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EXPERIMENTAL SEARCH FOR THE RADIATIVE CAPTUREREACTION d+ d! 4He+ FROM THE dd� MUONIC MOLECULESTATE J = 1V. V. Baluev a, L. N. Bogdanova b, V. R. Bom , D. L. Demin d*, C. W. E. van Eijk ,V. V. Filhenkov d, N. N. Grafov d, S. K. Grishehkin a, K. I. Gritsaj d, A. D. Konin d,K. L. Mikhailyukov a, A. I. Rudenko d, Yu. I. Vinogradov a, V. P. Volnykh d,A. A. Yukhimhuk a, S. A. Yukhimhuk daRussian Federal Nulear Center, All-Russian Researh Institute of Experimental Physis607188, Nizhnii Novgorod region, Sarov, RussiabState Sienti� Center of the Russian Federation �Institute of Theoretial and Experimental Physis�117218, Mosow, RussiaDelft University of TehnologyDelft 2600 AA, The NetherlandsdJoint Institute for Nulear Researh141980, Dubna, Mosow Region, RussiaReeived June 25, 2010A searh for the muon-atalyzed fusion reation d + d!4He +  in the dd� muoni moleule was performedusing the experimental installation TRITON with BGO detetors for -quanta. A high-pressure target �lledwith deuterium was exposed to the negative muon beam of the JINR Phasotron to detet -quanta with theenergy 23:8 MeV. An experimental estimation for the yield of radiative deuteron apture from the dd� stateJ = 1 was obtained at the level of � � 8 � 10�7 per fusion.1. INTRODUCTIONThis experimental work is aimed at the observationof the rare radiative apture reationd+ d! 4He+  + 23:8MeV (1)proeeding from the dd� muoni moleule state withthe total orbital angular momentum J = 1. This rea-tion is one of the deuterium burning proesses for whihthe ross setion behavior at low energies (and thereforethe astrophysial S-fator) is not well known. A spe-i� feature of the reation 2H(d; )4He is its small rosssetion ompared to similar reations between hydro-gen isotopes.Due to the presene of idential bosons in the en-trane hannel, reation (1) selets states with evenL+S (L and S are the orbital angular momentum and*E-mail: demin�jinr.ru

the total spin of the dd system). This redues the num-ber of partial waves involved. The allowed transitionsare therefore E1(3P1), M1(5D1), E2(1D2), E2(5S2),E2(5D2), and M2(3P2) (we use the standard spetro-sopi symbol (2S+1LI), where I is the total angularmomentum of two deuterons). It was established inbeam�target experiments that at energiesE > 400 keV,reation (1) proeeds mainly by the quadrupole E2transition from the d-wave of the deuteron relative mo-tion to the main omponent 1S0 of the 4He groundstate [1℄.At very low energies (E < 100 keV), due to bar-rier penetration onsiderations, the dominant strengthshould be an s-wave dd apture to the smallD-state ad-mixture of 4He (E2 transition). Experiments at beamenergies around 100 keV [2℄ support this expetation.The next transition strength is expeted to be dueto p-wave apture. For a p-wave, only E1 andM2 tran-80



