
E15-2013-115

L.N. Bogdanova ∗, D. L. Demin, V.V. Filchenkov

STUDY OF THE MECHANISM
OF MUON CATALYZED t + t FUSION REACTION

Submitted to ®Ÿ¤¥·´ Ö Ë¨§¨± ¯

∗ Institute for Theoretical and Experimental Physics, Moscow, Russia



�μ£¤ ´μ¢  ‹.�., „¥³¨´ „. ‹., ”¨²ÓÎ¥´±μ¢ ‚. ‚. E15-2013-115

ˆ§ÊÎ¥´¨¥ ³¥Ì ´¨§³  ³Õμ´´μ£μ ± É ²¨§  ·¥ ±Í¨¨ ¸¨´É¥§  t + t

ˆ¸¸²¥¤μ¢ ´ ³¥Ì ´¨§³ Ö¤¥·´μ° ·¥ ±Í¨¨ t + t → 4�¥ + 2n + 11,33 ŒÔ‚
³¥Éμ¤μ³ ³Õμ´´μ£μ ± É ²¨§ . � ¸¸Î¨É ´  ³μ¤¥²Ó ± ¸± ¤  ·¥ ±Í¨° ¸ 5�¥ ¢ ± Î¥-
¸É¢¥ ¶·μ³¥¦ÊÉμÎ´μ£μ ¸μ¸ÉμÖ´¨Ö. �·¨´ÖÉÒ ¢μ ¢´¨³ ´¨¥ ± ± μ¸´μ¢´μ¥, É ± ¨ ¶¥·-
¢μ¥ ¢μ§¡Ê¦¤¥´´Ò¥ ¸μ¸ÉμÖ´¨Ö 5�¥. �·μ¢¥¤¥´μ ¸· ¢´¥´¨¥ ¸¶¥±É·  Ô´¥·£¨° ´¥°-
É·μ´μ¢, ¨§³¥·¥´´μ£μ ¢ ´¥¤ ¢´¥³ Ô±¸¶¥·¨³¥´É¥, ¸ · ¸Î¥É´Ò³ ¸¶¥±É·μ³ Œμ´É¥-
Š ·²μ. �·¨ ¨§³¥´¥´¨¨ ¶ · ³¥É·μ¢ ·¥ ±Í¨¨ ³Ò ¶μ²ÊÎ¨²¨ μ¶É¨³ ²Ó´Ò¥ §´ Î¥´¨Ö
¤²Ö μÉ´μ¸¨É¥²Ó´ÒÌ ¢¥¸μ¢ μ¸´μ¢´μ£μ ¨ ¢μ§¡Ê¦¤¥´´ÒÌ ¸μ¸ÉμÖ´¨° 5�¥, Ô´¥·£¨¨
¢μ§¡Ê¦¤¥´¨Ö ¨ Ï¨·¨´Ò ¢μ§¡Ê¦¤¥´´μ£μ ¸μ¸ÉμÖ´¨Ö.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³ ¨³. ‚.�. „¦¥²¥¶μ¢ 
�ˆŸˆ.

�·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2013

Bogdanova L. N., Demin D. L., Filchenkov V.V. E15-2013-115

Study of the Mechanism of Muon Catalyzed t + t Fusion Reaction

The mechanism for the muon catalyzed fusion reaction t + t → 4�¥ + 2n +
11.33 MeV is investigated. The model of the cascade reaction with 5�¥ as an inter-
mediate state is considered. Both the ground and the ˇrst excited states of 5�¥ are
taken into account. The neutron energy spectrum measured in the recent experiment
is compared with the Monte Carlo-simulated one. Varying reaction parameters, we
obtain optimum values for the relative weights of the 5�¥ ground and excited states
and for the excitation energy and width of the excited state.

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

Preprint of the Joint Institute for Nuclear Research. Dubna, 2013



1. INTRODUCTION

Investigation of the muon catalyzed tt reaction

t + t → 4�¥ + n + n + 11.33 MeV (1)

is of interest for the complete understanding of the muon catalyzed fusion (μCF)
processes in a hydrogen isotope mixture [1] and for the study of the nuclear
reaction mechanism. The simpliˇed scheme of μCF kinetics in tritium is shown
in Fig. 1.

