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1 Introduction

At the present time interest in the study of charge-nonsymmetrical muonic
complexes like HpZ (H= p.d,t; Z= **He, %7Li, "Be,...) [1-10] has signifi-
cantly risen. It 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-
lers 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 lusion to investigations of nuclear reac-
tions in the keV energy region seems Lo be more promising than the traditional
method. Due to very simall cross-sections for the processes under investigation
(~ 107 — 107" em?) 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
dute complex as well as optimization 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 (dp**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
dp to He nuclei occurs via creation of an intermediate g-molecular dgHe com-
plex in the excited state with the orbital momentum J = 1 (term 2po}. Sub-
sequently, the complex decays to a Heu atom and a deuteron (predissociation
channel) with the rate A or deexcites to the ground state lso with emission
of the 6.85 keV X-ray or Auger electron. The rates of the deexcitation process
are A} and Al respectively. The total rate Mo = /\:) + AL+ Al 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].

2 Choice of the diuHe system for experimental investigations is motivated by a large
number of theoretical studies on this complex (in comparison with other charge-
nonsymmetrical complexes) [3,10,15].



OIMXTUL O

+2(1 2y3 ut sassanoxd Jluonur 1o swaysg [ Jiy

%

—

PPy

acu ‘
o8}
P+ *(rop) (eHrip)
ox 9\] _
0=r ‘odg T=r ‘odg
aiﬁuz%v_

+2H + [3z(2177p)]

"
s .\_+:+v

(sH"p) At ug +d

14

I = ‘odg
7+ 4[2(e7p)]

THOS My

)



ground state Is (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 with the rate A{ are also

possible:
duHe 5 p+ o + i+ 1835 MeV, (1)
< Lige + (164 MeV). (2)
diHe — %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, = A0 + A2 + A in
tlie above-me [monf(l channels are also possible.

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

Papers [8,9] present different schemes of the 1-0 transition * . According to [3],

the 1-0 transition is realized in the form of a two-stage reaction:

1) creation of a neutral quasi-atom of helium. the rate of this process is A, = 2
10" 57! (normalized to liquid hydrogen density (LHD). n, = 4.25-
102 em™3):

++ 1*
[(duHe)fte]” + He — [(d,me) i 2¢] + Het (4)
J=1 o1

i) an external Auger effect with the rate Ay, = 8.5- 10" 57"

[(duHe) ,,,,Qf,] + D(Dy) = [(deHe)t 2¢] + DD + ¢ (5)
J=0

Paper [9] (in its authors’ opinion) presents a full scheme of the 1-0 transition

(see Fig. 3):

(Mie)* + Dy — (Mge)* + DY + ¢, (
(Mie)t + Dy + X = (MyeDy)t + X, (
(M)t + He + X = (MyeHe)* + X, (

(Mie)t + He— (M, ee)t + He', {

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.

1 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.
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(MyeD)" + He—s (Myelledy® + D, fm

(MyeHe)t + He— (Myee) + He, fiiy
(MieDo)t = (Mye) + DY+ o (2
(MyeHe)t + Dy~ (MgeHe)t + DI + ¢ (13)
(Myee) + Dy — (Mgee) + DI + ¢, (14)

where My = (dplle) o Mg = (dpHe)yzo; X = Do He
All the following considerations will be connected to these two variants of the
I-0 transition scheme:

a) two-stage transition 1-0 [8] (processes (9) and (1)),
b) all processes in the 1-0 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 vates 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 (XS, A}), and the effective rate of the
1-0 transition {Ayq).