ÆÝÒÔ, òîì 140, âûï. 1 (7), 2011 Experimental searh for the radiative apture reation : : :sitions are allowed. In reation (1), where the isospinin the initial and �nal states is zero, the E1 transi-tion to the ground state of 4He (S = 0 or S = 2) issuppressed beause the leading dipole term of the E1operator is an isovetor and vanishes. Besides, the E1transition requires �S = 1, and is therefore addition-ally suppressed. We should expet the E1 ontributionto be small (of the order of M2), in ontrast to �usual�apture reations, suh as pd or pt, where the E1 dipoleontribution is large.The p-wave e�ets in the 2H(d; )4He reation wereprobed by measuring the ross setion and angular dis-tributions �(�) of the vetor Ay and tensor Ayy an-alyzing powers, performed with a polarized deuteronbeam with the energy Ed(lab) = 80 keV, stopping in adeuterium target [3, 4℄. It turned out that over 50%of the ross setion strength at these low energies wasdue to the E1 and M2 p-wave apture. This �ndingmight a�et the low-energy behavior of the total rosssetion and its extrapolation to sub-Coulomb energies.It would be extremely interesting to observe a manifes-tation of this p-wave in independent measurements.Muon-atalyzed fusion (�CF) appears to be helpfulin the study of fusion reations between hydrogen iso-topes at lowest energies unattainable in beam�targetexperiments. In partiular, for the dd system, it al-lows seleting the p-wave reations at a virtually zeroenergy [6℄. It is long known that at the deuterium tem-perature T � 300 K, the dd� moleule is formed bya resonane proess in an exited state with the to-tal orbital angular momentum J = 1 (see, e.g., [5℄for the pioneering papers in theory and experiment).Under these onditions, dd fusion proeeds from thep-wave of relative deuteron motion, and this fat wasintensively exploited in studying nonradiative dd-fusion[6�10℄. In partiular, rates of the dd� fusion reationsfrom a J = 1 state, �fn and �fp ,dd�!3He+ n+ �; 3He�+ n; (2)dd�! t+ p+ � (3)were determined experimentally in [9, 10℄. The �CFdata allowed extrating the nulear p-wave reationonstants and omparing them with the results of thein-�ight data R-matrix analysis [11℄.Observation of 23.8 MeV -quanta under the ondi-tions of dd� resonane formation, i. e., from the J = 1state of the muoni moleule, would unambiguously ev-idene a p-wave ontribution to reation (1). The rate� of the radiative apture reation from the deuteronp-wave

