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MEASUREMENT OF THE TEMPERATURE DEPENDENCEOF THE dd� MOLECULE FORMATION RATE IN DENSEDEUTERIUM AT TEMPERATURES 85�790 KV. R. Bom a, D. L. Demin b, C. W. E. van Eijk a, V. V. Fil
henkov b, N. N. Grafov b*,V. G. Grebinnik b, K. I. Gritsaj b, A. D. Konin b, A. V. Kuryakin 
, V. A. Nazarov 
,V. V. Perevoz
hikov 
, A. I. Rudenko b, S. M. Sadetsky d, Yu. I. Vinogradov 
,A. A. Yukhim
huk 
, S. A. Yukhim
huk b, V. G. Zinov b, S. V. Zlatoustovskii 
a Delft University of Te
hnology2629 JB Delft, the Netherlandsb Joint Institute for Nu
lear Resear
h, Dzhelepov Laboratory of Nu
lear Problems141980, Dubna, Mos
ow Region, Russia
 Russian Federal Nu
lear Center, All-Russian Resear
h Institute of Experimental Physi
s607200, Sarov, Nizhny Novgorod Region, Russiad St. Petersburg Nu
lear Physi
s Institute188350, Gat
hina, Leningrad Region, RussiaSubmitted 29 July 2002Muon 
atalyzed fusion (MCF) in deuterium was studied by the MCF 
ollaboration at the Joint Institute forNu
lear Resear
h phasotron. The measurements were 
arried out with a high-pressure deuterium target in thetemperature range 85�790 K at densities about 0.5 and 0:8 of the liquid hydrogen density. The �rst experi-mental results for the dd� mole
ule formation rate �dd� in the temperature range 400�790 K with deuteriumdensity about 0.5 of the liquid hydrogen density are presented.PACS: 36.10.-k, 36.10.Dr1. MOTIVATIONThe pro
esses of muon 
atalyzed fusion (MCF) indeuterium were studied in many laboratories [1�10℄.Re
ent years have seen signi�
ant su

ess both in the-oreti
al 
onsideration [11�14℄ and in the measurementsof the dd� mole
ule formation rate in
luding strongspin e�e
ts. Re
ent data [9, 10℄ give an example ofthe progress a
hieved in the a

ura
y of measuring the�ne e�e
ts of MCF in low-density deuterium gas attemperatures 28�350 K. But there are still no dire
texperimental data for the MCF pro
esses at tempera-tures above 400 K. The only experimental (nondire
t)result for �dd� at temperatures up to 600 K [2℄ was*E-mail: grafov�nu.jinr.ru

