According to theoretical estimations, /\}’p(,y)//\?’p(,y) ~ 1072 1073 [9).



/\form :\10/\0_ ’ » »
Nx = n#qlsWdex /\l;/\4 (/\,l,’ + /\ge‘:’ H ) (20)
5 AnARiig?*CaChe ' _
PO F AZE0Ca + MwChic) (according to [8]); (21)
3 /\Cll\gltlg(rgcd .
10= Ol T+ NaCa (according to [9]); (22)
A1 = Morm + Ao + AaaupwaBCa; | : (23)
Yo = Wi Cie (24)
B /\4=’\(liec+’\107v ) . s (25)

where n, is the y-stop intensity in the mixture, Ag is the free muon decay
rate (Ao = 0.455 - 10° s™'), A is the rate of muon transition between the dpy
atom and the He nucleus, Cy, and Cy are the helium and deuterium atomic
concentrations in the mixture,-€,,) is the registration efficiency for‘protons
(7 quanta) from reaction (1),.¢"is the mixture density; Ajo-is effective rate

of the 1-0 transition in the duHe system, /\;,(;)(),1) are partial rates of nuclear

fusion in the complex in the states with J = I and J = 0 in the proton and
channels respectively (for the du®He system ~ reactions (1) and (2), for du*He
— reaction 3)), g is the probability that the dp-atom created in the f':x_rc‘ited
states reaches the ground level, Wy is the probability of direct capture of a
muon by a deuterium atom in.the mixture (Wa = (14 ACue/(1 — Cy.))7?,
where A = 1.7 4 0.2 [16} is the fraction of ‘probabilities of direct capture by
a deuterium atom and helium), &, is the X-ray registration efficiency, Agq, is
the rate of the ddy molecule formation, 3 is the relative probability of muon
sticking to helium nuclei from the dd-reaction, T is the total exposure time.

Formulae (15)-(20) were obtained ‘under the assumption that /\(],fecc’), Ao >

Aormr Aoy At ™), Aaa,, and correspond to times ¢ 3> 1/ALO. All the following.

considerations and calculations will concern processes in Dy+*He mixture.

The formulae for proton and X-ray yields (normalized to one complex) have
the form: : :

A 1 :\10/\? : -
_,Yp(v)Zx(/\},p(v)ﬁngp“m); LT (26)
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3 Results of the optimization

One can see from (16)-(19) that infornation about the parameters /\}’_p(,y),

/\} bl :\10 can be obtained only under the assumption that the values of Wy,
i 1(0

Wd, G1s /\d;__), Ty Ep(y)s Exs Morms Al are known 8.

Figures 4a-b show calculated dependencies of: a) the proton yield from reac-

tion (1) and b) the X-ray (equations (26),(27), as a function of the mixture

density. Figures 4c-d show analogous dependencies for one muon stopped in

the D;+>He mixture (equations (17)-(20)). :

Figure 5 shows dependence of the effective rate of the 1-0 transition on density
for two schemes of the 1-0 transition. )

The results are obtained for the above-mentioned schemes of the 1-0 transition
and for the variable values7:

ny, = 2.5 10" pstop/s; Wy =0.92 [16];

Mo =710 71 Al =152-10" 571,

Alec =5.9-10" 571 A% = 1.72- 10" 57!

(the results of averaging some theoretical investigations see [3,10] and refer-
ences therein); . /

Ao=2-100s71 8] AL =8.5- 10" s~V [8);

Aug

/\cl =3. 10[3 S_l [9], /\int

Aug = 5 : loll é_l [9];

Ahe = 18- 10571 [19]; Aag, = 0.04- 106571 [20]

(the values of /\?He and /\dd,;for the density region ¢ from 0 to li_yrwere treated -
as constant and equal to the corresponding values for 30 K)¥;

wa=0122[21}; B=058[21]; Cye = 0.05 Cq = 0.95;

8 "The variables Aj-and Aggey are fourid indirectly from the analysis of the time
distribution of -1nuonic X-rays (6.85 keV): Aform = A;'— Ag — ,\ad,"n,a,;C(in.

™ During the calculations of proton and muonic X-ray vields the ¢, values from
[17,18] recalculated for out conditions weré used.

8 The experimental programine for investigation of the diHe molecule properties
suggests performance of experiments in such a condition.
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p=03; ¢, =5-107°.