dd�!4He�+  + 23:8MeV; (4)an be determined by measuring the relative yield ofthis reation with respet to main hannels (2) and (3),� = �=(�fn + �fp ): (5)The data in [3, 4℄ allow a rough estimation of the ex-peted yield � � (5�10) � 10�7 [12℄.The �rst experimental searh for reation (1) fromthe dd� moleule was undertaken in our previous mea-surement [13℄. It resulted in the bound � < 2 � 10�5.In this work, we present new measurements with theuse of improved methods and experimental tehniques.2. REGISTRATION OF THE CAPTUREPROCESS IN THE dd� MOLECULEThe �CF proess in deuterium starts when nega-tive muons stop in liquid or gaseous deuterium. Atroom temperature, the rate of resonant dd� moleuleformation in the exited state J = 1 is [9℄�dd� = 3:2(3) � 106s�1�; (6)where � is the deuterium density normalized to theliquid hydrogen density (LHD=4.25 �1022 nul=m3).Fusion reations (2) and (3) our with the total fusionrate [10℄ �fdd = �fn + �fp = 407(20) � 106s�1; (7)whih is muh higher than the free muon deay rate�0 = 0:455 � 106s�1(the muon lifetime is �� = 1=�0 � 2:2�s).After fusion, a muon is released in most ases andan again form a dd�-moleule, starting a new yle.The yles stop either due to a muon deay or to itsstiking to fusion produts with the e�etive probabi-lity [10℄ !dd = 0:0700� 0:0004: (8)The average number of the dd� yles aused by onemuon is estimated asn = �dd���0 + !dd�dd�� : (9)Fusion events from reation (4) should arrive afterthe muon entrane (t�) and before the muon deay (te).The idea of the experimental method onsists in a de-layed ���e oinidene registration. A signal from adelayed eletron permits registering the timing gate forsignals from the -detetors. This redues the bak-ground signi�antly. The reation yield is normalizedto the number of muon-deay eletrons.6 ÆÝÒÔ, âûï. 1 (7) 81
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Fig. 1. Sheme of the experimental set-up: 1�6, plas-ti ounters for detetion of muons oming to the D2target and of �-deay eletrons; GD1 and GD2, -de-tetors; PM, photomultipliers3. EXPERIMENTThe sheme of the experimental set-up is shownin Fig. 1. The advanement of the set-up omparedwith [13℄ was aimed at inreasing the -quanta dete-tion e�ieny � and at a signi�ant disrimination ofthe bakground [14, 15℄: we made the set-up as om-pat as possible and used novel BGO-based -detetors,whih ombine a high sensitivity � with low e�ienyto the bakground.A speial high-pressure deuterium target with theinner volume 275 m3 was onstruted at VNIIEF [16℄.It was �lled with deuterium gas from a dediatedsoure, at the pressure 575 bar orresponding to thedeuterium nulear density � = 0:5 LHD at the workingtemperature T = 290 K.3.1. Detetion and registration systemTwo ylinder-shaped eletron detetors (4, 5, Fig. 1)(one inside the other) were plaed lose to the target.This telesope provided a solid angle 
e � 80%. Somepart (� 10%) of the �-deay eletrons ould not passthrough the target wall, and hene the total eletronregistration e�ieny was
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Fig. 2. Monte Carlo alulations of the response fun-tion of the -detetor for E = 23:8 MeV�e � 0:7 (10)with an auray of a few perent.The main part of the detetion system onsisted oftwo large -detetors�BGO rystals 127 mm in diam-eter and 60 mm in height plaed symmetrially aroundthe target (Fig. 1). The total solid angle for both rys-tals was 
 � 40%.The main harateristis of the BGO rystals suhas the response, energy alibration, and resolution werestudied at VNIIEF [17℄ with a 60Co -soure (the to-tal energy of two s E2 = 2:5 MeV) and an eletro-stati aelerator for produing s with the energiesE1 = 16:0 MeV and E0 = 20:4 MeV in reations11B(p; 1)12C� (4.4 MeV) and 11B(p; 0)12C at the pro-ton energy 4.9 MeV.It was established that the linearity of the -dete-tor was kept with an auray of (1�2)% within theenergy interval 1�20 MeV. The energy resolution fun-tion was optimized in aordane with the experimen-tal data. For  energies around 20 MeV, it appeared tobe 4% (FWHM). The absolute e�ieny of the -de-tetor was obtained with the known ross setion ofthe reation 11B(p; )12C and the proton �ux. The ob-tained harateristis were remarkably reprodued byGEANT-4. The response funtion for the s from pro-ess (4) alulated for our real experimental geometryis presented in Fig. 2. The detetion e�ieny turnedout to be � = 15(1)% (11)for the energy interval 20�25 MeV.To redue the external bakground, ative shielding(a plasti sintillator shell 7 mm in thikness aroundeah BGO rystal) worked in antioinidene with the82
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Fig. 3. Example of �osillogramms��the timing ofevents in the registration system aused by one muon:FADC1�FADC5 are amplitude hannels of the registra-tion system, with the time sale 20 �s; GD1 and GD2are signals from the -detetors; Mu+E1 are signals ofan inoming muon followed by its deay eletron; E2 isthe signal of a deay eletron; and LS are logi signalsto rejet aidental bakgroundBGO rystal. Seletion of the �pure� BGO signal (with-out plasti) was realized by omparing the harges forthe fast omponent (30 ns) of the total signal and theslow one (300 ns). This allowed dereasing the bak-ground by one order of magnitude without a notieableloss in the detetion e�ieny.The signals from all detetors were direted to �ashADCs (8 bits � 2048 samples, 100 M/s). The triggerheked the presene of the muon stop signal (�), whihwas a oinidene 1; 2; 3; (�4 � �6), and the eletron signale (4 � 5) in the time interval 4 �s before � and 16 �safter it. Moreover, the absene of the seond inomingmuon in the indiated interval was ontrolled by dete-tor 1. Under these onditions, the data from the �ashADCs were reorded in the PC memory for the furtheranalysis. Some �ash ADC signals are shown in Fig. 3.3.2. MeasurementsThe D2 target was exposed to the negative muonbeam (intensity 104 s�1, momentum 100MeV/) of theJINR Phasotron. The rate of muon stops in the deu-terium gas resulting in �-deay eletrons was 200 s�1.Additional exposure (with the empty target) was usedto determine the eletron bakground.During the measurements, we used attenuators inthe amplitude hannels of -detetors. On-line ali-bration measurements were done with a 60Co -sourewithout an attenuator. In addition, we heked thealibration observing 5:5 MeV s from the proess

