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The review is devoted to the experimental method for the muon catalysis investigation based on
the detection of neutrons produced in the negative muon catalyzed fusion reaction. This method has
a great advantage over others, because it allows measurements in a wide range of temperatures and
densities of D/T or H/D/T mixtures, which is very important for the full knowledge of the investigated
process. This paper is predominantly based on the investigations of the Dubna group which achieved
a high progress in the method development concerning both the detector parameters and the new
analysis means.

�¡§µ· ¶µ¸¢ÖÐ¥´ Ô±¸¶¥·¨³¥´É ²Ó´µ³Ê ³¥Éµ¤Ê ¨§ÊÎ¥´¨Ö ¶·µÍ¥¸¸  ³Õµ´´µ£µ ± É ²¨§  (ŒŠ),
µ¸´µ¢ ´´µ³Ê ´  ·¥£¨¸É· Í¨¨ ´¥°É·µ´µ¢ µÉ ¨´¤ÊÍ¨·µ¢ ´´ÒÌ ³Õµ´µ³ Ö¤¥·´ÒÌ ·¥ ±Í¨° ¸¨´É¥§ .
�ÉµÉ ³¥Éµ¤ µ¡² ¤ ¥É ¢ ¦´Ò³¨ ¶·¥¨³ÊÐ¥¸É¢ ³¨ ¶¥·¥¤ µ¸É ²Ó´Ò³¨, É ± ± ± ¶µ§¢µ²Ö¥É ¶·µ¢µ¤¨ÉÓ
¨¸¸²¥¤µ¢ ´¨Ö ŒŠ ¢ Ï¨·µ±µ³ ¤¨ ¶ §µ´¥ É¥³¶¥· ÉÊ· ¨ ¶²µÉ´µ¸É¥° ¸³¥¸¨ ¨§µÉµ¶µ¢ ¢µ¤µ·µ¤ ,
ÎÉµ ¢ ¦´µ ¤²Ö ¢¸¥¸Éµ·µ´´¥£µ §´ ´¨Ö ¨§ÊÎ ¥³µ£µ ¶·µÍ¥¸¸ . � ¡µÉ  µ¸´µ¢ ´ , £² ¢´Ò³ µ¡· §µ³,
´  ·¥§Ê²ÓÉ É Ì, ¶µ²ÊÎ¥´´ÒÌ £·Ê¶¶µ° ‹Ÿ� �ˆŸˆ („Ê¡´ ), ¤µ¸É¨£Ï¥° ´ ¨¡µ²ÓÏ¨Ì Ê¸¶¥Ìµ¢ ¢
· §¢¨É¨¨ ¤¥É¥±Éµ·µ¢ ¨ ³¥Éµ¤µ¢  ´ ²¨§  Ô±¸¶¥·¨³¥´É ²Ó´ÒÌ ¤ ´´ÒÌ.

INTRODUCTION

The experimental discovery of the muon catalyzed fusion (MCF) process [1]
and the ˇrst investigations of this phenomenon were made with the bubble cham-
bers [2]. Extensive studies of µ-atomic and µ-molecular processes were carried
out by the Dubna group with the diffusion cloud chamber [3]. It is in those
experiments the phenomenon of the ddµ-molecule resonance formation was ˇrst
revealed. The counter technique in the MCF study was ˇrst employed in [4]
and then successfully developed by L. Lederman's group [5]. The NaI de-
tectors were used in those works to detect γ quanta from the fusion reaction
pdµ → 3Heµ + γ + 5.4 MeV. A unique combination of the counter technique
and the track device was demonstrated by the Gatchina group in investigations of
the MCF process in deuterium and D/T mixture [6]. The charged products of the
MCF reactions d + d and d + t were detected by the ionization chamber. This
method is characterized by important advantages such as high spectrometric prop-
erties and 100 % detection efˇciency but has serious limitations in the gas ˇlling
parameters (density, temperature, and tritium contamination) and time resolution.
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The neutron detection method consists in registration of neutrons from the
fusion reactions

d + d −→ 3He + n + 3.3 MeV, (1)

d + t −→ 4He + n + 17.6 MeV, (2)

t + t −→ 4He + n + n + 11.3 MeV. (3)

This method allows measurements in a wide range of the experimental conditions
and also the investigation of the temperature and density dependence of the MCF
parameters. That is why this method is most spread in different laboratories
(Dubna, PSI, LAMPF, RIKENÄRAL).