Besides, the dashed lines in Figures 4a-4 and 5 show an analogous dependence
of Yy(), Yi() and Aio(ip), calculated for the helium concentration Cy, = 0.1.
Also, figures 4a, 4b show this dependence for a simplified scheme of the 1-0
transition (two-stage processes including (7) and (12))®. It is worth mention-
ing that in the process of analyzing the experimental data a parametrization
of the function Ajo(y) was used:

Mo(p) = r® + so* + tp. (28)

This parametrization plays the role of an interpolation polynomial of the Ao

function. To obtain this polynomial at least three exposures to a muon beam

for different densities ¢ (and for fixed helium concentration Che) are required.

Having found the interpolation polynomial, one can determine the real Ao
function and by comparison with the above-discussed theoretlcal predictions

identify the 1-0 transition mechanism.

Figure 6 presents the ratio Y,/ Yy as a function of the mixture density for the
- mechanisms [8,9] of the 1-0 transition and two sets of A?_, and Al values:

a) A, =10°s71 Af = 10% 5715 b) AP =10° s715 A} = 10° 571,

As is seen, by measuring the ratio for some values of ¢ one can clearly identify

the mechanism of the 1-0 transition.

The dependence of proton yields from fusion in the du®*He system and the
-muonic X-rays on the effective rate of the 1-0 transition for the two consid-
ered mechanisms of the 1-0 transition is shown in figures 7a,b.

Now we briefly discuss the procedure of choosing the optimal conditions for

the experiment for each of the above-mentioned mechanisms of the 1-0 tran-
sition 1°. The choice of optimal conditions consists in searching for three or

more values of the mixture density in the range from 0 to 1 by the least squares .

method:

Ni(exp) — ni (theor)T;)?

N :i (Ni(exp) —(—Un‘)2(the0r)T) (k > 3); o @30

% According to [9], in the experimental condition ¢ ~ 0.1, Cy. < 0.1, the 1-0 tran-
sition can be considered as a two-stage process. In our-opinion, such simplification
is valid only for ¢ < 0.05 and Cy, < 0.05. i

101t is assumed that the experiment will be performed at the meson factory PSI
with the intensity of muon stops in the target n, =2.5-101s

12

k ( ' -
szz £ (O’i ;2 ) : _~ (29) i

R e A

where Ni »{exp), Ni (exp) are the numbers of registered protons from reaction

(1) and 6 85 keV X-rays for exposures with the mixture density ¢ = ¢;, re-
spectively:

nip(theor) fl()‘f P ,p? SllO = TLP? + 39912 + t‘Pi’ Tll) (31)
(see eq. (19));
i (theor) = fo(3g = r? + s + tgi, T) (32)

(see eq. (20)).

The values o:, = \/ni - Tj; ol = /nl . T, are the variances of the calculated

normal distribution of registéred protons and X-rays respectively:

Ni(exp) = ni,- T+ -1, Nifexp) =ni- T4 ok -n;

T; is the time of statistics gathering for the exposure with the mixture density
@i; 1 is the random number according to normal distribution.

The varied parameters are r, s, t, Ty, Ty, Ts (T = Ty + T; + T is the total
time of statistics gathering for the case with three exposures).

During modelling the experimental conditions it was assumed that the ran-
dom variables N, ‘(exp) Ni(exp) are distributed normally with the variances
ap , 05 and the mean values in,, niT;, respectively.

Flgures 8a-c present dependence of the relative errors of the parameters A¢ ,,
/\}‘p, Mo for the optimal experiment condition on the full statistics gather-
ing time in all exposures (it was assumed that the target constructed by our
group [22] and the registering apparatus [3] will be used). The target allows.
experiments wivth a-deuterium-helium mixture in the mixture density- range
from 0.05 to 0.23 LHD (the presence of thin kapton windows in the corpus of
the target and the parameters of the muon beam in the ¢ E4 channel at PSI
determine the minimum and maximum values of the mixture density).
Registration efficiency for protons from reaction (1) is 0.2 and for X—rays is
51071,

It is seen from the results of optlmlzatlons (see Table 1) that the situation is
not. clear and depends significantly not only on the scheme of the 1-0 transi-
tion but also on the absolute values of the nuclear fusion reaction {1) rate in
the states withJ = 0 and J = 1.

Table 1 shows results of the optimization for the case of gathering statistics
time of 1000 h in the pF4 channel at PSI and with using registration appara-
tus with parameters as [2,23]. According to this table one can determine the
following characteristics of the muonic complex:

13
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(1) The rate of nuclear fusion in the du*He molecule from J = 0 if this rate
is larger than 8 -10% s™! and 2 10? s~ for the mechanisms [8] and [9]
respectively.

