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1 Introduction

Investigation of the muon catalyzed fusion (MCF) t + ¢t reaction
t+t—*He+n+n+11.3MeV (1)

is of great interest both for the full knowledge of the MCF process in the mixturc of
hydrogen isotopes and for the study of the reaction mechanism. It may also can give
information on the properties of the nuclear system with A = 6.

The simplified scheme of MCF kinetics in tritium is shown in Fig. 1. The ¢ty molecule

4He+2n+p -J

4Hep+ 2n

Figure 1: Diagram of MCF kinetics in tritium

is formed with the rate Ay, in the J = v = 1 state (J and v are the rotational and
vibrational quantum numbers, respectively), which gives a unique possibility of studing
low-energy (~ 0.1 keV') p-wave t¢ fusion and properties of 17 excited states in the lightest
neutron-rich nucleus ®He [1].

Theoretical analysis of the fusion reaction is complicated by the three-body character
of the reaction (1) final state. The n and a spectra and n — « correlations appear to
be extremely sensitive to the structure of the 17-levels in the A=6 system [1]. The
experimentally determined fusion rate gives the p-wave reaction constant, while spectra
of fusion neutrons complemented by the data on the probability of the muon sticking to
helium (wy;) reveal the reaction mechanism.

According to calculations [2] the values of wy are 18%, 5% and 10% for & —n, n —n
and no correlations, respectively. The neutron energy spectrum reflects the effects of the
particle correlations in the final state. n — n-correlations result in concentration of events
in the region E,, = En,. = 3.8 MeV. For a — n correlations events are grouped necar
E,i ~93MeV and Enp ~ 0.5 MeV.

In the beam-target measurements made for E; = 500 keV' [3], the three-body breakup
neutron spectrum was significantly modified by the presence of the neutron-ncutron in-
teraction and by the He” decay via the He ground state and via a broad “He exited
state.

Contrary to other MCF processes, the ¢ + ¢ reaction gives the continuous neutron
energy spectrum whose character is poorly investigated. That is why it is hard to def-
initely calculate the neutron detection efficiency (e,) and, thus, to use its value in the
experimental data analysis.

The way to obtain the MCF parameters without knowing e, was suggested in [4]
where the value of wy, is directly determined from the ratio of measured vields of the first
detected neutrons (7} and the second ones (72):

L= wy =12/} - (2)
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However, this method involves large statistical difficulties as it requires accumulation of
~ 10? second neutrons, which is a problem at the limited value of ¢,. That is why the
MCF parameters of the discussed process are poorly measured.

The experimental data on the main ¢+t MCF parameters (¢tp-molecule formation rate
My, fusion rate Ay and sticking probability wy) are summarized in Table 1 in comparison
with the theoretical predictions. There are two experimental works made by PSI and

Table 1. Parameters of the ¢t MCF

Parameter | Source Ref | Value
PSI experiment [5] | 1.8+ 0.6
sty RIKEN-RAL experiment  [6] | 2.4 £ 0.6
x10%s~1 | theory [7] | 2.96
theory 8| | 2.64
Af, PSI experiment 511 15£2
x108s~! | RIKEN-RAL experiment  [6] | no
theory 9] | 13
PSI experiment 51 14+£3
wit, % RIKEN-RAL experiment  [6] | 8.7+ 1.9
theory 9] | 14

RIKEN-RAL groups. As is seen, the accuracy of most experimental values is about
20 — 30% and they do not show agreement.

In the PSI1 experiment [5] the efficiency was ¢, ~ 1% and the authors could accumulate
a few thousands of second neutrons and obtained the accuracy of about 20-30% for the
MCF parameters. Another experiment was carried out by the RIKEN-RAL group 6]
at the pulsed beam of the RAL accelerator. The authors determined only the slope of
the "slow” component (see below) of the neutron time spectrum. To extract Auy they
made rough estimation of €, and evaluated the neutron yield from the t + ¢ reaction.
In both experimental works [5, 6] the evidence for the a — n correlations was obtained
by comparing the measured recoil proton spectrum of the neutron detector with the one
simulated for the absence of correlations. However, the correlations and the reaction
mechanism were not analyzed.

The main feature of our suggested experiment is the use of a unique neutron detection
system consisting of two high-efficiency neutron detectors placed symunetrically around
the target. High ¢, allows high statistics, which is important for the accuracy of the
MCF parameters, and, besides, makes possible an independent study of the reaction
character by measuring the neutron energy spectrum and neutron angular correlations.
A disadvantage of the method with high €, is noticeable pile-ups, but we are able to solve
this problem.