For the ˇrst time, the neutron detection of the MCF reactions was employed
by the Dubna group in the experiment with a gaseous deuterium target [7]. Few
years ago, the authors used this method in the measurements of the temperature
dependence of the ddµ-molecule formation rate where the direct proof of the
resonance character of the MCF process was obtained [8]. Later the authors
achieved high progress in the method development concerning both the detector
parameters and the new analysis means.

1. DETECTORS

Scintillation detectors with an organic scintillator are used in MCF experi-
ments based on the neutron registration. This is mainly due to their large detection
efˇciency. In such detectors the scintillation light produced by the recoil protons
is collected on the photomultiplier (PM). The amplitude spectrum re�ects the pro-
ton energy distribution extending from zero to the maximum value equal to the
neutron energy. The cross section for the n−p interaction is 2.5 b for 2.5 MeV
neutrons from the d + d reaction and 0.7 b for 14 MeV neutrons from the d + t
reaction, which corresponds to the detection efˇciency per the scintillator thick-
ness unit � 10 %/cm and � 3 %/cm, respectively. Another important advantage
of such detectors consists in the possibility of realizing the neutron-gamma sepa-
ration in (liquid and crystalline) scintillators and, thus, essentially discriminating
a background.

In the experiment [7], the Dubna group used a neutron detection system
consisting of nine detectors, each a �70× 30 mm stylben scintillator [9]. Many-
parameter analysis was employed provided the �exible use of the selection criteria.
Neutron-gamma separation was made by comparison of the total charge of the
detector signal and the charge of its fast component. Due to relatively small
scintillator dimensions the detection efˇciency was not so large and amounted to
only a few per cent.
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Fig. 1. Scheme of the neutron detector with
an ®open¯ cuvette: 1 Å te�on cuvette; 3 Å
liquid scintillator; 7 Å PM

In the pioneering experiment [10],
where MCF reaction (2) was ˇrst de-
tected, more effective detectors were
used [11]. Neutrons were detected by
four detectors with the NE-213 liquid
scintillator. The scheme of the detec-
tor is shown in Fig. 1.

The novel idea underlay in the
detector design. A te�on cuvette
95 mm in height and 100 mm in di-
ameter was directly connected with
the PM without any transparent ma-
terials and light guide. This origi-
nal design with a highly effective re-
�ector allows essential improvement
of the spectrometric properties of the
detector as compared with the ®stan-
dard¯ detectors with a glass or metal-
lic cuvette. So, the energy resolution
was equal to σ = 0.12/Eee (MeV) %.
Here Eee is the so-called equivalent
(on the scintillator light yield) electron
energy.

Detectors used later by other
groups [12Ä14] for the MCF study were of approximately the same size but
had the worse energy resolution. The main two neutron detectors in [12] used
� 12.7×10 cm NE-213 (volume 1.3 l). The LAMPF group [13] used the detector
with Bicron BC-501 liquid scintillator with volume 1.6 l. In the RIKENÄRAL
experiments [14] neutrons were detected by two NE-213 detectors of relatively
small size (v � 0.5 l).

The dominant achievement of the Dubna group was the realization of the
full absorption neutron detector (FAND) [15], which surpasses essentially other
detectors in the detection efˇciency and has better spectrometric properties.
The preliminary investigations of the properties of NE-213 and te�on as a
light re�ector were made [16]. Both the NE-213 scintillator optical trans-
parency and the optical re�ection coefˇcient of a te�on were independently
measured for the ˇrst time. The improved analysis of the data [16] was done
in [17]. It turned out that, contrary to the previous data obtained by other
authors, NE-213 has a very high transparency. The light attenuation length
was measured to be ξ = (4.69 ± 0.07) m. As to te�on, its re�ection coefˇ-
cient (r) was found to be r = 0.970 ± 0.002 which is very high. This made
possible good parameters for a detector of very large size to be obtained.
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Fig. 2. Scheme of the full absorption neutron detector: 2, 6, and 7 are the cuvette,
scintillator and PM, respectively

