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al and Experimental Physi
s�117218, Mos
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lear Resear
h141980, Dubna, Mos
ow Region, RussiaRe
eived June 25, 2010A sear
h for the muon-
atalyzed fusion rea
tion d + d!4He + 
 in the dd� muoni
 mole
ule was performedusing the experimental installation TRITON with BGO dete
tors for 
-quanta. A high-pressure target �lledwith deuterium was exposed to the negative muon beam of the JINR Phasotron to dete
t 
-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 rea
tiond+ d! 4He+ 
 + 23:8MeV (1)pro
eeding from the dd� muoni
 mole
ule state withthe total orbital angular momentum J = 1. This rea
-tion is one of the deuterium burning pro
esses for whi
hthe 
ross se
tion behavior at low energies (and thereforethe astrophysi
al S-fa
tor) is not well known. A spe-
i�
 feature of the rea
tion 2H(d; 
)4He is its small 
rossse
tion 
ompared to similar rea
tions between hydro-gen isotopes.Due to the presen
e of identi
al bosons in the en-tran
e 
hannel, rea
tion (1) sele
ts 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 redu
es 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 spe
tro-s
opi
 symbol (2S+1LI), where I is the total angularmomentum of two deuterons). It was established inbeam�target experiments that at energiesE > 400 keV,rea
tion (1) pro
eeds 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 expe
tation.The next transition strength is expe
ted to be dueto p-wave 
apture. For a p-wave, only E1 andM2 tran-80
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tion : : :sitions are allowed. In rea
tion (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 be
ause the leading dipole term of the E1operator is an isove
tor and vanishes. Besides, the E1transition requires �S = 1, and is therefore addition-ally suppressed. We should expe
t the E1 
ontributionto be small (of the order of M2), in 
ontrast to �usual�
apture rea
tions, su
h as pd or pt, where the E1 dipole
ontribution is large.The p-wave e�e
ts in the 2H(d; 
)4He rea
tion wereprobed by measuring the 
ross se
tion and angular dis-tributions �(�) of the ve
tor 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 se
tion strength at these low energies wasdue to the E1 and M2 p-wave 
apture. This �ndingmight a�e
t the low-energy behavior of the total 
rossse
tion 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 rea
tions between hydrogen iso-topes at lowest energies unattainable in beam�targetexperiments. In parti
ular, for the dd system, it al-lows sele
ting the p-wave rea
tions at a virtually zeroenergy [6℄. It is long known that at the deuterium tem-perature T � 300 K, the dd� mole
ule is formed bya resonan
e pro
ess in an ex
ited 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 pro
eeds from thep-wave of relative deuteron motion, and this fa
t wasintensively exploited in studying nonradiative dd-fusion[6�10℄. In parti
ular, rates of the dd� fusion rea
tionsfrom 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 extra
ting the nu
lear p-wave rea
tion
onstants 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� resonan
e formation, i. e., from the J = 1state of the muoni
 mole
ule, would unambiguously ev-iden
e a p-wave 
ontribution to rea
tion (1). The rate�
 of the radiative 
apture rea
tion from the deuteronp-wave

dd�!4He�+ 
 + 23:8MeV; (4)
an be determined by measuring the relative yield ofthis rea
tion with respe
t to main 
hannels (2) and (3),�
 = �
=(�fn + �fp ): (5)The data in [3, 4℄ allow a rough estimation of the ex-pe
ted yield �
 � (5�10) � 10�7 [12℄.The �rst experimental sear
h for rea
tion (1) fromthe dd� mole
ule 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 te
hniques.2. REGISTRATION OF THE CAPTUREPROCESS IN THE dd� MOLECULEThe �CF pro
ess in deuterium starts when nega-tive muons stop in liquid or gaseous deuterium. Atroom temperature, the rate of resonant dd� mole
uleformation in the ex
ited 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 nu
l=
m3).Fusion rea
tions (2) and (3) o