obtained from the analysis of muon losses in the ex-periment with double deuterium�tritium mixtures andhad big errors. It is important that at these tempera-tures, a large dd� formation rate for the d� atom spinstate F = 1=2 should be expe
ted to prevail over thatfor the spin F = 3=2 [14℄. These measurements of �dd�at high temperatures are also ne
essary for 
orre
tingthe evaluation of the parameters of the dt fusion 
y
lederived from the experiments [15℄.Here, we present the results of the measurementsin a dense deuterium gas in a wide temperature range85�790 K. The aim of the experiment was to measurethe formation rate �dd� in dense deuterium for the �rsttime in the temperature range up to 800 K. The s
hemeof the pro
ess is presented in Fig. 1.518
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Fig. 1. S
heme of the dd 
y
le
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Fig. 2. Experimental layout2. EXPERIMENTThe experimental method is similar to that used in[16℄. We measured and analyzed the time and 
harge(deposited energy in a neutron dete
tor) distributionsof 2.5 MeV neutrons from the dd fusion rea
tionsd�+ d! dd�! 3He+ n+ �; (1)d�+ d! dd�! 3He�+ n: (2)The simpli�ed experimental layout is shown in Fig. 2.The essen
e of the experimental installation is de-s
ribed in [17℄. The installation was mounted on themuon beam line of the Joint Institute for Nu
lear Re-sear
h phasotron. 2.1. TargetThe 
entral part of the installation is a spe
ially
onstru
ted deuterium high-pressure target (T) [18℄ of
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5 ñìFig. 3. S
heme of the deuterium high-pressure target.RS are radiation s
reens, VC is the va
uum 
hamber,3 and 5 are s
intillation 
ounters depi
ted in Fig. 2the volume 76 
m3 (Fig. 3). The ampoule of the tar-get is made with the spe
ial hydrogen-resistant alloyXH40MDTYu-ID. The ampoule is surrounded by a setof radiation s
reens (RS) and is pla
ed inside the va
-uum 
hamber (VC) made with stainless steel. The to-tal amount of wall matter on the muon beam path isabout 11 mm. The target is able to withstand pres-sures up to 1500 bar at temperatures up to 800 K. Aset of devi
es [18℄ was used for handling the deuteriumgas. To a
hieve the deuterium purity of impurities withZ > 1 at a level of 0:1 ppm, the target was �lled usinga palladium �lter and a vanadium�deuterium pressuresour
e [19℄. 2.2. Dete
torsThe target is surrounded by a set of dete
tors.S
intillation 
ounters 1�3 dete
ted in
oming muons.Cylinder-shaped s
intillation 
ounters 4 and 5 servedto sele
t muon stops in the target (signal 1 � 2 � 3 � 4 � �5).Spe
ially designed 
ylinder-shaped s
intillation 
oun-ters 1-e and 2-e were used to dete
t �-de
ay ele
trons.A 
oin
iden
e between the signals of 
ounters 5 and 1-e,2-e was 
onsidered as a �-de
ay ele
tron. A large neu-tron dete
tor (with the NE-213 volume 12.5 l) [20℄ wasaimed to dete
t neutrons from rea
tions (1) and (2). To519
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e the ba
kground, the n�
 separation was realizedby 
omparing signals for the total light and the fast
omponent light of the neutron dete
tor signal. The 
-quantum dis
rimination e�
ien
y was better than 10�3for energies larger than 100 keV.The NaI(Tl) 
rystal was used to sear
h for the rarefusion 
hannel d(d; 
)4He in parallel to the main aimof the experiment (the subje
t matter of this paper).The timing sequen
e of the 4, 5, 1-e, 2-e, and neu-tron dete
tor signals was registered by �ash ADC andwas re
orded on a PC. The trigger is des
ribed in [22℄.2.3. Experimental 
onditionsTwo exposure runs were 
arried out. One waswith the target �lled with an equilibrium protium�deuterium mixture (21% of H) in the temperaturerange 85�300 K at the density ' � 0:84 LHD (as usual,density is given in units of the liquid hydrogen den-sity, LHD = 4:25 � 1022 nu
l/
m3). The exposure at' � 0:47 LHD was also measured at the temperature300 K.The other exposure run was 
arried out with thetarget �lled with pure deuterium (protium 
ontent wasabout 0.1%) in the temperature range 300�790 K atthe density ' � 0:48 LHD.The experimental 
onditions and the gathered ele
-tron statisti
s for all runs are presented in Table 1.The ba
kground exposure with an empty target wasalso 
arried out.3. KINETICS OF THE dd� FUSION CYCLEThe basi
 pro
esses of the kineti
s of the resonantformation of dd� mole
ules are 
onsidered in [11, 12℄.The d� atoms are formed during the time about10�12 � '�1 s [23℄ with the energy of a few eV and arethermalized with the rate about 109 � ' s�1 [24℄. Twodi�erent hyper�ne states of the d� atoms F = 3=2 andF = 1=2 are statisti
ally populated with the respe
tiveprobabilities 2=3 and 1=3. After that, pro
esses of reso-nant dd� formation (3) and d� atom spin-�ip pro
esses(4) o

ur, d�+D2 ! [(dd�)dee℄�; (3)(d�)F=3=2 +D2 $ (d�)F=1=2 +D2: (4)The rates of dire
t and inverse spin-�ip pro
esses (4)(�d and �0d) are 
onne
ted by the detailed balan
e re-lation

�0d = 
�d; 
 = 2 exp(��E=T );�E = 0:0485 eV: (5)In the pro
ess of resonant dd� formation (3), thereleased energy (the binding energy of the formeddd� mesomole
ule) is transmitted to the ex
itation ofvibration-rotational states of the mesi
 mole
ular 
om-plex [(dd�)dee℄�. In the 
ase of the usually nonresonantdd� formation,d�+D2 ! [(dd�)de℄+ + e; (6)the released energy is taken away by a 
onversion ele
-tron. The rate of this nonresonant me
hanism (�nr)is su�
iently small and in
reases with the temperature(energy) as [25℄�nr = �1 + �2(3=2)kT; �1 = 0:04�s�1;�2 = 2:3�s�1 � eV�1: (7)In the formed dd� 
omplex (3), the pro
esses of dd fu-sion (with rates �f � 109 s�1 [26℄)dd�! 3He+ n+ �; (8)dd�! t+ p+ �; (9)dd�! 3He�+ n (10)
ompete with the pro
esses of 
omplex deexitation and
omplex ba
k de
ay. The d� atom formation rate andthe thermalization rate as well as the dd fusion rateare mu
h higher than the e�e
tive hyper�ne transitionrates and the e�e
tive (experimentally observable) me-somole
ule formation rate. At times larger than thelifetime (� 0:5 ns) of the mesomole
ular 
omplex, thekineti
s is therefore des
ribed by the s
heme in Fig. 1and depends on the e�e
tive rates of spin-�ip pro
esses(4) and the e�e
tive rates of dd� formation from twohyper�ne states (�1=2 and �3=2). The following systemof di�erential equations 
orresponds to the kineti
s inFig. 1 [11, 27℄:dN3=2dt = �(�0+�d+�3=2)N3=2+23(1�w)�3=2N3=2++ �23(1� w)�1=2 + �d0�N1=2; (11)dN1=2dt = �(�0+�d0+�1=2)N1=2+13(1�w)�1=2N1=2++ �13(1� w)�3=2 + �d�N3=2; (12)520