Fig. 3. Charge distribution measured in [18]
with a high-density deuterium target and the
FAND (histogram). The solid line is the
Monte-Carlo calculations [19]; the dashed line
corresponds to a ®bare¯ detector

The spectrometer consists of two
identical parts symmetrically placed
around a target. The total scintil-
lator volume of two detectors was
22 litres. The NE-213 liquid scintilla-
tor was used for registration of reac-
tion (1) with n−γ separation and the
plastic scintillator for investigation of
MCF reaction (2). The scheme of the
FAND is shown in Fig. 2.

The main ideas of [11] were used
for the design of the FAND. As in
detectors [11], PM's contact directly
with the scintillator, and te�on is used
as a re�ector. Four PM (XP 2041)
view the 11-litre cuvette ˇlled with
NE-213. The cuvette was made of
stainless steel, its internal surface was
laid with te�on. Both detectors are
placed in the immediate vicinity of
the target which provides a large solid
angle (65 %) of the system. This al-
lowed a decrease in the external back-
ground. The intrinsic detection efˇ-
ciency was � (50−70)% for neutrons from reaction (1) and 40−50% (depending
on the energy threshold) for neutrons from reaction (2).
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Contrary to the usual ®grey¯ detector where amplitude distribution re�ects the
single interaction recoil proton spectrum, the full absorption (®black¯) detector
provides the enhancement of the high-amplitude part of the distribution resulting
from the almost full loss of the neutron energy in multiple scatterings. This
allows a decrease of the detection efˇciency loss and the appropriate uncertainty
connected with the threshold in�uence.

Fig. 4. Compton electron spectra mea-
sured with 60Co (a), 137Cs (b), and
22Na (c) γ sources. Lines correspond
to the Monte-Carlo calculations with the
optimum value of the energy resolu-
tion [20]

The charge distribution of the FAND
for neutrons from reactions (1) is shown
in Fig. 3. The speciˇc shape of the FAND
charge spectrum is most clearly manifes-
ted for a ®bare¯ detector (dashed line).
The real spectrum (histogram) measured
with a high-density deuterium target is dis-
torted due to speciˇc character of n−d
interaction. Nevertheless, it differs radi-
cally from the one measured with ®grey¯
detectors.

Close packing of the PM's, their di-
rect contact with the scintillator, and the
use of te�on as the light re�ection mater-
ial provided high spectrometric properties
of the FAND. The analysis of the light
collection process in the FAND was per-
formed in [17]. It turned out that the to-
tal collection efˇciency is � 70 % and the
dominant part (> 95%) of light is col-
lected on PM's during 25 ns. (It is re-
markable that the light collection process
in time can be described with the same
mathematics which is used for the time
spectrum of the ˇrst detected neutrons in
the MCF process. For this, one should
identify light attenuation with muon decay,
light loss in re�ection with muon sticking,
and PM's geometrical efˇciency (relative
surface of their cathodes) with the neutron
detection efˇciency [17].)

The Compton electron spectra obtained with the γ sources of 137Cs
(0.667 MeV), 60Co (1.17 and 1.33 MeV) and 22Na (0.51 and 1.28 MeV) are
shown in Fig. 4 [20]. The high detection efˇciency allowed conˇdent simulta-
neous registration of two γ quanta with the total energy of 2.5 MeV from the
60Co and of 1.69 MeV from the 22Na sources. The parameters of the FAND
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were found from the analysis of the spectra shown in Fig. 4 with the use of the
Monte-Carlo simulated distributions [20]. The energy resolution was found to be
σ = 5.6

√
1 + 10/Eee % (FWHM).

Fig. 5. The detector pulse shapes for the
2 × 2 × 0.5 cm plastic scintillator and
XP-2020 PM (a); for ∅ 10 × 9.5 cm
NE-213 scintillator with XP-2040 PM (b);
and for ∅ 31× 16 cm neutron spectrome-
ter [15] (c). The measurement results are
shown by triangles connected with lines,
and the Monte-Carlo calculations are pre-
sented as histograms

Special investigations were carried
out to study the time properties of the de-
tector. The shape of the detector signal
is determined by two processes Å scin-
tillation light irradiation and light col-
lection on PM. Both processes were in-
volved in the analysis which was per-
formed in [17]. The results of the corre-
sponding calculations are shown in Fig. 5
for detectors of different size in com-
parison with the measurements. As one
can see, they describe the real signals
well.

