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Abstract

Experimental study of nuclear fusion reactions in a ptµ system
Experiment “TRITON”
The goal of the project is to study the reactions of fusion of proton and tritium nuclei catalyzed by negative muons. To search the pt-fusion within the ptμ muonic molecule, the methods developed under solutions of experimental problems of muon catalyzed fusion are proposed. Earlier this phenomenon of considerable interest for nuclear physics was investigated in the PSI experiment (1993) occurring in a triple hydrogen isotope mixture, but the experimental data on the yields of the pt-reaction products partially either contradict modern theory or are absent. Within the framework of this project, an experiment was performed in 2016 using the TRITON installation at JINR (Dubna, Russia). A created specially liquid-tritium target (ZhTM) with a volume of 50 c.c., filled with a liquid hydrogen-tritium H/T mixture (1% T and 0.1% T), was exposed to a beam of negative muons (104 s-1, 100 MeV/c) from the JINR Phasotron. The experiment uses a highly effective detection system containing two gamma-detectors and ensuring reliable registration, as well as identification of pt-reaction products under the different relative geometry of target and detectors. In our three experimental runs with a total duration of 300 hours the pairs of electron-positron (e+e-) and gamma-gamma (γγ) pairs in the output channels of pt-fusion reactions were detected, which were not observed in other previous experiments either "in-flight" (beam-target), or in ptμ-molecules. In addition, the measured data of the yields of γ- and μ- channels of pt-fusion are in good agreement with the results of the experiment in PSI, for which there was a significant discrepancy with the theory.

 

Further analysis of the experimental data is planned by use a computer program package developed on the basis of the Monte Carlo method to describe the kinetics of muon catalysis in a hydrogen-tritium H/T mixture. In order to determine the efficiency of detection equipment and the adequacy of theoretical models to the results of experimental measurements, the simulation of physical processes will be performed taking into account the actual geometry of the experiment. As a result of the analysis of the time and energy experimental spectra, the yields of pt-fusion products (for the first time for the e+e- pairs and the γγ pairs) will be found with accuracy not worse than ~ 10%, which will allow determining the nuclear reaction constants for M1 and E0 transitions in the system A = 4 of four strong interacting particles.
Project TRITON was recommended by 33 Session of JINR PAC for nuclear physics 20-21 January 2011 with high priority.
The collaboration:   Russia (JINR, RFNC-VNIIEF, NRC “KI” - ITEP, NRC “KI”), Poland (INP PAS), Czech Republic (NPI ASCR)   
Introduction
The muonic catalysis (MC) phenomenon is defined by the combination of mu-atomic and mu-molecular reactions initiated by muons in a mixture of hydrogen isotopes H/D/T, the final stage of which are nuclear fusion reactions. To date, MC processes have been extensively studied both theoretically and experimentally, and their calculated and measured characteristics, in the most cases, are in good agreement with each other. The methods developed in the MC study are widely used in various fields of atomic physics, as well as in the elementary particle physics, and have demonstrated repeatedly their effectiveness, including the studies of the reactions of hydrogen isotope fusion at low (~0.1 keV) collision energies and certain angular momentum.

The goal of this project is to study the fusion reactions of proton and tritium nuclei catalyzed by negative muons. Such processes of pt-fusion occur in the muonic molecule ptμ, and the dominant ones are the following:

ptµ →  4Heµ  +  γ            +   19.8 MeV,                                                                  (1)

ptµ →  4He  +  µconv.        +    19.8 MeV,                                                                 (2)

ptµ →  4Heµ  +  e+e-        +  18.8 MeV,                                                                   (3)

ptµ →  4Heµ  +  2γ           +   19.8 MeV.                                                                  (4)

