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EXPERIMENTAL INVESTIGATIONOF MUON-CATALYZED t+ t FUSIONL. N. Bogdanova a, V. R. Bom b, A. M. Demin , D. L. Demin d, C. W. E. van Eijk b,S. V. Filhagin , V. V. Filhenkov d, N. N. Grafov d*, S. K. Grishehkin , K. I. Gritsaj d,A. D. Konin d, A. V. Kuryakin , S. V. Medved' d, R. K. Musyaev , A. I. Rudenko d,D. P. Tumkin , Yu. I. Vinogradov , A. A. Yukhimhuk , S. A. Yukhimhuk d,V. G. Zinov d, S. V. Zlatoustovskii aState Sienti� Center of Russian Federation,Institute of Theoretial and Experimental Physis117218, Mosow, Russiab Delft University of Tehnology2629 JB Delft, the Netherlands Russian Federal Nulear Center, All-Russian Researh Institute of Experimental Physis607200, Sarov, Nizhny Novgorod region, Russiad Joint Institute for Nulear Researh, Dzhelepov Laboratory of Nulear Problems141980, Dubna, Mosow region, RussiaReeived July 15, 2008The muon-atalyzed fusion (�CF) proess in tritium was studied by the �CF ollaboration on the muon beamof the JINR Phasotron. The measurements were arried out with a liquid tritium target at the temperature22 K and density approximately 1:25 of the liquid hydrogen density (LHD). Parameters of the �CF ylewere determined: the tt� muoni moleule formation rate �tt� = 2:84(0:32) �s�1, the tt fusion reation rate�f = 15:6(2:0) �s�1, and the probability of muon stiking to helium !tt = 13:9(1:5)%. The results agreewith those obtained earlier by other groups, but better auray was ahieved due to our unique experimentalmethod.PACS: 36.10.Ee, 36.10.-k, 25.30.Mr1. INTRODUCTIONInvestigation of the muon-atalyzed fusion (�CF) ttreation t+ t �!4He+ n+ n+ 11:3MeV (1)is of great interest for the omplete understanding ofthe �CF proesses in a mixture of hydrogen isotopesand for the study of the nulear reation mehanism.The simpli�ed sheme of �CF kinetis in tritium isshown in Fig. 1. In pure tritium, the stopped muons*E-mail: grafov�nusun.jinr.ru
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Fig. 1. Diagram of �CF kinetis in tritiumform �t atoms with a high rate �a (about 1010 �s�1).In their ollisions with T2 moleules, muoni moleulestt� are produed nonresonantly with the rate �tt� inthe rotational�vibrational state J = v = 1. Fusionfrom this state ompetes with muoni moleule deex-242



ÆÝÒÔ, òîì 135, âûï. 2, 2009 Experimental investigation of muon-atalyzed t+ t fusionitation via Auger transitions to lower levels and withthe muon deay. The main deexitation hannel is theE0 Auger transitions to the (J; v) = (1; 0) state, itsrate being �11!10 � 2 � 108 s�1 [1℄. The deexita-tion via the eletri dipole transition, whih hangesthe total angular momentum J , is haraterized by asigni�antly smaller rate, sine in moleules with iden-tial nulei, suh a transition neessarily hanges thetotal spin of nulei and is suppressed. This rate is es-timated as ��J=1 . 104 s�1 [1℄, whih is smaller thanthe muon deay rate �0 = 0:455�s�1, and the role ofsuh transitions is negligible in asade deexitation.Thus, the fusion reation in the tt�-moleule oursfrom the states J = 1, v = 1; 0 with a rate �f . Afterfusion, the muon is either released with the probability1�!tt and an atalyze a new fusion yle, or is stukto the helium nuleus with the probability !tt.The �CF tt-yle is haraterized by the tt� ylingrate �C = �f�tt��f + �tt� : (2)The tt�-moleule formation rate �tt�, the fusion rea-tion rate �f , and the oe�ient !tt of muon stiking tohelium are the main parameters of the �CF tt yle.A unique possibility of studying low-energy (about0:1 keV) p-wave tt fusion (1) is given by the muon atal-ysis [2℄. Until presently, the p-wave ontribution to thett-fusion ross setion has not been determined in ol-lisional experiments at low energies, whih are ompli-ated by the three-body �nal state analysis [3℄. In �CFexperiments, the p-wave reation onstant an be de-dued from the experimentally determined �CF fusionrate �f . In addition, the spetra of fusion neutrons,omplemented with data on the muon stiking prob-ability, an allow