ÆÝÒÔ, òîì 123, âûï. 3, 2003 Measurement of the temperature dependen
e of the dd� : : :Table 1. Experimental 
onditions and statisti
sRun T , K Content, % '; NeH D LHD1 85 (1) 20.7 (0.1) 79.3 (0.5) 0.840 (0.025) 685 2002 110 (1) 20.7 (0.1) 79.3 (0.5) 0.841 (0.025) 456 5003 230 (1) 20.7 (0.1) 79.3 (0.5) 0.831 (0.025) 415 9004 301 (3) 20.7 (0.1) 79.3 (0.5) 0.831 (0.025) 427 0005 299 (3) 20.7 (0.1) 79.3 (0.5) 0.473 (0.014) 374 9006 290 (4) 0.1 (0.1) 99.9 (0.1) 0.480 (0.014) 355 5007 401 (10) 0.1 (0.1) 99.9 (0.1) 0.480 (0.014) 226 9008 530 (10) 0.1 (0.1) 99.9 (0.1) 0.480 (0.014) 194 9009 660 (10) 0.1 (0.1) 99.9 (0.1) 0.480 (0.014) 208 70010 791 (15) 0.1 (0.1) 99.9 (0.1) 0.483 (0.020) 301 900dNndt = �'(�3=2N3=2 + �1=2N1=2): (13)Here, N3=2 and N1=2 are populations of the F = 3=2and F = 1=2 d� atom hyper�ne states, Nn is the num-ber of fusion neutrons, w = �wd, � is the probabilityof 3He-rea
tion 
hannel (8) and (10), wd = 0:13 is theprobability of muon sti
king to 3He [11℄, and �0 is themuon de
ay rate.This system of di�erential equations (11)�(13)was 
onsidered and its approximate solution was ob-tained [11, 27℄. 4. ANALYSISThe �rst step of the analysis of registered events
onsists in separation of neutrons, 
-quanta, and �-de
ay ele
trons. For ea
h exposure, we then build andanalyze the time and 
harge (deposited energy in a neu-tron dete
tor) distributions of fusion neutrons and thetime distributions of �-de
ay ele
trons.4.1. Ele
tron time spe
traTime spe
tra of ele
trons from muons stopped andde
ayed in the target were 
reated and analyzed forea
h exposure in
luding the ba
kground run with anempty target. Fitting the ba
kground ele
tron timespe
tra from muons stopped and de
ayed in targetwalls allows us to obtain the form of this distributionBempty(t). For ea
h exposure with the deuterium �lled

104

0 2 4 6 8 10 12 14Time, �s110
102103
Counts

Fig. 4. Example of the experimental time spe
trum ofele
trons from � de
ay. Solid line is the �tting fun
tion.Dashed line 
orresponds to the empty targettarget, we then �tted the ele
tron time spe
tra, withthe obtained form of the ba
kground spe
tra taken intoa

ount using the formulaN totale (t) = kBempty(t) +Ae exp(��et) + F;521
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0:2H + 0:8D; 230K; 0:84 LHD

