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EXPERIMENTAL INVESTIGATION OF MUON-CATALYZED dtFUSION IN WIDE RANGES OF D/T MIXTURE CONDITIONSV. R. Bom a, A. M. Demin b, D. L. Demin , C. W. E. van Eijk a, M. P. Faifman d,V. V. Filhenkov , A. N. Golubkov b, N. N. Grafov *, S. K. Grishehkin b, K. I. Gritsaj ,V. G. Klevtsov b, A. D. Konin , A. V. Kuryakin b, S. V. Medved' , R. K. Musyaev b,V. V. Perevozhikov b, A. I. Rudenko , S. M. Sadetsky e, Yu. I. Vinogradov b,A. A. Yukhimhuk b, S. A. Yukhimhuk , V. G. Zinov , S. V. Zlatoustovskii baDelft University of Tehnology2629 JB Delft, the NetherlandsbRussian Federal Nulear Center, All-Russian Researh Institute of Experimental Physis607200, Sarov, Nizhny Novgorod Region, RussiaJoint Institute for Nulear Researh, Dzhelepov Laboratory of Nulear Problems141980, Dubna, Mosow Region, RussiadRussian Researh Center �Kurhatov Institute�123182, Mosow, Russiae St. Petersburg Nulear Physis Institute188350, Gathina, Leningrad Region, RussiaSubmitted 6 September 2004A vast program of the experimental investigation of muon-atalyzed dt fusion was performed on the JointInstitute for Nulear Researh phasotron. Parameters of the dt yle 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 onentrations 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)proess is a unique independent diretion in the mod-ern physis relevant for moleular, atomi, and nulearphysis [1�6℄ and for astrophysis [7℄. Study of the nu-lear fusion reations from the bound states of a muonimoleule is of great importane for determination ofproperties of the lightest nulei, inluding various ex-oti nulear systems. In addition, the high neutronyield of MCF an be e�etively used for solving di�er-ent pratial problems suh as the onstrution of anintense 14-MeV neutron soure [8℄ and a nulear fuelbreeder [9℄.*E-mail: grafov�nu.jinr.ru

That is why the proess of MCF in hydrogen iso-tope mixtures has been under ative study in manylaboratories worldwide during the last several deades.During this period, many experimental results were ob-tained in investigating the muon-indued proesses 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 ahievement is the preise agreementbetween experiment and theory in the temperature de-pendene of the dd�-moleule formation rate in gaseousdeuterium [4, 10, 11℄. This allowed the binding energyof the loosely bound state of dd� to be determined witha very high auray, �exp11 = �1962:56+32�47 meV [10℄,whih should be ompared with the theoretial value752



ÆÝÒÔ, òîì 127, âûï. 4, 2005 Experimental investigation of muon-atalyzed dt fusion : : :�theor11 = �1964:83 meV [4℄.In omparison with pure deuterium, the MCF pro-ess in a D/T mixture manifests muh riher physi-al phenomena (the muon transfer d ! t from theground and exited states of the d�-atom, epither-mal and many-body e�ets in the dt�-moleule forma-tion). Theory predits a signi�ant inrease of the dt�-moleule formation rate on the D2 and DT moleulewith the rise of temperature and density of the mix-ture [12, 13℄. Therefore, the omplete theoretial analy-sis requires measuring temperature and density depen-denes of the d+ t yle parameters in as large rangesas possible. Finally, the results of the experimentaland theoreti study of MCF proesses 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 proess 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� harater and aused manyquestions on the analysis. We therefore deided toondut 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 Nulear Problemsmade a prominent ontribution to the MCF experi-mental study. The Dubna group disovered the phe-nomenon of the dd�-moleule resonane formation [19℄and later diretly on�rmed its existene by mea-surements of the temperature dependene of the dd�-moleule 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 theoretial preditions [22℄ of thehigh intensity of this proess whih indued the ativ-ity in the MCF study worldwide.Sine 1997, our ollaboration has been arrying outa large program of investigation of MCF proesses inD/T at the JINR Phasotron. The distintive 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 proess study in the D/T mix-turesthe measurements and in the experimental data analy-sis, whih allows us to obtain aurate and reliable datanot worse than those obtained at meson failities. Theexperimental method that we used made it possible tomeasure the MCF yle 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 experimentsonduted up to now. The aumulated data and theMCF yle parameters over wide ranges of D/T mix-ture onditions:1) temperatures of 20�800 K;2) tritium onentrations of 15�86%;3) densities of 0.2�1.2 LHD.2. GENERAL DESCRIPTION OF THEPROCESSThe simpli�ed sheme of MCF kinetis in a doubleD/T mixture is shown in Fig. 2. Muons stopped in themixture form d�- and t�-atoms in their ground stateswith the respetive probabilitieswd� = Cdq1Sand wt� = Ct + Cd(1� q1S) = 1� Cdq1S ;where Cd and Ct are relative hydrogen isotope on-entrations and q1S is the fration of d�-atoms in theground state after muon asade proesses, with the3 ÆÝÒÔ, âûï. 4 753
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Fig. 2. Sheme of the MCF kinetis in the double D/T mixturemuon transfer (d�)n ! (t�)n from d� to t� during thede-exitation asade taken into aount [27�29℄:q1S = �dex�dex + �tr : (1)Here, �dex and �tr are the rates of de-exitationand muon transfer averaged over the d�-atom exitedstates. One should expet strong dependene of q1S onCt and ' [30, 31℄.The �standard� asade model, in whih 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 asade, muoni atoms an be both thermalizedand aelerated, obtaining the energy as high as tensof eV (see, e.g., [32�34℄). But until now, the problem ofdetermining the initial energy distribution of muoniatoms after the asade has not been solved de�nitely.Being in the d�-atom ground state, the muon anbe transferred to tritium in the ollisional proessd�+ t �! t�+ d (2)with the rate �dt = 2:8 � 108 s�1 � ' [18; 21; 35; 36℄. Intransfer proess (2), the t�-atom aquires 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�-moleulesand d�-atoms an form dd�-moleules. In these �-mo-leules, fusion reations our, in whih the muon anbe released and stimulate the next MCF yle or stikto helium produed in the reations. The notationfor the rates of muoni formation and fusion reationsas well as for the stiking probabilities is introduedin Fig. 2. Being bound in a �-atom or a �-moleu-le or being free, the muon disappears with the rate�0 = 4:55 � 105 s�1.The spei� feature of the dd�- and dt�-moleuleformation proesses is their resonane harater, thatis, the muoni moleular formation rates �dd� and �dt�turn out to depend on the �-atom kineti energy [3℄.The MCF d+ d yle has been studied very well. Themeasured temperature dependene �dd�(T ) is in exel-lent agreement with theory [13℄.Quite a di�erent situation ours for the MCF d+ tyle. In fat, this proess has been studied in detailin the parameter region (low temperatures) where the�standard� theory predits its relatively low intensity.It follows from experiment that just in this region theMCF proess is very e�etive. Modern theory explainsthis only qualitatively.It follows from the original Vesman onsidera-tion [37℄ that the resonane dt�-moleule formation o-urs in the interation of the t�-atom with D2, DT orHD moleules aording to the sheme [22℄754



