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hina, Leningrad Region, RussiaSubmitted 6 September 2004A vast program of the experimental investigation of muon-
atalyzed dt fusion was performed on the JointInstitute for Nu
lear Resear
h phasotron. Parameters of the dt 
y
le were obtained in a wide range of the D/Tmixture 
onditions: temperatures of 20�800 K, densities of 0:2�1:2 of the liquid hydrogen density (LHD), andtritium 
on
entrations of 15�86%. In this paper, the results obtained are summarized.PACS: 36.10.-k, 36.10.Dr1. INTRODUCTIONInvestigation of the muon-
atalyzed fusion (MCF)pro
ess is a unique independent dire
tion in the mod-ern physi
s relevant for mole
ular, atomi
, and nu
learphysi
s [1�6℄ and for astrophysi
s [7℄. Study of the nu-
lear fusion rea
tions from the bound states of a muoni
mole
ule is of great importan
e for determination ofproperties of the lightest nu
lei, in
luding various ex-oti
 nu
lear systems. In addition, the high neutronyield of MCF 
an be e�e
tively used for solving di�er-ent pra
ti
al problems su
h as the 
onstru
tion of anintense 14-MeV neutron sour
e [8℄ and a nu
lear fuelbreeder [9℄.*E-mail: grafov�nu.jinr.ru

That is why the pro
ess of MCF in hydrogen iso-tope mixtures has been under a
tive study in manylaboratories worldwide during the last several de
ades.During this period, many experimental results were ob-tained in investigating the muon-indu
ed pro
esses indi�erent mixtures of hydrogen, deuterium, and tritiumas well as in pure isotopes; most of these experimen-tal results are in good agreement with theory. Themost impressive a
hievement is the pre
ise agreementbetween experiment and theory in the temperature de-penden
e of the dd�-mole
ule formation rate in gaseousdeuterium [4, 10, 11℄. This allowed the binding energyof the loosely bound state of dd� to be determined witha very high a

ura
y, �exp11 = �1962:56+32�47 meV [10℄,whi
h should be 
ompared with the theoreti
al value752
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atalyzed dt fusion : : :�theor11 = �1964:83 meV [4℄.In 
omparison with pure deuterium, the MCF pro-
ess in a D/T mixture manifests mu
h ri
her physi-
al phenomena (the muon transfer d ! t from theground and ex
ited states of the d�-atom, epither-mal and many-body e�e
ts in the dt�-mole
ule forma-tion). Theory predi
ts a signi�
ant in
rease of the dt�-mole
ule formation rate on the D2 and DT mole
ulewith the rise of temperature and density of the mix-ture [12, 13℄. Therefore, the 
omplete theoreti
al analy-sis requires measuring temperature and density depen-den
es of the d+ t 
y
le parameters in as large rangesas possible. Finally, the results of the experimentaland theoreti
 study of MCF pro
esses in a double D/Tmixture will be rather helpful for investigation and ex-planation of the most di�
ult 
ase of the triple H/D/Tmixture.Previously, the truly systemati
 experimental studyof the MCF pro
ess was performed at PSI only for alow-density (' � 0:1 LHD, with the liquid hydrogen nu-
lei density LHD = 4:25 � 1022 
m�3), low-temperature(T < 300 K) gaseous D/T mixture [14℄. The samegroup, as well as the RIKEN-RAL team, made mea-surements with liquid and solid D/T mixtures [15, 16℄.The only group that investigated MCF in the high-den-sity (' � 1 LHD), high-temperature (T � 600 K) mix-tures was the LAMPF team [17, 18℄. But its mea-surements had a �prompt� 
hara
ter and 
aused manyquestions on the analysis. We therefore de
ided to
ondu
t a full set of measurements in a wide regionof the experimental 
onditions spanning the densityrange ' = 0:2�1.2 LHD and the temperature rangeT = 20�800 K.The Dzhelepov Laboratory of Nu
lear Problemsmade a prominent 
ontribution to the MCF experi-mental study. The Dubna group dis
overed the phe-nomenon of the dd�-mole
ule resonan
e formation [19℄and later dire
tly 
on�rmed its existen
e by mea-surements of the temperature dependen
e of the dd�-mole
ule formation rate [20℄. This group was the �rstto experimentally investigate [21℄ the muon-
atalyzedfusiondt� �! 4He(3:5 MeV) + n(14:1 MeV) + �and to 
on�rm the theoreti
al predi
tions [22℄ of thehigh intensity of this pro
ess whi
h indu
ed the a
tiv-ity in the MCF study worldwide.Sin
e 1997, our 
ollaboration has been 
arrying outa large program of investigation of MCF pro
esses inD/T at the JINR Phasotron. The distin
tive 
hara
-teristi
 of our study is the use of novel methods both in
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T, КFig. 1. The experimental 
onditions (density and tem-perature) for the MCF pro
ess study in the D/T mix-turesthe measurements and in the experimental data analy-sis, whi
h allows us to obtain a

urate and reliable datanot worse than those obtained at meson fa
ilities. Theexperimental method that we used made it possible tomeasure the MCF 
y
le parameters in the D/T mixtureunder a wide variety of mixture 
onditions [23℄.This paper is a report on the most 
omprehensivemeasurements of the MCF parameters in the D/T mix-ture. The preliminary data were published in [23�26℄.Figure 1 shows the 
ondition ranges of the experiments
ondu
ted up to now. The a

umulated data and theMCF 
y
le parameters 
over wide ranges of D/T mix-ture 
onditions:1) temperatures of 20�800 K;2) tritium 
on
entrations of 15�86%;3) densities of 0.2�1.2 LHD.2. GENERAL DESCRIPTION OF THEPROCESSThe simpli�ed s
heme of MCF kineti
s in a doubleD/T mixture is shown in Fig. 2. Muons stopped in themixture form d�- and t�-atoms in their ground stateswith the respe
tive probabilitieswd� = Cdq1Sand wt� = Ct + Cd(1� q1S) = 1� Cdq1S ;where Cd and Ct are relative hydrogen isotope 
on-
entrations and q1S is the fra
tion of d�-atoms in theground state after muon 
as
ade pro
esses, with the3 ÆÝÒÔ, âûï. 4 753



V. R. Bom, A. M. Demin, D. L. Demin et al. ÆÝÒÔ, òîì 127, âûï. 4, 2005
� d�

t�

F = 3=2

F = 0
F = 1
F = 1=2 3He�+ n

[(dt�)dee℄[(dt�)tee℄

dd�
tt�

4He�+ n

3He + n+ �t+ p+ �

4He + n+ �4He�+ 2n4He + 2n+ �1� q1SCd
q1SCd �dtCt

�3=2�1=2 �1=2�3=2
�1�0 �0�1

�dd�CDD
�tt�Ct�dt��tCDT

�tf
�df

1� !tt
�f

1� !dd

1� !s�dt��dCDD
Fig. 2. S
heme of the MCF kineti
s in the double D/T mixturemuon transfer (d�)n ! (t�)n from d� to t� during thede-ex
itation 
as
ade taken into a

ount [27�29℄:q1S = �dex�dex + �tr : (1)Here, �dex and �tr are the rates of de-ex
itationand muon transfer averaged over the d�-atom ex
itedstates. One should expe
t strong dependen
e of q1S onCt and ' [30, 31℄.The �standard� 
as
ade model, in whi
h theinitial �-atom energies are distributed aroundE0 = 1�2 eV, is apparently valid only at very lowdensities ' � 10�3 LHD. Now it is known that duringthe 
as
ade, muoni
 atoms 
an be both thermalizedand a

elerated, obtaining the energy as high as tensof eV (see, e.g., [32�34℄). But until now, the problem ofdetermining the initial energy distribution of muoni
atoms after the 
as
ade has not been solved de�nitely.Being in the d�-atom ground state, the muon 
anbe transferred to tritium in the 
ollisional pro
essd�+ t �! t�+ d (2)with the rate �dt = 2:8 � 108 s�1 � ' [18; 21; 35; 36℄. Intransfer pro
ess (2), the t�-atom a
quires the energy19 eV. The atoms t� are formed in two hyper�ne stateswith the total spin F = 1 (weight 0:75) and F = 0(weight 0:25) and 
an take part in the spin-�ip pro-
esses (t�)F=1 + t ! (t�)F=0 + t: (3)

Muoni
 atoms t� 
an form dt�- and tt�-mole
ulesand d�-atoms 
an form dd�-mole
ules. In these �-mo-le
ules, fusion rea
tions o

ur, in whi
h the muon 
anbe released and stimulate the next MCF 
y
le or sti
kto helium produ
ed in the rea
tions. The notationfor the rates of muoni
 formation and fusion rea
tionsas well as for the sti
king probabilities is introdu
edin Fig. 2. Being bound in a �-atom or a �-mole
u-le or being free, the muon disappears with the rate�0 = 4:55 � 105 s�1.The spe
i�
 feature of the dd�- and dt�-mole
uleformation pro
esses is their resonan
e 
hara
ter, thatis, the muoni
 mole
ular formation rates �dd� and �dt�turn out to depend on the �-atom kineti
 energy [3℄.The MCF d+ d 
y
le has been studied very well. Themeasured temperature dependen
e �dd�(T ) is in ex
el-lent agreement with theory [13℄.Quite a di�erent situation o

urs for the MCF d+ t
y
le. In fa
t, this pro
ess has been studied in detailin the parameter region (low temperatures) where the�standard� theory predi
ts its relatively low intensity.It follows from experiment that just in this region theMCF pro
ess is very e�e
tive. Modern theory explainsthis only qualitatively.It follows from the original Vesman 
onsidera-tion [37℄ that the resonan
e dt�-mole
ule formation o
-
urs in the intera
tion of the t�-atom with D2, DT orHD mole
ules a

ording to the s
heme [22℄754
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atalyzed dt fusion : : :t�+ (DX)Ki �! [(dt�); x; 2e℄�;KfX = H,D,T x = p; d; t; (4)where the energy released under dt� formation togetherwith the t�-atom kineti
 energy Et� is transferred toex
ite the vibration�rotational state of the mole
ular
omplex [(dt�); x; 2e℄. Here, Ki and Kf are the re-spe
tive rotational quantum numbers of the �initial�mole
ule DX and the ��nal� 
omplex. The set of theresonan
e t�-atom energiesErt� = �E�;K
orresponds to di�erent transitions � = 3; 4; 5;Ki ! Kf . Indeed, the spin states of the t�-atomand the dt�-mole
ule should be taken into a