ur with the total fusionrate [10℄ �fdd = �fn + �fp = 407(20) � 106s�1; (7)whi
h is mu
h higher than the free muon de
ay rate�0 = 0:455 � 106s�1(the muon lifetime is �� = 1=�0 � 2:2�s).After fusion, a muon is released in most 
ases and
an again form a dd�-mole
ule, starting a new 
y
le.The 
y
les stop either due to a muon de
ay or to itssti
king to fusion produ
ts with the e�e
tive probabi-lity [10℄ !dd = 0:0700� 0:0004: (8)The average number of the dd� 
y
les 
aused by onemuon is estimated asn
 = �dd���0 + !dd�dd�� : (9)Fusion events from rea
tion (4) should arrive afterthe muon entran
e (t�) and before the muon de
ay (te).The idea of the experimental method 
onsists in a de-layed ��
�e 
oin
iden
e registration. A signal from adelayed ele
tron permits registering the timing gate forsignals from the 
-dete
tors. This redu
es the ba
k-ground signi�
antly. The rea
tion yield is normalizedto the number of muon-de
ay ele
trons.6 ÆÝÒÔ, âûï. 1 (7) 81
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Fig. 1. S
heme of the experimental set-up: 1�6, plas-ti
 
ounters for dete
tion of muons 
oming to the D2target and of �-de
ay ele
trons; GD1 and GD2, 
-de-te
tors; PM, photomultipliers3. EXPERIMENTThe s
heme of the experimental set-up is shownin Fig. 1. The advan
ement of the set-up 
omparedwith [13℄ was aimed at in
reasing the 
-quanta dete
-tion e�
ien
y �
 and at a signi�
ant dis
rimination ofthe ba
kground [14, 15℄: we made the set-up as 
om-pa
t as possible and used novel BGO-based 
-dete
tors,whi
h 
ombine a high sensitivity �
 with low e�
ien
yto the ba
kground.A spe
ial high-pressure deuterium target with theinner volume 275 
m3 was 
onstru
ted at VNIIEF [16℄.It was �lled with deuterium gas from a dedi
atedsour
e, at the pressure 575 bar 
orresponding to thedeuterium nu
lear density � = 0:5 LHD at the workingtemperature T = 290 K.3.1. Dete
tion and registration systemTwo 
ylinder-shaped ele
tron dete
tors (4, 5, Fig. 1)(one inside the other) were pla
ed 
lose to the target.This teles
ope provided a solid angle 
e � 80%. Somepart (� 10%) of the �-de
ay ele
trons 
ould not passthrough the target wall, and hen
e the total ele
tronregistration e�
ien
y was

10 20 30

MeV

0

200

400

600

800

h11

Entries 156561

Counts

RMS 8.585
Mean 14.8

Fig. 2. Monte Carlo 
al
ulations of the response fun
-tion of the 
-dete
tor for E
 = 23:8 MeV�e � 0:7 (10)with an a

ura
y of a few per
ent.The main part of the dete
tion system 
onsisted oftwo large 
-dete
tors�BGO 
rystals 127 mm in diam-eter and 60 mm in height pla
ed symmetri
ally aroundthe target (Fig. 1). The total solid angle for both 
rys-tals was 

 � 40%.The main 
hara
teristi
s of the BGO 
rystals su
has the response, energy 
alibration, and resolution werestudied at VNIIEF [17℄ with a 60Co 
-sour
e (the to-tal energy of two 
s E2
 = 2:5 MeV) and an ele
tro-stati
 a

elerator for produ
ing 
s with the energiesE
1 = 16:0 MeV and E
0 = 20:4 MeV in rea
tions11B(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 a

ura
y of (1�2)% within theenergy interval 1�20 MeV. The energy resolution fun
-tion was optimized in a

ordan
e with the experimen-tal data. For 
 energies around 20 MeV, it appeared tobe 4% (FWHM). The absolute e�
ien
y of the 
-de-te
tor was obtained with the known 
ross se
tion ofthe rea
tion 11B(p; 
)12C and the proton �ux. The ob-tained 
hara
teristi
s were remarkably reprodu
ed byGEANT-4. The response fun
tion for the 
s from pro-
ess (4) 
al
ulated for our real experimental geometryis presented in Fig. 2. The dete
tion e�
ien
y turnedout to be �
 = 15(1)% (11)for the energy interval 20�25 MeV.To redu
e the external ba
kground, a
tive shielding(a plasti
 s
intillator shell 7 mm in thi
kness aroundea
h BGO 
rystal) worked in anti
oin
iden
e with the82
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Fig. 3. Example of �os
illogramms��the timing ofevents in the registration system 
aused by one muon:FADC1�FADC5 are amplitude 
hannels of the registra-tion system, with the time s
ale 20 �s; GD1 and GD2are signals from the 
-dete
tors; Mu+E1 are signals ofan in
oming muon followed by its de
ay ele
tron; E2 isthe signal of a de
ay ele
tron; and LS are logi
 signalsto reje
t a