D2; 290K; 0:49 LHD D2; 790K; 0:49 LHD

0:2H + 0:8D; 85K; 0:84 LHD

Fig. 5. Experimental time spe
tra of fusion neutrons measured for exposures at the temperatures 85, 230, 290, and 790 K.Solid lines are the �tting fun
tionswhere �e is the muon disappearan
e rate and F is ana

idental ba
kground. In this �t, k, Ae, �e, and Fare parameters. As a result, the numbers of ele
tronsNe = Ae=�e from the muons stopped in deuterium wereobtained. The numbers Ne were ne
essary for normal-ization. A typi
al example of the �tted time distribu-tions of de
ay ele
trons for the deuterium-�lled targetis shown in Fig. 4. The dashed line 
orresponds to theele
trons from de
ays of muons stopped in the targetwalls (empty target).The observed muon disappearan
e rates �e are inagreement with the muon de
ay rate �0 = 0:455�s�1
with an a

ura
y not worse than 1.5%. The analysisof ele
tron time distributions showed that about 45%of all the in
oming muons stop in deuterium. The restpart of muons stops in target walls.4.2. Neutron time and 
harge spe
traOnly the �rst dete
ted neutrons were sele
ted forthe analysis. To redu
e the ba
kground, we used thetime sele
tion 
riterion [28℄tn + 0:5�s < te < tn + 4:5�s; (14)522



ÆÝÒÔ, òîì 123, âûï. 3, 2003 Measurement of the temperature dependen
e of the dd� : : :where tn and te are neutron and ele
tron dete
tiontimes measured from the moment of muon stop in thetarget. The time and 
harge (energy) distributionswere plotted for these events. Examples of time dis-tributions of fusion neutrons are shown in Fig. 5 forfour temperatures.A

ording to [11; 27℄, the solution of the system ofdi�erential equations (11)�(13), the time distributionsof the �rst neutrons dete
ted with the e�
ien
y �, isgiven by the sum of two exponentials,Nn(t) = Afast exp(��fastt) ++Aslow exp(��slowt): (15)The parameters of this expression are fun
tions of �d,�1=2, �3=2, and � � � + ! � �!. They 
an be re
on-stru
ted from the amplitudes and slopes of the expo-nentials in (15). The amplitude Afast of the �rst termin (15) is related to the dd� formation from the d�atom with the spin F = 3=2 and the 
orrespondingslope �fast is determined mainly by the value of �d.The amplitude of the se
ond term (slow 
omponent)
orresponds to the so-
alled steady state of the dd� 
y-
le. The steady state dd� formation rate �ssdd� presentsthe �mean� value of the dd� formation rate from dif-ferent d� spin states for times t > ��1fast. The ratio ofthe amplitudes Afast=Aslow is responsible for the ratio�3=2=�1=2.The values of �ssdd� were obtained from�ssdd� = �n'� NnNe�ft : (16)Here, the se
ond ratio gives the absolute neutron yieldfor the steady state of the dd 
y
le, �n is the slow ex-ponent slope of (15), and Nn is the number of fusionneutrons. The time sele
tion fa
tor ft = 0:67 is due to
riterion (14).Determination of the neutron dete
tion e�
ien
y �is analogous to that in [29℄. To determine the e�
ien
yloss due to a �nite energy threshold, the 
al
ulated re-
oil proton energy spe
trum was re
on
iled with theexperimental energy distribution. This pro
edure wasdone for ea
h exposure, its example is given in Fig. 6.The line in the �gure is the 
al
ulated response fun
-tion of the neutron dete
tor and the histogram is theexperimental energy distribution. The e�
ien
y of theneutron dete
tor is obtained to be approximately 12%and its a

ura
y is about 8%.The �t strategy was as follows. At the �rst step,we �tted only the slow part of the neutron time spe
-tra and found the steady state formation rates (�ssdd�)using expression (16). At the next step, we �tted the

150 200 250

600
300400500

0
200100 50 100 Channels

Counts

Fig. 6. Neutron energy distribution. The histogram isthe experimental neutron energy distribution. The solidline is the 
al
ulated response fun
tion of the neutrondete
torentire neutron time spe
tra using formula (15). In this�t, formula (15) was 
onvolved with a Gaussian resolu-tion fun
tion to allow for a �nite time resolution and todetermine the time zero position. The analysis showedthat the time zero stability during data taking was bet-ter than 1 ns. The ba
kground due to muon stops inthe target walls and due to a

idental 
oin
iden
e wastaken into a

ount in the �t pro
edure. At the �nalstep of the analysis, the values of �3=2, �1=2, and �dwere obtained from the values of �ssdd� and parametersof expression (15). The method developed in [27℄ wasused for this purpose.We made some 
orre
tions to the �nal values of therates that are due to the nonresonant dd� formationrate on mole
ules D2 and HD [30℄ (in runs with doubleH/D mixtures).It turned out that a reliable separation of fast andslow terms of (15) in �tting is possible only at low tem-peratures (in our 
ase, not higher than 290 K), wherethe rates �3=2 and �1=2 are essentially di�erent and �dis mu
h larger than �0d. At high temperatures (higherthan 300 K), the rates �3=2 and �1=2 are approximatelyequal [14℄, and it is therefore a great problem in �t-ting to obtain the fast 
omponent parameters and thusto distinguish the values of �3=2 and �1=2. At thesetemperatures, we obtained only the value of �ssdd�. For523



