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ABSTRACT 

Important topics concerning Muon Catalyzed Fusion were investigated in 

experiments at the Swiss Institute for Nuclear Research (SIN), including 

transient and steady state rates for the main d~t cycle as well as detailed 

information about the competing d~d and t~t fusion branches. The basic 

kinetic parameters were determined and striking features of the resonant d~t 

formation process were revealed (density effect, epithermal behavior). DT 

sticking was measured with independent techniques, i.e. detection of fusion 

neutrons as well as ~He X-rays after fusion. Fusion yields per muon of 113±10 

were observed at liquid conditions, yields exceeding 200 are anticipated for 

optimal conditions from our results. 

* corresponding author, at present on leave at the University of California, 
Berkeley, CA 94720. 
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1 • INTRODUCTION 

The study of Muon Catalyzed Fusion (~CF) in DIT mixtures [1-3J presents 

an exciting and rewarding challenge, crowning many years of research in the 02 

and HD systems. Today, it has been firmly established that a single muon can \.i 

catalyze well over 100 fusions in the reaction 

(1) 

The ultimate limits and optimal conditions, relevant for potential practical 

applications of ~CF [4,5J, are currently under detailed scrutiny. A 

surprisingly rich physics of muonic processes has been revealed, which is 

unparalleled in other systems of hydrogen isotopes (for experimental results 

see [2,3,6-14J). The emerging picture allows a test of the theoretical 

description of an exotic 3-body problem with unprecedented accuracy and 

provides new information about low energy nuclear reactions [lJ. 

In this paper the recent experimental results of our collaboration at the 

Swiss Institute for Nuclear Research will be presented and summarized, 

covering a variety of important topiCS concerning ~CF in D/T. For additional 

information we refer to the presentations of W.H. Breunlich [3J, F.J. Hartmann 

[15J and C.Petitjean [16J at this conference and to our recent preprints[12J. 

First an overview about the underlying physics and our experimental approach 

will be presented (part 2). The basic kinetic parameters of the d-~-t fusion 

cycle are evaluated from the steady state behavior of the observed time 

distributions of fusion neutrons. This picture is refined, including the 

striking time components found at low densities (part 3). The competing 

fusion branches are discussed briefly (part 4). Finally, our experimental 

results concerning the crucial sticking process are summarized in part 5. 

Along the way through this program a summary table of our experimental 

results will be completed. In accordance with the spirit of this 

2 
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conference some results presented are of preliminary nature and should provoke 

response and criticism. 

2. OVERVIEW 

2a. Basic Processes in ~CF 

A simplified scheme of ~CF in DIT mixtures is shown in Fig. 1 [17J. 

The initial population of ~d atoms in their ground state is 

(2) 

where q1s ~ 1 describes fast muon transfer during the muonic cascade and 

strongly depends on the density ~ and tritium concentration c t [19J. In the 

ground state isotopic transfer takes place with an effective rate Adt = Ct Adt 

(the collisional rates Ax depend on the target density ~, the rates Ax are 

always normalized to liquid hydrogen density ~o = 4.25 • 10 22cm-3). In 

collisions with nuclei of the D2, DT and T2 target molecules, muonic molecules 

are formed. Due to the resonance character of mesomolecule formation, the 

rates Ad~t (and also Ad~d) are expected to consist of strongly different 

contributions for hyperfine states F and for collisions with D2 and DT 

molecules [1,17J: 

F,DT 
+ cDT A d~t J • 

(c + eDT + C = 0.5). In the various muonic molecules nuclear fusion 
D2 T2 

occurs rapidly (see [17J and below). After fusion the muon is free to 

start a new cycle, except when it gets captured by the He fusion products with 

sticking probability wd, ws' or Wt (see Fig. 1). 

2b. Experimental Approach 

Experimental information about this complex reaction sequence was 

obtained by various techniques, mainly the observation of time and energy 

spectra of neutrons and X-rays (see Table I). Different energy thresholds 

3 
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allowed the separation of tt and dt fusion neutrons. The dd fusion channel 

was investigated extensively in separate runs with pure O2 targets. 