ount fordetermination of Ert�. In addition, the position andintensity of the resonan
es depend on the type of themole
ule (D2, DT, and HD) and the temperature of themixture in�uen
ing the population of the rotationalstates of these mole
ules.Being formed, the 
omplex [(dt�); x; 2e℄ either un-dergoes the ba
k de
ay[(dt�); x; 2e℄! t�+DXor the fusion rea
tionsdt� �! 4He+ n+ �; (5)dt� �! 4He�+ n (6)take pla
e in it (with the high rate �f � 1012 s�1 [38℄).The muon-to-helium sti
king probability is !s � 0:5%.The resonan
e dependen
es �dt��p;d;t(Et�) for thet�-atom of spin F = 0 are shown in Fig. 3; the 
al-
ulations presented there are based on the evaluations
heme developed in [13℄. The following remarkablefeatures are evident from this �gure.1. Resonan
e formation of the dt�-mole
ule on HDmole
ules is most intensive.2. The resonan
e positions 
orrespond to relativelyhigh t�-atom energies, that is, to high temperatures(T � 103 K) for the thermalyzed muoni
 atoms.3. The positions of the resonan
es of ea
h type
orrespond to various vibration levels of the 
om-plex � = 3; 4; 5. The nearest resonan
e for �0dt��dis pla
ed at Et� � 0:5 eV. This means that thenearest �sub-threshold� resonan
e (
orresponding to� = 2) is 
lose to zero at the negative t�-atom energyEt� � �(10�12) meV. Negative energy implies that forthe most intensive dipole transitions jKf � Kij = 1,an energy ex
ess arises that 
annot be transferred intwo-parti
le rea
tion (4).

100806040200 0:2 0:6 0:8 1:0 1:20:4 t�-atom energy, eV

(t�)F=0 +DX! [(dt�)xee℄T = 30Kp dt
�0dt��X; 108 s�1

Fig. 3. The dt�-mole
ule formation rates on D2, DT,and HD mole
ules for the t�-atom spin F = 0 asa fun
tion of Et� for T = 30 K (
al
ulations basedon [13℄)For the highest multiple transitions (� = 2;Ki = 0; 1 ! Kf = 2; 3; 4), pro
ess (4) be
omes pos-sible but its intensity is two orders of magnitude lowerthan that of the main transitions. But in 
ontradi
-tion with the �standard� theory, experiment manifestshigh MCF intensity in the low temperature D/T mix-ture and reveals a nontrivial density dependen
e of its
y
ling rate. We note that the highest value of the 
y-
ling rate �
 = 185�13 �s�1 was measured at PSI [15℄in a solid D/T mixture.This 
an be qualitatively explained in the moderntheory [39℄, a

ording to whi
h the in�uen
e of the sub-threshold resonan
e turns out to be mu
h stronger dueto the me
hanism of triple 
ollisions. A

ording to thetheory, the resonan
e dt� formation at low tempera-tures o

urs at sub-threshold resonan
e in the triple
ollision pro
esst�+D2 +M �! [(dt�); d; 2e℄ +M0;M = D2;DT;T2 : (7)The �additional� se
ond mole
ule M plays the role ofa spe
tator that 
arries away the energy ex
ess away.Be
ause (7) is a three-parti
le pro
ess, it must dependon the density of mole
ules M.Qualitatively the s
heme in (7) explains both thehigh values of �dt��d and its density dependen
e ob-served in experiment. However, in spite of many e�ortsundertaken to 
al
ulate its intensity (see, e.g., [40, 41℄),the quantitative explanation is not yet obtained.With the temperature in
rease, the resonan
e pi
-755 3*
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Fig. 4. The dependen
e of �dt��d (a) and �dt��t (b)on the t�-atom energy for T = 300 K. The Maxwelldistribution is shown in the bottom pi
turetures are modi�ed due to the 
hange of the populationof the DX mole
ule rotational states and the thermalmotion of the mole
ule. The 
al
ulated rates �dt��dand �dt��t as fun
tions of Et� for T = 300 K are pre-sented in Fig. 4. The Maxwell distribution for the ther-malyzed t�-atoms is shown in one of them (�dt��t). Asis seen, this distribution only slightly overlaps the near-est resonan
e.The resonan
es for �dt� at T = 1000 K are pre-sented in Fig. 5. In this 
ase, the Maxwell distribution
onsiderably overlaps the most intensive resonan
es forthe dt� formation on D2, DT, and HD mole
ules. Un-fortunately, this high temperature is not yet a
hieved inexperiment. The temperature T = 800 K is the highestat whi
h the measurements were made (in Dubna).As we have mentioned, a substantial part of t� hasthe initial (after 
as
ade) energy Et� > 1 eV. In elasti

ollisions t�+t, t�+d, these atoms are qui
kly therma-lyzed. The thermalization time is approximately equalto ns for the 1 LHD of a mixture. A

ordingly, thetime distribution of the fusion rea
tion produ
ts (neu-trons) should have two 
omponents: a qui
k �spike�
orresponding to the �rst pass through the resonan
esand a mu
h slower �steady-state� 
omponent.Due to shortness of the epithermal spike and ambi-guity in the initial energy of the t�-atom, it is di�
ultto interpret this e�e
t. That is why the main e�ortsof di�erent experimental groups were 
on
entrated on

201612840 0:2 0:4 0:6 0:8 1:0 1:2t�-atom energy, eV

�0dt��X; 108 s�1 T = 1000K(t�)F=0 +DX! [(dt�)xee℄pdt
Fig. 5. The dt�-mole
ule formation rates on D2, DT,and HD mole
ules for the t�-atom spin F = 0 as afun
tion of Et� for T = 1000 K (
al
ulations basedon [13℄) and the Maxwell distributionthe steady-state study, for whi
h the t�-atom energyspe
trum is a Maxwell distribution.For 
onvenien
e, the 
omparison of the measure-ments with the theoreti
al 
al
ulations is performed forthe so-
alled �e�e
tive� dt�-mole
ule formation rateas a fun
tion of temperature. It is obtained by inte-grating over all possible initial states, averaging overall �nal states, and 
onvolving with the Maxwell spe
-trum W (Et�; T ). Su
h 
al
ulations for the D/T mix-ture were made in [13℄.For the steady state, the time distribution of fusionneutrons has the formdNndt = N��n�
 exp(��nt); �n = �0 + w�
; (8)where �
 = �
', �n is the neutron dete
tion e�
ien
y,N� is the number of muons stopped in the D/T mix-ture, and ! is the muon loss in the 
y
le, whi
h is theprobability of muon sti
king to helium in fusion rea
-tions, mainly in d+ t (!s), and also, with lower weight,in the a

ompanying rea
tions d + d and t + t. The
y
ling rate �
 means the inverse of the average timebetween the 
losest 
y
les. It involves mainly the timeof d� to t� transfer (2), t�-atom spin-�ip pro
ess (3),and dt�-mole
ule formation (4). The neutron yield Ynis limited by ! and �0:Y �1n = ! + �0�
 : (9)The expression for �
, 
orresponding to the kineti
s
heme of Fig. 2, is756
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atalyzed dt fusion : : :1�
 � q1sCd�dtCt + 0:75�1�0Ct ++ 1�dt ��dCDD + �dt��tCDT : (10)To extra
t the values �dt��d and �dt��t, one should useformula (10) to analyze the experimental values of �
measured at di�erent tritium 
on
entrations 
hangingthe relative population of D2 and DT mole
ules.The expression for ! is! � !s + �tt�Ct!tt�dt��dCDD + �dt��tCDT + �tt�Ct ++ q1sCd 23�3=2dd�CDD!ddr�dtCt + �3=2dd�CDD + �3=2�1=2Cd + �ZCZ�
 ; (11)where �Z is the rate of muon transfer to possible ad-mixtures with Z > 1, having 
on
entration CZ , �3=2dd� isthe rate of dd�-mole
ule formation from the d�-atomstate with spin F = 3=2, and r is the bran
hing ratio ofthe dd fusion 
hannels (3He+n) and (t+ p); the othervariables are de�ned in Fig. 2. It follows from Eq. 11that the minimum value of ! is a
hieved at highest �
(large �dt and �dt��d;t), where ! is 
lose to its naturallimit !s � 0:5%.We note that in expressions (10) and (11) and inwhat follows, the 
y
ling rate and all 
ollisional ratesare normalized to the nu
lear density ' of the D/Tmixture. 3. EXPERIMENTAL METHODAll experimental runs were made at the installa-tion �Triton� mounted on the muon 
hannel [42℄ of theJINR phasotron. The experimental setup is s
hemati-
ally shown in Fig. 6. The novel experimental methodin [23℄ was used. Based on measurements of the total
harge produ
ed by the fusion neutrons in a dete
tor,it allowed us to avoid the distortions in the neutrontime spe
tra 
aused by the pile-up and thus to use ahigh-e�
ien
y dete
tion system.In
oming muons are dete
ted by s
intillation 
oun-ters 1, 2, 3, a proportional wire 
ounter 4 and stoppedin the target. Neutrons from the d � t rea
tion are de-te
ted by two full-absorption neutron dete
tors ND1and ND2. Ele
trons from the de
ay of muons stoppedin the target are registered by the proportional wire
ounter 5 and s
intillation dete
tors 1-e and 2-e.

