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1 Motivation

The processes of Muon Catalyzed Fusion (MCF) in deuterium were studied in many
laboratories [1-10]. Recent years have seen significant success both in theoretical
consideration [11-14] and in the measurements of the ddu molecule formation rate
including strong spin effects. Recent data [9, 10] give an example of the progress
achieved in the accuracy of measuring the fine effects of MCF in low-density deu-
terium gas at temperatures 28 + 350 K. But there are still no direct experimental
data for the MCF processes at temperatures above 400 K. The only experimen-
tal result (non-direct) of Agq, at temperatures up to 600 K [2] was obtained from
analysis of muon losses in the experiment with double deuterium-tritium mixtures
and had big errors. It is important that at these temperatures one should expect
[14] a large ddy formation rate for the du atom spin state F' = 1/2 prevailing over
that for the spin F' = 3/2. Besides, this measurements of \4q, at high temperatures
are necessary for correcting the evaluation of the parameters of the dt fusion cycle
derived from the experiments [15].

Here we present the results of the measurements in a dense deuterium gas in a
wide temperature range 85 — 790 K. The aim of the experiment was to measure the
formation rate Ag4, in dense deuterium for the first time in the temperature range
up to 800 K. The scheme of the process is presented in Fig. 1.

(1-5)
Az/2 t+p+p
du(3/2) ]
Af B(1 — wa)
— M Ad| [N ddu SHe+n+p
du(1/2) —J Buwa
A1z ‘Hep+n

Fig.1. Scheme of the dd cycle.

2 Experiment

The experimental method is similar to that used in [16]. We measured and ana-
lyzed the time and charge (deposited energy in a neutron detector) distributions of
2.5 MeV neutrons from the dd fusion reactions

dp+d— ddu —*He+n+p (1)

du+d — ddp —3 Hep + n. , (2)



The simplified experimental lay-out is shown in Fig. 2. The essence of the exper-
imental installation is described in [17]. The installation was mounted on the muon
beam line of the JINR phasotron.

2.1 Target

The central part of the installation is a specially constructed deuterium high pressure
target (T) [18] of volume 76 cm®. The target is able to withstand pressures up to
1500 bar at temperatures up to 800 K. A set of devices [18] was used for handling
the deuterium gas. To achieve the deuterium purity of impurities with Z > 1 at a
level of 0.1 ppm the target was filled by using a palladium filter and a vanadium-
deuterium pressure source [19].
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Fig. 2. Experimental
lay-out.

2.2 Detectors

The target is surrounded by a set of detectors. Scintillation counters 1-3 detected
incoming muons. Cylinder-shaped proportional counters 4 and 5 (analogous to [20])
served to select muon stops in the target (signal 1-2-3-4-5). Specially designed
cylinder-shaped scintillation counters 1-e, 2-e were used to detect u-decay electrons.
A coincidence between the signals of the counters 5 and 1-e, 2-e was considered as
a p-decay electron. A large neutron detector ND (volume of NE — 213 is equal to
12.5 1) [21] was aimed to detect neutrons from reactions (1), (2). To reduce the
background, the n —+y separation was realized by comparing the signals for the total
light and the fast component light of the ND signal. The y-quantum discrimination
efficiency was better than 1073 for energies larger than 100 keV .

The Nal(T!) crystal was used to search for the rare fusion channel d(d,v)*He in
parallel to the main aim of the experiment (the subject matter of this paper). The
results of this search will be published elsewhere [22].



The timing sequence of the 4, 5, 1-e, 2-e and ND signals was registered by flash
ADC and was recorded on the PC. The trigger is described in [23].

2.3 Experimental conditions

Two exposure runs were carried out. One was with a target filled with an equilibrium
protium-deuterium mixture (21% of H) in the temperature range 85 —300 K at the
density ¢ ~ 0.84 LHD (as usual, density is given in units of liquid hydrogen density,
LHD = 4.25- 102 nucl/cm3). The exposure at ¢ ~ 0.47 LHD was also measured
at a tempearture of 300 K.