Fig. 1. Diagram of μCF kinetics in tritium

Stopping in tritium negative muons form μt atoms. Collisions of μt atoms
with T2 molecules result in muonic molecules ttμ nonresonantly produced in the
rotational-vibrational state (Jv) = (11) at the rate λttμ [2]. Fusion reaction (1)
competes with deexcitation of muonic molecules to the lower state Jv = (10)
and with muon decay. The main deexcitaion process is the E0 Auger transition
to the state Jv = (10) with the rate λ11→10 = 2 · 108 s−1. Deexcitation with
the change of the total orbital angular momentum J (electric-dipole transitions)
is considerably slower, its rate is λΔJ=1 < 105 s−1 [3]. In fact, in muonic
molecules with identical nuclei, due to relativistic effects these transitions require
a change of the total nuclear spin. Since the rate of transitions with ΔJ = 1
is smaller than the muon decay rate λ0 = 4.6 · 105 s−1, their role in muonic
molecule deexcitation is negligible. Thus, a fusion reaction in the ttμ molecule
occurs from the p-wave state with a rate λf . After fusion, a muon either sticks to
the helium nucleus with a probability ωtt or is released with a probability (1-ωtt)
and can catalyze a new fusion cycle.

Fusion in the ttμ molecule proceeds at very low energies (∼ 0.1 keV),
which are hardly achievable in the beam-target experiments [4]. Till now the
p-wave contribution to tt fusion cross section has not been determined in low-
energy collision experiments due to a complicated analysis of the three-body ˇnal
state [5]. In a μCF experiment one can deduce the p-wave reaction constant from
the measured fusion rate λf [1]. In addition, spectra of fusion neutrons can be
analyzed and give a unique possibility of studying the decay energy distribution
among all three particles. Indications of the reaction mechanism are found through
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Table 1. Values of ωtt calculated in [6] under different assumptions of the reaction
mechanism for the μCF tt reaction

Interaction Phase n − n α − n
variant space correlation correlation
ωtt, % 10 5 18

this analysis. In addition, an extra constraint appears in μCF process. It is the
muon sticking probability ωtt sensitive to the energy spectrum of 4He which
re�ects particle correlations in the three-body ˇnal state. The results of the ωtt

calculations for different tt fusion schemes made in [6] are presented in Table 1.
Later calculations [7] considering the sequential model mechanism

t + t → 6He∗ → 5He + n → 4He + n + n (2)

give

ωtt = 14%. (3)

The main μCF t + t cycle parameters: λttμ, ωtt and λf are obtained ex-
perimentally from the analysis of the neutron yields and time distributions in
reaction (1). In this case, we have only two experimentally measured parame-
ters (neutron time spectrum slopes). The third parameter, the absolute neutron
yield Y 0

n , remains undetermined because of the unknown character of the neutron
spectrum and therefore of the neutron detection efˇciency εn.

The solution to the problem was found in [8], where it was proposed to
determine ωtt from the ratio

η2/η2
1 = 1 − ωtt,

where η1 and η2 are the experimental yields of neutrons from the ˇrst and second
μCF cycles. This method was used in [9] and [1]. It is important that the
method is effective only for large efˇciency εn, which was obtained in the JINR
experiment [1], where the unique full-absorption neutron spectrometer [10] was
used. This allowed a twice better accuracy compared to [9], though a more
intense muon beam was used there.

The results of three experiments on μCF in tritium [9] (PSI), [11] (RIKEN-
RAL) and [1] (JINR) are presented in Table 2.

The neutron detector (ND) response (energy spectrum) was measured in those
experiments too. All authors noted that the spectrum was appreciably harder than
could be expected from the pure phase space distribution and interpreted this as
an indication of the α − n correlation in the ˇnal state of reaction (1).
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Table 2. Parameters of the μCF cycle measured in experiments

Source of data Ref. λttμ(106 s−1) λf (106 s−1) ωtt, %

PSI experiment [9] 1.8 ± 0.6 15 ± 2 14 ± 3

RIKEN-RAL experiment [11] 2.4 ± 0.6 no 8.7 ± 1.9

JINR experiment [1] 2.84 ± 0.32 15.6 ± 2.0 13.9 ± 1.5

No serious attempts were made in [9, 11] and [1] to investigate the mechanism
of reaction (1). The authors of [11] introduced two neutron energy groups as
follows from reaction scheme (2)

E1n = (6.25 ÷ 9.44)MeV, E2n = (0.38 ÷ 5.08)MeV. (4)

The energies in the neutron groups were adjusted to obtain the best agreement
of the ND response with experiment. Under these assumptions, the authors could,
as is seen in Fig. 2, satisfactorily describe the measured energy spectrum (except
its low-energy part) and estimate the neutron detection efˇciency (εn), which was
required for their analysis. However, parameters of process (2) were not obtained.