This means that the variables A?, Al Mo 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:

dNpoy _ dNpyy - Npey
dt dt dt )
Ao Aro ? _ .
=n,Tq:Wacp() /\rm ()\f,p(w _A.(.)_B(”’_) .e /\x‘; (15)
4 dec
dN, dN, 4 dNy
dt — dt dt
AOl"l'l'l A AU i
=, T Waex = (A‘ - ) ceTh (16)
)\ Ader
Ne = Np) + Noga) = 1oty + T ()
Ny =N+ NS =n, T, (18)
Afor /\10)\f f,p(v)
n qisWae (/\ o T £ ; (19)
p(v) = 1 P(‘Y))\ A f.p(v) 20,
5 According to theoretical estimations, A} P(’Y)/)\f o) ~ 1072+ 1073 [9].



, )‘form 1 }\IU/\U .
Ty = nuqlsi/vdgx H (/\'y + Tﬂ:y ; (.2())
b /\n/\i\x‘ ?2(7(1(7”:\
Ao = — e ———— (according to [8]); 21
v ( r’ier ' /\A‘utgg(jd + /\IIS;‘(‘"HP) accone 8 [ J) ( ’
« A AR o0y
Alg= e Auer d {according to [4] 22)
WS Xt hag () g to [9]) (
)\1 = /\form + /\U + /\d(]“‘,ﬁu}di’j(‘],’ (3”
)‘fnrm = /\gl}{ﬁ%(«7}le; (Z])
A= Ao + Ao, (25)

where 7, is the #-stop intensity in the mixture, A, is the [ree muon decay
rate (Xy = 0.455 . 10° s7hy, M. is the rate of muon transition between the dye
atom and the He nucleus, Cue and (74 are the helium and deuterium atomic
concentrations in the mixture, Ep(~) 15 the registration efficiency for protons
(¥ quanta) from reaction (1), ¢ is the mixture density, A is effective rate
of the I-0 transition in the dptHe system, )\fny(pu()w) 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 dy®He system — reactions (1) and (2), for du'He
- reaction 3)), ¢, is the probability that the du atom created in the excited
states reaches the ground level, Wiy is the probability of direct capture of a
muon by a deuterium atorn in the mixture (Wy = (1 + ACu./(1 — Cyo)) Y,
where 4 = 1.7 £ 0.2 [16] is the fraction of probabilities of direct capture by
a deuterium atom and helium), e, is the X-ray registration efficiency, Ayq, is
the rate of the ddu 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 )\,],Lli), Aip >
Aform, A, /\fl(o), Add, and correspond to times ¢ > 1//\;9. 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:

- ! 1 10)‘?,;)(7) 5
yr)(*/) - A f,p(~) /\38‘ ’ (~()J
1 AjpA!
yx::ﬁ(,\‘+ i (27)
A K Agﬂﬁ



3 Results of the optimization

One can see from (16)-(19) that information about the parameters A{ .

”\II.;'('»)' ;\m can be obtained only under the assumption that the values of Wy,
1{v)

W Giee Ager < e Spia)s Exv Aorms AL are known "

Fignres 1a-b show calculated dependencies of: a) the proton vield from reac-
tion (1) and b) the X-ray (equations (26).(27). as a function of the mixture
density. Figures de-d show analogous dependencies for one muon stopped in
the Dy+*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 values 7 :
= 2.0 10" pstop/s: Wy = 0L92 [16):
e = 710" 5700 M =152 00" 57

/\U

dec

=50-10" 7 A% = 172 10" s

(the results of averaging some theoretical investigations see [3.10] and refer-
cnces therein);

Ao =2- 100571 8] AR, = 8.5 1057 [B):

Aa= 31097 9] A =5 1017 [9];

Ay = 18- 10%s7 19, Aga, = 0.04 - 10% 7' [20]

(the values of Mgy, and Aqq, for the density region ¢ from 0 to | were treated
as constant and equal to the corresponding values for 30 K)¥;

wy = 012221, 8=058[21]; Ch. = 0.05; 'y = 0.95;
6 The variables Ay and Agp, are found indirectly from the analysis of the time
distribution of muonic X-rays {6.85 keV}: Afopm = At = Ao = A sCawa-
” During the caleulations of proton and muonic X-ray vields the g, values from
[17,18] recalculated for our ronditions were used.
8 The experimental programme for investigation of the dute molecule properties
stiggests performance of experiments in such a condition.
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Fig. 4. Calculated dependence of:
a) the yields of the proton from nuclear synthesis in the du®He complex;
b) the yields of the X-ray with an energy of 6.85 keV;
c) the same as a) but for one muon stopped in the mixture;
d) the same as b) but for one muon stopped in the mixture
on the deuterium-helium mixture density.