3.1. The spe
i�
 features of the methodThe following important features 
hara
terize themethod used.1. Unique targets and tritium handling system wereused, whi
h allowed measurements in a wide range ofthe D/T mixture densities and temperatures.2. A high-e�
ien
y neutron dete
tion system wasused in the geometry 
lose to 4�. It provided a high
ounting rate and low a

idental ba
kground.3. A spe
ially designed proportional 
ounter wasused for muon and ele
tron dete
tion; having a lowsensitivity to neutrons, it allowed reliable ele
tron iden-ti�
ation.4. Time distributions of 
harge were measured in-stead of the usually registered time spe
tra of the num-ber of events. Flash ADC were used for this aim. Thisallowed us to avoid distortions in the neutron time spe
-tra and thus to use a high-e�
ien
y dete
tion system.5. The novel analysis methods were used, whi
hturned out to be most e�e
tive for the high neutronmultipli
ity realized in the experiment. In additionto the usually measured neutron time distribution, wemeasured and analyzed the neutron multipli
ity distri-bution and the spe
tra of the time between the �-de
ayele
tron and the last neutron in the series. This allowedus to de
rease systemati
 errors and to obtain reliabledata. 3.2. Targets and gas handling systemA set of targets [43�45℄ with the working volume10�18 
m3 depending on the tritium 
ontent was usedin the experiments. The targets allowed the followingmeasurements:1) with liquid D/T (the liquid tritium target(LTT) [43℄ of 18 
m3, working temperature 20�40 K,pressure up to 20 bar);2) with hot gaseous D/T (the high-pressure tritiumtarget (HPTT) [44℄ of 16 
m3, working temperature300�800 K, pressure up to 1600 bar);3) with 
old gaseous D/T (two high-pressure tri-tium targets (HPTT) [45℄ of 8 and 16 
m3, workingtemperature 40�200 K, pressure up to 2500 bar).The spe
ial 
ryogeni
 system [43℄ (for the LTT andHPTT) and the 
ryorefrigerator (for the HPTT) wereused at low temperatures (T < 300 K) and the sys-tem of spe
ial heaters was used at high temperaturesto maintain the needed temperature regime. Cryogeni
�lling was used for all targets.A spe
ial preparation system based on palladium�lters [46℄ provided the gas of the required 
omposition757
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Fig. 6. Experimental layoutand puri�ed of impurities at the level less then 10�7 ofvolume parts. The mole
ular 
omposition of the mix-tures was monitored with the aid of 
hromatography.3.3. Dete
tors and ele
troni
sThe target was surrounded by a set of dete
tors.S
intillation 
ounters 1�3 dete
ted in
oming muons. A
ylinder-shaped proportional 
ounter (PC, analogousto [47℄) with wires grouped in two parts (4, 5 ) servedto sele
t muon stops in the target (signal 1�2�3�4 ��5) andto dete
t ele
trons from the muon de
ay. Spe
ially de-signed 
ylinder-shaped s
intillation 
ounters (SC) 1-eand 2-e were used to dete
t �-de
ay ele
trons in 
oin-
iden
e with 
ounter 5 (signals 5 � 1-e and 5 � 2-e were
onsidered as a �-de
ay ele
tron). The full-absorptionneutron spe
trometer [48, 49℄ 
onsisting of two large

dete
tors (ND1 and ND2) with the volume 12.5 l ea
hwas the basis of the dete
tion system. It was aimedat dete
ting neutrons from rea
tions (5, 6 ). A plasti
s
intillator with dimensions (�31� 17) 
m was used inea
h dete
tor. It was viewed by four PMs XP 2040.The dire
t 
onta
t of the PMs with the s
intillator andte�on used as an opti
al re�e
tor provided ex
ellentspe
trometri
 properties of the dete
tor. Its energy res-olution was�FWHM = 0:09�1 + 1=pEe [MeV℄� :The total solid angle 
overed by two dete
tors was
 � 70%, whi
h 
orresponded to the total neutrondete
tion e�
ien
y �n � 2 � 15%. The time resolutionof ND was di
tated by the light 
olle
tion pro
ess andele
troni
s and was �t = 6�7 ns.758
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Fig. 7. Flash ADC signals for a single muonThe trigger [50℄ allows re
ording only those eventsfor registration that were 
onne
ted with an ele
trondete
tion. Be
ause the intensity of the pro
ess understudy was high, these events were a

ompanied by neu-tron dete
tion pra
ti
ally in ea
h 
ase.The trigger requirements in
luded the presen
e ofthe muon stop signals (1, 2, 3, 4, �5) and ele
tron sig-nals (5, 1-e or 5, 2-e) during the time gate 20 �s longstarted by the in
oming muon signal (1, 2 ). Insertionof the ele
tron signal in the trigger makes it possibleto radi
ally suppress the ba
kground 
onne
ted withthe muon stops in the target walls, where muon un-dergoes predominately (90%) nu
lear 
apture withoutele
tron es
ape. Additional suppression of this ba
k-ground is a
hieved under the 
ondition that only de-layed ele
trons (later than 0.2 �s after the gate start)are permitted.Another important advantage of this is that the di-re
t normalization to the ele
tron number be
omes pos-sible without the ne
essity to determine the number ofmuon stops in hydrogen. This method was �rst em-ployed by us in the �rst experiment on the MCF d+ trea
tion [21℄ and allows su

essful a

omplishment ofthis fundamental work.Pulses from the neutron spe
trometer are registeredby the �ash ADC (8 bits �2048 samples, 100 M
/s)produ
ing a time distribution of the ND1, ND2 sig-nal amplitude for ea
h single muon. To provide 
or-re
t time measurements, the signals of the dete
tor

for in
oming muons and the ele
tron 
ounter are alsoanalyzed by the �ash ADC. An example of �os
illo-gramms� observed at the �ash ADC is shown in Fig. 7.During ea
h run, the on-line monitoring of data a

u-mulation was 
ondu
ted.4. EXPERIMENTAL CONDITIONSA total of 81 exposures with D/T mixtures were
arried out. The 
onditions (density, temperature, andtritium 
on
entration) of ea
h run are presented in Ta-ble 1. In ea
h exposure (duration of 6�10 hours), atleast 20000 ele
trons from the de
ay of muons stoppedin the target were a

umulated. In pra
ti
ally all 
ases,the neutron statisti
s was su�
iently large. The spe-
ial exposures with empty targets were 
arried out tomeasure ba
kground of ele
trons from muons stoppedin the target walls.4.1. Temperature and pressure 
ontrolTemperature of liquid D/T was determined by mea-suring the D/T vapor pressure with the tensometri
gauges having the a

ura
y 0.5%. Hen
e, the D/Ttemperature was determined with the a

ura
y 0.1 K.The temperature of gaseous D/T was measured by spe-
ial thermo
ouples. During the experimental runs, asmall temperature gradient existed in the D/T mixture,whi
h was taken into a

ount in the determination oftemperature and its error. The a

ura
y of determin-ing the temperature was 3�10 K in the 40�800 K range.Pressure was measured with the use of strain pressuregauges having the 
alibration error 3 %.4.2. D/T mixture densityNu
lear density of liquid D/T was determined usingthe 
ryogeni
 data on deuterium and tritium [51℄ tak-ing the mixture 
ontent into a

ount. Errors in densitywere 2%.Nu
lear density of gaseous D/T was determined bytwo ways. The �rst was the use of the deuterium (tri-tium) equation of state [52℄, with the gas temperatureand pressure known from measurements. Some 
orre
-tions for the presen
e of the bu�er volume having roomtemperature was made. The se
ond way was the den-sity determination via the quantity of gas in the targetof a known volume. Both methods gave identi
al re-sults within the a