Fig. 2. Neutron detector (ND) response measured in [11]. Points are the experimental
data, lines correspond to the calculations of the response under different assumptions on
the neutron spectrum: a) phase space; b) strong α − n correlations; c) neutron energy
distribution (4)
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Our model-independent analysis [1] makes it possible to check the reaction (1)
mechanism. The aim of the present paper is as follows:

1) To obtain information on the reaction (1) mechanism by comparing the
measured neutron energy spectrum (ND response) F (En) with the detailed Monte
Carlo calculations.

2) To estimate ωtt using the simulated energy spectra of α particles.
The agreement between the measured and calculated values would be bene-

ˇcial both for increasing the experimental accuracy and for selecting the reaction
mechanism.

2. EXPERIMENT

Our experiment on the study of the μCF process in tritium was completely
described in [1]. Here we pay attention to the experimental geometry, speciˇc
features of the neutron detection system and some selection criteria for the neutron
events. The experiment was performed at the TRITON setup mounted at the muon
channel of the JINR Phasotron. The experimental setup is schematically shown
in Fig. 3.

Fig. 3. Scheme of the experiment [1] on the investigation of the μCF process in tritium

Scintillation counters 1Ä3 detect incoming muons, which then stop in the
liquid-tritium target (a black circle in Fig. 3). The target was 4 cm high and 1
cm in diameter. The tritium density was φ = 5 · 1022 n/cm3. The total thick-
ness of the target copper ampoule and refrigerator walls (stainless steel) did not
exceed 0.2 cm.

Proportional counters 4 and 5 detected muon stops in the target and electrons
from the muon decay. Detectors 1-e and 2-e registered μ-decay electrons in
coincidence with counter 5. The scintillator thickness in each electron detector
was 5 mm.
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The full absorption neutron spectrometer [10] consisting of two large de-
tectors (ND1 and ND2, each 11.5 l in volume), was the basis of the detection
system. It detected neutrons from reaction (1). The cell of each detector was
310 mm in diameter and 150 mm high and ˇlled with liquid scintillator NE-213.
The scintillator properties allow the n − γ separation and discrimination of the
relativistic background. The γ-quantum discrimination efˇciency was better than
10−3 for the gamma rays, whose electron energies are larger than 100 keV. The
large size of the ND ensured a high neutron detection efˇciency. The intrinsic
detection efˇciency for neutrons from the investigated process was close to 50%;
the solid angle was 30% (0.3 × 4π sr) for each ND.

The ND signals were scanned by the Flash ADC with a frequency of 100 MHz.
Thus, each individual signal was a set of neighboring amplitudes which we call
a cluster [12]. The sum of the amplitudes belonging to the same cluster is the
cluster ®charge¯. The detector response function is the distribution of the ND
cluster charges. The measured response function is shown in Fig. 4 on the scale
of the equivalent (to proton energy) electron energy Eee. The charge calibra-
tion was done at the edge (En = 14.1 MeV or Eee � 7.4 MeV [10]) of the
appropriate spectrum for the d + t fusion process which was also measured in
the experiment [1]. The total (t + t, d + t) spectrum is shown in Fig. 4 without
subtraction of the d + t fraction, which was few percent. Its shape is known
from our previous experiments [13]. The subtracted spectrum was used for the
analysis.

Fig. 4. Total ND charge spectrum measured in the experiment [1]
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3. POSSIBLE VARIANTS OF THE ENERGY DISTRIBUTION
AMONG THREE PARTICLES IN THE FINAL STATE
OF THE FUSION REACTION IN THE ttμ MOLECULE

A possible region for the two neutron energies (En1, En2) according to the
kinematics of reaction (1) is shown in Fig. 5.