Combining all information we evaluate sticking over the full range of 

tritium concentrations. The purity of the DIT mixture was verified 

experimentally by searching for X-rays following muon transfer to impurities. 

Detailed, independent information about the sticking process was evaluated 

from the observation of ~He X-rays following ~CF. 

The experimental setup for the neutron experiments is shown in Fig. 2. 

The special configuration required for the measurement of low energetic X-rays 

from ~He is described in [15,20J. A versatile target system [21J provided 

high purity OIT mixtures, which were prepared on site according to the desired 

compositions. The target conditions were monitored by temperature, pressure 

and mass spectrometer measurements. The fraction of incoming muons actually 

stopping in the OIT mixture varied from 64%-68% in a 20cm3 liquid target to 

6-40% in a 100-1000cm3 gaseous target. Two kinds of neutron detectors were 

used: 

o 5 fast plastic scintillators (operated with fast routing units), 

each capable of detecting up to 4 subsequent fusions per muon 

o a calibrated NE213 detector with n/Y discrimination (positioned at 

large distance to the target), to determine the absolute rates. 

The detector configuration was optimized to reduce systematic effects 

associated with the high multiplicities of fusion neutrons. (For a detailed 

description of the setup and careful studies of systematic problems see Ref. 

12,16). 

Liquid (T=23K, 4>=1.16-1.24) and gaseous (T=30-300K, 4>=0.5-8%) OIT 

mixtures were investigated over a wide range of tritium concentrations 

(C t =2%-96%). Complementary to the ongoing experiments at LAMPF [2J (which 

investigate an impressive temperature range 13K ~ T ~ 800K and densities 

4 
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~ > 0.12) our experiments are aimed for a complete coverage of a low and well 

defined temperature region and extend the density range by one order of 

magnitude to lower~. At liquid conditions the two experiments partly 

overlap, allowing quantitative comparisons and consistency checks between the 

LAMPF and SIN results. 

The extension of the density range from ~ -1.2 to ~ - 0.01 in our 

experiment offers very different perspectives of the ~CF kinetics. It is 

characteristic for the D/T sygtem that the basic rates AX are large, leading 

to effective rates Ax of several 100 ~s-l at ~ - 1. Under these conditions 

the coupling between the kinetic states shown in Fig. 1 is strong and a steady 

(quagi stationary) state is reached after a few ns. (The steady state 

corresponds to the smallest eigenvalue of the underlying system of 

differential equations [22J). Then, the resulting time distribution of dt 

fusion neutrons is simply described by 

dN(t)/dt = N -(AO + W~AC)t 
~ En ~ AC e (4) 

where N~ is the number of muon stops in DT, En the neutron detection 

efficiency, AC the normalized cycle rate, AO the muon decay constant (0.455 . 

106
s-1) and w the mean losg per cycle (raw sticking). The complete kinetic 

information about the bagic parameters (Fig. 1) is boiled down to a single 

rate AC [7,12J 

On the contrary, at low density the colligional rates Ax are reduced and the 

time gcale is expanded into a range, which is accegsible to experimentg. In 

thig way, detailed kinetic information about thege rateg is directly vigible 

in the observed time structures. Indeed, remarkable time components could be 

gtudied at low ~. 

5 
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3. THE MAIN ~CF CYCLE IN O/T 

3a. Basic Parameters 

An analysis of the steady state was performed by fitting the time 

spectra of dt fusion neutrons according to Eq. 4, excluding the transient 

period at early times. The requirement of a delayed coincidence with 

electrons from muon decay allowed a direct determination of the muon stops N~ 

(see Ref. 23) and it strongly suppressed background. Several additional 

analysis methods (using n-n correlations) were applied independently and 

yielded consistent results within 2%. 