distinguishing the reation meha-nism. The value of the muon stiking oe�ient !tt issensitive to the energy spetrum of �-partiles, whihsomehow re�ets partile orrelations in the three-body�nal state. Aording to alulations in [4℄, !tt is re-spetively equal to 18%, 5%, or 10% for �n, nn, or noorrelations (phase spae).Observation of �n or nn orrelations in the p-wavett fusion an shed light on the possible luster strutureof the 1�-levels in the lightest neutron-rih nuleus 6He.However, experimental investigations of the �CF ttproess also fae the problem of a ontinuous neutronenergy spetrum of an unknown harater. It is di�ultto de�nitely alulate the neutron detetion e�ieny�n for using it in the data analysis.The way to obtain the �CF parameters withoutknowing �n was suggested in [5℄, where expressions for

the total yield �all (the average of yles per muon),the yield �1 of the �rst yle, and �k for the kth ylewere obtained for the �rst time. They are�all = �tt��0 + �tt�!tt ; �1 = �tt��0 + �tt� ;�k = �1k(1� !tt)k�1:With the theoretial values of the tt �CF parametersin [4; 6; 7℄, we obtain �all � 3 and �1 � 0:8. The mea-sured yields are ��, where � is the detetion e�ienyper yle (detetion of at least one neutron from the ttreation).It follows from the analysis in [5℄ that the value of!tt an be diretly determined from the ratio of mea-sured yields of the �rst deteted neutrons (�1) and theseond ones (�2): 1� !tt = �2�21 : (3)This additional ondition allows determining the t + t�CF parameters without knowing �n.But this method is di�ult beause it involves largestatistis, sine it requires aumulation of the order of104 seond neutrons. This beomes a problem whenthe value of � is limited.So far, two experiments were performed by the PSIand RIKEN�RAL groups to determine the main pa-rameters of the �CF tt-yle. The results of these ex-periments do not ompletely agree with eah other.In the experiment performed at the muon hannelof the PSI meson faility [8℄, the e�ieny was �n � 1%and the authors ould aumulate a few thousand se-ond neutrons and, onsequently, obtained an aurayabout 20�30% for the �CF parameters. The other ex-periment was arried out by the RIKEN�RAL group[9℄ at the pulsed beam of the RAL aelerator. Theauthors ould determine the slope of the �slow� om-ponent (see below) of the neutron time spetrum. Toextrat �C , they made a rough determination of theneutron yield Yn in the tt reation with a 20% au-ray.The main feature of our experiment is the use ofa unique neutron detetion system onsisting of twohigh-e�ieny neutron detetors plaed symmetriallyaround the target. The high value �n � 30% allowshigh statistis, whih is important for the auray ofthe �CF parameters, and, besides, allows an indepen-dent study of the reation mehanism by measurementof the neutron energy spetrum. The geometry of theinstallation provides the opportunity to reveal the faintn� n orrelation in the �nal state of reation (1).243 3*
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Fig. 2. Experimental lay-out2. EXPERIMENTThe experimental setup is analogous to our previousexperiments on �CF [10�12℄ with some minor hanges.The experiment was performed at the installation �Tri-ton� mounted on the muon hannel [13℄ of the JINRPhasotron. The experimental setup is shematiallyshown in Fig. 2. The target (depited in Fig. 2 as ablak irle) was surrounded by a set of detetors.2.1. Detetors and eletronisSintillation ounters 1�3 deteted inoming muons.Cylinder-shaped proportional ounters 4 and 5 (analo-gous to those desribed in [14℄) served to selet muonstops in the target (signal 1�2�3�4��5) and to detet ele-trons from muon deay. Speially designed ylinder-shaped sintillation ounters 1-e and 2-e were used todetet �-deay eletrons in oinidene with ounter5 (signals 5�1-e and 5�2-e were onsidered �-deayeletrons). The full absorption neutron spetrometer(FANS) [15℄ onsisting of two large detetors (ND1 and