2 Experimental method

The experimental setup is presented in Fig. 2. Incoming muons are detected by plastic
scintillation counters 1,2,3 and a wire proportional counter 4 and then stop in the liquid



tritium target with volume V = 10cm®. Mu-decay electrons are detected by the wire
proportional counter 5 and two plastic scintillators 1-e,2-e. Neutrons from the reaction
under investigation are detected by two full-absorption detectors ND1 and ND2 (12.51
NE-213 liquid scintillator each). Signals from the detectors are registered by six flashes

T =
e B e O —

345 l-e 2-e NDl NDI ND2 ND2 l-et+2-e 145

H I J N

FADC| |{FADC|{FADC||FADC||FADC||FADC
1 2 3 4 S 6

Mu-stop |—= Gate —»| Trigger Counters

CAMAC Dataway

PC1 pC2

Figure 2: Scheme of the experiment

ADC (designed in Fig.2 as FADC1-6). A pair of FADC1,3 is used to read the shortened
(30 ns) signals from ND’s. Another pair of FADC2,4 is intended for neutron-gamma
separation. For this aim each ND signal is transformed to the double signal whose parts
correspond to the integral of the ”fast” (50 ns) and "slow” (200 ns) components of the ND
light pulse. Neutron-gamma separation is made by comparison of the “fast” and ?slow™
charges. The n - vy separation makes it possible to suppress the accidental background
and, especially, the background caused by the muon stops in the target walls. However, it
requires =~ 250 ns. So we must introduce the responsible dead time. The possible pile-up
for this time interval is checked by the FADC1,3. Finally, FADC5,6 register the signal of
the muon stop and the pu-decay electron. An example of the ”oscillograms™ for one muon
measured in the test run is shown in Fig. 3.

The test run was conducted by us with the liquid tritium target filled with ~ 4 cem? of
liquid tritium (nuclear density ¢ ~ 1.3 LHD, 1 LHD = 4.25-10*> cm™?) in June 2003. In
Fig.4 the time distributions of g-decay electrons and first ¢t fusion neutrons are presented.
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Figure 3: An example of the ”oscillograms” for one muon measured in the test run.
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Figure 4: Time distributions of u-decay electrons (left) and first ¢t fusion neutrons
(right) measured in test run.

It follows from the test run that the muon stop intensity is ~ 4 s7. It means that we will
have N, =~ 1.4 - 10° muon stops in the 100-hour run. The absolute fusion reaction yield
per muon stopped in tritium is expected to be

YO Ay 0/ o+ Aeg - 0 wn) = 3.
With the experimental yields of the first and the second detected neutrons of about
Th = 2 )‘ttp e 611/[/\0 + /\ttp. T (Cn + th)] ~ 03

and

o =131 —wy) =01
we expect to accumulate the number of second neutrons N2 md = 10* — 10°. This will
provide a statistical accuracy of 1% for N2n/(N1#)? = 1—wy. The number of all detected
neutrons

N,=N, Y% ¢ ~10°

is sufficient to analyze the ND charge spectra and angular correlations between two ND
to investigate the reaction mechanism.



3 Kinetics of the it cycle

The system of differential equations corresponding to the kinetics of the processes shown
in Fig. 1 is
ANy /dt = —(Xo + M) - N+ (1 — wee) - Ap - Ny, (3)
dNy,/dt = —(No + Af) Ny + Ay - Ny (4)
with the initial conditions

Nu(t=0)=1, Ny(t=0)=0.

Here N,,, Ny, are the numbers of tpu-atoms and ¢ty molecules; Ag = 4.55 - 10%s7! is the
muon decay rate. The time distribution of all neutrons N, is

F(t) = AN, /dt = A - Ny,

Note that equations (3,4) (and all that follow) are written for the tritium density ¢ =
1 LHD. In the case of ¢ # 1 LHD the collisional rate A, must be multiplied by .
The exact solutions of the system of differential equations (3,4) were obtained in {4]:

Ao+ Af— Ao+ Af —
.O_f—%.exp(,,m)+b.0_f#ﬂ

Ny(ty=a
t“( ) Attu )\tt;t

- exp(—at)

Nup®) = a-exp(—nt) +b- exp(—t),
where the exponential factors are
21 = Ar + A + 220 — [ + Aape)® — 4wie - Ay - A2 (5)
292 = Ay + M + 20 + [(Ar + ) — dwu - Ap - Ag)'? (6)

and the amplitudes are
a=—-b= >\uu/(72 - 'Yl)-
The time distribution of all detected events is

f(t) = A-exp(-mt) + B - exp(—mt), (7)
A=—-B=¢, A;-a. (8)

Here ¢, is the efficiency of registration at least one of two neutrons from reaction (1), i.c.
the cycle detection efficiency. Thus the time distribution is the difference of "slow” ()
and "fast” (y2) exponent terms with the same amplitudes.