For the pure phase space variant of the energy distribution among three
particles, the points are placed uniformly inside the contour limited by the lower
line corresponding to the zero angle between the neutron directions and the upper
one corresponding to the angle of 180◦. The single-neutron energy distribution
integrated over the phase space is presented in Fig. 6. Events corresponding to
the n − n correlation are grouped around the point with equal neutron energies

Fig. 5. The Dalitz plot for the pure phase space energy distribution

Fig. 6. Single-neutron energy spectrum for the pure phase space energy distribution
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En1 = En2 = 3.8 MeV. The α − n correlation results in two neutron groups of
high and low energy.

In Fig. 7, we present our simulated spectra for the phase space (a) and for
the scheme of t+ t reaction via the sequential decay through 5He ground state (c)
and the measured ND charge spectrum (b).

Fig. 7. ND charge spectrum measured in our experiment (b), the spectra simulated for the
phase space (a) and α − n correlations (only 5He ground state) (c)

Fig. 8. ND charge spectrum simulated for the n−n correlated events of the t + t reaction
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A comparison of the measured spectra from [11] (Fig. 2) and [1] reveals some
similarity between them. They both are harder than in the phase space variant and
softer than predicted for the α−n correlation with the maximum possible neutron
energies which are expected if one considers only the ground state of 5He.

The properties of our neutron spectrometer make the separation of the prob-
able n − n correlation yield feasible. In Fig. 8, we present the ND response
calculated for the case where the energy of each neutron was simulated around
the value En1,n2 = 3.8 MeV with a small angle between them. One can see that
the response is a full absorption peak around Eee � 1 MeV. These features were
not observed in the measured spectrum.

So we decided to consider the tt fusion reaction as a sequential process (2)
taking into account the 5He ground and ˇrst excited states.

4. SEQUENTIAL DECAY SCHEME FOR THE t + t REACTION.
ENERGY BALANCE

4.1. Notations. Numerical Values. The energy Q for the reaction

A + B −→ C + D + Q

is expressed as a difference of masses (M) of the particles participating in the
reaction

Q = (MA + MB) − (MC + MD) − E∗(C) − E∗(D), (5)

where E∗ are the excitation energies of the outgoing particles. It is convenient to
use masses m related to the 12C mass. The conversion to the absolute mass M
is performed using the unit mass u

M = m · u, u = 931.49432(28) MeV.

The value of u is taken from [14].
A real calculation of Q involves the mass excess

ΔM = (m − A) · u,

where A is the atomic number of the nucleus. So, expression (5) takes the
standard form

Q = (ΔMA + ΔMB) − (ΔMC + ΔMD) − E∗(C) − E∗(D). (6)

The values of m and ΔM , which were obtained using the data from [14, 15]
and [16] are presented in Table 3.
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Table 3. Relative masses and mass excess for the nuclei participating in the investigated
process

Nucleus Relative mass, m Mass excess, ΔM (MeV) Reference

n 1.008 664 91574(56) 8.0701 [12, 13]

t 3.016 049 2777(25) 14.929 [12, 13]
4He 4.002 603 254 143(63) 2.425 [12, 13]
5He 5.0120 11.294 [14]

4.2. The First Stage of the Process under Study. Here we consider the
reaction

t + t → 5He + n + Q1. (7)

Using the values from Table 1 and Eq. (6), we obtain

Q1 = (10.534 − y) MeV, (8)

where y is the excitation energy of 5He. In fact, this value varied in accordance
with the level width Γ (FWHM), which corresponds to the standard deviation
σ = Γ/2.37 of the Gaussian distribution.

According to [16], for the 5He(3/2−) ground state (GS) we have

yGS = 0; ΓGS = 0.648 MeV (σGS = 0.273 MeV). (9)

So, the neutron and 5He energies for the 5He ground state are

E1n = 5/6 · 10.534 = 8.778 MeV, E5He = 1/6 · 10.534 = 1.756 MeV. (10)

Since the level width is ˇnite, these values should be treated as mean values for
a Gaussian with the standard deviation σ1 = 0.273 MeV.