ND2), eah of the volume 12:5 l , was the basis of thedetetion system. Its aim was to detet neutrons fromreation (1).The timing sequenes of the signals from the dete-tors (�osillograms�) were registered by six �ash ADCs(2048 samples of 8 bits at 100 M/s), depited in Fig. 2as FADC1�6, and were reorded on the PCs. An ex-ample of the �osillograms� for one muon measured inthe test run is shown in Fig. 3.FADCs 1 and 3 were used to read the shortened(30 ns) signals from the NDs. With FADCs 2 and 4,the neutron�gamma (n� ) separation of the ND sig-nals was realized to disriminate the bakground. EahND signal was transformed into a double signal whoseparts orresponded to the integral of the �fast� (50 ns)and �slow� (200 ns) omponents of the ND light pulse.Thus, the signal analysis time was �t = 250 ns. Theomparison of the �fast� and the �slow� harges allowedrealizing the n� separation (see Fig. 4). The -quan-tum disrimination e�ieny was better than 10�3 forenergies larger than 100 keV.244
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Fig. 3. Example of the �osillograms� for one muonmeasured in the test run
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Fig. 4. Three-dimensional plot haraterizing the ratioof the amplitudes of fast and slow omponents of theND signalFinally, FADCs 5 and 6 registered the signals of themuon stop and the �-deay eletron.The trigger [16℄ allowed reording only those eventsthat were onneted with the eletron detetion. Dur-ing eah run, the data were also monitored on-line.

2.2. Target and gas handling systemIn the experiment, a new liquid-tritium target(LTT) with the working volume 10 m3 [17℄ was used.The LTT was �lled with liquid tritium (amounting toabout 3.6 m3 � about 10 kCi � the eologial limitfor our installation), and kept at the temperature about22 K with the tritium pressure about 1 atm. To �ll theLTT and maintain the required temperature regime,a ryogeni refrigerator was used. A preparation sys-tem [18℄ provided in-situ puri�ation of the tritiumgas. The hromatography method was used to monitorthe isotopi and moleular omposition of the tritiumgas [19℄.2.3. Temperature, pressure, and densityontrolThe temperature of liquid tritium was determinedby measuring the vapor pressure with tensometrigauges that were aurate to 0.5%. The temperaturewas thus determined to be 22:5 K with the auray0:1 K.The nulear density of liquid tritium was deter-mined using ryogeni data on hydrogen isotopes [20℄.We obtained the value 1:25 LHD (�1%).2.4. Liquid tritium purity and 3HeaumulationThe muon transfer from t� atoms to possible im-purities in�uenes the measured value of the stikingprobability. To redue this in�uene for aurate de-termination of !tt, the ondition�ZCZ � !tt�tt� (4)must be satis�ed, where CZ is the fration of the im-purities and �Z is the rate of muon transfer to them.It was neessary to distinguish three sorts of impuri-ties: those with Z > 2, helium, and hydrogen isotopeadmixtures.Impurities with Z > 2. The impurities withZ > 2 onsisted predominantly of arbon, oxygen, andnitrogen. The gas preparation system based on palla-dium �lters [18℄ provided target �llings with the puri�-ation level of CZ < 10�7 volume parts. The rate ofmuon transfer from the t� atom to the admixtures ofnulei with Z > 2 is �Z � 1011 s�1 [21℄. Therefore,ondition (4) was satis�ed.3He admixture. The tritium preparation sys-tem provided the initial 3He onentration in tritiumCHe � 10�7 before pouring it into a target. However,245
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Fig. 5. ND harge spetra measured in the present ex-periment. The lower line orresponds to the ontribu-tion of dt neutrons. The edge for 14 MeV dt neutronsorresponds to about 400 hdue to the tritium �-deay, 3He was aumulated in thetarget in aordane with the relationCHe(�) = Ct[1� exp(��trit�)℄;where �trit = 1:8 � 10�9 s�1 is the tritium deay rate.Hene, the proess of muon transfer from the t� atomto 3He (with the rate �3He � 2 � 108 s�1 [22℄) ouldsigni�antly in�uene the rate of muon loss.In the experiment in [23℄, it was shown that 3He inliquid tritium di�uses and goes