For the first detected neutrons the system of differential equations is the same as (3.4)
but in the last item of (3) the coefficient (1 — wy,) must be replaced by (1 —wy) (1 - €.).
Since (1 — wy) - (1~ €,) = 1 — €, + Wy — €, - Wy, the expression for the time distribution
of the first detected neutrons fi(t) is obtained by the substitution [4]

wy = B =€t wy —€n - w

Finally, the expression for the time distribution of the second detected neutrons is

fo(8) = [A - exp(—ut) + B - exp(—pat)] - £+ fﬂ[emw) = eap(=at) (9)

Y2 — 1)

with the same substitution.



4 Determination of the tt MCF parameters

4.1 General consideration

Parameters of the MCF process in tritium (¢tg-molecule formation rate A, fusion rate
Xs and sticking probability wy) can be found from the analysis of the measured time
spectra of the fusion neutrons, i.e. from the exponent slopes (5,6) and amplitudes (8).

A large neutron detection efficiency €, =~ 40% allows us to accumulate sufficiently
high statistics N2""¢ ~ €2 to determine w, and, as a consequence, other parameters
of the MCF in tritium, with an accuracy of ~ 10%. Such an accuracy of w, allows the
definite conclusion about the type of the correlations in the final state of the ¢ +¢ reaction.

Large ¢, results in significant difference between the time distributions of all neutrons
and the first ones. It allows determining wy; from the difference of the slow component
slopes of these time spectra: €, - A, (1 — wy), whereas ¢, - A is found from the measured
neutron yield.

Even knowing w;; by using relation (2), it is a problem to obtain Ay and Ay, due to the
complicated form of the expressions for the neutron time distribution. A simple way to
extract each of these values was suggested in [4] by making measurements at two different
densities. The sum of the slopes (5) and (6) gives the sum Ay + Ay, where the first value
does not depend on density and the second one is proportional to it. This was used in 15!
where the measurements were made for ¢ = 1.23LHD and p = 0.022LHD.

The target used in the proposed experiment is designed for operating only at one
density (¢ ~ 1.3LHD). So, one should investigate the possibilities of determinating
MCF parameters under these conditions. Another problem is the correct account of the
pile-up effects. To consider the problem we have obtained appropriate expressions and
made the Monte-Carlo simulations of the process.

4.2 Analysis with taking into account the dead time effects

The necessity to realize the n — v separation with the analysis time At = 250 ns requires
the special selection of the detected neutrons to exclude pile-up in the indicated time
interval.

The events selection scheme is as follows (see Fig.5).
1) The first neutron is accepted if the time between the first and second neutrons t;_» is
larger than At. If t;_» < At, we reject all neutrons caused by this muon.
2) The second neutron is accepted if the time between the second and third neutrons f;_3
is larger than At and t,_o > At. If tj_5 > At and f;_3 < At, we accept only the first
neutron from all neutrons caused by this muon.

1-st 2-nd 3-rd

1 T
| |
I |

< e > Figure 5: Neutron selection.

The dominant cause of pile-up is the high detected neutron yield under our experi-
mental conditions. The probability that the second neutron will be in the time interval
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At after the first one is N
5= / Fi(t) dt.
0

Taking into account the value of the neutron yield 7, measured in the test run and the
form of the neutron time distribution one should expect

§~4-5%.

It is important that this value is directly measured using the short ND signals recorded
in FADC1 and FADC3.

Another possible reason can be accidental background (not separated from gammas!).
The corresponding value ¢ can be estimated from the total ND counting rate which was
measured to be Nyp ~ 103571, So ¢ = Nyp-At < 1072, Note that the relation between
& and 6¢ is checked from the time distribution of overlapped signals.

It is more or less obvious, that the dead time selection does not change the shape of
the time distribution for the first neutrons. Nevertheless, this was checked by Monte-
Carlo calculations. As follows from the results of these calculations (given in Table 2) the
exponent slopes of the distributions accumulated for this selection and without it coincide
within an accuracy of 1 — 2%. Contrary to this, the neutron yields are changed. This
leads to modification of expression (2} used for the direct determination of w;,.

Table 2. The comparison of the parameters calculated by the exact formula and those
found by the Monte-Carlo code with and without dead time. The number of muons was
10%. The values Ay, = S3psh Af =6 st wy = 0.15, €, = 0.4 were used.