The other exposure run was carried out with a target filled with pure deuterium
(protium content was about 0.1%) in the temperature range 300 — 790 K at the
density ¢ ~ 0.48 LHD.

The experimental conditions and the gathered electron statistics for all runs are
presented in Table 1. The background exposure with empty target was also carried
out.

Table 1. Experimental conditions and statistics.

Run| T,K Content, % ©, N,
H D LHD
1 | 85(1) |20.7(0.1) | 79.3 (0.5) | 0.840 (0.025) | 685 200
2 | 110 (1) | 20.7 (0.1) | 79.3 (0.5) | 0.841 (0.025) | 456 500
3 | 230 (1) | 20.7 (0.1) | 79.3 (0.5) | 0.831 (0.025) | 415 900
4 | 301 (3) | 20.7 (0.1) | 79.3 (0.5) | 0.831 (0.025) | 427 000
5 | 299 (3) | 20.7 (0.1) | 79.3 (0.5) | 0.473 (0.014) | 374 900
6 | 200 (4) | 0.1(0.1) | 99.9 (0.1) | 0.480 (0.014) | 355 500
7 | 401 (10) | 0.1 (0.1) | 99.9 (0.1) | 0.480 (0.014) | 226 900
8 | 530 (10) | 0.1 (0.1) | 99.9 (0.1) | 0.480 (0.014) | 194 900
9 | 660 (10) | 0.1 (0.1) | 99.9 (0.1) | 0.480 (0.014) | 208 700
10 | 791 (15) | 0.1 (0.1) | 99.9 (0.1) | 0.483 (0.020) | 301 900

3 Kinetics of the ddu fusion cycle

The basic processes of the kinetics of the resonant formation of ddu molecules are
considered in [11, 12]. The du atoms are formed during the time ~ 10712 =1 5 [24]
with an energy of a few eV and thermalized with the rate ~ 10° - ¢ s7! [25]. Two
different hyperfine states of the dy atoms F = 3/2 and F = 1/2 are statistically
populated with the probabilities 2/3 and 1/3 respectively. After that the processes
of resonant ddy formation (3) and du atom spin-flip processes (4) take place

dp + Dy — [(ddp)dee]* (3)

(du)p=3/2 + D2 «— (dp)F=1/2 + D;. 4)



The rates of direct and inverse spin-flip processes (4) (A and )}) are connected by
the detailed balance relation:

M=7"Ay, 7v=2-exp(—AE/T), AE =0.0485¢V. (5)

In the process of the resonant ddy formation (3) the released energy (the binding
energy of the formed ddy mesomolecule) is transmitted to the excitation of vibration-
rotational states of the mesic molecular complex [(ddp)dee]*. In the case of the
usually nonresonant ddy formation (6)

dp+ Dy — [(ddp)de]™ + e (6)

the released energy is taken away by a conversion electron. The rate of this nonres-
onant mechanism (A, is sufficiently small and rises with temperature (energy) as
[26]

Aar =M+ A (3/2KT, A =004us™', A=23ust-eVl. ()

In the formed ddu complex (3) the processes of dd fusion (with rates Ay ~ 10%s~!
[27))

ddp —-*He+n+pu (8)
ddpy —>t+p+u 9)
ddp —*Hep+n (10)

compete with the processes of complex deexitation and complex back decay. The
dp atom formation rate and the thermalization rate as well as the dd fusion rate
are much higher than the effective hyperfine transition rates and the effective (ex-
perimentally observable) mesomolecule formation rate. So at times larger than the
lifetime (~ 0.5 ns) of the mesomolecular complex the kinetics is described by the
scheme shown in Fig. 1 and depends on the effective rates of spin-flip processes (4)
and the effective rates of ddy formation from two hyperfine states (A1/2 and Az/2).
The following system of differential equations corresponds to the kinetics of Fig. 1
(11, 28]

dN3ja/dt = —(Ao+Ag+Az/2) Naj2 +2/3(1 —w)Ag/2 N3 o +[2/3(1 —w) Ay 2 + Ad [Ny 2 (11)
dNyja/dt = —(Ao+Ad' +A1/2) N1ja +1/3(1—w)Ay /2 Ny ja +[1/3(1 —w)Agj2 + Aa)N3jp (12)
dNp/dt = B- ¢ - (X3/2N3/2 + A1j2N1/2) (13)