pd� ! 3He� +  + 5:5 MeV due to the presene ofa 0.5% protium admixture in the target. The alibra-tion proedure showed a good linearity (not worse than2�3%) for the energy response of the -detetor.4. ANALYSIS OF THE EXPERIMENTAL DATAThe �rst step in the analysis of the registered eventswas the separation of �-deay eletrons (4 � 5) and�pure� -quanta (presene of a signal in the BGO rys-tal only). Then we aumulated and analyzed the timeand harge (energy deposited in the BGOs) distribu-tions of the s. The number of �-deay eletrons ne-essary for normalizing the  yield was obtained fromthe analysis of the eletron time distribution.4.1. Eletron time spetraTime spetra of eletrons from muons that stoppedand deayed in the target are distorted by the bak-ground originating mainly from muon deays in thetarget walls. In the run with an empty target, we mea-sured the time spetra of bakground eletrons and ob-tained the shape of the distribution Bempty(t). For theworking exposures with a deuterium-�lled target, we�tted the eletron time spetra taking the bakgroundshape into aount:N totale (t) = kBempty(t) +Ae exp(��et) + F;where �e is the muon disappearane rate, F is an a-idental bakground, and k, Ae, �e, and F are �t-ting parameters. The �tted time distributions of deayeletrons for the deuterium-�lled and empty target areshown in Fig. 4.The muon disappearane rate �e = 0:465(2) �s�1found from the �t appeared to be lose to the free-muondeay rate (7). As a result, the number of eletronsfrom the muon deay in deuterium was obtained:Ne = Ae�e ��t � 4 � 107;where�t = 20 ns is the hannel bin width. The error ofNe was determined from the unertainty in �tting theeletron time spetra from the �lled and empty targetand was mainly de�ned by the total statistis.4.2. Seleted -eventsWe analyzed harge and time distributions of the-events seleted with the use of the time riteria [13℄0:5�s < te � t < 2:5�s; 0:5�s < t � t�; (12)83 6*
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1210864Fig. 4. Time spetra of registered eletrons for adeuterium-�lled target (1 ) and for an empty tar-get (2 )where t�, te, and t are the respetive times of themuon stop, the eletron signal, and the  signal. Thisseletion allowed a radial (by an order of magnitude)suppression of the aidental bakground. As a onse-quene, it also dereased the  detetion e�ieny bythe fator ft = 0:38 (ft = fteft�; where fte = 0:48 isdue to the eletron time riterion and ft� = 0:8 due tothe muons). The energy spetrum of events seleted bythis proedure is shown in Fig. 5.For the further analysis, we used the energy sele-tion riteria 20MeV < E < 25MeV: (13)The energy distribution for the seleted interval (13) isshown in Fig. 6. We have deteted Nreg = 4 events.4.3. Bakground estimationThere were two main soures of the -bakground.1. An aidental  followed by a real eletron (muondeay in deuterium).2. A bremsstrahlung  (from a �-deay eletronstopped in the target wall) followed by a false e-ountin the e-telesope.To estimate the bakground, we analyzed the -sig-nals seleted without using riteria (12). This gives an

0 10 20 30 40

1

10

10
2

Counts

Energy, MeVFig. 5. Energy spetrum of the s aumulated withtime riteria (12). The peak at 5:5 MeV from the pdradiative apture reation is learly seen
20 21 22 23 24 25