V. R. Bom, D. L. Demin, C. W. E. van Eijk et al. ÆÝÒÔ, òîì 123, âûï. 3, 2003�d, whi
h is determined from the fast exponent slope,we obtained its value only at the temperatures 85 and110 K for the same reasons.5. RESULTS AND DISCUSSIONSThe obtained values of �ssdd�, �d, �3=2, and �1=2 arepresented in Tables 2 and 3. All rates are normalizedto the liquid hydrogen density. The statisti
 error is2�3%. The main sour
es of systemati
 errors are theun
ertainties of the neutron dete
tor e�
ien
y (about8%) and gas density (about 3%).In Fig. 7, the temperature dependen
e �ssdd�(T ) isshown together with the data [2℄. The main resultof this work is the dire
t measurement of the steadystate dd� formation rate at temperatures above 400 K.As 
an be seen, our data are in good agreement withtheoreti
al predi
tions [14℄ at low temperatures (up to400 K). But the experimental data are slightly largerthan the theoreti
al ones at high temperatures.In Fig. 8, the temperature dependen
e of �1=2 and�3=2 is shown. The solid line is theoreti
al 
al
ula-tions [14℄. The values of �d, �1=2, and �3=2 are in goodagreement with the theory and with other experimentaldata [9; 10; 17℄.As mentioned above, reliably separating fast andslow terms in (15) in �tting, and hen
e obtaining thevalues of �d, �1=2, and �3=2 is possible only at low tem-Table 2. Experimental results for the steady statedd� formation rateT , K �ssdd�; �s�1Value Stat. error Syst. error85 0.197 0.007 0.018110 0.485 0.015 0.044230 2.06 0.06 0.19301 2.69 0.08 0.24299 2.57 0.08 0.24290 2.67 0.08 0.24401 3.00 0.09 0.27530 3.10 0.09 0.27660 2.67 0.08 0.24791 2.30 0.07 0.21
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T, KFig. 7. Values of �ssdd� as a fun
tion of temperature.Cir
les are our data, squares are the LAMPF data [2℄;the line is theory [14℄
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Fig. 8. Values of �3=2 and �1=2 as a fun
tion of tem-perature; the lines are the theory [14℄peratures in our experimental 
onditions. The lifetimeof the fast 
omponent of neutron spe
tra (15) is� = 1�fast � 1�d':Under our 
onditions (' � 0:5 LHD), it approximatelyequals 50 ns, or about �ve 
hannels in the measuredtime histogram. This fa
t is also 
on�rmed by ourMonte Carlo 
al
ulations. It is therefore worth to
arry out an experiment at high temperatures with low-density deuterium (about 0:05 LHD), where the spin ef-fe
t time range at neutron time distributions is about524



ÆÝÒÔ, òîì 123, âûï. 3, 2003 Measurement of the temperature dependen
e of the dd� : : :Table 3. Experimental results for the e�e
tive dd� formation rates from di�erent spin states and the e�e
tive d�spin-�ip rateT , K �1=2; �s�1 �3=2; �s�1 �d; �s�1Value Stat. Syst. Value Stat. Syst. Value Stat. Syst.error error error error error error85 0.170 0.006 0.015 4.63 0.13 0.42 32.8 1.0 3.2110 0.403 0.014 0.036 4.79 0.14 0.43 31.4 1.2 3.2230 1.72 0.06 0.16 3.92 0.12 0.35 � � �290 2.40 0.08 0.22 3.52 0.10 0.32 � � �0:5 �s. An experiment of this type 
ould be 
ondu
tedat a muon fa
tory.6. CONCLUSIONSThe �rst dire
t measurements of the muon 
ataly-zed dd fusion 
y
le parameters at high temperatures(up to 790 K) are 
arried out. The values of thesteady state dd� formation rate are obtained for theentire temperature range. Comparison with theoryshowed good agreement at low temperatures (up to400 K) and some di�eren
e at high temperatures(above 400 K). At low temperatures, the values of thee�e
tive rates �3=2 and �1=2 are obtained; they are inagreement with the theory. Measuring these hyper�neparameters in the high-temperature range seems torequire an experiment of a spe
ial type, i.e., at lowdeuterium density (about (0.01�0.05) LHD) with ahigh-intensity muon beam.The authors are grateful to L. I. Ponomarev,M. P. Faifman, and N. I. Voropaev for the dis
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