(2) The rate of nuclear fusion A} if the mechanism (8] is correct and the
absolute value of this rate is larger than 3-10% s™!. In the other case only
the upper limit can be determined.

(3) The upper limit of Af , at the 90% confidence level for the mechanism [9]
of the 1-0 transition. This limit is determined not only by the -absolute
value of A} , but also by the ratio A} ,/Af,, (see Table 1).

It is worth mentioning that these considerations are only valid if the back-
ground is negligible!!. As to determination of the 1-0 transition mechanism
by measuring 5\10, the situation is the same. :

One can see from figures 7a-b that the intervals of measuring Y,()1o) and
Ya(Aio) correspond to the 1-0 transfer mechanisms [8],[9] and the same region
of density variations do not overlap, which means that it is possible to deter-
mine the real model of the 1-0 transition. Information about the variables r,s,t
(see eq..(28)) is that additional information which helps reveal the physical
meaning of the 1-0 transition.

For understanding the potential possibilities of reducing the lower limit of
nuclear fusion cross-section measurements in the complex we optimized the
experiments for the mixture density range from 0 to 1. We do not list- all
technical problems concerning this investigation in the density range 0-1 with
the registration apparatus with parameters analogous to [3,22]'2. Figures 9a-c
show dependencies of relative errors of the parameters Af ,, A , and Ao on
the total statistics gathering time for the considered experimental set-up.
Tables-1 and 2 show that sensibility of further investigations of the muonic
complexes in the Dy+*He mixture will be determined by two factors, first - im-
portance of physical problem and second - cost of creation of the experimental
set-up working in such a wide range of mixture density.

"1 The background level measured in the test experiments [4] in £E4 channel at PSI
shows that after some modification of the registering system [3] it is possible to
reduce the background to a negligibly small value.

12 Creation of universal experimental set-up working in such a wide range of mixture
density (0.001 € ¢ < 1) is a complex task. For example, work at low densities
{~ 0.001) of the deuterium helium mixture requires using the mixture in the form
of magnetic bottle.

18
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Table 1: Results of the pro;ected experiments optimization - our cryogenic target: ¢ = 0.05+0.23 (T = 1000h) (* — two stage 1-0
trausition: formation of a neutml helium quasx atom and external Auger effect; ** — {ull scheme of the 1-0 transmo'\ processes)

i : ] v upper limit,
M My | 0] M | SRele), | Sholen, | Sholen | e | wa| e | 10 90% CL
1 % % " - %';_5 ’ % 1 % - transit.‘ /\?,p, /\}.p,
) v ' g1 g1
105 - 104] 88| 15.8 {52.6“ 8.1 8.0 ) 005 018|023 *
C16.4 | >100 | 12 o] 12 19 | 005 015023 ] ** 1.1-108
S105, 103 279 500] 526 | 81 8.0 0.05| 0.8 [023|. * ' '
, 39.4 | >100 12 - 12 | - 1.9 | 005] 015023 ** 1.1-10°
5-10% 5.10% | . 39.4| 706 52.6 8.1 " 80 ] 0.05|.018]023| *
71.8 | >100 1.2 12 19 0.:05] 0.15 [ 0.23 | ** L.1-10°
10% - 102 | 88.2 | 100 52.6 8.1 80 | 005} 0.18|0.23 * 3.0-10%
>100 | >100 1.2 1.2, o 19 0.05] 0.15]0.23| ** [31-10%)1.1-10°
5-10% 5-10' | >100 | >100 52.6’_', 8.1 80 1005 0.18 | 0.23 * 1.3-10% { 2.0-10?
iS00 |s100 | 12 1.2 L9 0.05] 015023 | ** [18-10*]i.1-10°
2-10% 2-20' L. >100 | 5100, 52.6 8.1 - 84 005 0181023 * 7.0-10% | 1.1-107
. >100 7 { >100. .. « 1.2 -{ © .12 1.9 0.05| 0.15| 0.23 ** 1.1-10% ] 1.1-108




0%

Table 2: Results of the D, + He experiment optimization — general case: ¢ = 0+ 1 (T = 1000 h) (* — two stage 1-0 transition:
formation of a neutral helium quasi-atom and external Auger effect; ** — full scheme of the 1-0 transition processes)