Energy, MeV

0

1

Counts

Fig. 6. The energy spetrum of the events registered in-detetors, with the seletion riteria (12) and (13)inrease of the bakground events by a known fator(more than one order of magnitude).The time spetrum of the s seleted in this wayand aumulated for energy interval (13) is presented inFig. 7. The time-independent omponent is obviouslydue to the aidental bakground registered in the -de-tetor. From this omponent, we derive the mean in-tensity n = N=�T of the aidental bakground, whereN is the total number of the events in the �at om-ponent of the spetrum and �T is the orrespondingtime interval. Hene, the number Na of aidentalbakground events satisfying all the seletion riteria,inluding the timing fator ft, is84
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Fig. 7. The time distribution of the observed -eventsfor the energy interval 20�25 MeV (�enhaned� bak-ground)Na � n��ft = 2:6: (14)The orrelated bakground omponent, i. e., thetime-dependent part of the spetrum, is due to thebremsstrahlung followed by a �false� eletron. Themain soure of false eletrons is the deay of anothermuon, stopped in the target before the bloking timeinterval (earlier than 5�s with respet to the muon).Eletron time spetra allow determining the rela-tive probabilities of the aidental eletron registrationW-a and of the eletrons from deay of muons notbloked by a trigger, W-e. Introduing appropriateenhanement oe�ients K-a and K-e, we an esti-mate the orrelated bakground Norr for the seletionriteria (12) and (13) with the formulaNorr = NenhorrW-aK-a +W-eK-e � 1:4; q (15)where Nenhorr is the number of events in the �enhaned�orrelated bakground. The auray in bakgroundestimation (15) amounts to 15%.5. RESULTSBased on the estimation of the expeted bakgroundNb = Na+Norr = 4, we an determine the sensitivi-ty � of our measurements for the 23.8 MeV -detetione�ieny �ft � 0:06:

� = Nb=�ftNen = (6� 8) � 10�7; (16)where Ne is the number of registered eletrons and nis the average number of dd� moleules formed per onemuon. Inserting (6), (8), and � = 0:5 into formula (9),we obtain n=2.5(1).With a standard algorithm, we obtain the upperlimit for the relative yield � (5) of reation (4) withrespet to main fusion hannels (2) and (3) from thedd� state J = 1: � � 8 � 10�7 (17)at the 90% on�dene level.The upper limit for the radiative fusion rate �1 fromthe J = 1 state of the dd� moleule an be dedued us-ing the experimental value of the total fusion rate (7)[9, 11℄ �1 < 3:5 � 102 s�1:6. CONCLUSIONIn our previous work [13℄, we estimated the yieldof proess (4) as a by-produt of the main task, themeasurement of the dd�-moleule formation rate [18℄.The present experiment is the �rst serious test in in-vestigating the possibilities of our new tehnique spe-ially designed for this proess. In our run, we have de-teted 4�107 �-deay eletrons that orrespond to� 108dd�-moleule yles. At the sensitivity level 7 � 10�7,we have deteted 4 events satisfying the seletion ri-teria. Following the standard statistial proedure, wededued the upper bound 8 � 10�7 for the relative yieldof reation (4). This value is lose to estimates basedon the data in [4℄.Further progress may be possible with aumula-ting larger statistis (by two orders of magnitude). Itwill allow analyzing the measured energy spetrum asthe sum of two bakground omponents taken withthe known weights and the signal from the studiedreation with the expeted shape and variable weight.The authors gratefully thank M. Yu. Kazarinov,A. P. Kustov, D. Mzhavia, A. G. Olshevsky, Yu. A. Po-lyakov, N. G. Shakun, and P. T. Shishlyannikov for sup-port in realization of the experiment, and the personnelof the JINR Phasotron and DLNP Eletro-TehnialDepartment for works on muon beam delivery. Weappreiate useful disussions with C. Petitjean andL. I. Ponomarev.85
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