ÆÝÒÔ, òîì 127, âûï. 4, 2005 Experimental investigation of muon-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 toexite the vibration�rotational state of the moleularomplex [(dt�); x; 2e℄. Here, Ki and Kf are the re-spetive rotational quantum numbers of the �initial�moleule DX and the ��nal� omplex. The set of theresonane t�-atom energiesErt� = �E�;Korresponds to di�erent transitions � = 3; 4; 5;Ki ! Kf . Indeed, the spin states of the t�-atomand the dt�-moleule should be taken into aount fordetermination of Ert�. In addition, the position andintensity of the resonanes depend on the type of themoleule (D2, DT, and HD) and the temperature of themixture in�uening the population of the rotationalstates of these moleules.Being formed, the omplex [(dt�); x; 2e℄ either un-dergoes the bak deay[(dt�); x; 2e℄! t�+DXor the fusion reationsdt� �! 4He+ n+ �; (5)dt� �! 4He�+ n (6)take plae in it (with the high rate �f � 1012 s�1 [38℄).The muon-to-helium stiking probability is !s � 0:5%.The resonane dependenes �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 evaluationsheme developed in [13℄. The following remarkablefeatures are evident from this �gure.1. Resonane formation of the dt�-moleule on HDmoleules is most intensive.2. The resonane 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 resonanes of eah typeorrespond to various vibration levels of the om-plex � = 3; 4; 5. The nearest resonane for �0dt��dis plaed at Et� � 0:5 eV. This means that thenearest �sub-threshold� resonane (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 exess arises that annot be transferred intwo-partile reation (4).
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Fig. 3. The dt�-moleule formation rates on D2, DT,and HD moleules for the t�-atom spin F = 0 asa funtion of Et� for T = 30 K (alulations basedon [13℄)For the highest multiple transitions (� = 2;Ki = 0; 1 ! Kf = 2; 3; 4), proess (4) beomes 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 dependene of itsyling 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℄, aording to whih the in�uene of the sub-threshold resonane turns out to be muh stronger dueto the mehanism of triple ollisions. Aording to thetheory, the resonane dt� formation at low tempera-tures ours at sub-threshold resonane in the tripleollision proesst�+D2 +M �! [(dt�); d; 2e℄ +M0;M = D2;DT;T2 : (7)The �additional� seond moleule M plays the role ofa spetator that arries away the energy exess away.Beause (7) is a three-partile proess, it must dependon the density of moleules M.Qualitatively the sheme in (7) explains both thehigh values of �dt��d and its density dependene ob-served in experiment. However, in spite of many e�ortsundertaken to alulate its intensity (see, e.g., [40, 41℄),the quantitative explanation is not yet obtained.With the temperature inrease, the resonane pi-755 3*
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Fig. 4. The dependene of �dt��d (a) and �dt��t (b)on the t�-atom energy for T = 300 K. The Maxwelldistribution is shown in the bottom pituretures are modi�ed due to the hange of the populationof the DX moleule rotational states and the thermalmotion of the moleule. The alulated rates �dt��dand �dt��t as funtions 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 resonane.The resonanes for �dt� at T = 1000 K are pre-sented in Fig. 5. In this ase, the Maxwell distributiononsiderably overlaps the most intensive resonanes forthe dt� formation on D2, DT, and HD moleules. Un-fortunately, this high temperature is not yet ahieved inexperiment. The temperature T = 800 K is the highestat whih the measurements were made (in Dubna).As we have mentioned, a substantial part of t� hasthe initial (after asade) energy Et� > 1 eV. In elastiollisions t�+t, t�+d, these atoms are quikly therma-lyzed. The thermalization time is approximately equalto ns for the 1 LHD of a mixture. Aordingly, thetime distribution of the fusion reation produts (neu-trons) should have two omponents: a quik �spike�orresponding to the �rst pass through the resonanesand a muh 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�et. That is why the main e�ortsof di�erent experimental groups were onentrated on
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Fig. 5. The dt�-moleule formation rates on D2, DT,and HD moleules for the t�-atom spin F = 0 as afuntion of Et� for T = 1000 K (alulations basedon [13℄) and the Maxwell distributionthe steady-state study, for whih the t�-atom energyspetrum is a Maxwell distribution.For onveniene, the omparison of the measure-ments with the theoretial alulations is performed forthe so-alled �e�etive� dt�-moleule formation rateas a funtion 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 ). Suh alulations 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 detetion e�ieny,N� is the number of muons stopped in the D/T mix-ture, and ! is the muon loss in the yle, whih is theprobability of muon stiking to helium in fusion rea-tions, mainly in d+ t (!s), and also, with lower weight,in the aompanying reations d + d and t + t. Theyling rate � means the inverse of the average timebetween the losest yles. It involves mainly the timeof d� to t� transfer (2), t�-atom spin-�ip proess (3),and dt�-moleule formation (4). The neutron yield Ynis limited by ! and �0:Y �1n = ! + �0� : (9)The expression for �, orresponding to the kinetisheme of Fig. 2, is756