ura
y of 4%. The �nal error of gasdensity was up to 3�4%.759
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y
ling rates �
, muon loss probabilities ! and neutron yields per muon Yn. For �
 the un
er-tainties due to statisti
s, density (�'), 
harge 
alibration pro
edure (�q) and the total un
ertainty are indi
ated. Forall parameters the total errors in
lude the systemati
 un
ertainty in the determination of neutron dete
tion e�
ien
y(��n = 6%)Conditions Error 
ontributions, %� ', Ct, !, Yn �
, Stat. �' �q TotalLHD % % �s�1T = 22:0� 0:7 K (liquid)1 1.19 18.1(1.5) 0.77(0.07) 68.9(5.9) 61.5 0.4 2.1 3.1 7.72 1.20 33.4(1.0) 0.72(0.06) 96.6(7.9) 117.7 0.2 2.1 3.1 7.73 1.19 35.2(1.0) 0.63(0.05) 102.9(8.6) 117.9 0.3 2.1 3.1 7.74 1.23 63.5(2.0) 0.76(0.07) 82.5(6.9) 84.6 0.4 2.4 3.1 7.85 1.24 85.5(2.5) 1.40(0.11) 34.2(2.8) 20.8 0.6 2.4 3.1 7.8T = 38:5� 2:0 K6 0.143 57.0(2) 1.03(0.08) 10.1(0.8) 31.1 1.5 3.3 3.1 8.2T = 45� 2 K7 0.237 31.4(0.5) 0.77(0.06) 32.0(2.6) 80.5 1.0 3.4 3.4 8.38 0.449 16.7(0.5) 0.81(0.06) 39.4(3.2) 59.9 1.0 3.0 3.2 8.19 0.450 31.4(0.5) 0.68(0.05) 54.2(4.5) 88.7 0.9 3.3 3.4 8.310 0.448 50.6(0.5) 0.81(0.06) 43.8(3.6) 73.1 1.3 3.0 3.2 8.111 0.445 71.1(0.5) 1.46(0.11) 19.0(1.6) 30.6 1.3 2.9 3.2 8.112 0.689 16.3(0.5) 1.12(0.09) 46.1(3.7) 64.2 0.9 3.0 3.1 8.013 0.643 31.1(0.5) 0.74(0.06) 69.9(5.8) 101.2 0.7 3.3 3.4 8.214 0.704 52.7(0.5) 1.11(0.09) 53.4(4.2) 84.0 0.7 3.0 3.1 8.015 0.766 71.2(0.5) 1.89(0.15) 27.5(2.2) 34.7 1.3 3.0 3.1 8.116 1.022 16.3(0.5) 1.55(0.12) 45.0(3.5) 65.2 1.0 3.0 3.1 8.017 0.912 31.1(0.5) 0.89(0.07) 76.0(6.3) 118.5 0.8 3.2 3.4 8.218 1.024 52.7(0.5) 1.12(0.09) 64.2(5.0) 97.7 0.8 3.0 3.1 8.019 1.018 71.2(0.5) 1.83(0.14) 34.2(2.7) 40.6 1.1 3.0 3.1 8.1T = 75� 2 K20 0.234 31.4(0.5) 0.85(0.07) 29.8(2.5) 81.2 1.0 3.0 3.4 8.221 0.445 31.4(0.5) 0.87(0.07) 50.4(4.2) 92.1 0.9 2.9 3.4 8.122 0.635 31.4(0.5) 0.94(0.07) 69.9(5.8) 101.6 0.7 3.0 3.4 8.123 0.897 31.1(0.5) 0.91(0.07) 75.5(6.2) 119.5 0.8 3.0 3.4 8.1In addition, we have another way to 
he
k the mix-ture density. If the muon beam intensity is stable, thenumber of muon stops in the mixture per time unit isproportional to the mixture density. In several 
ases,we made some 
orre
tions (about few per
ent) to themixture density based on this method.
4.3. Measurements of isotope and mole
ulargas 
ompositionThe 
hromatographi
al method [53℄ was used to
ontrol the isotope and mole
ular 
omposition of themixtures. In addition, an ionization 
hamber was usedto obtain the D/T and T2 
ontent. Measurements were760
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atalyzed dt fusion : : :Continuation of Table 1Conditions Error 
ontributions, %� ', Ct, !, Yn �
, Stat. �' �q TotalLHD % % �s�1T = 158� 2 K24 0.230 31.4(0.5) 0.94(0.07) 28.6(2.4) 79.3 1.1 3.0 3.4 8.225 0.438 16.7(0.5) 1.41(0.11) 31.0(2.5) 58.7 1.1 3.0 3.2 8.126 0.424 31.0(0.5) 0.99(0.08) 45.4(3.7) 88.8 1.0 3.1 3.2 8.127 0.436 31.4(0.5) 0.88(0.07) 48.1(4.0) 90.9 0.9 3.0 3.4 8.128 0.433 50.6(0.5) 1.00(0.08) 39.2(3.2) 74.5 1.3 3.0 3.2 8.129 0.430 71.1(0.5) 2.01(0.15) 17.3(1.4) 29.5 1.3 3.0 3.2 8.130 0.607 16.3(0.5) 1.94(0.15) 31.7(2.5) 63.2 1.4 3.0 3.1 8.131 0.620 31.1(0.5) 0.98(0.08) 57.9(4.8) 100.1 0.9 3.1 3.4 8.232 0.621 52.7(0.5) 1.14(0.09) 48.9(3.9) 82.9 0.8 3.1 3.1 8.133 0.688 71.2(0.5) 1.64(0.13) 27.1(2.1) 35.4 1.3 3.1 3.1 8.134 0.905 16.3(0.5) 1.89(0.15) 36.9(2.9) 64.7 1.3 3.0 3.1 8.135 0.876 31.1(0.5) 0.90(0.07) 72.4(6.0) 119.6 0.8 3.0 3.4 8.136 0.907 52.7(0.5) 1.09(0.08) 66.3(5.2) 101.7 0.8 3.0 3.1 8.037 0.902 71.2(0.5) 1.62(0.12) 34.9(2.8) 40.6 1.1 3.0 3.1 8.1T = 300� 3 K38 0.204 31.4(0.5) 1.23(0.10) 28.2(2.3) 91.4 1.7 3.4 3.5 8.539 0.303 17.9(0.5) 2.13(0.16) 21.6(1.7) 67.2 1.1 3.3 3.1 8.140 0.302 36.1(0.5) 1.14(0.09) 36.7(3.0) 101.1 0.9 3.4 3.1 8.241 0.312 52.0(0.5) 1.27(0.10) 30.3(2.5) 78.7 1.0 3.2 3.1 8.142 0.312 68.8(0.5) 1.25(0.10) 21.4(1.7) 47.6 1.0 3.2 3.1 8.143 0.434 15.4(0.5) 0.97(0.07) 35.4(2.9) 59.3 0.9 3.2 3.1 8.144 0.411 31.0(0.5) 1.08(0.08) 43.7(3.6) 96.0 1.0 3.2 3.2 8.145 0.425 32.7(0.5) 0.95(0.07) 49.4(4.0) 99.9 0.7 3.3 3.1 8.146 0.443 35.0(1.0) 0.89(0.07) 53.6(4.4) 104.4 0.5 3.4 3.2 8.247 0.409 47.7(0.8) 0.97(0.07) 44.0(3.6) 89.3 0.7 3.4 3.1 8.148 0.411 68.5(0.5) 1.21(0.09) 27.7(2.2) 50.3 0.8 3.2 3.1 8.149 0.515 18.2(0.5) 1.95(0.15) 30.2(2.4) 74.5 1.1 3.7 3.1 8.350 0.518 35.2(0.5) 1.38(0.10) 46.8(3.8) 109.2 0.8 3.7 3.1 8.351 0.532 52.8(0.5) 1.01(0.08) 50.0(4.0) 92.8 0.7 3.6 3.1 8.252 0.787 33.0(1.0) 0.80(0.06) 76.8(6.3) 123.2 0.5 3.0 3.2 8.153 0.781 33.7(0.5) 1.19(0.09) 57.1(4.7) 118.4 1.1 3.1 3.5 8.3made before �lling the target and after eva
uation ofthe mixture from it.The 
hromatographi
al analysis showed the mole
-ular 
ompositions to be very 
lose to the equilibriumones, CDD : CDT : CTT = C2d : 2CdCt : C2t ; Ct + Cd = 1;for ea
h gaseous mixture exposed to a muon beam.However, for liquid mixtures, the mole
ular 
ontent 
andi�er from the equilibrium due to the dynami
 e�e
ts in761



V. R. Bom, A. M. Demin, D. L. Demin et al. ÆÝÒÔ, òîì 127, âûï. 4, 2005Continuation of Table 1Conditions Error 
ontributions, %� ', Ct, !, Yn �
, Stat. �' �q TotalLHD % % �s�1T = 500� 6 K54 0.425 35.0(1.0) 0.88(0.07) 58.9(4.8) 130.0 0.6 3.1 3.2 8.2T = 550� 6 K55 0.201 33.7(0.5) 1.25(0.10) 30.2(2.5) 113.3 1.6 3.5 3.5 8.556 0.293 17.9(0.5) 1.92(0.15) 23.1(1.9) 73.5 1.1 3.5 3.1 8.257 0.285 36.1(0.5) 1.14(0.09) 42.8(3.5) 130.1 0.9 3.6 3.1 8.258 0.287 52.0(0.5) 1.07(0.08) 43.3(3.5) 135.6 0.9 3.5 3.1 8.259 0.292 68.8(0.5) 1.06(0.08) 38.7(3.1) 104.3 0.8 3.5 3.1 8.260 0.407 15.4(0.5) 0.93(0.07) 37.4(3.0) 66.1 0.9 3.4 3.2 8.261 0.399 32.7(0.5) 0.97(0.07) 35.4(2.9) 128.7 0.7 3.5 3.1 8.262 0.383 47.7(0.8) 0.87(0.07) 56.3(4.6) 133.1 0.7 3.6 3.1 8.263 0.390 68.5(0.5) 1.00(0.08) 45.8(3.7) 103.5 0.9 3.4 3.1 8.264 0.505 18.2(0.5) 1.81(0.14) 32.4(2.6) 79.8 1.1 3.8 3.1 8.465 0.490 35.2(0.5) 1.25(0.09) 50.3(4.1) 138.0 0.7 3.9 3.1 8.466 0.502 52.8(0.5) 0.93(0.07) 62.4(5.1) 141.8 1.2 3.8 3.1 8.467 0.604 51.5(0.5) 0.93(0.07) 68.0(5.5) 142.1 1.1 3.8 3.1 8.4T = 635� 6 K68 0.597 51.5(0.5) 0.94(0.07) 68.5(5.5) 155.5 0.5 4.0 3.1 8.4T = 800� 10 K69 0.191 33.7(0.5) 1.28(0.10) 36.2(3.0) 134.9 1.8 3.9 3.5 8.770 0.279 17.9(0.5) 1.88(0.14) 23.6(1.9) 78.8 1.2 4.3 3.1 8.671 0.275 36.1(0.5) 1.13(0.09) 40.2(3.3) 150.1 0.9 4.4 3.1 8.672 0.278 52.0(0.5) 1.16(0.09) 46.8(3.8) 165.2 0.8 4.0 3.1 8.473 0.278 68.8(0.5) 1.24(0.09) 39.7(3.2) 139.9 0.9 4.0 3.1 8.474 0.410 18.2(0.5) 1.93(0.15) 29.8(2.4) 84.5 1.0 4.0 3.1 8.575 0.400 35.0(0.5) 0.92(0.07) 60.2(4.9) 152.0 0.6 4.0 3.2 8.576 0.385 35.2(0.5) 1.50(0.11) 45.6(3.7) 150.3 1.0 4.3 3.1 8.677 0.405 51.5(0.5) 1.23(0.09) 51.9(4.2) 164.8 0.6 4.0 3.1 8.478 0.375 68.5(0.5) 1.25(0.09) 47.0(3.8) 145.0 0.8 3.9 3.1 8.479 0.484 18.2(0.5) 1.84(0.14) 32.7(2.6) 84.2 0.9 4.3 3.1 8.680 0.484 35.2(0.5) 1.29(0.10) 50.2(4.1) 155.3 0.7 4.3 3.1 8.681 0.491 51.5(0.5) 1.14(0.09) 59.4(4.8) 173.0 0.6 4.3 3.1 8.6evaporation of a multi-
omponent liquid, investigatedby us under the 
onditions of our target in [54℄. The de-viation from the equilibrium state be
omes noti
eablefor the high tritium 
on
entration Ct > 50%. Appro- priate 
orre
tions to the mole
ular and isotope 
on
en-trations of the liquid mixture were made in [55℄. Wenote that the quantity of protium in D/T mixtures didnot ex
eed 1%.762
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atalyzed dt fusion : : :4.4. D/T mixture purity and 3He a

umulationAs follows from Eq. (10), the expression for the 
y-
ling rate is independent of the muon loss, in
ludingthe e�e
t of impurities with Z > 1. Contrary to this,the muon losses depend on the 
y
ling rate (�dt� and�dt). The larger the 
y
ling rate, the 
loser the muonlosses are to their natural limit equal to the probability!s. As is seen from Eq. (11), the muon transfer to thepossible impurities a�e
ts the value of !. That is whythe impurity level must be made as small as possible.A
tually, the 
ondition�ZCZ � !s�
 (12)must be ensured.It is ne
essary to distinguish two sorts of impurities:impurities with Z > 2 and He admixtures.4.4.1. Impurities with Z > 2 and 4HeThese impurities are predominant helium-4, 
arbon,oxygen, and nitrogen originating from imperfe
t puri�-
ation of the mixture before �lling the target and re-moving the residual gaseous elements from the targetwalls during the exposure.The spe
ial preparation system based on palladium�lters [46℄ provides �lling of a target with gas puri-�ed of impurities at the level CZ < 10�7 of volumeparts. As the outgassing e�e
t in
reased with temper-ature, the mixture purity varied from CZ < 10�7 forT = 20 K to CZ = 10�5�10�6 for T = 800K. The rateof the muon transfer from the t�-atom to the pointedadmixtures is �Z � 1011 s�1 for nu
lei with Z > 2 [56℄and �4He � (1�5) � 109 s�1 for 4He [57, 58℄. Therefore,
ondition (12) is satis�ed only for a liquid D/T mixturewhere the 
y
ling rate is rather high (�
 = 50�120 �s�1depending on the tritium 
on
entration) and most im-purities (ex
luding helium) are solid and freezed out onthe target walls.4.4.2. 3He admixtureThe tritium handling system provides the initial
on
entration CHe of 3He in the mixture before pouringinto a target at the level 10�7. However, due to the tri-tium �-de
ay, 3He is a

umulated in a target a

ordingto relation CHe(�) = Ct[1� exp(��trit�)℄;where �trit = 6:4 � 10�6 h�1 is the tritium de
ay rate.Hen
e, the pro
ess of the muon transfer from the t�-atom to 3He (with the rate �3He � 2 � 108 s�1 [57℄) 
anessentially a�e
t the muon losses.