) upper limit,
M XL, | AL, | SR (), | Fhio (), | Ao (pa), er | er|ws| 10 90% CL
s % | % % % % transit. | (A8)), | (M),
51 s-1
108; 104 4.0 13.6 63.4 2.9 3.1 0.043 | 0.82)1.0 *
5.4 95 8.1 6.5 8.6 0.0039 | 0.69 | 1.0 o 2.2.104
105; 103 127 43.1 50.4 2.8 2.9 0.048 | 0.811}1.0 *
17.2 | >100 16.0 8.6 10.6 0.0023 | 0.75] 1.0 ** 1 48.10°
5.10% 5.102 18.0 60.9 55.1 2.8 3.0 0.046 | 0.81]1.0 *
24.3 | >100 18.1 9.0 11.0 0.0021 { 0.76 | 1.0 ** 3.4-10%
10% 102 ] 40.2 | >100 60.5 2.9 3.0 0.044 | 0.82]1.0 * 2.7 102
54.3 | >100 19.3 9.3 11.2 0.0020 { 0.76 | 1.0 *x 3.0-10%
5-10% 5-10' | 56.9 | >100 60.5 2.9 3.0 0.044 | 0.821.0 * 1.7-10%
79.6 | >100 20.7 9.5 11.5 0.0019 | 0.77 | 1.0 *x 3.0.10%
2.10% 2.10'| 88.9 | >100 63.4 . 2.9 3.1 0.043 | 0.82}1.0 * 1.0 102
>100 | >100 20.7 9.5 115 0.0019 | 0.82 1.0 * 151-10%3.0-10°
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Bricrpuukuii B.M., Tenrko @.M., Gununosuy M. E15-98-242
MeToa HUcCleloBaHUs SAEPHBIX peakiuit
B 3apANOBO-HECHMMETPHYHLIX MIOOHHBIX KOMIUIEKCax

TMpennoxeH METON 3KCMEPHMEHTAILHOTO ONpeneNeHus CKopocTel peakuHit saepHoro
cuntesa B djiHe-Monexynax B cocrosumax ¢ J=1 u J=0 (J — opOUTAILHELIA MOMEHT
CHCTEMBI), a Takxke 3(EeKTHBHOH CKOPOCTH BpALLATENBHOTO Mepexofia MeXay 3THMH COCTO-
suusmu. [TokasaHo, yto HHGopMaLng 06 HCKOMBIX MapaMeTpax MOXeET ObITh HaHOeHa MmyreM
aHaTH3a BHIXONOB M BPEMEHHBIX pacnpelieleHHH NPOAYKTOB peakUMH SmepHOro CHHTe3a
B dilHe-Monexynax (IpOTOHOB; Y-KBaHTOB), a TaKXe MIO-PEHTTEHOBCKOTO HITydeHHs
(E = 6,85 x3B), H3MepeHHbIX B 3KCIIEpHMEHTaxX NpH Tpex (1 Gonee) pauTHYHBIX 3HAYEHHAX

TUTOTHOCTH D2+HC-CMCCH. npOBC}lCHa ONTHMH3AIHA 3KCNEPHMEHTOB, 3alUlaHHPOBaHHBIX

Ha Me3oHHoOH thabpuxe PSI (I1IBeiiiapus), ¢ LesIbi0 MONydeHUs NPeUM3HOHHON HHOpMaLHH
06 HCKOMBIX MapaMeTpax B MpPeNTOKEHHH Peaiu3aLuy payIHYHBIX MeXaHu3MoB 1 — O-nepe-
xona.

PaGora BemonHeHa B JlaGopatopuu sapepHuix npotnem OUSH.

MpenpunT OGbENMHEHHOrO HHCTHTYTA AAepHBIX HecnenoBakuii. dy6Ha, 1998

Bystritsky V.M., Filipowicz M., Pen’kov E.M. E15-98-242
Method of Investigation of Nuclear Reactions
in Charge-Nonsymmetrical Complexes

A method for experimental determination of the nuclear fusion rates in the duHe
molecules in the states with J=0 and J=1 (J is the orbital momentum of the system)
and of the effective rate of transition- between these states (rotational transition 1-0)
is proposed. It is shown that information on the desired characteristics can be found
from joint analysis of the time distribution and yield of products of nuclear fusion
reactions in deuterium-helium muonic molecules and muonic X-ray obtained
in experiments with the D2+He mixture at three (and more) appreciably different

densities. The planned experiments with the D, + He mixture at the meson facility PSI

(Switzerland) are optimized to gain more accurate information about the desired
parameters on the assumption that different mechanisms for the 1-0 transition
of the duHe complex are realized.

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