The resulting normalized cycle rates AC (see Fig. 3) show a strong 

density dependence over the whole range of investigated tritium 

concentrations. At low ct this effect is predicted to be caused by the $ 

dependence of qls' describing the fast muon transfer. However, differences 

between gas and liquid cycle rates are even more pronounced at larger Ct, 

where Ad~t dominates AC. From this dramatic density dependence a new and 

complex picture of resonant d~t formation emerges, with the characteristics of 

the basic two body formation strongly modified by collisional processes 

[24-26]. In this respect, the qualitative agreement between the recent LAMPF 

experiment[ll] and our results concerning AC and density effect is interesting. 

(Our rates are not 

see part 2). Once 

averaged over temperature T and extend to lower densities, 
O2 

quantitative differences (in particular concerning Ad~t see 

below) have been resolved, the combined data will impose strong constraints of 

these theoretical models, which predict different $ and T dependences for the 

d~t formation rate. 

A detailed analysis of th~ AC distributions in liquid OT has been 

performed in terms of basic kinetic parameters, (i) assuming no hyperfine 

effects to be present in d~t formation, (ii) including the d~t hyperfine 

effects, but assuming only the F~O state to be resonant. The result of the 

6 
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fit of all liquid data pOints (including their molecular and atomic 

compositions as measured on site with a mass spectrometer) are compared in 
D2 DT 

Table II. The values of Adt and the dominance of Adut over Adut at low Tare 
D2 

firmly established. The resonant rate Adut remains high even at liquid 

temperatures. Compared to the LAMPF experiment [11], we observe significantly 
D2 

smaller AC values for Ct> 0.4. As a direct consequence the resulting Adu t 

rates differ by a factor - 2. 

Hyperfine effects: 

As a basic prediction of the resonance model, strong differences between 

dUt formation rates from the two ut hyperfine states with F=O and F=l are 

expected. (The hyperfine splitting 

thermal energies). In particular, 

energies significantly exceed the available 
0,D2 

only Adut is predicted to be resonant at 

low temperatures [27]. While the experimentally determined hyperfine 

components of dud formation support this picture impressively [23,36], at 

present no direct experimental information about hyperfine effects is 

available for dut (see part 4b). It has been argued that due to the high rate 

of hyperfine tranSitions (Ahf = At.Ct , with At = 900us-1 [1]) only the lower 

hf state is substantially populated at Ct, ~ > 0.1 and hyperfine effects have 

been neglected in the experimental analyses [6,7,11]. Due to the large dut 

formation rates this argument is not valid [28]: 

(6 ) 

o 
At low ct the effective ut(F=O) lifetime of - l/Adut is smaller than the 

ut (F=l) depopulation time (see Eq. 6) resulting in a considerable fraction of 

ut atoms in the upper hf state (even at Ct = 0.2, ~=1, the hyperfine states 

are about equally populated). Indeed, the distinct influence of hyperfine 

7 
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effects on the determination of basic rates (Table II) and q1s is verified 

quantitatively in our analysis (i) and (ii). As both assumptions are 

consistent with the observed Ac, this ambiguity must be resolved independently 

(one possibilitity is careful studies of the transient period at high 

densities, where thermalization already occurs during the muonic cascade). 

Fast Transfer 

Due to isotopic exchange during the muonic cascade (and small isotopic 

effects in the initial capture) the population of muons reaching the (~d)1s 

state is reduced (Eq. 2). As only P1s/Adt is observable in the cycle rates, 

first Adt was evaluated from a preliminary analysis of our low ~ - low Ct 

data. There q1 s - 1 is expected and Adt equals - ~Ac (Eq. 5). In order to 

determinate q1s' a simple parameterization q1s = 1/1+act was chosen, 

sufficiently general to describe theoretical as well as experimental results*. 

The resulting q1s considerably depends on the hyperfine assumption (a = 6.5±3 

for (i), whereas a = 15±4 for (ii), showing a stronger Ct dependence, but 

still weaker than predicted [19J). 