The 3He a

umulation e�e
t is quite di�erent forliquid and gaseous D/T. It was shown in experi-ment [58℄ that 3He in liquid D/T di�uses and goes outto the vapor gas. Our 
ooling system of the LTT [43℄provided the passage of all the D/T mixture throughthe vapor phase during approximately 1 hour, whi
hled to the 3He es
ape out of liquid D/T. In experi-ments with liquid D/T, we therefore had no problemwith D/T purity.In experiments with gaseous D/T, we were for
edto re�ll the target every 10�40 hours (depending on thetritium 
ontent in D/T) to avoid a

umulation of 3Helarger than the �
riti
al value� C3He � 10�5.5. DATA TREATMENTThe data pro
essing in
luded the following stages.1. Sele
tion of events. By an event we mean ano

urren
e of the pro
esses 
aused by a single muonbeginning with the muon stop in the target and endingwith the muon de
ay. An example of the event as seenby the dete
tors is presented in Fig. 7. The most impor-tant 
riteria for the event to be a

epted was presen
eof a reliable signal for the �-de
ay ele
tron.2. Creation of the 
harge and time spe
tra for neu-trons from the d+ t rea
tion and for ele
trons from the�-de
ay.3. Fit of these spe
tra to determine the �e�e
tive�MCF parameters �
, !, and Yn.4. Analysis of these parameters as fun
tions ofthe tritium 
on
entration to obtain the dt� formationrates �dt��d and �dt��t and the muon-to-helium sti
k-ing probability !s.5.1. Analysis methodsThe most popular and pra
ti
ally the only methodused by most groups involved in the study of the MCFd + t pro
ess is the so-
alled standard method, wherethe yield and time distribution of all dete
ted neu-trons from rea
tions (5), (6) are registered and ana-lyzed. This distribution has the well-known one-expo-nent form (8). The number of �-de
ay ele
trons Ne isused for normalization,NnNe = �n�
�0 + !�
 : (13)The slope �n of the exponential in (8) and the nor-malized neutron yield Yn are the measured parameters.The values of �
, !, and Yn are extra
ted from (8), (9),and (13):763
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Fig. 8. Example of ele
tron (a) and neutron (b) time distributions. Solid lines are the optimum �ts with expressions (15)(a) and (8) (b), the dashed line 
orresponds to the ele
trons from empty target�n'�
 = NnNe �n; !�n = �n � �0�n'�
 ; �nYn = NnNe : (14)In the Dubna experiments, we also used the standardmethod. To obtain spe
trum (8), we 
reated a timedistribution of the neutron dete
tor 
harge Q(t). Forthis, we summed the amplitude spe
tra for ea
h neu-tron dete
tor ND1 and ND2. Then the spe
trum Q(t)was transformed to the time distribution of the numberof events Nn(t) = Q(t)=qusing the unit 
harge q [59℄. The latter was measuredunder spe
ial 
onditions providing a low neutron mul-tipli
ity, where ea
h 
harge pulse 
orresponded to oneneutron. Charge distributions obtained in su
h expo-sures were 
ompared with the 
al
ulated ones to obtainthe experimental value of �n as a fun
tion of the thresh-old.The number of ele
trons Ne was obtained from theanalysis of the ele
tron time spe
tra Ne(t) using thedistribution Bempty(t) measured with an empty target,N totale (t) = kBempty(t) +Ae exp(��et) + F; (15)where �e is the muon disappearan
e rate and F is thea

idental ba
kground. In this �t k, Ae, �e, and F areparameters. The observed muon disappearan
e rates�e are 
lose to the muon de
ay rate �0 = 0:455 �s�1and depend on the mixture purity. In exposures with

liquid D=T , where the purity is maximum, �e is ob-tained equal to �0 within 1%.A typi
al example of the �tted time distributions ofde
ay ele
trons and fusion neutrons for the D/T �lledtarget is shown in Fig. 8. The dashed line 
orrespondsto the ele
trons from de
ays of muons stopped in thetarget walls (empty target).The prin
ipal disadvantage of the standard methodis that the main MCF parameters � 
y
ling rate ande�e
tive muon losses � are not obtained dire
tly, onlytheir produ
t is measured dire
tly. In our measure-ments, we employed two novel independent methodsproposed and developed in Dubna [60, 61℄. These anal-ysis methods make it possible to dire
tly measure thevalues of �
 and !.A proposal in [60℄ was to measure the distributionNne(t) whi
h was a fun
tion of the interval t = te � tnbetween the last dete
ted neutron of the series and the�-de
ay ele
tron. This distribution has the form ofa sum of two exponentials with signi�
antly di�erentslopes [60, 61℄,dNnedt = �0�n ��[!�
 exp(��0t)+�n�
(1�!) exp(�(�0+�n)t)℄; (16)where �n is expressed as�n = (�n + ! � �n!)�
: (17)764



ÆÝÒÔ, òîì 127, âûï. 4, 2005 Experimental investigation of muon-
atalyzed dt fusion : : :
ba

10
3

10
2

10

1
0 100 200 300 400

time, bin = 10 ns

N
u
m

b
e
r

o
f
e
v
e
n
ts

10
3

10
2

10

1
0 100 200 300 400

time, bin = 10ns

N
u
m

b
e
r

o
f
e
v
e
n
ts

Fig. 9. Ele
tron � last neutron timing spe
tra measured with a liquid D/T mixture. Spe
trum a 
orresponds to the exposurewith Ct = 35:2% and variant b was sele
ted for Ct = 85:5%. Lines are the �ts with expressions (16) and (17) and theoptimum parameters �n�
 and !=�nThe �rst (�slow�) exponential 
orresponds to theevents with muon sti
king and the se
ond (�fast�) oneto the events without sti
king. The 
y
ling rate is de-termined from the fast 
omponent slope, and the muonloss is obtained from the ratio between the amplitudesof the slow and fast exponentials:AsAf = !�n(1� !) :Examples of su
h distributions obtained in a liquidD/T mixture are presented in Fig. 9. As is seen fromthe �gures, the events with and without sti
king are
learly separated. Di�erent slopes of the fast 
om-ponents of the spe
tra re�e
ts the di�erent values ofthe 
y
ling rate realized for the tritium 
on
entrationsCt = 35:2% and Ct = 85:5%. The advantage of themethod is that 
harge 
alibration is not ne
essary inthis 
ase.Another idea [61℄ was to measure the neutron multi-pli
ity distribution (the number k of dete
ted neutronsper muon) in some de�nite time interval T . If one se-le
ts the events for whi
h the muon does not de
ayin this interval, then this distribution is a sum of twoterms. One of them, whi
h is Gaussian (Poisson) withthe mean m = �n�
T , 
orresponds to the events with-out sti
king, and the other, depending on ! and fallingwith k, is the distribution of events with muon sti
king.The rigorous expression for the multipli
ity distri-bution was obtained in [62℄. It has the form

f(k) = [�n(1� !)℄k(�n + ! � �n!)kP (k) ++ [�n(1� !)℄k�1!(�n + ! � �n!)k F (k); (18)where P (k) is the Poisson distribution with the meanm = �nT , P (m) = (�nT )kk! e��nT ;F (k) = 1� e��nT k�1Xi=0 (�nT )ii! ;and �n is given by formula (17).Formula (18) 
orresponds to the �event mode�where the number of dete
ted neutrons was 
onsidered.A
tually measured in experiments were the distribu-tions of the neutron dete
tor 
harge; they were dividedby the unit 
harge to obtain a multipli
ity distribution.The real response fun
tion of the dete
tor results in dif-fusion of the measured spe
tra as 
ompared with theones obtained in the �event mode�. It turns out thatin good approximation (with a

ura
y 2�3% in 
y
lingrate), the real distribution 
an be obtained as 
onvolu-tion of formula (18) with the Gaussian fun
tion. TheGaussian width is varied to obtain the best agreementbetween the experiment and 
al
ulations.We 
an also sele
t only nonsti
king events. For this,we must ex
lude the requirement of the ele
tron sig-nal in the trigger and sele
t only those neutron serieswhose duration is larger than the 
hosen interval T .Plotting and analyzing the multipli
ity distribution ofsu
h events, we 
an dire
tly obtain the 
y
ling rate.765
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Fig. 10. Multipli
ity distributions in time interval T = 1 �s. a � Distribution without sti
king events, b � with sti
kingevents. Curves are the optimum �tsThe advantage of this method is that we do not needthe fa
t of the �-de
ay ele
tron existen
e. Of 
ourse,only �
 
an be determined in this 
ase be
ause eventswithout muon sti
king to helium are a

epted. The ex-amples of �tted multipli
ity distributions are presentedin Fig. 10.The 
omparison of all methods that we used in theanalysis is given in the Table 2. The statisti
al poweris pra
ti
ally the same for all methods. Indeed, in thestandard method, the main fa
tor for the statisti
ala

ura
y is the limited number of ele
trons, the num-ber of neutrons is mu
h higher under real experimental
onditions. In two other methods, the full statisti
s isthe number of the �rst or last neutrons, whi
h are alsoapproximately equal to the ele
tron number.In our investigations, we use all the three methodsmentioned. This allows us to reliably analyze the data,with minimum systemati
 un
ertainties. Of 
ourse, thefull analysis is rather 
ompli
ated and in
ludes manytests with di�erent sele
tion rules for events to be a
-
epted. 5.2. Ele
tron identi�
ationA serious problem in the MCF data analysis is howto distinguish the real ele
tron from a false one. Underthe 
onditions where one muon 
an 
ause up to 100rea
tions (5), it is possible to dete
t a neutron by theele
tron dete
tor and a

ept it as an ele
tron. Contrary

to the measurements of other groups, we dete
t ele
-trons with a proportional wire 
ounter, having a verylow sensitivity to neutrons. But even in this 
ase, thefra
tion of false ele
trons 
aused by the neutron 
ountswas noti
eable.Only the last (in time) ele
tron signal is a