Here N3/, Ny/; are populations of the F' = 3/2 and F' = 1/2 du atom hyperfine
states; N, is the number of fusion neutrons; w = Bwy, B is the probability of the



3He-reaction channel (8) and (10), wq = 0.13 is the probability of muon sticking to
3He [11]; Ao is the muon decay rate.

This system of differential equations (11)-(13) was considered and its approxi-
mate solution was obtained [11, 28].

4 Analysis

The first step of the analysis of registered events consists in separation of neutrons,
~-quanta and p-decay electrons. Then for each exposure we build and analyze the
time and charge (deposited energy in a neutron detector) distributions of fusion
neutrons and the time distributions of y-decay electrons.

4.1 Electron time spectra

Time spectra of electrons after muon stops in the target were created and analyzed
for each exposure including the background run with the empty target. The fitting
of the background electron time spectra allows us to obtain the number of muon
stops in the target walls. Then the numbers of electrons N, from the muon stopped
in deuterium were obtained for each exposure. They were necessary for normal-
ization. A typical example of the fitted time distributions of decay electrons for
the deuterium-filled target is shown in Fig. 3. The dashed line corresponds to the
electrons from decays of muons stopped in the target walls (empty target).

-

o
>

T

electron time distribution

Fig. 3. Example of the exper-
imental time spectrum of elec-
trons from p-decay. Solid line
is the fitting function. Dashed
line corresponds to the empty
target.

The observed muon disappearance rates are in agreement with the muon decay
rate Ag = 0.455 us~! with an accuracy not worse than 1.5%.
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Fig. 4. Experimental time spectra of fusion neutrons measured for exposures at
temperatures 85, 230, 290 and 790 K. Solid lines are the fitting functions.

4.2 Neutron time and charge spectra

Only the first detected neutrons were selected for the analysis. To reduce the back-
ground the time selection criterion [29]

tn +0.5us <te <tp+4.5us, (14)

was used, where t,, and ¢, are neutron and electron detection times measured from
the moment of muon stop in the target. The time and charge (energy) distributions
were plotted for these events. Examples of the time distributions of fusion neutrons
are shown in Fig. 4 for four temperatures.

According to [11, 28], the solution of the system of differential equations (11)-
(13) the time distributions of the first neutrons detected with the efficiency € have
the form of the sum of two exponents:



Nn(t) = Afast : ezp(—)‘fastt) + Asiow - emp(_l\slowt)- (15)

The parameters of this expression are the functions of A4, A1/2, Asj2 and @ = e+w—
ew. They can be reconstructed from the amplitudes and slopes of the exponents of
expression (15). The amplitude of the first term of (15) Ay is related to the ddu
formation from the dy atom with spin F' = 3/2 and its slope Afq: is determined
mainly by the value of A\;. The amplitude of the second term (slow component)
corresponds to the so-called steady state of the ddu cycle. The steady state ddu
formation rate \,, presents the ”mean” value of the ddy formation rate from different
du spin states for times ¢ > A]Talst. The ratio of amplitudes Ayqst/Asiow is responsible
for the ratio Az/2/A1/2.
The values of \,; were obtained from

A Na
©B  Neef,
Here the second ratio means the absolute neutron yield for the steady state of the
dd cycle, A, is the slow exponent slope of (15), N, is the number of fusion neutrons.
The time selection factor f, = 0.67 is due to criterion (14).