Parameter | At, | By formula By
us | Eq. | Value | Monte-Carlo code

T 0 (5) | 1.574 1.576 (0.004)
Yo, 48! 0 | (6) |8336] 8.412(0.047)
A 0 | (8 |1.065] 1.063(0.005)
™ 0 | (7,8) [0549] 0.550 (0.001)
7 0 [ (89) [0.256| 0.255(0.001)
N 0 | (2) [0850 ] 0.849(0.012)
Y1, st 031 (5 [ 15741 1573 (0.005)
Yo, 5T 03] (6) |8336| 8.444(0.050)
A 0.3 ] (8,10) | 0.941 |  0.937 (0.005)
7, 03] (10) | 0.485 | 0.486 (0.001)
7 0.3 ] (11) [ 0.169 | 0.168 (0.001)
/()2 03] (12) [0.721 | 0.720 (0.011)

The yield of the first neutrons with allowance for the dead time At will he
m=m-(1-(1-wu) ) (10)
That is, the loss in 7; connected with the dead time selection is 5 — 6 %. For the second
neutrons the corresponding yield is
)

= (1= ) (L= (1= w0) - 0). )



In this case the loss is greater and amounts to ~ 20 %.
The first-to-second neutron yield ratio is

0
(m)?
So we again have an opportunity to determine wy, knowing the measured yields . T
and 4.

To check this calculation algorithm we carried out the Monte-Carlo simulations of #t
kinetics. The resulting time distributions were fitted with formulae (7). In Table 2 the
neutron yields and time distribution exponent slopes obtained by simulations and by the
above formulae are compared. We have good agreement within 1 — 2%. The simulated
time distributions are shown in Fig.6.

Finally, we attempted to analyze the parameters of the Monte-Carlo time distributions
1, v2. A, (05/(7)%) (given in Table 2) with the aim to find the values As, Awy, wie and
€n as free fitting parameters. The results are presented in Table 3. As follows from Table
3, the values obtained are in good agreement with the ones taken in the Monte-Carlo
simulation. It means that we are able to make full analysis even for measurements with
one density.

1-4/m (12)

== TR0

Table 3. Comparison of the parameters obtained with the ones taken in the
Monte-Carlo simulation at the dead time At = 0.3 us.

Parameter | Taken value | Value obtained
Natger 451 3.00 2.95 (0.26)
g, ps ] 6.00 6.16 (0.27)
Wit 0.150 0.151 (0.011)
e 0.400 0.402 (0.020)

counts

1 1 ! 1

i L 1 1 1 1 1 1
0 02 04 06 08 1 12 14 0 05 1 1.5 2 25 3 3.5

time, us time, us
Figure 6: Simulated time distributions of first (left) and second (right) ¢¢ fusion
neutrons with and without dead-time.



5 Independent information on the ¢+t reaction mech-
anism

As we mentioned the MCF parameters such as A; and especially wy, give information
on the £ + ¢ reaction mechanism. Other important information can be obtained from the
independent measurements and their analysis. These are as follows [1].

1. Analysis of the amplitude (charge) distribution of ND. Previous experiments showed
that this spectrum is noticeably stronger than might be expected for the pure phase space
and indicates the presence of the o - n correlations. Our neutron detection system with the
large ND’s has no significant advantage over smaller detectors in feeling these correlations.
However, it is much more sensitive to the possible presence of n-n correlations. This can
be seen from Fig.7 showing ND charge spectra simulated for three cases: no correlations.
strong o — n and n — n correlations.

3000
=
q>_)2500 E .
Q
h_2000 E
o Figure 7: ND charge spectra sim-
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o tions of the n — n and o — n cor-
g 10004 relations.
g 500 eaipho,n
051 -

2 3 4
Eee, MeV

2. With two detectors placed in the opposite directions around the target it is possible
to detect the coincidence signals between them, which would be the case of an interaction
without correlation (phase space). For the pure phase space the relative part of coinci-
dence events would be ~ 50% whereas for the n — n and « — n correlations such events
could be caused only by the rescattering effect and would not exceed 5%.

6 Conclusions

The discussed experiment based on the use of the high-efficiency neutron detection system
will make it possible to substantially improve the accuracy of the MCF parameters of the
t + t reaction. As a result, we hope to determine w, with the 7 — 10 % accuracy and,
accordingly, to improve the accuracy of Ay and Ay, by a few times.

The best solution for the problem would be getting of self-consistent data: "without
€, (without nuclear physics) and "with e,” found on the basis of a model describing the
ND energy spectrum. So MCF parameters will be obtained by two independent methods
and this will allow getting reliable results both on the MCF parameters and the theoretical
model of ¢t fusion.
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The current status of the experimental investigation of muon catalyzed ¢+ fu-
sion is briefly considered. The proposed experiment is discussed. Analysis meth-

ods are developed.
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