ÆÝÒÔ, òîì 127, âûï. 4, 2005 Experimental investigation of muon-atalyzed dt fusion : : :1� � q1sCd�dtCt + 0:75�1�0Ct ++ 1�dt ��dCDD + �dt��tCDT : (10)To extrat the values �dt��d and �dt��t, one should useformula (10) to analyze the experimental values of �measured at di�erent tritium onentrations hangingthe relative population of D2 and DT moleules.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 onentration CZ , �3=2dd� isthe rate of dd�-moleule formation from the d�-atomstate with spin F = 3=2, and r is the branhing 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 ahieved 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 yling rate and all ollisional ratesare normalized to the nulear 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 shemati-ally shown in Fig. 6. The novel experimental methodin [23℄ was used. Based on measurements of the totalharge produed by the fusion neutrons in a detetor,it allowed us to avoid the distortions in the neutrontime spetra aused by the pile-up and thus to use ahigh-e�ieny detetion system.Inoming muons are deteted by sintillation oun-ters 1, 2, 3, a proportional wire ounter 4 and stoppedin the target. Neutrons from the d � t reation are de-teted by two full-absorption neutron detetors ND1and ND2. Eletrons from the deay of muons stoppedin the target are registered by the proportional wireounter 5 and sintillation detetors 1-e and 2-e.

3.1. The spei� features of the methodThe following important features haraterize themethod used.1. Unique targets and tritium handling system wereused, whih allowed measurements in a wide range ofthe D/T mixture densities and temperatures.2. A high-e�ieny neutron detetion system wasused in the geometry lose to 4�. It provided a highounting rate and low aidental bakground.3. A speially designed proportional ounter wasused for muon and eletron detetion; having a lowsensitivity to neutrons, it allowed reliable eletron iden-ti�ation.4. Time distributions of harge were measured in-stead of the usually registered time spetra 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�ieny detetion system.5. The novel analysis methods were used, whihturned out to be most e�etive for the high neutronmultipliity realized in the experiment. In additionto the usually measured neutron time distribution, wemeasured and analyzed the neutron multipliity distri-bution and the spetra of the time between the �-deayeletron and the last neutron in the series. This allowedus to derease 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 speial 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 speial heaters was used at high temperaturesto maintain the needed temperature regime. Cryogeni�lling was used for all targets.A speial 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 moleular omposition of the mix-tures was monitored with the aid of hromatography.3.3. Detetors and eletronisThe target was surrounded by a set of detetors.Sintillation ounters 1�3 deteted inoming muons. Aylinder-shaped proportional ounter (PC, analogousto [47℄) with wires grouped in two parts (4, 5 ) servedto selet muon stops in the target (signal 1�2�3�4 ��5) andto detet eletrons from the muon deay. Speially de-signed ylinder-shaped sintillation ounters (SC) 1-eand 2-e were used to detet �-deay eletrons in oin-idene with ounter 5 (signals 5 � 1-e and 5 � 2-e wereonsidered as a �-deay eletron). The full-absorptionneutron spetrometer [48, 49℄ onsisting of two large