Curves:
1 — full scheme of the 1-0 transition processes [9];
2 — two-stage 1-0 transition (processes (7) and (12));
3 — two-stage 1-0 transition (processes (9) and (14));
solid lines are for Cye = 0.05, dotted lines for Cy. = 0.1
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Dependence of the ratio of the proton to the X-ray on the Dy+3He mix-
ture density.

1, 2 — 1-0 transition [8] and [9], respectively (Af, = 10°s71 M = 10%
s7h);

3,4 — the same as 1 and 2, but for A, = 10° s7'; A} | = 107 s~
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=035, =5 107"

Besides. the dashed lines in Figures 1a-1 and 5 show an analogous dependence
of Y, (2}, Yi(¢) and ;\w(;,s)‘ calculated for the helinm concentration Cy,. = 0.1,
Also, figures 4a, 4b show this dependence for a stmiplified scheme of the 1.0
transition (two-stage processes ncluding (7) and (12))Y 1t is worth mention-
ing that in the process of analyziug the experimental data o parametrization
of the fur.ction ;\1()(,:) was used:

/\10('79,) =Ty

o
3

+ st t. (28)

This parametrization plays the role of an interpolation polynomial of the Mo
function. To obtain this polynomial at least three exposures to a muon hean
for different densities v (and for fixed helium concentration Che) are required.
Having found the interpolation polynomial. one can determine the real A
function and by comparison with the ahove-discussed theoretical predictions
identify the 1-0 transition mechanism.

Figure 6 presents the ratio ¥,./Y, as a function of the mixture density for the
mechanisms [8.9] of the 1-0 transition and two sets of AP, and Al values:

a) A, = 10° 51, A, =10"s71 b) A2, = 10° s~1,; Afp =107 571,

As is seen, hy 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 di*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 ' The choice of optimal conditions consists in searching for three or
more values of the mixture density in the range from 0 to | by the least squares
method:

k. (Ni(exp) — ni (theo Ti)?
=y LRl ftheon T, (29
-y Lo ?arf;xz(themm)?, (k > 3), (30)

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

't 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. 109 s 1,

12



where N {exp), Ni(exp) are the numbers of registered protons from reaction
(1) and 6.875 keV X-rays for exposures with the mixture density ¢ = ;. re-
spectively:

ny(theor) = fiOA .M ALy = ro® 4 sp? + 1o Th) (31)

(see eq. (19));
nix(theor) = fz(;\'m = 7'59? + &p? +tp, T3) (32)

{see eq. (20)).

The values (r:, = ,/n:) T (rj( = ,/n; - T; are the vartances of the caleculated

normal distribution of registered protons and X-rays respectively:
.f\"ri)(exp) = nip -1+ a:) 71, Ni(exp) = ni- T4 ol

T is the time of statistics gathering for the exposure with the mixture density
wi; 11 15 the random number according to normal distribution.
The varied parameters are r, s, ¢, Ty, Ty, Ts (T =T, + T, + Ty 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

o), o, and the mean values n,0i, ni i, respectively.

DY X
F‘igures 8a-c present dependence of the relative errors of the parameters ’\?,p’
Al Ao 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 with 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 1E4 channel at PS]
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 optimizations (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 with / = 0 and J = 1.