out to the vapor (gasphase). Therefore, there were no problems about theliquid tritium purity with respet to the elements withZ > 1 in our experiment. This was on�rmed by theoinidene between the observed muon disappearanerate and the muon deay rate (see Se. 3.1 below).Deuterium and protium admixture in tri-tium. In this experiment, we used tritium with someinitial admixture of other hydrogen isotopes. Welearly observed the presene of deuterium admixtureby the �tail� from 14 MeV neutrons from the reationdt�!4He (3:5MeV) + n (14:1MeV) + � (5)in the measured harge spetrum of fusion neutrons(see Fig. 5).The hromatographi method [19℄, whih was usedto hek the level of hydrogen isotope admixture in tri-

tium, showed a presene of less than 1% of deuteriumand protium. 3. DATA ANALYSISThe �rst step in the analysis of the registered eventswas the separation of neutrons, -quanta, and �-deayeletrons. Then, for eah exposure, we built and an-alyzed the distributions of time and harge (depositedenergy in a neutron detetor) of fusion neutrons. Thenumber of �-deay eletrons neessary for normalizingthe neutron yield was obtained from the analysis of theeletron time distribution.3.1. Eletron time spetraTime spetra of eletrons from muons that stoppedand deayed in the target are distorted by the bak-ground originating mainly from deay of muons stop-ping in the target walls. In the run with an emptytarget, we measured the time spetra of bakgroundeletrons and obtained the shape of the distributionBempty(t). For the working exposures with a tritium-�lled target, we �tted the eletron time spetra takingthe bakground shape into aount:N totale (t) = kBempty(t) +Ae exp(��et) + F;where �e is the muon disappearane rate and F is anaidental bakground. In this �t, the values k, Ae, �e,and F were the variables.The �tted time distribution of deay eletrons forthe tritium-�lled target is shown in Fig. 6. The ob-served muon disappearane rate �e = 0:456(2)�s�1found by the �t is in a good agreement with the knownvalue for the free muon deay rate �0 = 0:455�s�1. Asa result, the number of eletrons from muon deay intritium was obtained:Ne = Ae�e�� = 972000� 2900;where �� = 20 ns is the hannel bin width. The errorof Ne was about 0.3%. It was determined from theunertainty in �tting the eletron time spetra fromthe �lled (0.2%) and the empty (0.2%) target and wasmainly de�ned by the total statistis.3.2. Analysis of the neutron dataWe analyzed the neutron time distributions to ob-tain the �CF parameters. Only the �rst, seond, andthird deteted neutrons were seleted for analysis. Twoanalysis methods, with and without n �  separation,were applied.246
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Fig. 6. Eletron time distribution. The line a is theoptimum �t for the �lled target, the line b orrespondsto eletrons from the empty target3.2.1. Seletion of events1. In the analysis with the n �  separation, theevents were seleted by the shape of the ND signal.To exlude pile-up in the time interval �t = 250 nsrequired for the signal analysis, the deteted neutronswere spei�ally seleted.a) The �rst neutron was aepted if the time be-tween the �rst and the seond neutron t1�2 was largerthan �t. If t1�2 < �t, we rejeted all neutrons ausedby this muon.b) The seond neutron was aepted if the time be-tween the seond and the third neutron t2�3 was largerthan �t and t1�2 > �t. If t1�2 > �t and t2�3 < �t,we aepted only the �rst neutron from all neutronsaused by this muon.The presene of pile-up was under diret ontrol dueto fast signals on FADCs 1 and 3. In the present exper-iment, we found the probability of pile-up within theinterval �t to be Æ � 5�6% :2. The method with the n�  separation requiredthat the analysis be made separately for eah ND be-ause of their di�erent parameters. The large neutrondetetion e�ieny of our detetors an lead to simul-taneous registration of two neutrons from the reation:two neutrons were registered either a) in the same de-tetor (one signal) or b) in di�erent NDs (two signals).