epted asreal. It would be enough to ex
lude the false ele
tronsif the ele
tron dete
tion e�
ien
y would be �e = 100%.However, for di�erent reasons (see [63℄), this e�
ien
yis not equal to unity. Thus, the situation 
an o

urwhere the real ele
tron is not dete
ted and a false oneis interpreted as real. The presen
e of false ele
tronsresults in distortion of �
, !, and Yn. The 
y
ling ratedetermined a

ording to formula (14) is distorted dueto the error in Nn and Ne, and �n extra
ted from ex-pressions (8) and (15) feels the error in �
. On the otherhand, 
onfusion of the real and false ele
trons leads todistortion in the relation between �sti
k� series (inter-rupted due to the muon sti
king) and �no-sti
k� series(ending with �-de
ay). The latter are a

epted moree�e
tively. Thus, the results for the muon losses arealso distorted. Finally, the distortion of the slope ofthe ele
tron time distribution does not make it possi-ble to 
orre
t the estimate of the D/T mixture purity,and thus to 
he
k the parameters of the puri�
ationsystem.Fortunately, the 
y
ling rate determined from thepeak position in the multipli
ity spe
trum is free of766
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atalyzed dt fusion : : :Table 2. Comparison of di�erent methods used in the MCF studyMethod �
, ! Charge Ele
trondetermination 
alibration dete
tionStandard Indire
t Ne
essary Ne
essaryte�tn Dire
t Not ne
essary Ne
essaryMultipli
ity Dire
t Ne
essary Not ne
essaryfalse ele
trons. This is a very important 
ir
umstan
eallowing reliable data on the 
y
ling rate serving as asour
e of the �elementary� pro
ess parameters su
h asthe dt�-mole
ule formation rate. Of 
ourse, it is verydesirable to obtain a 
orre
t value for �
 by di�erent in-dependent methods. Moreover, obtaining 
orre
t dataon the muon losses is an independent important task.5.2.1. Sele
tion by the energy loss in theneutron dete
torThe e�e
tive way to reje
t false ele
trons was elab-orated and used in our work [23℄. For this, we requiredthe following when sele
ting events.1. Ele
tron signals from the PC and ND1 or ND2should 
oin
ide.2. The energy that the ele
tron releases in the neu-tron dete
tor should be greater than the maximum pos-sible energy released by a 14 MeV neutron in this de-te
tor. This allows reliable dis
rimination of false ele
-trons. The use of these sele
tion 
riteria allowed us toobtain the data on �
 and ! 
oin
iding for all threeanalysis methods within 5% [23℄.The disadvantage of this sele
tion is a de
rease inthe statisti
s be
ause an essential part of the usefulevents are reje
ted. This de
rease be
omes mu
h moresensible in experiments with a high-pressure gaseoustarget having rather thi
k walls, for whi
h the �out-put� ele
tron energy spe
tra are noti
eably distortedand the transparen
y of the target walls for ele
trons isnoti
eably smaller than for the liquid target. Thereforefor a gaseous target, reliable neutron�ele
tron separa-tion was 
onne
ted with larger statisti
s losses than fora liquid target.5.2.2. Sele
tion by the time position of theele
tron signal relative to neutron seriesTo avoid losing statisti
s, we developed a newmethod [63℄ for the false ele
tron dis
rimination, whi
his most e�e
tive for the large neutron dete
tion e�-
ien
y realized in our experiments. We now impose

the 
riterion �ele
tron inside neutron series�. For this,we 
onsider the neutron dete
tor 
harge Q (the sumof the amplitudes) on some time interval (�T ) 
loseto the ele
tron signal and delayed relative to it by �t.The events were a

epted under the 
ondition that the
harge Q is smaller than the threshold: Q < Qth.Our 
onsideration [63℄ shows that the proper valuesare �t = 60 ns and �T = 500 ns. The largest valuesof Qth 
orrespond to events without sele
tion for thefalse ele
tron. In this 
ase, the distortion in the ele
-tron yield and time spe
trum (15) is the largest. Theopposite 
ase (low Qth) 
orresponds to the smallest dis-tortions for ele
trons and to the minimum value of theele
tron time slope �e, whi
h pra
ti
ally 
oin
ides withthe one determined using sele
tion by ele
tron energyin the neutron dete
tor.The opposite situation o

urs for the slope of neu-tron time distribution (8). In the 
ase where the realele
tron is not dete
ted, a false one is a

epted as ele
-tron. This means that the long neutron series are pre-dominantly dete
ted be
ause the appearan
e of a falseele
tron is most probable just in those series. Indeed,our 
onsiderations [63℄ show that the minimum Qth(maximum false ele
tron reje
tion) leads to the max-imum slope �n. Again, the �
orre
t� value of �n isin agreement with the one obtained with sele
tion byele
tron energy in the neutron dete
tor.The main MCF parameters obtained under two dif-ferent sele
tion options 
oin
ide within the a

ura
y3�4%. The reliability of the data is 
on�rmed by thefa
t that the value of the 
y
ling rate determined bythe standard method is identi
al to the one yieldedby the multipli
ity method, where it is independent ofthe sele
tion 
riteria. The method 
onsidered gives thestatisti
s 4�5 times larger than in the 
ase with energydis
rimination (Se
. 5.2.1). This indi
ates that we havefound the way des
ribed in detail in [63℄ for 
orre
tlyobtaining the MCF parameters without essential lossin statisti
s.767
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tion e�
ien
yAll methods dis
ussed above give the values of �
�nand !=�n. To obtain the MCF parameters �
 and !,we must know the neutron dete
tion e�
ien
y �n.Determining �n for organi
 s
intillation 
ounters isa nontrivial task be
ause it is in�uen
ed by fa
tors likethe geometry of the surrounding material, generationof light by various rea
tion produ
ts and be
ause manyenergy-dependent 
ross se
tions are involved. Be
auseof the la
k of neutron 
alibration sour
es with well-known intensity and su�
iently large energy, the e�-
ien
y had to be 
al
ulated. The Monte Carlo te
h-nique was used.Cal
ulations of �n for neutrons dete
ted by the NDin the Dubna experiments are des
ribed in [64℄. TheCERN pa
kage GEANT was used in [64℄ for the simula-tion 
al
ulations. Be
ause it la
ks the appropriate lowand fast neutron intera
tion 
ross se
tions, GEANTwas linked with the MICAP pa
kage. MICAP uses ex-perimental neutron 
ross se
tions from the ENDF/B-VI database from 20 MeV down to thermal energies(10�5 eV). This in
ludes partial 
ross se
tions, an-gular distributions, and energy distributions of rea
-tion produ
ts and de-ex
itation photons. The prepro-
essed ENDF/B-VI data represent the experimentaldata within 2%.After the 
al
ulation of the energy deposited insidethe s
intillator, the ele
troni
 output signal was ob-tained by �rst 
onverting the energy into s
intillationlight 
onsidering the parti
le type, and then 
onvertingthe total light output into an ele
tri
 signal by applyingthe dete
tor response fun
tion [49℄. This fun
tion takesseveral fa
tors into a

ount, su
h as nonuniform light
olle
tion depending on the position of light generationinside the s
intillator and photon statisti
s. The resultsof 
al
ulations [64℄ for 14 MeV neutrons from rea
tions(5), (6) are presented in Fig. 11 together with the mea-sured spe
tra.One neutron dete
ted in a s
intillator may generatea response from one dete
tor or, due to s
attering orto generated gamma rays, from both dete
tors. Thisleads to a single and 
oin
ident rate. The 
orrespond-ing spe
tra are shown in Fig. 11 together with the mea-sured ones. As 
an be seen, there is good agreementbetween the measurements and the 
al
ulations in both
ases (single and 
oin
ident). The intensity and ampli-tude 
alibration of the 
al
ulated single spe
trum wasnormalized to single data. The normalization thus ob-tained is then applied to the 
al
ulated 
oin
ident spe
-trum, whi
h then neatly 
oin
ides with the 
orrespond-ing data. This means that the single-to-
oin
ident ra-
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C
o
u
n
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b

Fig. 11. Charge distribution for 14 MeV neutrons mea-sured in [23℄ with the ND (histograms). Distributionsare plotted for single (a) and 
oin
ident (b) events.Lines are the Monte-Carlo 
al
ulations [64℄tio is well predi
ted, whi
h is 
onsidered as a sensitivevalidation 
he
k for the 
al
ulations. The estimatedrelative un
ertainty in �n is not worse than 5�7%.The problem is how the neutron dete
tion e�
ien
ydepends on the neutron multipli
ity (
y
ling rate). Themain idea of using the �ash ADC is that the total
harge per number of neutrons is 
onserved even whenthe ND signals mostly overlap. However, it is true onlyfor zero 
harge threshold. In fa
t, the 
luster 
hargeshould be limited to redu
e the low-energy ba
kground.At a high neutron multipli
ity, small-
harge 
lusters
an overlap with one or more other 
lusters and hen
e
an be a

epted (a none�e
tive threshold). Obviously,this results in an in
rease of the dete
tion e�
ien
y
ompared with the low neutron multipli
ity. The a
-tual in
rease depends on several fa
tors, su
h as theshape of the ND signal, the form of the response fun
-tion, the magnitude of the threshold, and the measured
y
ling rate. Be
ause one would expe
t an essential 
or-re
tion to the value of �n, the problem required spe
ial
onsideration.This was made in [65℄, where the fusion neutronregistration was Monte-Carlo simulated for a wide 
y-
ling rate. All the three analysis methods were 
on-sidered. It turned out that in the standard and mul-tipli
ity methods, the 
orresponding 
orre
tions to thee�
ien
y were not very large: even for the maximumpossible measured 
y
ling rate �n�
 = 40 �s�1, theyare only 12%.768
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y
ling rates as a fun
tion of temperature for the gaseous D/T mixture at Ct � 33% and di�erentdensities ' = 0:88�0:91 (Æ), 0:62�0:64 (H), 0:49�0:52 (N), 0:39�0:45 (�), 0:19�0:24 (�) LHD. b � Normalized 
y
ling ratesas a fun
tion of density for the gaseous D/T mixture at Ct � 33% and di�erent temperatures T = 800 K, Ct = 0:34�0:36(H); T = 550 K, Ct = 0:33�0:36 (N); T = 300 K, Ct = 0:31�0:36 (�); T = 158 K, Ct = 0:31 (�). The 
urves are obtainedwith optimum parameters6. RESULTS6.1. The e�e
tive MCF parametersThe e�e
tive MCF parameters �
, !, and Yn wereobtained from the �t of the distributions 
onsidered inthe �standard�, �multipli
ity�, and �te � tn� analysismethods. Although the �rst two methods are more re-liable, the results obtained by three di�erent methodswere in agreement with an a

ura
y 3�4%. They arepresented in Table 1 and in Fig. 12.The statisti
al un
ertainty in the results is deter-mined by the number of events and the �t a

ura
y. Inboth main methods (�standard� and �multipli
ity�),the statisti
s provides this error not higher than 2%.We note that in the multipli
ity method, we do notneed the muon number normalization.The following fa
tors 
ontribute to the systemati
error.1. Un
ertainty in the neutron dete
tion e�
ien
ymakes the maximum 
ontribution to the systemati
 er-ror. It was estimated from the 
al
ulation of �n and thea

ura
y in the energy threshold determination and is6% in total.2. Un
ertainty of the 
harge 
alibration pro
eduregives an error smaller than 3%.