The FAND time resolution was de-
termined in [21] with a γ source by
measuring coincidence between signals
from the FAND and a small-size detec-
tor. It turns out that the FWHM of the
time resolution curve is only 3.1 ns. Of
course, the spread in the neutron time
of �ight from the target to the detector
deteriorates the time resolution. As fol-
lows from the Monte-Carlo calculations
for 2.5 MeV neutrons, the time resolu-
tion function is well described by the
Gaussian with the width of 5.6 ns. Finally, if one takes into account the time
registration system with a �ash ADC, the full width of the time resolution curve
becomes equal to 13 ns.

Good timing properties gave us the possibility of precisely measuring the pa-
rameters of the fast (tens of ns) component of the time spectra while investigating
the MCF d + d reaction in deuterium [18,22].

The principal problem of the neutron method is knowing the absolute detec-
tion efˇciency εn. It is not a trivial task to determine εn for organic scintillation
counters because it is in�uenced by factors like the geometry of the surround-
ing material, generation of light by various reaction products and because many
energy-dependent cross sections are involved. Because of lack of neutron cali-
bration sources with the well-known intensity and sufˇciently large energy, the
efˇciency had to be calculated. The Monte-Carlo technique was used for this
purpose.
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Calculations of εn for neutrons detected by the FAND in the Dubna experi-
ments are described in [19,25]. The CERN package GEANT was used in [25] for
the simulation calculations. Because it lacks the appropriate low and fast neutron
interaction cross sections, GEANT was linked with the MICAP [26] package.
MICAP uses experimental neutron cross sections from the ENDF/B-VI data base
from 20 MeV down to thermal energies (10−5 eV). This includes: partial cross
sections, angular distributions, energy distributions of reaction products and de-
exitation photons. The preprocessed ENDF/B-VI data represent the experimental
data within 2 %.

Fig. 6. Charge distribution for 14 MeV neu-
trons measured in [27] with the FAND (his-
tograms). Distributions are plotted for sin-
gle (a) and coincident (b) events. Lines are
the Monte-Carlo calculations [25]

After the calculation of the en-
ergy deposited inside the scintillator,
the electronic output signal was ob-
tained by ˇrst converting the energy
into scintillation light considering the
particle type, and then converting the
total light output into an electric signal
by applying the detector response func-
tion [20]. This function takes account
of factors such as nonuniform light
collection depending on the position
of light generation inside the scintil-
lator and photon statistics. The results
of calculations [25] for 14 MeV neu-
trons from reaction (2) are presented
in Fig. 6 together with the measured
spectra.

One neutron detected in a scintil-
lator may generate a response from one
detector or, due to scattering or to gen-

erated gamma rays, from both detectors. This leads to a single and coincident
rate. The corresponding spectra are shown in Fig. 6 together with the measured
ones. As is seen, there is a good agreement between the measurements and
calculations for both cases (single and coincident). The intensity and amplitude
calibration of the calculated single spectrum was normalized to single data. The
normalization thus obtained is then applied to the calculated coincident spectrum,
which then neatly coincides with the corresponding data. This means that the
single-to-coincident ratio is well predicted, which is considered to be a sensitive
validation check for the calculations. The estimated relative uncertainty in εn is
not worse than 5Ä7 %.

The neutron detection system with FAND was successfully used under study
of the MCF process in solid, liquid and gaseous deuterium [18, 22, 23] and for
investigation of the muon transfer from deuterium to helium [24]. The most
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effective realization of the neutron method with high efˇciency detectors was
demonstrated in experiments on the systematic study of the MCF d + t fusion
process (see, for example, [27Ä29]).