detetors (ND1 and ND2) with the volume 12.5 l eahwas the basis of the detetion system. It was aimedat deteting neutrons from reations (5, 6 ). A plastisintillator with dimensions (�31� 17) m was used ineah detetor. It was viewed by four PMs XP 2040.The diret ontat of the PMs with the sintillator andte�on used as an optial re�etor provided exellentspetrometri properties of the detetor. Its energy res-olution was�FWHM = 0:09�1 + 1=pEe [MeV℄� :The total solid angle overed by two detetors was
 � 70%, whih orresponded to the total neutrondetetion e�ieny �n � 2 � 15%. The time resolutionof ND was ditated by the light olletion proess andeletronis and was �t = 6�7 ns.758
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Fig. 7. Flash ADC signals for a single muonThe trigger [50℄ allows reording only those eventsfor registration that were onneted with an eletrondetetion. Beause the intensity of the proess understudy was high, these events were aompanied by neu-tron detetion pratially in eah ase.The trigger requirements inluded the presene ofthe muon stop signals (1, 2, 3, 4, �5) and eletron sig-nals (5, 1-e or 5, 2-e) during the time gate 20 �s longstarted by the inoming muon signal (1, 2 ). Insertionof the eletron signal in the trigger makes it possibleto radially suppress the bakground onneted withthe muon stops in the target walls, where muon un-dergoes predominately (90%) nulear apture withouteletron esape. Additional suppression of this bak-ground is ahieved under the ondition that only de-layed eletrons (later than 0.2 �s after the gate start)are permitted.Another important advantage of this is that the di-ret normalization to the eletron number beomes pos-sible without the neessity to determine the number ofmuon stops in hydrogen. This method was �rst em-ployed by us in the �rst experiment on the MCF d+ treation [21℄ and allows suessful aomplishment ofthis fundamental work.Pulses from the neutron spetrometer are registeredby the �ash ADC (8 bits �2048 samples, 100 M/s)produing a time distribution of the ND1, ND2 sig-nal amplitude for eah single muon. To provide or-ret time measurements, the signals of the detetor

for inoming muons and the eletron ounter are alsoanalyzed by the �ash ADC. An example of �osillo-gramms� observed at the �ash ADC is shown in Fig. 7.During eah run, the on-line monitoring of data au-mulation was onduted.4. EXPERIMENTAL CONDITIONSA total of 81 exposures with D/T mixtures werearried out. The onditions (density, temperature, andtritium onentration) of eah run are presented in Ta-ble 1. In eah exposure (duration of 6�10 hours), atleast 20000 eletrons from the deay of muons stoppedin the target were aumulated. In pratially all ases,the neutron statistis was su�iently large. The spe-ial exposures with empty targets were arried out tomeasure bakground of eletrons 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 tensometrigauges having the auray 0.5%. Hene, the D/Ttemperature was determined with the auray 0.1 K.The temperature of gaseous D/T was measured by spe-ial thermoouples. During the experimental runs, asmall temperature gradient existed in the D/T mixture,whih was taken into aount in the determination oftemperature and its error. The auray 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 densityNulear density of liquid D/T was determined usingthe ryogeni data on deuterium and tritium [51℄ tak-ing the mixture ontent into aount. Errors in densitywere 2%.Nulear 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 presene of the bu�er volume having roomtemperature was made. The seond way was the den-sity determination via the quantity of gas in the targetof a known volume. Both methods gave idential re-sults within the auray of 4%. The �nal error of gasdensity was up to 3�4%.759



V. R. Bom, A. M. Demin, D. L. Demin et al. ÆÝÒÔ, òîì 127, âûï. 4, 2005Table 1. Normalized yling rates �, muon loss probabilities ! and neutron yields per muon Yn. For � the uner-tainties due to statistis, density (�'), harge alibration proedure (�q) and the total unertainty are indiated. Forall parameters the total errors inlude the systemati unertainty in the determination of neutron detetion e�ieny(��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 hek 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 orretions (about few perent) to themixture density based on this method.
4.3. Measurements of isotope and moleulargas ompositionThe hromatographial method [53℄ was used toontrol the isotope and moleular omposition of themixtures. In addition, an ionization hamber was usedto obtain the D/T and T2 ontent. Measurements were760



ÆÝÒÔ, òîì 127, âûï. 4, 2005 Experimental investigation of muon-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 evauation ofthe mixture from it.The hromatographial analysis showed the mole-ular ompositions to be very lose to the equilibriumones, CDD : CDT : CTT = C2d : 2CdCt : C2t ; Ct + Cd = 1;for eah gaseous mixture exposed to a muon beam.However, for liquid mixtures, the moleular ontent andi�er from the equilibrium due to the dynami e�ets 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 beomes notieablefor the high tritium onentration Ct > 50%. Appro- priate orretions to the moleular and isotope onen-trations of the liquid mixture were made in [55℄. Wenote that the quantity of protium in D/T mixtures didnot exeed 1%.762



ÆÝÒÔ, òîì 127, âûï. 4, 2005 Experimental investigation of muon-atalyzed dt fusion : : :4.4. D/T mixture purity and 3He aumulationAs follows from Eq. (10), the expression for the y-ling rate is independent of the muon loss, inludingthe e�et of impurities with Z > 1. Contrary to this,the muon losses depend on the yling rate (�dt� and�dt). The larger the yling 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�ets the value of !. That is whythe impurity level must be made as small as possible.Atually, the ondition�ZCZ � !s� (12)must be ensured.It is neessary 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 imperfet puri�-ation of the mixture before �lling the target and re-moving the residual gaseous elements from the targetwalls during the exposure.The speial 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�et inreased 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 nulei 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 yling rate is rather high (� = 50�120 �s�1depending on the tritium onentration) and most im-purities (exluding helium) are solid and freezed out onthe target walls.4.4.2. 3He admixtureThe tritium handling system provides the initialonentration CHe of 3He in the mixture before pouringinto a target at the level 10�7. However, due to the tri-tium �-deay, 3He is aumulated in a target aordingto relation CHe(�) = Ct[1� exp(��trit�)℄;where �trit = 6:4 � 10�6 h�1 is the tritium deay rate.Hene, the proess of the muon transfer from the t�-atom to 3He (with the rate �3He � 2 � 108 s�1 [57℄) anessentially a�et the muon losses.