In determining the �CF parameters, we should dealwith the number of �CF yles, not with the numberof neutrons. Therefore, in ase b), we were fored totake only one neutron in an arbitrarily hosen ND andto rejet the other neutron.3. To redue the bakground, the time seletionriterion tn + 0:3�s < te < tn + 10�swas used [24℄, where tn and te are neutron and eletrondetetion times measured from the moment of a muonstop in the target. The lower bound disriminated thebakground due to muon stops in the target wall, andthe upper bound dereased the aidental bakgroundaused by false eletrons.3.2.2. Analyti expressions used for theanalysis of neutron time spetraThe kinetis of �CF proesses in tritium was on-sidered �rst in [5℄ and then, in more detail, in [24℄,where Monte Carlo test alulations were performed,in addition to the analyti onsideration. The timedistribution of the �rst deteted neutrons (yles) hasthe form of the di�erene of two exponentials:dN1dt � f1(t) = A[exp(�1t)� exp(�2t)℄: (6)The amplitude A and the slopes 1 and 2 were deter-mined from the �t of the experimental spetrum. Thett� yling rate �C and other yle parameters an thenbe evaluated.The slopes 1 and 2 were expressed through theyle parameters as21 = �f + �tt� + 2�0 �� [(�f + �tt�)2 � 4��f�tt�)℄1=2; (7)22 = �f + �tt� + 2�0 ++ [(�f + �tt�)2 � 4��f�tt�)℄1=2; (8)� � � + !tt(1� �):The time distribution of the seond deteted neutronswasdN2dt � f2(t) = A2 � (exp(�1t) + exp(�2t)) t ++ 22 � 1 (exp(�1t)� exp(�2t))� : (9)It was shown in [24℄ that the dead time interval (�t)does not hange the shape of the time distribution for247
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Fig. 7. Time distributions of the �rst and seond deteted neutrons with n �  separation. The solid lines present theoptimum �ts. I � time distribution of neutrons from dt reations. II � time distributions of the �rst (b) and seond (a)neutrons from tt reationsthe �rst neutrons. However, the neutron yields werehanged. This led to a modi�ation of expression (3)used for diret determination of !tt. The �rst neutronyield is �01 = �1(1� (1� !tt)Æ): (10)The loss in the �rst neutron yield �1 onneted withthe dead time seletion is 5�6%.For the seond neutrons, the orresponding yield is�02 = �2�1� Æ�1� (1� (1� !tt)Æ) : (11)In this ase, the loss was more signi�ant and onsti-tuted about 20%. From Eqs. (3), (10), and (11), weobtained the relation onneting the measured yields�01 , �02, Æ, and !tt:�02(�01)2 = (1� !tt) 1� Æ=�11� (1� !tt)Æ : (12)3.2.3. Analysis with n�  separationBeing a means of bakground suppression, the n�analysis was a soure of statistis loss. Besides the ne-essity to introdue a dead time, we had to removethe events with registration of 4:43MeV 's produedin the inelasti threshold proess n(12C; )n0 (only forneutrons with high energy, more than 5 MeV). They

distorted the ND signal and had to be rejeted. It isimportant to note that both fators lead not to am-biguities in the determination of �CF parameters butonly to a derease in the total detetion e�ieny byabout 30%.The measured time distributions of the �rst andseond deteted neutrons are shown in Fig. 7.The distribution of the �rst neutrons was analyzedusing Eq. (6). The parameters of this expression (theamplitude A and the exponent slopes 1;2) were fun-tions of �f and �tt� (formulas (2), (7), and (8)). Inaddition, we measured the numbers of �rst, N1, andseond, N2, deteted neutrons and obtained the respe-tive yields �1 and �2:�1 = N1Ne ; �2 = N2Ne ; �01; �02:These yields were used for the determination of !tt inaordane with expressions (10), (11), and (12). Us-ing these yields and the values A and 1;2 obtainedfrom the �t of the measured time distribution, we re-onstruted the tt yle parameters, �f , �tt�, and !tt,as well as the neutron detetion e�ieny �n.In�uene of dt neutrons. A deuterium impurityof about 0.5�1% ontained in the tritium resulted inan admixture of DT moleules (about 0.02) and alsoof D2 moleules (about 0.0001) in liquid T2. The rates248