Determination of the neutron detection efficiency e is analogous to that in [30].
To determine the efficiency loss due to the finite energy threshold, the calculated
recoil proton energy spectrum was reconciled with the experimental energy distribu-
tion. This procedure was done for each exposure, its example is given in Fig. 5. The
line in the figure is the calculated response function of the ND and the histogram
is the experimental energy distribution. The efficiency of the ND is obtained to be
~ 12% and its accuracy is about 8%.

Ass = (16)

[%]
2
g 500 | neutron charge spectrum
o

Fig. 5. Neutron energy dis-
tribution. The histogram is
the experimental neutron en-
ergy distribution. The line is
the calculated response func-
tion of the ND.
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The fit strategy was as follows. At the first step we fitted only the slow part
of the neutron time spectra and found the steady state formation rates (\,s) using
expression (16). At the next step we fitted the whole neutron time spectra using
formula (15). In this fit formula (15) was convolved with a Gaussian resolution func-
tion to allow for the finite time resolution and to determine the time zero position.
The analysis showed that the time zero stability during the data taking was better
than 0.5 ns. The background due to muon stops in the target walls and due to
accidental coincidence was taken into account in the fit procedure. At the final step
of the analysis the values of A3/2, A1/2 and Ay were obtained from the values of Ay
and parameters of expression (15). The method developed in [28] was used for this
purpose.

We made some corrections to the final values of the rates which are due to the
nonresonant ddu formation rate on molecules D, and HD [31] (in runs with double
H/D mixtures).

It turned out that the reliable separation of fast and slow terms of (15) in fitting
is possible only at low temperatures (in our case not higher than 290 K'), where the
rates of Asj» and A/, are essentially distinguished and )4 is much larger than Xj. At
high temperatures (higher than 300 K') the rates of A3/, and A/, are approximately
equal [14] and so it is a great problem in fits to obtain the fast component parameters
and thus to distinguish the values of A3/ and A;/;. At this temperatures we obtained
only the value of A, As for Ay which is determined from the fast exponent slope,
we obtained its value only at the temperatures 85 and 110 K for the same reasons.

5 Results and discussions

The obtained values of A, Ag, Asj2 and Ay, are presented in Tables 2,3. All rates
are normalized to the LHD. The statistic error is 2 — 3%. The main sources of
systematic errors are the uncertainties of the ND efficiency (~ 8%) and gas density

(~3%).

Table 2. Experimental results for the steady state ddu formation rate.

T,K Ass, 5™
Value | Stat. error | Syst. error
85 | 0.197 0.007 0.018
110 | 0.485 0.015 0.044
230 | 2.06 0.06 0.19
301 | 2.69 0.08 0.24
299 | 2.57 0.08 0.24
290 | 2.67 0.08 0.24
401 | 3.00 0.09 0.27
530 | 3.10 0.09 0.27
660 | 2.67 0.08 0.24
791 | 2.30 0.07 0.21




In Fig. 6 the temperature dependence A (T') is shown together with the data
[2]. The main result of this work is the direct measurement of the steady state
ddy formation rate at temperatures above 400 K. As is seen, our data are in
good agreement with the theoretical predictions [14] at low temperatures (up to
400 K). But at high temperatures the experimental data are slightly larger than
the theoretical ones.

Table 3. Experimental results for the effective ddu formation rates from different
spin states and the effective du spin-flip rate.

TvK A1/2) ,u's_l A3/27 ﬂs_l )‘da ,u’s—l
Value | Stat. | Syst. | Value | Stat. | Syst. | Value | Stat. | Syst.
error | error error | error error | error

85 | 0.170 | 0.006 | 0.015 [ 4.63 | 0.13 | 0.42 | 32.8 | 1.0 | 3.2
110 | 0.403 | 0.014 | 0.036 | 4.79 | 0.14 | 0.43 | 314 | 1.2 | 3.2
230 | 1.72 | 0.06 | 0.16 | 3.92 | 0.12 | 0.35 -
290 | 2.40 | 0.08 | 0.22 | 3.52 | 0.10 | 0.32 -

4
A }
g > i Fig. 6. Values of \,, as
< % { a function of tempera-
2 1 ture. Circles are our
. data, squares are the
1 LAMPF data [2]. The
: line is the theory [14].
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In Fig. 7 the temperature dependence of )y, and Ag; is shown. The solid line is
theoretical calculations [14]. The values of A4, A1/2 and A/2 are in good agreement
with theory and with other experimental data [9, 10, 17].