Reactions (1) and (2) were studied earlier in the PSI experiment (1993) only, and the experimental data on the yields of the pt-reaction products are either in contradiction partially with the modern theory or completely absent. A considerable interest for theoretical models of nuclear physics is also the study of output channels in (3) and (4), as a result of collision processes corresponding to transitions between states with a definite total nuclear spin. In particular, since the total spin pt can be 1 or 0, i.e. the initial state of the nuclear system is either 1+ or 0+, and the final state (ground state 4He) is 0+, then the transitions 1+ → 0+ (M1) and 0+ → 0+ (E0) are possible.
To carry out the experiment, the TRITON installation was created, which includes a liquid-tritium target (ZhTM) of 50 c.c. The target was filled with a liquid hydrogen-tritium H/T mixture (1% T and 0.1% T) and exposed to a beam of negative muons (104 s-1, 100 MeV/c) from the JINR Phasotron. In the experiment a highly effective detection system was used, containing two gamma-detectors, which provided reliable registration, as well as identification of products of the pt-reaction under the different relative geometry of target and detectors. A detailed description of this experiment can be found in [1]. 

1. Main results of work for project TRITON in 2015-2017 yy.
At the Phasotron of the DLNP of JINR, during the periods May 10-16 and November 14-24, 2016, according to the theme "Physics of Light Mesons" (No. 03-2-1101-2010/2016), the Problem-Thematic Plan (PTP), two runs of measurements of the characteristics of pt muon catalyzed nuclear fusion reactions were conducted. The concentration of tritium in the liquid hydrogen target in the first run was ct = 1%, in the second run - ct = 0.1%. The total duration of the data taking was 300 hours. The scheme of the experimental setup is shown in Fig. 1a.
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Fig.1. a) Scheme of the experimental setup: 1-3 - counters of the muon beam; E1, E2 - electronic telescope; F is the filter of the muon beam; G1, G2 - gamma-ray detectors; M - muon detector; H/T - is the target with a liquid mixture of hydrogen isotopes;

b) the experimental energy spectrum of the electrons/positrons of the reaction (3) detected by the detector E1, the unmarked peak corresponds to the passage of only one partner - an electron or positron from the pair
The reaction channel (3) with the yield of the electron-positron pair was observed for the first time (see Fig. 1b).

In addition, it was also possible to register the reaction channel (4) with the yield of two gamma quanta. The total statistics collected on the TRITON installation in two runs is about three thousand (recorded) double events (4) that satisfy the selection criteria for gamma quanta by simultaneous recording in two different gamma detectors.

As a result of measurements in November 2016, the statistics (see Fig. 2) were collected with different geometries of the installation: gamma detectors were first located at a relative angle of 180 and then 110 degrees which makes it possible to analyze the angular correlation of pairs 2γ (4), and also to exclude the explanation of the observed double events by a possible re-scattering of gamma quanta from one detector to another. 
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Fig. 2. Measurement-2016 of the reaction (4) yield at tritium concentration ct = 0.1% on the same statistics for two different relative positions of gamma detectors: at a relative angle of 180 ° (upper figure) and 110 °.
With a decrease of the tritium concentration by a factor of 10 in the November run, the process of mu-catalysis of pd fusion began to proceed more intensively:
pdμ → 3Heμ + 2γ + 5.5 MeV,                                   (5)

which is explained by a decrease in the muon transfer to tritium in the presence of an impurity of deuterium. It  is due to the natural contamination of deuterium in hydrogen 10-2 volume fractions and in the added tritium at the level of 10-4 volume fractions). Under these conditions, as in the case of pt-fusion (4), the detection of double gamma quanta (5) with a total energy of about 5.5 MeV was noted. The statistics for such double events, which satisfy the selection criteria for simultaneously recorded gamma quanta in different detectors, amounts to a total of about a hundred events.
In the experiment, previously known reaction channels for pt fusion (1) and (2) were observed with the yield of single gamma quanta and conversion muons. A preliminary analysis of the obtained data on reactions (1) and (2) is in good agreement with the results of the PSI experiment [2] on the change of the yields of the reaction channels with the gamma quantum (1) and the conversion muon (2) with the concentration of tritium in the mixture.