The 3He aumulation e�et 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, whihled to the 3He esape 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 foredto re�ll the target every 10�40 hours (depending on thetritium ontent in D/T) to avoid aumulation of 3Helarger than the �ritial value� C3He � 10�5.5. DATA TREATMENTThe data proessing inluded the following stages.1. Seletion of events. By an event we mean anourrene of the proesses aused by a single muonbeginning with the muon stop in the target and endingwith the muon deay. An example of the event as seenby the detetors is presented in Fig. 7. The most impor-tant riteria for the event to be aepted was preseneof a reliable signal for the �-deay eletron.2. Creation of the harge and time spetra for neu-trons from the d+ t reation and for eletrons from the�-deay.3. Fit of these spetra to determine the �e�etive�MCF parameters �, !, and Yn.4. Analysis of these parameters as funtions ofthe tritium onentration to obtain the dt� formationrates �dt��d and �dt��t and the muon-to-helium stik-ing probability !s.5.1. Analysis methodsThe most popular and pratially the only methodused by most groups involved in the study of the MCFd + t proess is the so-alled standard method, wherethe yield and time distribution of all deteted neu-trons from reations (5), (6) are registered and ana-lyzed. This distribution has the well-known one-expo-nent form (8). The number of �-deay eletrons 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 extrated from (8), (9),and (13):763
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liquid D=T , where the purity is maximum, �e is ob-tained equal to �0 within 1%.A typial example of the �tted time distributions ofdeay eletrons and fusion neutrons for the D/T �lledtarget is shown in Fig. 8. The dashed line orrespondsto the eletrons from deays of muons stopped in thetarget walls (empty target).The prinipal disadvantage of the standard methodis that the main MCF parameters � yling rate ande�etive muon losses � are not obtained diretly, onlytheir produt is measured diretly. In our measure-ments, we employed two novel independent methodsproposed and developed in Dubna [60, 61℄. These anal-ysis methods make it possible to diretly measure thevalues of � and !.A proposal in [60℄ was to measure the distributionNne(t) whih was a funtion of the interval t = te � tnbetween the last deteted neutron of the series and the�-deay eletron. 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
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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 deteted neutrons was onsidered.Atually measured in experiments were the distribu-tions of the neutron detetor harge; they were dividedby the unit harge to obtain a multipliity distribution.The real response funtion of the detetor results in dif-fusion of the measured spetra as ompared with theones obtained in the �event mode�. It turns out thatin good approximation (with auray 2�3% in ylingrate), the real distribution an be obtained as onvolu-tion of formula (18) with the Gaussian funtion. TheGaussian width is varied to obtain the best agreementbetween the experiment and alulations.We an also selet only nonstiking events. For this,we must exlude the requirement of the eletron sig-nal in the trigger and selet only those neutron serieswhose duration is larger than the hosen interval T .Plotting and analyzing the multipliity distribution ofsuh events, we an diretly obtain the yling rate.765
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Fig. 10. Multipliity distributions in time interval T = 1 �s. a � Distribution without stiking events, b � with stikingevents. Curves are the optimum �tsThe advantage of this method is that we do not needthe fat of the �-deay eletron existene. Of ourse,only � an be determined in this ase beause eventswithout muon stiking to helium are aepted. The ex-amples of �tted multipliity distributions are presentedin Fig. 10.The omparison of all methods that we used in theanalysis is given in the Table 2. The statistial poweris pratially the same for all methods. Indeed, in thestandard method, the main fator for the statistialauray is the limited number of eletrons, the num-ber of neutrons is muh higher under real experimentalonditions. In two other methods, the full statistis isthe number of the �rst or last neutrons, whih are alsoapproximately equal to the eletron number.In our investigations, we use all the three methodsmentioned. This allows us to reliably analyze the data,with minimum systemati unertainties. Of ourse, thefull analysis is rather ompliated and inludes manytests with di�erent seletion rules for events to be a-epted. 5.2. Eletron identi�ationA serious problem in the MCF data analysis is howto distinguish the real eletron from a false one. Underthe onditions where one muon an ause up to 100reations (5), it is possible to detet a neutron by theeletron detetor and aept it as an eletron. Contrary

to the measurements of other groups, we detet ele-trons with a proportional wire ounter, having a verylow sensitivity to neutrons. But even in this ase, thefration of false eletrons aused by the neutron ountswas notieable.Only the last (in time) eletron signal is aepted asreal. It would be enough to exlude the false eletronsif the eletron detetion e�ieny would be �e = 100%.However, for di�erent reasons (see [63℄), this e�ienyis not equal to unity. Thus, the situation an ourwhere the real eletron is not deteted and a false oneis interpreted as real. The presene of false eletronsresults in distortion of �, !, and Yn. The yling ratedetermined aording to formula (14) is distorted dueto the error in Nn and Ne, and �n extrated from ex-pressions (8) and (15) feels the error in �. On the otherhand, onfusion of the real and false eletrons leads todistortion in the relation between �stik� series (inter-rupted due to the muon stiking) and �no-stik� series(ending with �-deay). The latter are aepted moree�etively. Thus, the results for the muon losses arealso distorted. Finally, the distortion of the slope ofthe eletron time distribution does not make it possi-ble to orret the estimate of the D/T mixture purity,and thus to hek the parameters of the puri�ationsystem.Fortunately, the yling rate determined from thepeak position in the multipliity spetrum is free of766