2. INVESTIGATION OF THE MCF d + t PROCESS

2.1. Experimental Method. The principal quality of the Dubna MCF ex-
periments is that we use high-density (solid, liquid or gas) targets ˇlled with
D/T or H/D/T mixture. This provides very high multiplicity (∼ 100) of neutrons
produced by a single muon during its life time (2 µs). High intensity of detected
events results in deˇnite difˇculties connected with pile-up. This effect seems to
be more essential for a high-efˇciency detection system used by us. However,
we were able not only to solve the pile-up problem but also to receive a proˇt
from the high neutron multiplicity. Special methods were developed for this.

The principal features of our experimental method are the following:
1. A high efˇciency neutron detection system is used in the close to 4π

geometry.

Fig. 7. Scheme of the experiment: N1 and N2 are the FAND; 1Ä3 are the detectors for
incoming muons; 4 and 5 are the wire proportional counters
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2. For muon and electron registration we use specially designed wire propor-
tional counters with very low sensitivity to neutrons.

3. To eliminate the distortions caused by pile-up, the charge time distributions
for the neutron detector signals are measured, contrary to the usually registered
time distributions of the number of events. Flash ADC are used for this aim.

4. Novel methods for the data analysis are used which are most effective for
the case of high neutron multiplicity.

The scheme of the experiment is shown in Fig. 7.
The installation was mounted on the muon beam of the JINR Phasotron.

The main parts of the experimental set-up are a compact cryogenic target, a wire
electron counter [30] and a full absorption neutron spectrometer [15], consisting
of two identical detectors (N1 and N2).

Pulses from the PM of the neutron spectrometer are registered by �ash ADC
(8 bit× 2048 samples, 100 Mc/s) producing a time distribution of the N1, N2
signal amplitude for each single muon. To provide correct time measurements,
the signals of the detector for incoming muons and the electron counter are also
analyzed by �ash ADC. The example of ®oscillograms¯ observed on �ash ADC
is shown in Fig. 8.

Fig. 8. Flash ADC signals for a single muon. The signals are shown for N1 (a), N2 (b)
N1 and N2 together (c) and for the muon and electron detectors (d)
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The trigger equirements included the presence of the signals of muon stop
(1, 2, 3a, 3b, 4, 5) and electron (5 or 5, N1 + N2) during the time gate 20 µs
long starting by the incoming muon signal (1, 2). Insertion of the electron signal
in the trigger makes it possible to radically suppress a background connected
with the muon stops in the target walls, where muon undergoes predominately
(90 %) nuclear capture without electron escape. Additional suppression of this
background is achieved at the condition when only delayed electrons (later than
0.2 µs after the gate start) are permitted.

Another important advantage of this is that the direct normalization on the
electron number becomes possible without a necessity to determine the number
of muon stops in hydrogen. This method was ˇrstly employed by us in the ˇrst
experiment on the MCF d+ t reaction [10] and allows the successful performance
of this fundamental work.

2.2. Analysis Methods. The most popular and practically the only method
used by most groups involved in the study of the MCF d + t process is the
so-called standard method where the yield and time distribution of all detected
neutrons from reaction (2) are registered and analyzed. This distribution has the
well-known one-exponent form

dNn/dt = εnΛc exp [−(λ0 + WΛc)t]. (4)

Here Λc = λcφ; φ is the hydrogen density relative to the value
4.25 · 1022 nuclei/cm3; λ0 = 0.455 · 106 s−1 is the free muon disappearance
rate; εn is the neutron detection efˇciency; W is the effective muon loss in the
d+ t cycle which includes the muon sticking to helium in the d+ t, d+d and t+ t
reactions. The number of electrons from µ decay Ne is used for normalization

Nn/Ne = εnΛc/[λ0 + Wλc]. (5)

The slope of exponent (4) and the normalized neutron yield are the measured
parameters. The values of Λc and W are extracted from (4) and (5).

In the Dubna experiments, we also used the standard method. To obtain the
spectrum (4) we created the time distribution of the neutron detector charge Q(t).
For this we summed the amplitude spectra for each neutron detector shown in
Fig. 8. Then the spectrum Q(t) was transformed to the time distribution of the
number of events Nn(t) using the unit charge [31]. The latter was measured in
special conditions providing the low neutron multiplicity, where each charge pulse
corresponds to one neutron. Charge distributions obtained in such exposures were
compared with the calculated ones to obtain the experimental value of εn as a
function of the threshold.