For the ˇrst excited (EXS) state of 5He(1/2−) the parameters presented
in [16] are

yEXS = 1.27 MeV, ΓEXS = 3.18 MeV (σEXS = 1.34 MeV). (11)

The corresponding neutron and 5He mean energies are

E1n = 5/6 · (10.534− 1.27) = 7.738 MeV,

E5He = 1/6 · (10.534 − 1.27) = 1.545 MeV.

Obviously, the neutron energy must not be larger than the maximum possible
energy of process (1): Emax

n = 5/6 · Q0 MeV = 9.44 MeV, where Q0 =
11.33 MeV is the total energy for reaction (1). This leads to the limitation

y � 0.799 MeV.
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4.3. The Second Stage of the Process. We consider the second stage of the
process, namely, the in-�ight decay of 5He

5He → 4He + n + Q2 (12)

in its center-of-mass system (CMS) and then go over to the laboratory sys-
tem (LABS). According to the previous consideration, the reaction energy for
process (12) is

Q2 = (0.798 + y) MeV. (13)

In the CMS, this energy is distributed between the neutron and the α particle
(En0 = 4/5 · Q2, Eα0 = 1/5 · Q2), which are emitted with the velocities v0n

and v0α in the opposite directions.
According to the kinematic rules, the energies of the outgoing particles in

LABS are
Ex = mx/2 · (V 2 + v2

0x + 2 · V · v0x · cos θ0), (14)

with the bounds

Ex, min = mx · (v0x − V )2/2, Ex, max = mx · (v0x + V )2/2. (15)

In equations (14) and (15), mx and v0x are the masses of the neutron or the α
and their velocities in the CMS; θ0 is the decay angle in the LABS and V is the
5He velocity which it acquired in process (7).

Here are some calculated values for the GS variant (y = 0):

V = 2.74·10−2, v0n = 3, 69·10−2, En,min = 0.42 MeV, En,max = 1.94 MeV.

Velocities are expressed in units of the speed of light. Similarly, for the EXC
(y = 1.27) we have

V = 2.57·10−2, v0n = 5.93·10−2, En,min = 0.37 MeV, En,max = 2.97 MeV.

For an isotropic angular distribution f(θ0) in the CMS, the energy distribution in
the LABS should be uniform with the bounds (15) (with some distortions caused
by the ˇnite level width). Indeed, the distribution f(θ0) is anisotropic. Since
5He is formed in states of negative parity decaying in neutron and α, the angular
momentum and parity conservation require a correlation between the direction
of the 5He motion and the subsequent direction taken by the neutron (alpha) it
emits. The correlation function in the CMS is [17]

f(θ0) = 1 + 3 · cos2 θ0. (16)

The neutron energy spectra simulated for the GS case with parameters (9)
and for the EXS state with y = σ = 1 MeV are shown in Fig. 9 for the isotropic
f(θ0) (as an illustration) and for real angular distribution (16).
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Fig. 9. Neutron energy spectra simulated for the GS case with parameters (9) (solid line)
and for the EXS state with y = σ = 1 MeV (dashed line). a) Isotropic angular distribution
in the CMS; b) real distribution (16)

A comparison of Figs. 2 and 9 (left) shows that two groups of neutron energies
chosen as an optimum in [11] and calculated by us for the 5He excited state are
close to each other. It may attest to the dominant role of this state. On the other
hand, the use of the isotropic angular distribution instead of (16) for the second
neutrons in [11] leads to some impairing of the soft part of the detector response
due to the threshold factor. It possibly explains the disagreement between the
calculated and measured spectra in [11].

5. CALCULATIONS OF THE ND RESPONSE.
COMPARISON WITH EXPERIMENT

5.1. General Scheme. The aim of calculations was to create the ND charge
spectrum and ˇnd the optimum parameters describing reaction (2). Both the
ground and the ˇrst excited states of 5He were taken into account. The parameters
of the GS state were ˇxed according to (9) [16]. The energy and width of the
excited state as well as the relative yields of these states ηGS and ηEXS = 1−ηGS

were variable parameters.
The calculations were performed with the Neutreff code [18], which was

successfully used in our experimental program for the μCF investigations and
checked using the independent code based on GEANT-4 [13]. The calculations
were performed on the event-by-event basis until the required statistics was ac-
cumulated. For each event, the history of the ˇrst neutron (7) and the second
neutron (12) was examined. The neutron charge was obtained by its calibration
in Eee units for the light output L(Ep) of the recoil protons from the n − p
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interaction in the ND scintillator. To obtain the Eee(Ep) data we used the para-
meterization of the most accurate modern values from [19] which agree well with
our measurements [10]. The accuracy of the parameterization was not worse than
(2 ÷ 3)%. The ND charge calibration was made using the edge of the spectrum
corresponding to the registration of the d + t process (Fig. 4).