3. Un
ertainty of the gas and liquid density (fornormalized 
y
ling rate) is about 3�4% and 2% re-spe
tively.4. Un
ertainty of the time zero position (only forthe standard method) gives a systemati
 error smallerthan 0.5%.5. Un
ertainty due to the 
orre
t sele
tion of muonde
ay ele
trons (only for the standard method, seeSe
. 5.2) is 2%.6. Un
ertainty 
aused by possible instability of de-te
tors and ele
troni
s does not ex
eed 2%.Therefore, the total un
ertainty in !, Yn, and theabsolute values of �
 did not ex
eed 9%. Obviously,the relative dependen
ies of the 
y
ling rate on tem-perature and density are known with a better a

ura
y(4.5�5.5%).6.2. The dt�-mole
ule formation rate andmuon sti
king probabilityThe usual way to determine the �physi
al� values�dt� and !s is an analysis of the �e�e
tive� parameters�
 and ! using expressions (10) and (11), representingtheir dependen
e on tritium 
on
entration and density.For this purpose, it is �rst of all ne
essary to express4 ÆÝÒÔ, âûï. 4 769
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tion of Ct and '. With the general expres-sion (1) and the theoreti
al predi
tions in [32, 34, 66℄as well as experimental results in [17, 35℄ taken intoa

ount, the parameterization of q1S was 
hosen in theform q1S(Ct; ') = 11 + (b+ 
')Ct : (19)6.2.1. Fit of the liquid D/T data. Muonsti
king probability !sAs we have noted, the most expedient 
ondition forthe !s measurement is a liquid D/T mixture, where�
 is high and the admixture 
ontent is negligible. Our�rst data for the liquid D/T mixture were given in [23℄.In this paper, we 
orre
t the values of the mole
ular
on
entrations and in addition perform the 
ommon�t of �
 and ! in liquid D/T using formulas (10) and(11). As for all liquid points, the density values werevery 
lose to ea
h other, the parameterization for q1Swas 
hosen as q1S(Ct) = (1 + aCt)�1; (20)where a � b + 
' from (19). We have performeda set of �ts, varying di�erent parameters a

ordingto the known theoreti
al and experimental data for�1�0 [68, 69℄, �tt� [70�72℄, and �dt��t [14; 17; 18; 70℄.Su
h a variation does not lead to a signi�
ant 
hangein the results. The systemati
 error ��n (the same forall liquid data) was ex
luded from the data errors inthis �ts. In Table 3, the values used for the MCF 
y
leparameters and the results of one of the �ts are shown.The �t results are shown in Fig. 13 and in Tab-le 3. The main results for the liquid (T � 22 K,' � 1:22 LHD) D/T mixture are�dt��d = (685� 35stat � 41syst)�s�1; (21)�dt��t = (18� 6stat � 11syst)�s�1; (22)!s = (0:573� 0:021stat � 0:032syst)% : (23)Our value of �dt��d in (21) is essentially higherthan the PSI group data [14℄ but is in agreementwith the LAMPF results [17℄ (see Fig. 15). The valueof �dt��t in (22) is in satisfa
tory agreement withthe values obtained in [17, 18℄, �dt��t = 20 �s�1,and [70℄, �dt��t = 11+6�11 �s�1. An unexpe
tedly highrate �dt��t = 160 �s�1 was obtained by the RIKENgroup [16, 73℄. Fixing this value, we do not a
hieveany satisfa
tory agreement of �t to our data, and we

Table 3. Results of one from the set of 
ommon �tsof the data for liquid D/T. Fixed parameters are givenwith referen
esParameter Value Ref.a 2:9� 0:4 free�ZCZ , �s�1 0:08� 0:03 free�dt, �s�1 280 [18; 21; 35; 36℄�1�0, �s�1 1200 [68, 69℄�3=2dd�, �s�1 3:5 [11℄�3=2�1=2, �s�1 36 [11℄�ttf , �s�1 14 [72℄!dd, % 0:13 [11℄r 0:51 [11℄�tt�!tt, �s�1 0:28� 0:15 free�dt��d, �s�1 650� 40 free�dt��t, �s�1 21� 8 free!s, % 0:574� 0:022 freetherefore 
on
lude that this value is uprated by abouta fa
tor of 5.The probability !s of the e�e
tive muon-to-heliumsti
king in dt-fusion is one of the most important MCF
hara
teristi
s be
ause it limits the number of fusionsper muon. In theory, !s is 
onsidered as the produ
t!s = !0s(1� R);where !0s is the �initial� sti
king probability dire
tlyafter fusion and R is the probability of the muon-from-helium stripping during the He� thermalization stage.R is density-dependent and hen
e the theory predi
ts aslow, 
lose to linear, de
rease of !s with density. Com-parison of di�erent theoreti
al and experimental resultson !s is presented in Table 4.The mean value �ZCZ = 0:08 � 0:03 �s�1 ob-tained in the �ts is in agreement with the estimate0:08� 0:04 �s�1 based on the analysis of the ele
trontime spe
tra. The produ
t �tt�!tt, being free, was ob-tained as 0:28� 0:15, whi
h agrees with [70�72℄.6.2.2. Low-temperature gaseous D/T dataHere, we present new data related to the mix-ture temperature T = 45, 158 K and di�erent densi-770
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Fig. 13. Normalized 
y
ling rates (a) and muon loss probability (b) as a fun
tion of the tritium 
on
entration for the liquidD/T mixture (T = 22 K, ' � 1:22 LHD). Solid lines are optimum �ts. The dashed line is the value (23)ties ' = 0:2�1 LHD. It is primarily interesting fromthe standpoint of the density dependen
e of the dt�-mole
ule formation rate on D2 mole
ules.For all values of ', approximation (20) for q1S wasused in the �t. The results are presented in Table 5.The data for T = 300 K re
ently presented in [26℄ isalso in
luded. As 
an be seen, the obtained data for�dt��d demonstrate a strong density dependen
e andpra
ti
ally do not sensitivity to the mixture tempera-ture.6.2.3. High-temperature gaseous D/T dataMeasurements for high temperatures (T � 300 K)are important for the determination of the dt�-mole
uleformation rate on DT mole
ules. A

ording to the�standard� theory, the Maxwell distribution for thet�-energy (Et�) overlaps the nearest resonan
e �dt��t(Et�) in this region. In addition, it is interesting to
larify for whi
h temperatures �dt��d remains densi-ty-dependent and what is its temperature dependen
e.The preliminary data for T = 300, 550, 800 K werepresented in [26℄. We now present the �nal data ob-tained from the 
ommon �t of the experimental de-penden
es �
 ('; T ). The dt�-mole
ule formation rateson D2 and DT mole
ules were assumed independent ofdensity at temperatures T > 300K. They are presentedin Table 6.

The following 
on
lusions 
an be made from their
onsideration.1. A

ording to theory, �dt��t rises with tempera-ture.2. Contrarily this, �dt��d does not reveal a temper-ature dependen
e.6.2.4. Common �t of gaseous D/T dataTo reliably extra
t �dt� for given T and ', ea
hset of �
('; T ; Ct) should 
ontain enough points 
or-responding to a wide range of Ct. Not all our datasatis�ed this 
ondition. We 
ould not 
ondu
t mea-surements with high Ct at �extreme� ' and T . Never-theless, we 
ould in
lude all data in the analysis makingsome assumptions on the �dt� density and temperaturedependen
es.Based on our preliminary analysis [26, 67℄ and tem-perature and density dependen
es of �
 obtained fromthe analysis of the total data, we 
an 
on
lude that(i) �dt��d rises linearly with density in a wide tem-perature range up to T = 300 K;(ii) at temperatures T = 300�800 K, �dt��t is very
lose to a linear fun
tion of temperature and does notdepend on density.We therefore 
hose the simplest linear parameteri-zation for the temperature and density dependen
es ofthe formation rates:771 4*
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Fig. 14. Common �t of the normalized 
y
ling rates as a fun
tion of the tritium 
on
entration for all (76 points) data forthe gaseous D/T mixture (T = 37�800 K, ' = 0:143�1:024 LHD). Lines are the optimum �t�dt��d(') = Ad +Bd' at T = 37�300 K;�dt��d = Cd at T > 300K; (24)�dt��t(T ) = At +BtT at T � 200 K;' = 0:2�0:9: (25)The general expression (19) was used for q1S , in
ludingthe density-dependen
e term.A total of 76 gaseous points of �
 were under �t-ting by using formula (10). The systemati
 error dueto the neutron dete
tion e�
ien
y ��n (the same for
all data) was ex
luded from the errors in the 
ourseof �tting. The results are presented in Table 6 andFigs. 14�16.Figure 14 shows how the experimental values of �
are des
ribed by formulas (10) with our parameteriza-tion of q1S and �dt�. It follows from the �t that theexperimental data are in satisfa
tory agreement withthe used approximation: �2 = 84 for 76 points and6 variable parameters. The optimum values of our ap-proximation are presented in Table 7. We note that q1Sturned out to be density-independent. The same was772
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Fig. 14.obtained in [14℄, but our values of q1S are somewhatlower than in that work (see Fig. 16).Figure 15 represents the �t results for the low-temperature (T � 300 K) data for �dt��d (') (a) and�dt��t (T ) (b). The area limited by the straight lines
orresponds to permissible values found from the �twith taking the un
ertainties in density and temper-ature into a