Non Equilibrated Mixtures: 

Another cornerstone of the resonance model, the strong dependence of d~t 

formation on the species of target molecules (Eq. 3), was demonstrated 

explicitely in our experiments. In addition to most data points, which were 

approximately at high T equilibrium (C02 : cOT: cT2 = Cd2 : 2CdCt : Ct 2), 

special liquid fillings with much larger relative D2 concentrations (eg. at 

c t = 0.76) were prepared. The corresponding AC values significantly exceed 

the solid line in Fig. 3 which is calculated for high T equilibrium using our 

* Actually, also higher orders q1s = (1+aCt+bCt2)-1 were included, giving 
consistent results within experimental errors. 
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fit results (Table II). Obviously, d~t formation on D2 dominates at low 

temperatures. Combined with careful mass spectrometry, valuable information 

can be gained from future systematic studies of these effects (Fig. 4). Only a 

single curve of Ac values is observed for high T equilibrium conditions. A 

maximum cycle rate of - 150 ~s-1 is achievable for optimal values of Ct and 

cD2• Variations of cD2 at constant Ct allow the separation of terms in Ac' 

proportional to molecular versus atomic concentrations. Also, Ac can be 

dramatically increased at high Ct, reducing the systematic uncertainties in 

the Ws determination (see part 5). 

3b. A Refined Picture 

At low densities the ~CF kinetics (Fig. 1) becomes manifest in the 

observable time distribution of fusion neutrons (see Part 2). The 

experimental investigation of this region, however, is difficult. The fusion 

yields decrease with ~, to typically less than one fusion per muon and the 

stopping density in the target is drastically reduced. Still, due to the 

improved experimental technique (high quality muon beam, thin walled targets, 

refined electron coincidence method) clean, high statistics spectra at 

densities as low as 0.5% were collected. In addition to the striking two 

component structure (Fig. 5), the magnified view of a typical spectrum (Fig. 

6a) shows that even details at very early times can be resolved. 

Figure 5 surveys our dt neutron spectra observed at ~=0.01. The time 

structures follow a continuous pattern as functions of T and Ct. The spectra 

consist of two components. The intense, fast component corresponds to high 

d~t formation rates, significantly exceeding the formation rates in the slow 

(steady state) component. The disappearance rate of the fast component rises 

with decreasing T and Ct. 

Originally we tried an interpretation (of a limited set of the data 

presented above) in terms of a ~CF kinetics model including hyperfine 

9 
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effects [8,9J. The fast component was identified as due to d~t formation from 

the ~t(F=l) state, the slope with its depopulation by hyperfine transitions. 

Such a model works successfully in d~d formation. In DT, however, the 

resulting rates were in conflict with theory (particularly with the molecular 

formation and the c t and T dependence of the hyperfine transition rates). As a 

conclusion, we encouraged alternative theoretical explanations of our 

surprising observations [8J. 

In 1985, new interpretations avoiding the above mentioned problems were 

presented [29,30J. The intense component was explained by hot ~t atoms, 

which, in the course of thermalization, experience high epithermal molecular 

formation rates. If these models prevail. low density experiments again would 

have forced us to considerably refine the picture of ~CF. Early cascade 

processes have to be considered, as the initial (~t)ls energies non trivially 

influence the subsequent stages of ~CF. Non thermal effects are most obvious 

in the early time region, allowing a first outlook on large d~t formation 

rates at temperatures well above existing experimental conditions. Even for 

the steady state the basic assumption, that reactions occur among thermalized 

atoms, has to be reconsidered critically. The current experimental situation 

concerning these 'thermalization' models, which are still in a qualitative 

stage, is reviewed in the following: 

i) Initial Kinetic Energy Distribution Kls(E) 

The investigation of Fls(E) (the initial energy distribution of 

muonic hydrogen atoms after their cascade to the ground state) is a long 

standing problem, relevant for basic weak interaction and QED studies [31J. 

Recently, first calculations predict large elastic cross sections for (~t)n 

excited states (On-l0-16cm2), which can successfully compete with other 

cascade processes and lead to partial thermalization already during the muonic 

1 0 
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cascade [17,32J. With the observation of strong epithermal components at low 

~, ~CF provides an experimental probe of these complex cascade processes. 