At present, more detailed processing of the results of the experiment is carried out, but the important conclusions follow from preliminary data analysis:
1. For the first time in the investigation of the reactions of pt-fusion, a nuclear reaction channel (3) was detected with the yield of electron-positron pairs (Fig. 1b) and channel (4) with the yield of a pair of gamma quanta (Fig. 2.);

2. The obtained results confirm the theoretical predictions of Ya.B. Zel'dovich and S.S. Gershtein [3] on the  yields of nuclear reaction products  in cold hydrogen with the participation of muons;
3. In the preliminary analysis of the time and energy experimental spectra, the rates of nuclear reactions with yields of pt-fusion products (gamma quanta and conversion muons) are determined. The results of the experiment in PSI are confirmed:
	
	Fusion rate

(ptγ (Ipt=1)  ((s-1)


	Muon conversion rate

(pt( (Ipt=0)  ((s-1)


	PSI experiment  results [2]


	0.067(0.002-0.002+0.005 
	0.15(0.02


	Results of preliminary processing of the experiment TRITON data
	0.065(0.004 (stat)


	0.11(0.01 (stat)  
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2. Supplement to experiment TRITON, motivation for extension in 2018-2020 yy.
Advantages of using the muon catalysis method in the study of nuclear reactions:
1.   It is practically impossible to correctly study pt-fusion from a pure s-wave in beam experiments, because even for the lowest collision energies, despite the presence of a centrifugal barrier, the E1 transition from the p-wave of the relative motion of the nuclei dominates, masking the contribution of the M1 transition from S waves. This is illustrated in Table 1, it is taken from the last measurement of the cross sections for the reaction of radiative pt-fusion in TUNL. 

Table 1: Intensity of various transitions obtained by the authors of the work [4] in the study of the pt reaction

	Collision energy, keV
	40
	80

	Intensity E1, %
	99,56 ± 0,47
	99,8 ± 0,7

	Intensity М1, %
	0,44 ± 0,28
	0,2 ± 0,06


2.   Theoretical analysis shows that meson exchange currents (MEC) play a very important role in the radiative capture of n + 3He at low energies. MC reaction (1) can be used to study non-nucleon degrees of freedom in a four-nucleon system and to study the spin-isospin structure of the MEC operator [5].

3.   Since the Ss value (the S factor due to the M1 transition) for 3H (p, γ) 4He is closely related to the 3He (n, γ) 4He reaction cross section at thermal energies, this result can serve as an additional test of model assumptions and should lead to more accurate values ​​of the high-energy neutrino flux expected from the 3He + p reaction in the Sun. The 3He (p, e+ν) reaction is a probable source of high-energy neutrinos on the Sun, where the average kinetic energy of protons is of the order of 1 keV. These cross-sections are either impossible or very difficult to measure under laboratory conditions.

4.   Only the muon catalysis method makes it possible to study the conversion channel-the reaction with energy transfer to the muon [6]. In the molecule ptμ in states p + t with spin 0 emission of the γ-quantum is impossible (0 → 0 transition), due to the E0 transition, the internal conversion of the muon occurs. This transition also occurs with the formation of electron-positron pairs. According to the classics of muon catalysis, Ya.B. Zeldovich and S.S. Gershtein, the muon conversion rate is ~ 105 s-1 and the ratio of the conversion rates of muons and pairs should be R = μ / (e+,e-) ≃ 0.7 [3]. This statement, as well as the corresponding predictions of modern theory [7], have not yet been verified.
Plan of future work on the experiment TRITON

Creation of the method to process the experimental data. Processing of TRITON experimental data. Preparation of methodological and experimental results for publication.. Carrying out works on decommissioning of the TRITON installation.

Specific suggestions for work

1. Carry out Monte Carlo calculations on the detection efficiency of single particles emitted from the target in the actual geometry of the experiment (20 MeV gamma quanta,  20 MeV conversion muons, and electrons up to 52 MeV from the decay of muons stopped in hydrogen inside the target).

2. Improve the technique of ascertaining charged particles pairs emitted from the target (electron-positron pairs with a total energy of 19 MeV), including  Monte Carlo calculations for comparison with the results obtained.