idental ba
kgroundBGO 
rystal. Sele
tion 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 de
reasing the ba
k-ground by one order of magnitude without a noti
eableloss in the dete
tion e�
ien
y.The signals from all dete
tors were dire
ted to �ashADCs (8 bits � 2048 samples, 100 M
/s). The trigger
he
ked the presen
e of the muon stop signal (�), whi
hwas a 
oin
iden
e 1; 2; 3; (�4 � �6), and the ele
tron signale (4 � 5) in the time interval 4 �s before � and 16 �safter it. Moreover, the absen
e of the se
ond in
omingmuon in the indi
ated interval was 
ontrolled by dete
-tor 1. Under these 
onditions, the data from the �ashADCs were re
orded 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 �-de
ay ele
trons was 200 s�1.Additional exposure (with the empty target) was usedto determine the ele
tron ba
kground.During the measurements, we used attenuators inthe amplitude 
hannels of 
-dete
tors. On-line 
ali-bration measurements were done with a 60Co 
-sour
ewithout an attenuator. In addition, we 
he
ked the
alibration observing 5:5 MeV 
s from the pro
ess

pd� ! 3He� + 
 + 5:5 MeV due to the presen
e ofa 0.5% protium admixture in the target. The 
alibra-tion pro
edure showed a good linearity (not worse than2�3%) for the energy response of the 
-dete
tor.4. ANALYSIS OF THE EXPERIMENTAL DATAThe �rst step in the analysis of the registered eventswas the separation of �-de
ay ele
trons (4 � 5) and�pure� 
-quanta (presen
e of a signal in the BGO 
rys-tal only). Then we a

umulated and analyzed the timeand 
harge (energy deposited in the BGOs) distribu-tions of the 
s. The number of �-de
ay ele
trons ne
-essary for normalizing the 
 yield was obtained fromthe analysis of the ele
tron time distribution.4.1. Ele
tron time spe
traTime spe
tra of ele
trons from muons that stoppedand de
ayed in the target are distorted by the ba
k-ground originating mainly from muon de
ays in thetarget walls. In the run with an empty target, we mea-sured the time spe
tra of ba
kground ele
trons and ob-tained the shape of the distribution Bempty(t). For theworking exposures with a deuterium-�lled target, we�tted the ele
tron time spe
tra taking the ba
kgroundshape into a

ount:N totale (t) = kBempty(t) +Ae exp(��et) + F;where �e is the muon disappearan
e rate, F is an a
-
idental ba
kground, and k, Ae, �e, and F are �t-ting parameters. The �tted time distributions of de
ayele
trons for the deuterium-�lled and empty target areshown in Fig. 4.The muon disappearan
e rate �e = 0:465(2) �s�1found from the �t appeared to be 
lose to the free-muonde
ay rate (7). As a result, the number of ele
tronsfrom the muon de
ay 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 un
ertainty in �tting theele
tron time spe
tra from the �lled and empty targetand was mainly de�ned by the total statisti
s.4.2. Sele
ted 
-eventsWe analyzed 
harge and time distributions of the
-events sele
ted 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 spe
tra of registered ele
trons for adeuterium-�lled target (1 ) and for an empty tar-get (2 )where t�, te, and t
 are the respe
tive times of themuon stop, the ele
tron signal, and the 
 signal. Thissele
tion allowed a radi
al (by an order of magnitude)suppression of the a

idental ba
kground. As a 
onse-quen
e, it also de
reased the 
 dete
tion e�
ien
y bythe fa
tor ft = 0:38 (ft = fteft�; where fte = 0:48 isdue to the ele
tron time 
riterion and ft� = 0:8 due tothe muons). The energy spe
trum of events sele
ted bythis pro
edure 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 sele
ted interval (13) isshown in Fig. 6. We have dete
ted Nreg = 4 events.4.3. Ba
kground estimationThere were two main sour
es of the 
-ba
kground.1. An a

idental 
 followed by a real ele
tron (muonde
ay in deuterium).2. A bremsstrahlung 
 (from a �-de
ay ele
tronstopped in the target wall) followed by a false e-
ountin the e-teles
ope.To estimate the ba
kground, we analyzed the 
-sig-nals sele
ted without using 
riteria (12). This gives an