The principal disadvantage of the standard method is that the main MCF
parameters Å cycling rate and effective muon losses Å are not obtained directly,
only their product is measured directly. In our measurements we employed two
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novel independent methods suggested and developed in Dubna [32, 33]. These
analysis methods make it possible to directly measure the values of λc and W .
A suggestion of [32] was to measure the distribution Nne(t) which is a function
of the interval t = te − tn between the last detected neutron of the series and the
µ-decay electron. This distribution has the form of a sum of two exponents with
signiˇcantly different slopes [32,33]

dNne/dt = (λ0/λn)[WΛc exp (−λ0t) +
εnΛc(1 − W ) exp (−(λ0 + λn)t)], (6)

where λn is expressed as

λn = (εn + W − εnW )Λc. (7)

The ˇrst (®slow¯) exponent corresponds to the events with muon sticking and the
second (®fast¯) one to the events without sticking. The cycling rate is determined
from the fast component slope, and muon loss is obtained from the ratio of
the amplitudes of slow and fast exponents: As/Af = W/εn(1 − W ). The
examples of such distributions obtained in a liquid D/T mixture are presented
in Fig. 9. As is seen from the ˇgures, the events with and without sticking
are clearly separated. Different slopes of the fast components of the spectra
re�ect the different values of cycling rate realized for the tritium concentrations
CT = 35.8% and CT = 88.5%. The advantage of the method is that charge
calibration is not necessary in this case.

Fig. 9. Electron-last neutron timing spectra measured with a liquid D/T mixture. Spec-
trum a corresponds to the exposure with CT = 35.8 % and variant b was selected for
CT = 88.5 %. Lines are the ˇt with expression (6) and the optimum parameters εnΛc

and W/εn
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Another idea [33] was to measure the neutron multiplicity (number of detected
neutrons, k, per muon) distribution in some deˇnite interval T . If one selects the
events for which the muon does not decay in this interval, then this distribution
would be a sum of two terms. One of them, the Gaussian (Poisson) with the mean
m = εnΛcT , corresponds to the events without sticking, and the other, depending
on W and falling with k, is the distribution of events with muon sticking:

N(k) = N1[f(k) + (1 − W/εn)mg(k; m)], (8)

where N1 is the total number of the ˇrst detected neutrons in the interval T ;
g(k; m) is a Gaussian and f(k) is described as

f(k) = yk−1 − yk = y1[1 − y1(1 − W )][y1(1 − W )]k−1,

where y1 = εnΛc/λn = (1 − W/εn − W )−1 is the relative yield of the ˇrst
detected neutrons. So, as in the previous method, there is a separation of the
events with and without sticking.

Examples of the neutron multiplicity distributions (charge normalized) are
given in Fig. 10. Such distributions for each exposure were ˇtted with formula
(8). The quantities W/εn and the Gaussian (Poisson) mean m = εnΛcT were
variable parameters. Other parameters were the total number of events and the
dispersion of the Gaussian. The optimal ˇt is shown by the curve.

The original expression (8) is ®phenomenological¯ and approximate. Sur-
prisingly, it describes rather well the multiplicity distributions in a wide interval
of m. So, for m = 8−40 ˇt of the appropriate Monte-Carlo (M-C) spectra with

Fig. 10. Neutron multiplicity distributions measured with a liquid D/T mixture. Spectrum a
corresponds to the exposure with CT = 35.8 % and was plotted for both ND and time
interval T = 1 µs. Variant b was selected for CT = 88.5 %, both for ND and T = 2 µs.
Curves are the optimum ˇts
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formula (8) gives the results coinciding with the predicted ones within 3−4 %.
Of course, the accurate analysis needs a rigorous expression for the multiplicity
distribution accurate over the entire range of m.