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ural for dt neutrons, beause the dt fusion rate washigh (about 1012 s�1 ). The slope of the dt neutrontime spetrum exponent was pratially the same asthe �slow� omponent for the whole neutron time dis-tribution. Therefore, dt neutrons did not hange the�slow� omponent �slow of the tt neutron time spe-trum.Beause the nulear density for D2 and DTmoleules was less than 0:01LHD, the epithermal�spike� in the dt spetrum, appearing when t� atomspass through the resonanes of muoni moleule for-mation rates [25℄, should manifest itself. We observedthis spike in the present measurement, as in ourprevious [26℄ and PSI [27℄ experiments.3.2.4. Analysis without n�  separationThe proedure of n�  separation allowed reliabledisrimination of the bakground but signi�antly om-pliated the data interpretation and led to some sys-temati ambiguities. It was desirable to �nd an inde-pendent analysis method that would allow heking theobtained data and verifying the results.Analyzing the -bakground revealed that it waspredominantly onentrated just in the time region ofa muon stop. We therefore deided to also make ananalysis without n �  separation. Treating the timeof the �rst neutron as the time of a muon stop in thetarget, the seond neutron as the �rst and the third249



L. N. Bogdanova, V. R. Bom, A. M. Demin et al. ÆÝÒÔ, òîì 135, âûï. 2, 2009Table 1. �CF parameters of the tt yle determined in the present experiment by two analysis methodsValue with n�  without n�  ombined�tt�; 106s�1 2:96� 0:32 2:56� 0:33 2:84� 0:32�f ; 106 s�1 15:2� 2:0 15:9� 2:1 15:6� 2:0!tt; % 13:2� 1:5 14:6� 1:7 13:9� 1:5one as the seond, we plotted the distributions of timedi�erene between seond��rst and third��rst neutronswithout n �  separation. For these distributions, weobtained the numbers of neutronsN2�1 andN3�1. Thebakground turned out to be small enough in this ase(only a few perent) and ould easily be determinedand subtrated. The orrespondingly measured distri-butions are shown in Fig. 8.This method was rather simple and suitable but ledto a notieable derease in the neutron statistis. Forthe method with n�  separation, the losses in statis-tis were relatively small (about 30%). For the seondmethod, the losses appeared to be larger:1� �1 � 0:6�0:7:To signi�antly (twie) inrease the statistis, weperformed a ombined analysis for both ND ountersonsidering them as one detetor. So we sueededin obtaining approximately equal statistial power forboth analysis methods. The advantage of the ombinedmethod is that it allows deteting two neutrons simul-taneously, and hene orreting the n�  analysis.The analysis proedure and onsideration of the dtbakground were analogous to the previous approah.Naturally, expression (3) instead of (10)�(12) was usedfor the determination of !tt. The time distributionsof the �rst and seond neutrons are shown in Fig. 8together with best-�t funtions (6) and (9).3.2.5. Results of the main tt �CF parametersThe main �CF parameters (�f , �tt�, and !tt) ob-tained by two methods are presented in Table 1. Theerrors inlude both statistial and systematial uner-tainties. Statistial errors in �f and �tt� were deter-mined by the total number of events and the hara-ter of the �tting funtions. The statistial error in !ttwas ombined from the unertainties of the omponents(Ne, N21 , and N2) and of the ratio �2=�21 in Eq. (2).The main soures of systemati errors were:a) an unertainty of 1.3% in the value of tritiumdensity was inluded in the total error for �tt�;