The neutron interactions in the ®intermediate¯ matter (tritium in the target
and plastic scintillator of detectors 1-e or 2-e) were taken into consideration. This
leads to a change in the neutron energy and direction. The differential and total
cross sections for the n − t interaction were taken from [20].

We checked whether the neutron came into one of the neutron detectors after
leaving the plastic scintillator. If it did, then n−C and n − p interactions were
considered. The data for the n− p and n−C cross sections were taken from [21,
22]. For (n, γ) interactions on carbon the fate of the gamma ray was examined.
If it was registered in the ND, the corresponding event was excluded from the
consideration.

After the required statistics was collected, the spectra from ND1 and ND2
were summed. This total spectrum was compared with the measured one. The
errors in the experimental distribution are really only statistical. Systematic errors
in the calculations mainly result from ambiguities in the approximations of the
neutron cross sections and from the energy dependence of the light output. The
maximum estimate of these errors is � 3 %.

5.2. Check of the Simulations with the Independent Calculations. To check
our code, we compared our results for an arbitrary variant (y = 0.8 MeV,
σ = 0.3 MeV) with the results obtained by V. Bom [23] with the code based on

Fig. 10. ND charge spectra calculated for an arbitrary variant by V. Bom (full histogram)
and in this paper (dashed histogram)
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GEANT-4. Both calculations were compared for the conditions without a thresh-
old to increase sensitivity to the calculation details. The corresponding spectra
are shown in Fig. 10.

The detection efˇciency for the total Ntot (ND1 and ND2) and coincidence
Ncoin (both detectors simultaneously) events are presented in Table 4.

Table 4. Neutron detection efˇciency calculated for an arbitrary variant in this work
and by V. Bom with GEANT-4

Single events Coincidence events
V. Bom 0.532 0.227

This work 0.530 0.229

Rather good agreement is seen between two independent calculations. Note
that the detection efˇciency sharply depends on the threshold.

For the real value Eee = 0.5 MeV, Ntot = 0.215 and Ncoin = 0.077.
5.3. Optimization of the Parameters. The Main Results. The procedure

for the optimization of the parameters was as follows. It is seen in Fig. 7 that
the GS as the only ®pure¯ variant cannot describe the measured spectrum. At
the same time, the corresponding spectrum has distinctions as compared with the
EXS. It allows ηGS to be found in the ˇrst approximation by using (9) and (11)
as the initial parameters [16]. With this value, we could optimize the parameters
for the EXS. It was a suitable way guided by the in�uence of yEXC and ΓEXS

on the spectrum shape. Then, the appropriate value of ηGS was introduced, and
the process was repeated until the best agreement was obtained. The agreement
criterion was χ2.

Fig. 11. The measured charge spectrum (full histogram) in comparison with the spectrum
calculated with parameters (9) and (17) (dashed histogram)
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The uncertainties in the investigated parameters were estimated in the three-
dimensional region [ηGS, yEXC, ΓEXC], inside which χ2 varied by no more than
a few units relative to its optimum value. The optimum value for the interval
(8 ÷ 48) channels is χ2 = 48. It should mean a satisfactory result for the
multiparameter Monte Carlo problem. The obtained results are

ηGS = (23 ± 4)%, yEXS = (1.02 ± 0.16) MeV, ΓEXS = (2.84 ± 0.47) MeV.
(17)

The ND response calculated for the ˇxed parameters (9) and found from our
analysis (17) is presented in Fig. 11 in comparison with the measured one.

5.4. Discussion. As follows from our consideration, we succeeded in describ-
ing the energy distribution of neutrons from the t + t fusion reaction in a ttμ
molecule on the basis of sequential scheme (2). Comparing our results with the
spectra expected for the pure phase space and the n−n correlation, we conclude
that the partial yield for each of them does not exceed 3 ÷ 5%.