The rigorous expression was obtained in [34]. It has the form

f(k) =
[ε(1 − W )]k

(ε + W − εW )k
P (k) +

[ε(1 − W )]k−1W

(ε + W − εW )k
F (k), (9)

where P (k) is the Poisson distribution with the mean m = λnT

P (m) =
(λnT )k

k!
e−λnT ,

F (k) = 1 − e−λnT
k−1∑

i=0

(λnT )i

i!
,

and λn is given by formula (7). Formula (9) corresponds to the ®event mode¯,
where the number of detected neutrons was considered. Really the distributions
of the neutron detector charge are measured in experiments and were divided by
the unit charge to obtain a multiplicity distribution. The real response function
of the detector results in diffusion of the measured spectra as compared with the
ones obtained in the ®event mode¯. It turned out that in good approximation
(with accuracy of 2Ä3 % in cycling rate), the real distribution might be obtained
as convolution of formula (9) with the Gaussian function. The Gaussian width is
varied to obtain the best agreement between the experiment and calculations.

In experiments with a high density D/T and H/D/T mixture at temperatures
to 800 K, the targets with rather thick walls are used. This leads to noticeable
(50 %) losses of electrons reaching the electron counter and thus to a decrease
in statistics. Another essential loss of electrons arises during the procedure of
their conˇdent identiˇcation. The multiplicity method allows an increase in the
measurements efˇciency. For this, one should exclude the requirement of the
electron signal in the trigger and select only those neutron series whose duration
is larger than the chosen interval T . Of course, only λc can be determined in this
case since events without muon sticking to helium are accepted. An example of
the multiplicity distribution selected with this criterion is shown in Fig. 11.

The comparison of all methods used by us in the analysis is given in the
Table.

The statistical power is practically the same for all the methods. Indeed, in the
standard method the main factor for the statistical accuracy is the limited number
of electrons, the number of neutrons is much higher under real experimental
conditions. In two other methods, the full statistics is the number of the ˇrst or
last neutrons which are also approximately equal to the electron number.
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Fig. 11. Experimental multiplicity distribu-
tion accumulated for the time interval T =
1 µs and selected under the criterion tlastn >
T . The line is the Gaussian with the opti-
mum parameters found in the ˇt

In our investigations we use all
three mentioned methods. It allows
us to realize the conˇdent data analy-
sis with minimum systematic uncer-
tainties. Of course, the full analysis is
rather complicated and includes many
tests with different selection rules for
events to be accepted.

As follows from our experience,
the main problem is connected with the
electron identiˇcation. In the condi-
tions when one muon can cause ∼ 100
fusion neutrons it is possible to take a
neutron for an electron, which yields in
distortion of results. Even in our case,
where a wire counter for electron de-
tection is used, this possibility can be
noticeable. To exclude the false elec-
trons, the following criteria are used
under the event selection:

Å require coincidence between
the signals of electron and neutron de-
tectors;

Å put the threshold for the energy loss in neutron detector large enough
(� 10 MeV) to exclude the neutron in electron identiˇcation.

The results of our consideration show that ambiguities in the main MCF
parameters caused by the false electron, decrease to 3Ä4 % if these requirements
are obeyed.

Comparison of different methods used in the MCF study

Method λc, W Charge Electron
determination calibration detection

Standard Indirect Necessary Required
te−tn Direct Not required Required

Multiplicity Direct Required Not necessary

Note that determination of the cycling rate by the multiplicity method is
free from these ambiguities because the position of the peak in the multiplicity
distribution does not depend on selection criteria. So we have an excellent test
for the results obtained by other methods.
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Another problem is how the neutron detection efˇciency depends on the
neutron multiplicity (cycling rate). The main idea of using the �ash ADC is that
the total charge per number of neutrons is conserved even when the ND signals
mostly overlap. However, it is true only for the zero charge threshold. Really,
the cluster charge should be limited to reduce the low-energy background.

At a high neutron multiplicity, clusters of small charge can overlap with one
or more others and, hence, can be accepted (noneffective threshold). Obviously,
this results in an increase of the detection efˇciency as compared with the low
neutron multiplicity. The real increase depends on several factors, such as the
shape of the ND signal, the form of the response function, the magnitude of the
threshold and the measured cycling rate. Since one would expect an essential
correction to the value of εn, the problem required special consideration.