Monte Carlo estimates of the cascade [30J suggest strong density effects for 

F1s (E) just in the investigated range 0.01 ~ ~~ 1. At ~ - 0.01 the ~t energy 

(- 1 eV for direct capture, -19 eV for isotopic tranfer [34J) is only slightly 

modified, whereas at ~ - 1 thermalization is likely during the cascade. 

Correspondingly, the observation of the suppression of the fast 

components at high ~ is a crucial verification of the thermalization model. 

The experimental evaluation is complicated by the strong, non linear increase 

of the steady state component with $ ** (see part 3a). A systematic 

analysis of our data is currently being performed. In general, epithermal 

components appear to vanish at ~ - 1. Surprisingly, at ct - 0.96 a fast time 

component remains even at liquid conditions showing no significant suppression 

compared to the gas data. For a clarification of this important initial step 

of the ~CF cycle, an improved theoretical treatment of cascade processes 

(including isotopic effects in on) is highly desirable. 

ii) Thermalization of the Ground State (~t)lS 

Once the muon reaches the ground state (~t)lS, further collisional 

thermalization proceeds in an observable time scale at low~. In this process 

~t atoms pass through a regime of decreasing molecular formation rates, as 

evidenced by the decrease of the intense fusion component with time. Several 

interesting qualitative features can be directly read off from Fig. 5. The 

transient times allow a first estimate of characteristic thermalization times. 

The speed of thermalization increases at low temperatures (faster 

thermalization in collisions with cold target molecules [29J) and at higher Cd 

** This effect has to be taken into account in the interpretation of the 
relative decrease of the fast compared to the steady state component reported 
in [18] for 0.12 < ~ < 1.1. 
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(much larger elastic cross sections are calculated for ~t + d compared to 

~t + t collisions [33]). Combining this with the d~t formation rates measured 

at low T, one finds an interesting behaviour of the ~t energy spectrum at 

steady state conditions (compare the discussion in [34]). Since the time 

required for ~t thermalization scales roughly ~ cd-1 (apart from Ct » cd' 

~t + d collisions dominate), whereas the effective ~t lifetime is l/Ad~tCK Cd-2 

(formation on D2 molecules dominates), non thermal effects in the steady state 

are most pronounced at high cd. At low cd. on the other hand, ~t energy 

distributions will still follow the target temperature. In addition, the 

proportion of non thermalized ~t atoms in the steady state is a complicated 

function of $: at high $, more ~t atoms get thermalized already during the 

muonic cascade. On the other hand, the speed of d~t formation, competing with 

thermalization, also increases with $ in a non linear way (part 3a). 

Certainly a quantitative analysis of low density data can provide rich 

information about muonic scattering processes, which are particularly relevant 

as tests of recently improved theoretical calculations [33]. For this purpose, 

solutions of the Boltzmann equation describing the thermalization process have 

to be developed, suitable for the analYSis of the experimental data [34]. 

iii) ~~! Formation at High Temperatures 

According to the thermalization model the intense fast components 

(Fig. 5) are strong evidence for large d~t formation rates at high T. As an 

explanation a new formation mechanism was proposed in [29], moreover. ab 

initio calculations of Ad~t(T) are in progress [1]. In the following, the 

evaluation of Ad~t(T) from the experimental data is outlined, relying on ~t 

thermalization distribution F(E,t) as input information [34]. At early times 

(fig. 6a) ~t atoms are much hotter than the surrounding target molecules. 

Fig. 6b shows the corresponding time evolution of the average collision energy 

1 2 
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which is calculated from F(E,t) after the transformation into the center of 

mass system for ~t + DT collisions (the D2 concentration is small at ct=0.9). 

Clearly, collision energies of > 1000 K can be explored in this time region. 

For a data fit a general resonance shape (with parameters a,b and c) 

DT 
Ad~t(T) = aT-~ exp(-c/T) (8) 

was used (well suited to describe calculated Ad~t curves [29J for T > 500K). 