As was mentioned above, under our experimental conditions the reliable separa-
tion of fast and slow terms of (15) in fitting and thus obtaining of values Ag, A1/2 and
A3z is possible only at low temperatures. The lifetime of the fast component of neu-
tron spectra (15) is 7 = 1/Afqast ~ 1/(Aay). Under our conditions (¢ ~ 0.5 LHD)
it equals ~ 50 ns or about five channels in the measured time histogram. This fact
is confirmed also by our Monte-Carlo calculations. So it is worth carring out the
experiment at high temperatures with deuterium of low density (about 0.05 LH D)
where the spin effect time range at neutron time distributions will be about 0.5 us.
Such kind of experiment could be conducted at a muon-factory.
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6 Conclusions

The first direct measurements of the MCF dd fusion cycle parameters at high temper-
atures (up to 790 K) are carried out. The values of the steady state ddu formation
rate are obtained for the entire temperature range. The comparison with theory
showed good agreement at low temperatures (up to 400 K) and some difference at
high temperatures (above 400 K). At low temperatures the values of effective rates
Asj2, A1z are obtained, they are in agreement with theory. To measure these hy-
perfine parameters in the high temperature range seems to require an experiment of
special sort, i.e. at low deuterium density (~ 0.01—0.05 LH D) with a high-intensity
muon beam.
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Bom B. P. u 1p. E15-2002-157
HaMepeHue TeMnepaTypHOil 3aBHCHMOCTH OT CKOPOCTH 00pa3oBanus
ddp-Monexyn B IVIOTHOM AeifTepud NpH TeMrepaTypax 85-790 K

Ha ¢asotpone OUSIH nposeneHo HCcaeA0BaHHE MPOLIECCA MIOOHHOTO KaTalH-
3a B Aeiitepun. U3MepeHHs MPOBOAWINCH C HCIIONB30BAHUEM JICHTEPHEBOH MHIIIE-
HM BBICOKOIO NaBJI€HHMs B TeMmmneparypHoM auamasoHe 85-790 K mpu mnoTtHOCTAX
=0,5 1 0,8 OT IVIOTHOCTH XHAKOIO Bopopoaa. IlpencrasneHs! NEpBbIC 9KCIIEPHMEH-
TaNBHEIE PE3YJIbTATHI WA CKOPOCTH 00pa3oBaHus ddji-MOJIEKY/Ib B TEMIIEPATYPHOM
auanasone 400-790 K npu mnorHocTH geiTepus = 0,5 OT INIOTHOCTH XHIKOIO BO-
aopona.

Pa6ora BhimonHeHa B JlaGoparopun suepusix npo6neM uM. B. I1. Ixenenosa
OUsIN.

Ipenpunt O6HeAMHEHHOrO MHCTUTYTA ANEPHbIX HccnenoBaHuil. dy6Ha, 2002

Bom V.R. et al. E15-2002-157
Measurement of the Temperature Dependence of the ddu Molecule
Formation Rate in Dense Deuterium at Temperatures 85-790 K

Muon catalyzed fusion (MCF) in deuterium was studied by the MCF collabo-
ration at the JINR phasotron. The measurements were carried out with a high pres-
sure deuterium target in the temperature range 85-790 K at densities = 0.5 and 0.8
of liquid hydrogen density (LHD). The first experimental results for the ddu-mole-
cule formation rate A 4, in the temperature range 400-790 K with deuterium den-
sity =0.5 LHD are presented.

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