3. Conduct an irradiation run of a gamma detector on an electron beam with an energy of up to 20 MeV to verify the correct operation of the simulation program for physical processes in the detector while electron detection.

4. Develop a technique for determination of pairs of neutral particles emitted from the target (a pair of gamma quanta with a total energy of 20 MeV), including Monte Carlo calculations for comparison with the results obtained

(Monte Carlo calculations must be performed within the framework of a well-founded theoretical model of the phenomenon - the energy and angular distributions of gamma quanta).

5. Taking into account the exact concentrations of hydrogen isotopes analyze the kinetics of muonic-atom and muonic-molecular processes in a liquid tritium target with the calculation of a two-component and three-component mixture.

6. Calculate the systematic errors in the physical quantities measured in the TRITON experiment.

7. Develop a project for the decommissioning of the TRITON installation from service, and carry out work on the decommissioning.
3. Work plan of the experiment TRITON extension in 2018-2020 yy.
Preliminary assignment of responsibilities between the participating institutions

Theoretical justification - NRC "Kurchatov Institute " - ITEP, NRC "Kurchatov Institute"

Calculations of kinetics – INP PAS (Poland), , NRC "Kurchatov Institute"

Development of methods and experimental processing - JINR

Calibration of detectors - JINR

Decommissioning of the TRITON – RFNC-VNIIEF, JINR plant

Modeling of physical processes - JINR, NPI ASCR (Czechia)

Analysis of the experimental results - JINR

The schedule of works on the experiment TRITON by quarters in 2018-20.
	№ 
	Activity
	Responsible person 
	2017
	2018
	2019
	2020

	1.
	Theoretical justification
	L.N. Bogdanova
M.P.Faifman
	3-4
	1-4
	1-4
	

	2.
	Calculations of kinetics
	A. Adamczak

M.P.Faifman
	3-4
	1-4
	1-4
	

	3 
	Development of methods and experimental processing
	V.N. Duginov
K.I. Gritsaj
	3-4
	1-4
	
	

	4
	Calibration of detectors
	D.L. Demin
A.I. Rudenko
	
	1-4
	
	

	5
	Decommissioning of the TRITON installation 
	D.L. Demin

A.A. Yukhimchuk
I.P. Maksimkin
	3-4
	1-4
	1-4
	1-4

	6 
	Modeling of physical processes using tools 

GEANT  and MCNPX
	V.P. Volnykh 

V. Wagner 
	
	1-4
	1-4
	

	7 
	Analysis of the experimental results for ptµ- fusion

and preparation for publication
	T.N. Mamedov 

D.L. Demin
	
	
	1-4
	1-4


Assessment of human resources

The head D.L. Demin

Performers from JINR

LNP JINR       K.I. Gritsaj, V.N. Duginov, T.N. Mamedov, A.I. Rudenko, A.D. Konin,

                       V.P. Volnykh, A.M. Artikov (0.5 FTE), N.A. Baranova,

                       A.I. Boguslavsky, V.I. Kolomoets (0.5 FTE), A.P. Kustov,

                       N.N. Kashirina., A.V. Simonenko (0.5 FTE) – decommissioning of
                    TRITON installation of, Monte Carlo calculations of physical processes in

               installation of TRITON, data processing, calibration of detectors at electron
 beam

ORB JINR     V.N. Buchnev, V.Yu..Schegolev - decommissioning of

                    







TRITON installation 
Collaboration

Russia

Sarov  VNIIEF A.A. Yukhimchuk, V.V. Baluev, О.P. Vikhlyantsev,

                I.P. Maksimkin, R.K. Musyaev, S.V. Filchagin, A.V. Kuryakin,

                A.D. Tumkin, A.I. Gurkin, A.V. Buchirin - decommissioning of

                    







TRITON installation 

 Moscow NRC "Kurchatov Institute" M.P. Faifman - theoretical justification, analysis of the kinetics of muonic atomic and molecular processes in the target. 
               NRC "Kurchatov Institute " - ITEP L.N. Bogdanova - theoretical justification

Poland

Krakow  INP PAS A. Adamczak - calculations and analysis of the kinetics of muonic  atoimic and  molecular processes in the target

Czechia 

Řež     NPI ASCR V. Wagner, M. Sukhopar - Monte Carlo calculations

                                                physical processes in the TRITON installation
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Needed resources for the development plan of the experiment TRITON 
“Experimental study of nuclear fusion reactions in a ptµ system”

	Names of the parts and the systems of the installation, resources, sources of financing.