ÆÝÒÔ, òîì 127, âûï. 4, 2005 Experimental investigation of muon-atalyzed dt fusion : : :Table 2. Comparison of di�erent methods used in the MCF studyMethod �, ! Charge Eletrondetermination alibration detetionStandard Indiret Neessary Neessaryte�tn Diret Not neessary NeessaryMultipliity Diret Neessary Not neessaryfalse eletrons. This is a very important irumstaneallowing reliable data on the yling rate serving as asoure of the �elementary� proess parameters suh asthe dt�-moleule formation rate. Of ourse, it is verydesirable to obtain a orret value for � by di�erent in-dependent methods. Moreover, obtaining orret dataon the muon losses is an independent important task.5.2.1. Seletion by the energy loss in theneutron detetorThe e�etive way to rejet false eletrons was elab-orated and used in our work [23℄. For this, we requiredthe following when seleting events.1. Eletron signals from the PC and ND1 or ND2should oinide.2. The energy that the eletron releases in the neu-tron detetor should be greater than the maximum pos-sible energy released by a 14 MeV neutron in this de-tetor. This allows reliable disrimination of false ele-trons. The use of these seletion riteria allowed us toobtain the data on � and ! oiniding for all threeanalysis methods within 5% [23℄.The disadvantage of this seletion is a derease inthe statistis beause an essential part of the usefulevents are rejeted. This derease beomes muh moresensible in experiments with a high-pressure gaseoustarget having rather thik walls, for whih the �out-put� eletron energy spetra are notieably distortedand the transpareny of the target walls for eletrons isnotieably smaller than for the liquid target. Thereforefor a gaseous target, reliable neutron�eletron separa-tion was onneted with larger statistis losses than fora liquid target.5.2.2. Seletion by the time position of theeletron signal relative to neutron seriesTo avoid losing statistis, we developed a newmethod [63℄ for the false eletron disrimination, whihis most e�etive for the large neutron detetion e�-ieny realized in our experiments. We now impose

the riterion �eletron inside neutron series�. For this,we onsider the neutron detetor harge Q (the sumof the amplitudes) on some time interval (�T ) loseto the eletron signal and delayed relative to it by �t.The events were aepted under the ondition that theharge 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 seletion for thefalse eletron. In this ase, the distortion in the ele-tron yield and time spetrum (15) is the largest. Theopposite ase (low Qth) orresponds to the smallest dis-tortions for eletrons and to the minimum value of theeletron time slope �e, whih pratially oinides withthe one determined using seletion by eletron energyin the neutron detetor.The opposite situation ours for the slope of neu-tron time distribution (8). In the ase where the realeletron is not deteted, a false one is aepted as ele-tron. This means that the long neutron series are pre-dominantly deteted beause the appearane of a falseeletron is most probable just in those series. Indeed,our onsiderations [63℄ show that the minimum Qth(maximum false eletron rejetion) leads to the max-imum slope �n. Again, the �orret� value of �n isin agreement with the one obtained with seletion byeletron energy in the neutron detetor.The main MCF parameters obtained under two dif-ferent seletion options oinide within the auray3�4%. The reliability of the data is on�rmed by thefat that the value of the yling rate determined bythe standard method is idential to the one yieldedby the multipliity method, where it is independent ofthe seletion riteria. The method onsidered gives thestatistis 4�5 times larger than in the ase with energydisrimination (Se. 5.2.1). This indiates that we havefound the way desribed in detail in [63℄ for orretlyobtaining the MCF parameters without essential lossin statistis.767