b) an unertainty of 2.1% due to nonexat knowl-edge of the deuterium impurity was inluded in theerror for !tt.It is seen from Table 1 that both methods give thesame result within 15%. This allows assigning the om-bined values as �nal results.4. DISCUSSION AND CONCLUSIONThe experimental data on the main tt �CF param-eters (the tt�-moleule formation rate �tt�, the fusionrate �f , and the stiking probability !tt) are summa-rized in Table 2 in omparison with the theoretial pre-ditions.Results of all experiments show general agreementwith the theoretial preditions. In our experiment,the auray of the tt�-moleule formation rate wasimproved by a fator of two, and the value of �tt� islose to the theoretial one. Our fusion rate �f agreeswith the PSI result [8℄ and is somewhat larger than theestimate in [28℄, based on the in-�ight data [3℄. Anothertheoretial estimate [29℄ is a few times larger than theobserved one.The fusion rate �f an be expressed in terms of thereation onstant and the so-alled fusion integral �1v :�f = Kodd�1v (13)(the Deser fatorization relation [30℄). The reationonstant Kodd is spin-dependent, and the subsript�odd� means that only triplet spin states of two tritonsontribute in the p-wave, due to the antisymmetry ofthe wave funtion for idential fermions. The fusionintegral �1v = 12 Z d3r jrR	1v(r;R)jR=0involves the normalized tt� Coulomb wave funtion (Ris the internulear distane, r is the muon oordinate,and the fator of 1/2 is required beause of the wave250



ÆÝÒÔ, òîì 135, âûï. 2, 2009 Experimental investigation of muon-atalyzed t+ t fusionTable 2. Parameters of the tt �CFParameter Soure Ref Value�tt�, 106 s�1 PSI experiment [8℄ 1:8� 0:6RIKEN�RALexperiment [9℄ 2:4� 0:6Presentexperiment 2:84� 0:32Theory [6℄ 2.96Theory [7℄ 2.64�f , 106 s�1 PSI experiment [8℄ 15� 2RIKEN�RALexperiment [9℄ noPresentexperiment 15:6� 2:0Theory [28℄ 13!tt, % PSI experiment [8℄ 14� 3RIKEN�RALexperiment [9℄ 8:7� 1:9Presentexperiment 13:9� 1:5Theory [28℄ 14funtion symmetrization). Further, Kodd is assoiatedwith the spin-dependent ross setion via the relationKodd = limv!0 12 �oddvC�21 (vM)�29 ;where v andM are the relative veloity and the reduedmass of nulei, C21 = 2��(1 + �2)9(e2�� � 1) ;is the p-wave Gamow fator with � = �=v being theSommerfeld parameter, and 1/2 is the symmetriza-tion fator of the ontinuum wave funtion. Finally,�odd = (4=3)�p, with �p being the p-wave ross setionfor unpolarized partiles, where 3/4 of two triton spinstates are odd (triplet), and Kp = (3=4)Kodd.Taking the value of �1v from [28℄, we �nd the p-wavett-reation onstant as Kp = 4:3 �1023 fm5 � s�1. A sim-ilar value for the dd reation, obtained from the muonatalysis experiment and from the R-matrix analysis ofthe dd in-�ight fusion data, is Kp = 1025 fm5 � s�1 [31℄.Our value of the stiking probability !tt agrees withthe PSI result. Twie improved auray favors the

ab1 2 3 4 5 6Eee; MeV020004000600080001000012000140001600018000 3:1 4:9 6:4 7:5 9:0Ep; MeV

Fig. 9. The neutron energy spetrum measured in thisexperiment (a) and the alulated neutron energy dis-tribution for pure phase spae (b)theoretial value obtained under the assumption of an��n orrelation in the �nal state of reation (1). Ourvalue of the yling rate �C = 2:4�s�1 agrees with theone obtained in [9℄.In both experimental works [8, 9℄, the evidene for� � n orrelation was obtained by omparison of themeasured reoil proton spetrum of the neutron dete-tor with the one simulated assuming the absene of any�nal-state orrelations. This is supported by the shapeof the neutron spetrum obtained in our measurement(Fig. 9). The neutron energy spetrum highlights thefeatures of the reation mehanism: An n � n orre-lation would result in a onentration of the events inthe region En1 = En2 = 3:8 MeV (En1 and En2 areneutron energies); for �� n orrelation, the events aregrouped near En1 � 9:3 MeV and En2 � 0:5 MeV (in asimpli�ed onsideration) [2℄. A more detailed analysisof the t+ t reation mehanism is in progress. Besides,it would be desirable to make more preise alulationsof �f .The measurements of the �CF tt reation werefor the �rst time performed with the use of a uniquemethod (FANS, FADC). Conditions of high e�ienyfor neutron registration allowed obtaining the main re-ation parameters with higher auray ompared toearlier experiments.251
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