This was made in [35] where the fusion neutron registration was Monte-Carlo
simulated for a wide cycling rate. All three analysis methods were considered. It
turned out that in the standard and multiplicity methods corresponding corrections
to the efˇciency are not so large. So, even for the maximum possible measured
cycling rate εnΛc = 40 µs−1 they are only 12 %. It is due to the fact that the
dominate yield to the total charge gives the large amplitudes which are much
more than the threshold. Contrary to the ®collective¯ events methods (standard
and multiplicity), the te−tn method is based on consideration of individual events.
That is why the corrections to efˇciency are relatively large in this case and can
amount to 25 %.

As the analysis procedure is correct, the results obtained by the different
methods should be identical. As follows from [27], it is really true within an
accuracy of 5 %. It follows from our consideration that the main sources of
possible systematic errors are connected with ambiguities in the εn calculations
and the charge calibration. In total, they do not exceed 10 %.

Fig. 12. Measured values of λc as functions of temperature for different densities: a) φ =
0.3 LHD; b) φ = 0.4 LHD; c) φ = 0.5 LHD. Circles Å T = 300 K; squares Å
T = 550 K; rhombuses Å T = 800 K. The data are taken from [37]
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Fig. 13. The values of λdtµ−t (points) as functions of temperature obtained from the
cycling rate analysis compared with theory (lines) [38] and other measurements [13]
(empty points). a) φ = 0.3 LHD; b) φ = 0.4 LHD; c) φ = 0.5 LHD

Some of the main results are presented in Figs. 12Ä14. The values of the dtµ-
molecule formation on molecules D2 (λdtµ−d) and DT (λdtµ−t) were extracted
from the analysis of the cycling rate as a function of the tritium concentration in
the D/T mixture. These dependences are shown in Fig. 12.

Fig. 14. Density dependence of the dtµ-
molecule formation rate. Squares are the
Dubna measurements [37] (T = 22 K (liq-
uid)); circles Å T = 74.5 K (gas); rhom-
buses are the results [39] (PSI data); the
dashed region corresponds to the parame-
terization made in [39]

It follows from our analysis that, in
accordance with the theory, the value
of λdtµ−t sharply depends on temper-
ature. The corresponding dependences
are given in Fig. 13. Comparison of
our data with the calculations [38] al-
lows the conclusion that the theoreti-
cal values of the resonant dtµ-molecule
formation rate are larger than the ex-
perimental ones. This coincides with
the opinion of the authors of the ex-
periment [39] conducted at PSI with the
D/T mixture of density ϕ = 0.05. Note
that measurements [39] were made at
the temperature T = 30 K, and the ef-
fect of dtµ formation on DT could be
observed only as an epithermal effect.
Contrary to the case of λdtµ−t, the value
of λdtµ−d depends only slightly on tem-
perature. On the other hand, this value
depends noticeable on density, as is evi-
dent from Fig. 14. This indicates a signiˇcant role of the triple collisions in the
dtµ-molecule formation process.
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CONCLUSION

The neutron detection system based on the FAND is successfully used in
the MCF study at the JINR Phasotron. A high efˇciency of the system allows
a high statistics to be taken even for relatively low muon intensity provided by
the accelerator. Moreover, the new special methods have been developed which
are the most effective just for the high registered neutron multiplicity. In future
we plan to continue the experimental investigation of the MCF process using this
system.

In particular, we intend to study the MCF reaction (3) in liquid tritium. Our
system consisting of two oppositely placed high-efˇciency detectors gives an ex-
cellent possibility of determining the MCF parameters, such as the
ttµ-molecule formation rate λttµ and the coefˇcient of muon sticking to he-
lium ωtt, and studying two-particle correlations in the ˇnal state of the fusion
reaction. The reasons for this are the following.

1. The high neutron detection efˇciency εn allows the high statistics of the
second detected neutrons (∼ ε2n) and thus precise determination of ωtt from the
relation

1 − ωtt = η2/η2
1 ,

where η1 and η2 are the yields of the ˇrst and second detected events, respec-
tively [36].

2. The charge distribution shape of the effective neutron detector is very
sensitive to the yield of the α−n or n−n interactions.

3. Two-particle correlations can also be observed by comparison of the single
detector events and the coincidences between two detectors. Both for the α−n
and n−n correlations the single events should dominate while the essential yield
of coincidences should be in the absence of correlations (pure phase space).
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