0 10 20 30 40

1

10

10
2

Counts

Energy, MeVFig. 5. Energy spe
trum of the 
s a

umulated withtime 
riteria (12). The peak at 5:5 MeV from the pdradiative 
apture rea
tion is 
learly seen
20 21 22 23 24 25

Energy, MeV

0

1

Counts

Fig. 6. The energy spe
trum of the events registered in
-dete
tors, with the sele
tion 
riteria (12) and (13)in
rease of the ba
kground events by a known fa
tor(more than one order of magnitude).The time spe
trum of the 
s sele
ted in this wayand a

umulated for energy interval (13) is presented inFig. 7. The time-independent 
omponent is obviouslydue to the a

idental ba
kground registered in the 
-de-te
tor. From this 
omponent, we derive the mean in-tensity n = N=�T of the a

idental ba
kground, whereN is the total number of the events in the �at 
om-ponent of the spe
trum and �T is the 
orrespondingtime interval. Hen
e, the number Na

 of a

identalba
kground events satisfying all the sele
tion 
riteria,in
luding the timing fa
tor ft, is84
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1
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Fig. 7. The time distribution of the observed 
-eventsfor the energy interval 20�25 MeV (�enhan
ed� ba
k-ground)Na

 � n��ft = 2:6: (14)The 
orrelated ba
kground 
omponent, i. e., thetime-dependent part of the spe
trum, is due to thebremsstrahlung followed by a �false� ele
tron. Themain sour
e of false ele
trons is the de
ay of anothermuon, stopped in the target before the blo
king timeinterval (earlier than 5�s with respe
t to the muon).Ele
tron time spe
tra allow determining the rela-tive probabilities of the a

idental ele
tron registrationW
-a

 and of the ele
trons from de
ay of muons notblo
ked by a trigger, W
-e. Introdu
ing appropriateenhan
ement 
oe�
ients K
-a

 and K
-e, we 
an esti-mate the 
orrelated ba
kground N
orr for the sele
tion
riteria (12) and (13) with the formulaN
orr = Nenh
orrW
-a

K
-a

 +W
-eK
-e � 1:4; q (15)where Nenh
orr is the number of events in the �enhan
ed�
orrelated ba
kground. The a

ura
y in ba
kgroundestimation (15) amounts to 15%.5. RESULTSBased on the estimation of the expe
ted ba
kgroundNb = Na

+N
orr = 4, we 
an determine the sensitivi-ty � of our measurements for the 23.8 MeV 
-dete
tione�
ien
y �
ft � 0:06:

� = Nb=�
ftNen
 = (6� 8) � 10�7; (16)where Ne is the number of registered ele
trons and n
is the average number of dd� mole
ules 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 rea
tion (4) withrespe
t to main fusion 
hannels (2) and (3) from thedd� state J = 1: �
 � 8 � 10�7 (17)at the 90% 
on�den
e level.The upper limit for the radiative fusion rate �1
 fromthe J = 1 state of the dd� mole
ule 
an be dedu
ed 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 pro
ess (4) as a by-produ
t of the main task, themeasurement of the dd�-mole
ule formation rate [18℄.The present experiment is the �rst serious test in in-vestigating the possibilities of our new te
hnique spe-
ially designed for this pro
ess. In our run, we have de-te
ted 4�107 �-de
ay ele
trons that 
orrespond to� 108dd�-mole
ule 
y
les. At the sensitivity level 7 � 10�7,we have dete
ted 4 events satisfying the sele
tion 
ri-teria. Following the standard statisti
al pro
edure, wededu
ed the upper bound 8 � 10�7 for the relative yieldof rea
tion (4). This value is 
lose to estimates basedon the data in [4℄.Further progress may be possible with a

umula-ting larger statisti
s (by two orders of magnitude). Itwill allow analyzing the measured energy spe
trum asthe sum of two ba
kground 
omponents taken withthe known weights and the signal from the studiedrea
tion with the expe
ted 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 Ele
tro-Te
hni
alDepartment for works on muon beam delivery. Weappre
iate useful dis
ussions with C. Petitjean andL. I. Ponomarev.85
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