Let us now compare our results (17) for 5He EXC parameters with the
modern data (11). One can see that our value for yEXS differs from (11) by
1.5 standard deviations. For the level width the agreement is better: 1 standard
deviation.

6. MUON STICKING TO 4He

The self-consistency of our description can be checked using one more ob-
servable in reaction (1) Å muon sticking to 4He, ωtt, measured in the experiment.
The ˇrst estimations of ωtt made in [6] show that this value strongly depends

Fig. 12. a) Calculations made in [6] for the μα-atom energy spectrum F (Eα) produced
in the tt reaction: 1 Å statistical distribution, 2 Å n − n correlation, 3 Å n − 4He
correlation, and dependence wtt(Eα). b) The F (Eα) spectrum simulated in this work
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on the α-particle spectrum, i. e., on the reaction (1) mechanism. This is illus-
trated in Fig. 12 (left) taken from that paper. In this ˇgure (right), we present the
α-particle energy spectrum calculated on the basis of sequential mechanism (2)
with parameters (11) and (17).

Detailed calculations of the sticking probability using the α spectrum obtained
in this work were performed with the probability densities of the initial sticking
calculated by Markushin [26] as functions of the muonic helium initial velocity.
The results are

ω1S
tt = 13.0%, ωall

tt = 15.9%. (18)

In order to compare the sticking probability calculated using the reconstructed
α spectrum with the experimental value we need to introduce correction for the
muon stripping. Using estimation [26] we obtain ωtt = 14.4%. Our experimental
value is ωexp

tt = (13.9 ± 1.5)% [1]. It is good evidence for the self-consistensy
of our analysis.

7. CONCLUSION

The mechanism of reaction (1) from the ttμ-molecule state was investigated
for the ˇrst time. We analyzed the measured neutron energy (charge of the ND)
spectrum F (En) using the Monte Carlo simulation of process (1). Guided by
the neutron spectrum peculiarities and kinematics we chose for our calculations
a scheme with the 5He ground and ˇrst excited states as intermediate ones.
Sequential three-body decay proceeds via spatially conˇned quasi-stationary two-
body conˇgurations. Then two particles stay close to each other while the third
one moves away. We succeeded in describing the measured spectrum F (En)
with this phenomenological model and were able

Å to determine the relative part of the ground and the ˇrst excited states
of 5He;

Å to estimate independently the excitation energy and width of the 5He
excited state (for the ˇxed parameters of the ground state);

Å to determine the α-particle energy spectrum. The reconstructed
α spectrum was used for calculating the muon sticking probability ωtt, which
depends on the energy distribution among three particles in the ˇnal state of the
tt fusion reaction.

Of course, the most sensitive test of the mechanism for the t+t reaction from
the p-state of ttμ would be direct measurement of the α-particle energy spectrum
using a thin solid layer of tritium in vacuum. Similar investigations (for other
μCF processes) were performed at TRIUMF [27].

It is tempting to relate the mechanism of the tt reaction ®at rest¯, as in the ttμ
molecule, to a more general problem of the 6He nucleus spectroscopy. The known
spectrum of 6He contains the 0+ bound state, the well-known 2+(E∗ = 1.8 MeV)
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three-body resonance, and a desert in the three-body α + n + n continuum up to
the t + t threshold at about 13 MeV. This nucleus is known to have an excited
state close to the t + t threshold (Ex = 14.6 ± 0.7 MeV, Γ = 7.4 ± 1 MeV)
with the likely spin-parity 1− [16]. Since we deal with the three-body α + n + n
continuum close to the t + t threshold, we access the region of 6He excited
1− state. The three-body continuum properties are less known, although rather
much studied over many years.

Some authors note that the most intriguing manifestations of clustering are
the Borromean two-neutron halo nuclei (6He, 11Li), in which the two-body sub-
systems are unbound. This behavior naturally gives rise to the question of the
correlations between the constituents of these three-body systems. What are the
speciˇc features of the continuum of a system with a halo ground state? The recent
developments in radioactive nuclear beam techniques and dynamic approaches to
the three-body continuum theory make it possible to ˇnd out to what extent our
knowledge of the lightest Borromean halo nucleus 6He is complete [28].
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