V. R. Bom, A. M. Demin, D. L. Demin et al. ÆÝÒÔ, òîì 127, âûï. 4, 20055.3. Neutron detetion e�ienyAll methods disussed above give the values of ��nand !=�n. To obtain the MCF parameters � and !,we must know the neutron detetion e�ieny �n.Determining �n for organi sintillation ounters isa nontrivial task beause it is in�uened by fators likethe geometry of the surrounding material, generationof light by various reation produts and beause manyenergy-dependent ross setions are involved. Beauseof the lak of neutron alibration soures with well-known intensity and su�iently large energy, the e�-ieny had to be alulated. The Monte Carlo teh-nique was used.Calulations of �n for neutrons deteted by the NDin the Dubna experiments are desribed in [64℄. TheCERN pakage GEANT was used in [64℄ for the simula-tion alulations. Beause it laks the appropriate lowand fast neutron interation ross setions, GEANTwas linked with the MICAP pakage. MICAP uses ex-perimental neutron ross setions from the ENDF/B-VI database from 20 MeV down to thermal energies(10�5 eV). This inludes partial ross setions, an-gular distributions, and energy distributions of rea-tion produts and de-exitation photons. The prepro-essed ENDF/B-VI data represent the experimentaldata within 2%.After the alulation of the energy deposited insidethe sintillator, the eletroni output signal was ob-tained by �rst onverting the energy into sintillationlight onsidering the partile type, and then onvertingthe total light output into an eletri signal by applyingthe detetor response funtion [49℄. This funtion takesseveral fators into aount, suh as nonuniform lightolletion depending on the position of light generationinside the sintillator and photon statistis. The resultsof alulations [64℄ for 14 MeV neutrons from reations(5), (6) are presented in Fig. 11 together with the mea-sured spetra.One neutron deteted in a sintillator may generatea response from one detetor or, due to sattering orto generated gamma rays, from both detetors. Thisleads to a single and oinident rate. The orrespond-ing spetra are shown in Fig. 11 together with the mea-sured ones. As an be seen, there is good agreementbetween the measurements and the alulations in bothases (single and oinident). The intensity and ampli-tude alibration of the alulated single spetrum wasnormalized to single data. The normalization thus ob-tained is then applied to the alulated oinident spe-trum, whih then neatly oinides with the orrespond-ing data. This means that the single-to-oinident ra-
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Fig. 11. Charge distribution for 14 MeV neutrons mea-sured in [23℄ with the ND (histograms). Distributionsare plotted for single (a) and oinident (b) events.Lines are the Monte-Carlo alulations [64℄tio is well predited, whih is onsidered as a sensitivevalidation hek for the alulations. The estimatedrelative unertainty in �n is not worse than 5�7%.The problem is how the neutron detetion e�ienydepends on the neutron multipliity (yling rate). Themain idea of using the �ash ADC is that the totalharge per number of neutrons is onserved even whenthe ND signals mostly overlap. However, it is true onlyfor zero harge threshold. In fat, the luster hargeshould be limited to redue the low-energy bakground.At a high neutron multipliity, small-harge lustersan overlap with one or more other lusters and henean be aepted (a none�etive threshold). Obviously,this results in an inrease of the detetion e�ienyompared with the low neutron multipliity. The a-tual inrease depends on several fators, suh as theshape of the ND signal, the form of the response fun-tion, the magnitude of the threshold, and the measuredyling rate. Beause one would expet an essential or-retion to the value of �n, the problem required speialonsideration.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-tipliity methods, the orresponding orretions to thee�ieny were not very large: even for the maximumpossible measured yling rate �n� = 40 �s�1, theyare only 12%.768
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3. Unertainty of the gas and liquid density (fornormalized yling rate) is about 3�4% and 2% re-spetively.4. Unertainty of the time zero position (only forthe standard method) gives a systemati error smallerthan 0.5%.5. Unertainty due to the orret seletion of muondeay eletrons (only for the standard method, seeSe. 5.2) is 2%.6. Unertainty aused by possible instability of de-tetors and eletronis does not exeed 2%.Therefore, the total unertainty in !, Yn, and theabsolute values of � did not exeed 9%. Obviously,the relative dependenies of the yling rate on tem-perature and density are known with a better auray(4.5�5.5%).6.2. The dt�-moleule formation rate andmuon stiking probabilityThe usual way to determine the �physial� values�dt� and !s is an analysis of the �e�etive� parameters� and ! using expressions (10) and (11), representingtheir dependene on tritium onentration and density.For this purpose, it is �rst of all neessary to express4 ÆÝÒÔ, âûï. 4 769



V. R. Bom, A. M. Demin, D. L. Demin et al. ÆÝÒÔ, òîì 127, âûï. 4, 2005q1S as a funtion of Ct and '. With the general expres-sion (1) and the theoretial preditions in [32, 34, 66℄as well as experimental results in [17, 35℄ taken intoaount, the parameterization of q1S was hosen in theform q1S(Ct; ') = 11 + (b+ ')Ct : (19)6.2.1. Fit of the liquid D/T data. Muonstiking 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 orret the values of the moleularonentrations 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 eah 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 aordingto the known theoretial and experimental data for�1�0 [68, 69℄, �tt� [70�72℄, and �dt��t [14; 17; 18; 70℄.Suh a variation does not lead to a signi�ant hangein the results. The systemati error ��n (the same forall liquid data) was exluded from the data errors inthis �ts. In Table 3, the values used for the MCF yleparameters 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 satisfatory agreement withthe values obtained in [17, 18℄, �dt��t = 20 �s�1,and [70℄, �dt��t = 11+6�11 �s�1. An unexpetedly highrate �dt��t = 160 �s�1 was obtained by the RIKENgroup [16, 73℄. Fixing this value, we do not ahieveany satisfatory 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 referenesParameter 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 onlude that this value is uprated by abouta fator of 5.The probability !s of the e�etive muon-to-heliumstiking in dt-fusion is one of the most important MCFharateristis beause it limits the number of fusionsper muon. In theory, !s is onsidered as the produt!s = !0s(1� R);where !0s is the �initial� stiking probability diretlyafter fusion and R is the probability of the muon-from-helium stripping during the He� thermalization stage.R is density-dependent and hene the theory predits aslow, lose to linear, derease of !s with density. Com-parison of di�erent theoretial 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 eletrontime spetra. The produt �tt�!tt, being free, was ob-tained as 0:28� 0:15, whih 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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The following onlusions an be made from theironsideration.1. Aording to theory, �dt��t rises with tempera-ture.2. Contrarily this, �dt��d does not reveal a temper-ature dependene.6.2.4. Common �t of gaseous D/T dataTo reliably extrat �dt� for given T and ', eahset 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 ondut mea-surements with high Ct at �extreme� ' and T . Never-theless, we ould inlude all data in the analysis makingsome assumptions on the �dt� density and temperaturedependenes.Based on our preliminary analysis [26, 67℄ and tem-perature and density dependenes of � obtained fromthe analysis of the total data, we an onlude 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 verylose to a linear funtion of temperature and does notdepend on density.We therefore hose the simplest linear parameteri-zation for the temperature and density dependenes ofthe formation rates:771 4*
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aount in omparing our data with theory and othermeasurements. 7. DISCUSSION7.1. Muon stiking probabilityAs an be seen from Table 4, the experimental val-ues of !s obtained by di�erent experimental groups arein satisfatory agreement with eah other. The valueobtained by the diret method remarkably oinideswith the one determined from the analysis of the muonlosses as a funtion of the tritium onentration. At773