ount. The obtained �t a

ura
y turnedout to be Æ(�dt��d) = 8�9%;Æ(�dt��t) = 20% (T = 300K) � 9% (T = 800K):The systemati
 error Æsyst = 7% should be taken into
a

ount in 
omparing our data with theory and othermeasurements. 7. DISCUSSION7.1. Muon sti
king probabilityAs 
an be seen from Table 4, the experimental val-ues of !s obtained by di�erent experimental groups arein satisfa
tory agreement with ea
h other. The valueobtained by the dire
t method remarkably 
oin
ideswith the one determined from the analysis of the muonlosses as a fun
tion of the tritium 
on
entration. At773
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Fig. 15. a � �dt��d as a fun
tion of density for T � 300 K. Filled 
ir
les are our points for gas, empty 
ir
les are theresults of LAMPF [17℄, the square is the result of the present paper for liquid (21). Solid lines are the permissible valuesfound from the �t. Dashed lines are limits for the �dt��d region obtained in [14℄. b � �dt��t as a fun
tion of temperature.Filled 
ir
les are our points, empty 
ir
les are the results of LAMPF [17℄. The solid line is the theory result [13℄ for �0dt��t.Dashed lines are limits of parameterization (25)Table 4. Comparison of the results on the !s obtained in di�erent experimental and theoreti
al investigations!s, % Ref. Comment0:58 [74℄ theory for ' = 1:2 LHD0:58 [75℄ theory for ' = 1:2 LHD0:65 [76℄ theory for ' = 1:2 LHD0:43� 0:05� 0:06 [77℄ LAMPF experiment for ' = 1:2 LHD0:48� 0:02� 0:04 [78℄ PSI experiment for ' = 1:2 LHD0:532� 0:030 [79℄ RIKEN experiment for ' = 1:2 LHD0:505� 0:029 [10℄ PSI experiment for ' = 1:45 LHD0:573� 0:021stat � 0:032syst this experiment for ' = 1:22 LHDthe same time, some disagreement between experimentand theory remains.7.2. q1S and �dt�Analysis of the experimental data 
on�rms the the-oreti
al 
on
lusion about the signi�
ant role of themuon transfer from the ex
ited d�-atom states. A
-
ording to the theory, the intensity of this pro
ess turns
out to depend on the tritium 
on
entration. The prob-ability q1S of muon rea
hing the d�-atomi
 1S state issu

essfully des
ribed by rather simple expression (20)with the same parameter a for di�erent Ct. At thesame time, 
ontrary to the theoreti
al predi
tions, q1Sdoes not show a noti
eable density dependen
e. These
on
lusions 
oin
ide with those made in the PSI pa-per [14℄.774
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atalyzed dt fusion : : :Table 5. Results of the �t of the data for gaseousD/T at low temperatures (45�300 K) (a is the param-eter of formula (20) for the q1S approximation)Parameter Value Conditionsa 7:1� 2:5 free T , K ', LHD�dt��d, �s�1 326� 27 free 45 0:45403� 32 free 45 0:67490� 36 free 45 0:95320� 26 free 158 0:43402� 32 free 158 0:66499� 37 free 158 0:90292� 29 free 300 0:31313� 30 free 300 0:42380� 33 free 300 0:52�dt��t, �s�1 7� 4 free 45�160 0.4�1.052� 14 free 300 0.3�0.5Table 6. Results of the �t of the data for gaseousD/T at high temperatures (300�800 K)Parameter Value Conditionsa 8:5� 2:8 free T , K ', LHD�dt��t, �s�1 56� 14 free 300 0.2�0.8190� 81 free 500 0.2�0.8198� 28 free 550 0.2�0.8270� 53 free 635 0.2�0.8328� 34 free 800 0.2�0.8�dt��d, �s�1 251� 36 free 300 0:20277� 30 free 300 0:31293� 31 free 300 0:42354� 34 free 300 0:52420� 44 free 300 0:78319� 45 free 500�800 0.19�0.60As follows from the theory, at low temperatures(T < 300 K), the pro
ess of the dt� formation onD2 mole
ules dominates. A nontrivial density depen-den
e �dt��d(') eviden
es in favor of the triple 
ollisionme
hanism (7). Unfortunately, there is still no qualita-tive agreement between experiment and theory on theintensity of this pro
ess. It seems that the absen
e of anoti
eable dependen
e of �dt��d on temperature is dif-
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0 0.2 0.6 0.80.4
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0.4

Fig. 16. q1S as a fun
tion of the tritium 
on
entration.The verti
al shading is the parameterization obtainedby the 
urrent �t. The horizontal shading is the PSIresult [14℄ based on the measurements at low temper-ature � 40 KTable 7. Results of the 
ommon �t of the all datafor gaseous D/TParameter Fit resultq1S : b 7:2 � 2:9 free
 0� 1 free�dt, �s�1 280 [18; 21; 35; 36℄ �xed�1�0, �s�1 1200 [68, 69℄ �xed�dt��d: Ad (T � 300 K), �s�1 156 � 14 freeBd (T � 300 K), LHD�1 384 � 21 freeCd (T > 300 K), �s�1 331 � 32 free�dt��t (T � 200 K), �s�1 6� 6 freeAt (T � 200 K), �s�1 �117� 9 freeBt (T � 200 K), K�1 0:577 � 0:028 free�
ult to re
on
ile with the me
hanism of dt� formationon the �negative� resonan
e.The experimental data on the dependen
e�dt��d(') obtained by di�erent experimental groupsare in satisfa
tory agreement. We note that theparameterization of this dependen
e suggested by thePSI group is not appropriate for the entire data set.775
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Fig. 17. Normalized 
y
ling rate dependen
es on the D/T mixture 
onditions plotted with the use of optimum parame-terizations obtained from the �t. a � Normalized 
y
ling rate as a fun
tion of tritium 
on
entration and temperature for' = 0:4 LHD. b � Normalized 
y
ling rate as a fun
tion of temperature and density for Ct = 0:35. The temperature region160�300 K is smoothedA

ording to the theoreti
al predi
tions about theresonan
e positions, the pro
ess of the dt�-mole
uleformation on DT mole
ules manifests itself at high tem-peratures T � 300 K and rises with temperature. How-ever, both the present results and the LAMPF data on�dt��t(T ) turned out to be signi�
antly lower than the
al
ulated ones. This means that the intensity of theappropriate resonan
es is overestimated by the theory.The same 
on
lusion follows from the analysis of theepithermal e�e
ts in the dt� formation made by thePSI group [80℄. At the same time, the TRIUMF group,making the TOF measurements of the MCF d + t re-a
tion yield as a fun
tion of the t�-atom energy [81℄,
on
luded that their data are in a satisfa
tory agree-ment with the theory. One should note, however, thatthe analysis in [81℄ is very 
ompli
ated and 
an involvesome systemati
 un
ertainties. To 
larify the situation,it is very important to make steady-state measurementsat the highest temperatures T = 1000�2000 K, wherethe Maxwell distribution of the t�-atom energy over-laps the most intensive resonan
es.7.3. Possible in�uen
e of epithermal e�e
tsThe parameters obtained are related to the steady-state regime, when the t�-atoms formed with the initialenergy E � 1 eV have already passed through the res-onan
es and are thermalized. However, ea
h time after

muon regeneration in the fusion rea
tion, the �-atomsgo through the de
eleration stage, again feeling the ef-fe
t of the resonan
es. Obviously, this leads to an in-
rease in the 
y
ling rate 
ompared to values relatedto the Maxwell-distributed �-atoms. This is similarto the well-studied �-
atalysis in low-temperature deu-terium related to the two d�-atom spin states [82℄. Asin that 
ase, there are �upper� and �lower� states withsharply di�erent 
y
ling rates and qui
k degradationof the �upper� state. By analogy, one 
an express thesteady-state 
y
ling rate �ss
 as�ss
 = �
(1 + Æ);where �
 is the �bare� value.A relative in
rease in the 
y
ling rate Æ 
an be es-timated as Æ � �ep�resdt�=�d; (26)where �ep is the fra
tion of the t�-atoms passingthrough the resonan
es during thermalization, �resdt� isthe e�e
tive dt�-mole
ule formation rate in the reso-nan
e region, and �d is the rate with whi
h t�-atomsleave the resonan
e (thermalization and ba
k de
ay af-ter the dt� formation).Estimations made from the 
al
ulated valuesof �dt�(Et�) [13℄ and the s
attering 
ross se
tions�t�+d; t�+t [83℄ eviden
e that the 
orre
tions to the776
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atalyzed dt fusion : : :steady state 
an be as large as tenths of per
ent.One 
an expe
t that the 
orre
tion Æ should be thesmallest for the low tritium 
on
entration be
ause thede
eleration rate in t� + d 
ollisions is signi�
antlylarger than in t�+ t 
ollisions dominating at high Ct.As a 
onsequen
e, there arises a problem of 
or-re
tly extra
ting the dt�-mole
ule formation rate fromthe dependen
e �
(Ct) given by formula (10). The ob-vious 
on
lusion is overestimation of �dt� as 
omparedwith the thermalized t�-atom situation. In addition,systemati
 errors in the parameters of (10) 
an o

ur.Fortunately, as is seen from Figs. 13 and 14, there issatisfa
tory agreement between the experimental val-ues of �
 and expression (10). Thus, it is believed thatthe 
orresponding distortions are not so large. A

ord-ing to our estimations, the appropriate 
orre
tions to�dt� in the region Ct = 20�70% are Æ � 10�20%.8. CONCLUSIONThe systemati
 experimental investigations of theMCF pro
ess in the D/T mixture have been 
ondu
tedat the JINR phasotron by the novel method. Mea-surements were made in a wide range of the mixtureparameters � density, temperature, and tritium 
on-
entration. The variety of the experimental 
onditions
an be seen in Fig. 17, showing the 
y
ling rate vs mix-ture 
onditions.Analysis of the data allows us to determine the ba-si
 MCF parameters. In general, they are in agreementwith the ones obtained by other groups in the regionwhere the experimental 
onditions were similar. The
omparison of the experimental data with the theory
on�rms the e�
ien
y of the main me
hanisms 
onsid-ered in the MCF theory, but the full qualitative de-s
ription of the pro
ess is not a
hieved yet.In our opinion, it will be very important to makemeasurements with a D/T mixture at the highesttemperatures T = 1000�2000 K, where the mainresonan
es manifest themselves most e�e
tively.The authors are grateful to Prof. L. I. Ponomarevfor the stimulating dis
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