Table 1 shows results of the optimization for the case of gathering statistics
time of 1000 h in the ¢ E4 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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a) Af, =10%s71 A =10 57" 1, 2and 3,4 — 8A7,
1-0 transition mechanisms [8] and [9], respectively:

b) A2, = 10° s7%; Al = 10" s7'; description is the same as for Fig 8a;
¢) creation of the neutral muonic complex and external Auger effect:
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(1) The rate of nuclear fusion in the dp*He molecule from J = 0 if this rate
is larger than 8- 10% 570 and 2 10% 577 for the mechanisms [8] and [9]
respectively,

(2) The rate of nuclear fusion Ay, il the mechanism [8] is correct and the
absolute valne of this rate is larger than 3-10% 57 lu the other case only
the apper himit can be determined.

{33 The npper limit of Af at the 90% confidence level for the meclianism [0]
of the -0 transition. This limit is determined not only by the absolute
value of )‘f{,p but also by the ratio ’\}-p/’)‘:)»v (see Table 1).

[t is worth mentioning that these considerations are ouly valid il the back-
ground is negligible '' . As to determination of the 1-0 transition mechanism
by mieasuring 5\10, the situation is the same.
One can see from figures Ta-h that the intervals of measuring );,(;\1(),) and
};(;\;()) correspond to the 1-0 trausfer 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.f
(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] '%. Figures 9a-c
show dependencies of relative errors of the parameters /\RP’ )\}.p and Ay 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 +3He mixture will be determined by two factors, first - im-

portance of physical problem and second - cost of creation of the experimental

scl-up working in such a wide range of mixture density.

! The hackground level measured in the test experiments [4] in 1E4 channel at PS]
shows that after some modification of the registering system (3] it is possible to
reduce the background to a negligibly small valne.

2 (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 helinm mixture requires using the mixture in the form
of magnetic bottle.
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Brictpuuknii B.M., [lenvkos @.M., ®uannosuy M. E15-98-242
Merton HccrefoBaHUs SAEPHBIX PEaKLMi
B 3apANOBO-HECHMMETPHYHBIX MIOOHHBIX KOMILIEKCAX

Mpemwtoxen MeTOA IKCIEPHMEHTATLHOIO ONPENENEHHS CKOPOCTell peakuuit sfepHoro
cuntesa B diHe-Monekynax B coctosuusx ¢ J=1 u J=0 (J — OpOMUTAILHBIA MOMEHT
cHcTeMB), a Takxke 3GPeXTHBHO# CKOPOCTH BpAILiATENbHONO Nepexona MeXay 3THMH COCTO-
suuaMu. [Tokasano, yto uHGopMauus 06 HCKOMBIX MapaMeTpax MOXeT OBITE HaHAeHa IyTeM
AHATH3a BHIXOAOB M BPEMEHHBIX pacrpele/icHUH IPONYKTOB DPEaKUMH SAEpPHOTO CHHTesa
B duHe-moslekynax (IIpOTOHOB, 7Y-KBAaHTOB), a TaKXe MIO-PEHTIEHOBCKOrO HITyuCHHA
(E = 6,85 k3B), H3MEPEHHBIX B 9KCIIEPUMEHTAX TIpK Tpex (1 Oonee) paxTMYHBIX 3HAYEHHAX

wiorsoctd D, + He-cmecu. TlpoBefieHa ONTHMH3AUMS 3KCTIEPUMEHTOB, 3arUTAHHPOBAHHBIX

Ha Me3onHoi ¢abpuxe PSI (Lseituapus), ¢ uenblo NoMy4eHUs NpeLH3HOHHOH HHbopMaLiK
06 MCKOMBIX NapaMeTpax B NPETOKEHUM Peai3aliii paiTHYHBIX MexaHH3MoB 1 — O-miepe-
xoza.

PaboTa BhintonHena B JlaGopatopuu snepHsix npofinem OWAH.

TMpenpunt OFLEXMHEHHOTO HHCTHTYTA siepHbIX HecneoBanuil, Tybua, 1998

Bystritsky V.M., Filipowicz M., Pen’kov F.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 D, +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.

Preprint of the Joint Institute for Nuclear Research. Dubna, 1998
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