V. R. Bom, A. M. Demin, D. L. Demin et al. ÆÝÒÔ, òîì 127, âûï. 4, 2005
700

600

500

400

300

200

λdtµ−t, µs
−1

T, K

100 400 500200 800300

800

100

b

0
600 700 900

700

600

0

500

400

300

200

ϕ, LHD

0.2 0.8 1.00.4 1.20.6

a

800

100

λdtµ−d, µs
−1

Fig. 15. a � �dt��d as a funtion of density for T � 300 K. Filled irles are our points for gas, empty irles 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 funtion of temperature.Filled irles are our points, empty irles 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 theoretial 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-oretial onlusion about the signi�ant role of themuon transfer from the exited d�-atom states. A-ording to the theory, the intensity of this proess turns
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ÆÝÒÔ, òîì 127, âûï. 4, 2005 Experimental investigation of muon-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 proess of the dt� formation onD2 moleules dominates. A nontrivial density depen-dene �dt��d(') evidenes in favor of the triple ollisionmehanism (7). Unfortunately, there is still no qualita-tive agreement between experiment and theory on theintensity of this proess. It seems that the absene of anotieable dependene of �dt��d on temperature is dif-
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Fig. 17. Normalized yling rate dependenes on the D/T mixture onditions plotted with the use of optimum parame-terizations obtained from the �t. a � Normalized yling rate as a funtion of tritium onentration and temperature for' = 0:4 LHD. b � Normalized yling rate as a funtion of temperature and density for Ct = 0:35. The temperature region160�300 K is smoothedAording to the theoretial preditions about theresonane positions, the proess of the dt�-moleuleformation on DT moleules 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 thealulated ones. This means that the intensity of theappropriate resonanes is overestimated by the theory.The same onlusion follows from the analysis of theepithermal e�ets 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-ation yield as a funtion of the t�-atom energy [81℄,onluded that their data are in a satisfatory agree-ment with the theory. One should note, however, thatthe analysis in [81℄ is very ompliated and an involvesome systemati unertainties. 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 resonanes.7.3. Possible in�uene of epithermal e�etsThe 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-onanes and are thermalized. However, eah time after

muon regeneration in the fusion reation, the �-atomsgo through the deeleration stage, again feeling the ef-fet of the resonanes. Obviously, this leads to an in-rease in the yling 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 yling rates and quik degradationof the �upper� state. By analogy, one an express thesteady-state yling rate �ss as�ss = �(1 + Æ);where � is the �bare� value.A relative inrease in the yling rate Æ an be es-timated as Æ � �ep�resdt�=�d; (26)where �ep is the fration of the t�-atoms passingthrough the resonanes during thermalization, �resdt� isthe e�etive dt�-moleule formation rate in the reso-nane region, and �d is the rate with whih t�-atomsleave the resonane (thermalization and bak deay af-ter the dt� formation).Estimations made from the alulated valuesof �dt�(Et�) [13℄ and the sattering ross setions�t�+d; t�+t [83℄ evidene that the orretions to the776



ÆÝÒÔ, òîì 127, âûï. 4, 2005 Experimental investigation of muon-atalyzed dt fusion : : :steady state an be as large as tenths of perent.One an expet that the orretion Æ should be thesmallest for the low tritium onentration beause thedeeleration rate in t� + d ollisions is signi�antlylarger than in t�+ t ollisions dominating at high Ct.As a onsequene, there arises a problem of or-retly extrating the dt�-moleule formation rate fromthe dependene �(Ct) given by formula (10). The ob-vious onlusion is overestimation of �dt� as omparedwith the thermalized t�-atom situation. In addition,systemati errors in the parameters of (10) an our.Fortunately, as is seen from Figs. 13 and 14, there issatisfatory agreement between the experimental val-ues of � and expression (10). Thus, it is believed thatthe orresponding distortions are not so large. Aord-ing to our estimations, the appropriate orretions to�dt� in the region Ct = 20�70% are Æ � 10�20%.8. CONCLUSIONThe systemati experimental investigations of theMCF proess in the D/T mixture have been ondutedat 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 onditionsan be seen in Fig. 17, showing the yling 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. Theomparison of the experimental data with the theoryon�rms the e�ieny of the main mehanisms onsid-ered in the MCF theory, but the full qualitative de-sription of the proess is not ahieved 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 mainresonanes manifest themselves most e�etively.The authors are grateful to Prof. L. I. Ponomarevfor the stimulating disussions and to D. V. Balin,G. G. Semenhuk, Yu. A. Smirenin, and N. I. Voropaev(PNPI, Gathina), who took part in our �rst measure-ments. The work was supported by the ISTC (projet� 025-95), the RF Ministry of Atomi Energy (on-trat � 6.25.19.19.99.969), the RF Ministry of Sieneand Tehnology (State ontrat � 103-7(00)-II), andthe RFBR (projets �� 97-02-16882, 98-02-16351, 00-02-17192, 03-02-16876).
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