	Cost of the parts (thousand dollar) of the installation. Needed resources
	Suggestions of the Laboratory in the delivery of the finances and the resources

	
	
	2017 year
	2018 year
	2019 year
	2020 year
	

	Expenses
	Main parts and equipment.
	150
	15
	45
	45
	45
	

	
	Construction/repairing cost
	
	
	
	
	
	

	
	Materials
	
	
	
	
	
	

	Needed resources
	Man-hour
	Resources  (hours)


– accelerator

	100


	
	100


	
	
	

	Financial sources
	Budget

financing
	Затраты из бюджета, в том числе инвалютные средства
	150
	15
	45
	45
	45
	

	
	Out of budget means
	   Collaborator aid 
Grant financing

Other sources
	15

	
	5

	5

	5

	


Head of experiment
Description of expenditures from the JINR budget for the last 3 years

1. Operation of the TRITON unit – 120 k$
2. Acquisition of materials – 8 k$
3. Resources of the accelerator, the operating time of the Phasotron is 300 hours
A brief explanation of the relationship between the estimated costs and the specific objectives of the experiment

1. Development of the project for decommissioning the TRITON - 15 k$
2. Production of decommissioning of the TRITON installation - 135 k$
3. Calibration of detectors on an electron beam - 100 hours
4. Theoretical justification, modeling of physical processes in the installation, kinetics calculations - 15 k$ (attraction of grant financing)
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Estimated Costs by Activity “Experimental study of nuclear reactions of fusion in the ptμ system” (Experiment TRITON)

	No

	Name of the expense
	Full cost
	2017 year
	2018
	2019
	2020 

	
	Direct expenses
	
	
	
	
	

	1.
	Accelerator
	100 h.
	
	100
	
	

	2.
	Computer
	h.
	
	
	
	

	3.
	PC connections
	k$
	
	
	
	

	4.
	Design department
	Man-hour
	
	
	
	

	5.
	Workshop 
	Man-hour
	
	
	
	

	6.
	Materials
	k$
	
	
	
	

	7.
	Equipment
	k$
	
	
	
	

	8.
	Construction/repair 

of apartments
	k$
	
	
	
	

	9.
	Payment for work performed under contracts
	150 k$
	15
	45
	45
	45

	10.
	Travel expenses in total 

a) Foreign travel

б) Domestic travel 

c) By protocols
	k$
	
	
	
	

	
	Total direct expenses
	150 k$
	15
	45
	45
	45


Head of experiment
Head of Laboratory
Economist of Laboratory 
Brief analysis SWOT (English SWOT) - strengths, weaknesses, opportunities, threats)

1. Strengths of the TRITON experiment are based on the long-term and fruitful cooperation of the authors and executors of the project, who are highly qualified in the field of mesic and nuclear physics.

2. It is necessary to strengthen the team in terms of works on the processing of the experiment and modeling of physical processes in the installation, since unexpectedly obtained new data on the pt-fusion channel with the output of a pair of gamma quanta require new methodological developments.

3. In the tritium purchased for the experiment (from a single supplier), for technical reasons, the deuterium content was one percent. Presumably, the project offered a double mix. The presence of deuterium in a mixture of hydrogen isotopes complicates the task of describing kinetics and requires additional efforts.

4. The decommissioning of an installation similar to the TRITON installation will be carried out for the first time. It is possible that the costs planned for this project to decommission the TRITON plant will be underestimated.
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