DT 
The combination of Ad~t(T) and F(E,t) gives a time dependent molecular forma-

tion rate Ad~t(t) [29J, which was used in the fit of the observed neutron time 

distribtuion (Fig. 6a) (small corections due to formation of ~d atoms and 

recycling were ignored). The result (Fig. 7) demonstrates that such an 

analysis can impressively extend the available experimental information about 

DT 
the behaviour of Ad~t at high T. Compared to theory [29J, smaller values and 

a steeper decline at high T is found. (This decline is the first experimental 

evidence that formation rates level off at high T). We stress the 

preliminary, illustrative nature of this analysis (further studies are 

necessary to evaluate the theoretical and experimental uncertainties 

involved). Nevertheless, we hope it provides sufficient motivation for a 

detailed theoretical study of the epithermal region. 

3c. Future Plans 

A convinCing test of the thermalization model is the direct measure-

ment of Ad~t(T) at temperatures up to 2000 K (see Fig. 7). Most important, 

such an ambitious boost of the experimental conditions investigated so far 

would e~tablish practical limits on the achievable cycle rates in the high T 

region, until the rates start to decline. Currently a completely novel target 

concept is under construction at Lawrence Livermore National Laboratory [35J. 
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The impressive design goals are 2000 K temperature and 2000 bar pressure, 

allowing densities up to 0.3 at T=2000K. The combination of strict tritium 

safety requirements with high piT techniques needs careful planning and test 

procedures. Nevertheless, first experiments at SIN are anticipated for 1987. 

4. COMPETING FUSION CHANNELS 

4a. Muon Catalyzed dd Fusion 

Systematic studies of ~CF in pure D2 were performed in liquid (~ 

1.15, 23K) and gaseous (0.02 ~ ~ ~ 0.08, 25 ~ T ~ 150K) targets. The two 

F 
hyperfine components Ad~d of the d~d formation rate and the transitions rate 

Ad between ~d hyperfine states were determined for the first time [23J. These 

results are presented by W.H. Breunlich at this conference [3,36J. They 

establish a basic, quantitative test of the prototype resonant ~CF process, 

particulary interesting in regard to the comprehensive ab initio calculations 

achieved by L.I.Ponomarev and coworkers [37J. 

Careful considerations of hyperfine structures in the d~d kinetics are 

required for the evaluation of sticking corrections (see part 5) and basic 

F 
rates Ad~d from experiments in D/T mixtures [37J. In D/T the population of ~d 

hyperfine states in the steady state dramatically deviates from the simple 

case of pure D2, depending on experimental conditions. Equation 9 sketches 

the hyperfine structure of d~d kinetics, which has been omitted in Fig. 1. 

(9) 

As the effective lifetime of ~d atoms - 1/ctAdt is comparable with the hf 

depopulation time 1/cdAd , the relative population of the upper hf state (F 

3/2) increases wi th Ct. (E.g., even for Ct =0.1 we find -20% of the ~d steady 

1 4 
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state population in F=3/2, compared to < 0.1% in pure D2). Due to the strong 

hyperfine effects in resonant d~d formation at low T [23,36J, this leads to 

dramatic effects in the steady state formation rate Ad~d. (At liquid 

conditions and c t =O.1, Ad~d exceeds the steady state value observed in pure D2 

by more than an order of magnitude). 

4b. Muon Catalyzed tt Fusion 

The t~t fusion branch competes with the main fusion cycle and 

constitutes a significant loss channel at high Ct (see part 5). Moreover, the 

fusion process in the t~t molecule, which takes place from a relative· 

p-wave [17J, is a remarkable example, how ~CF can provide unconventional 

information about low energy nuclear reactions. For the first time, the 

fusion rate Af = 15±2~s-1, together with the other parameters of the t~t 

reaction sequence could be directly observed in our experiment. 

~He + 2n 

( 10) 

1...-____________ ~ + He + 2n 

A strong na final state interaction is found in the fusion process. A 

preliminary sticking value Wt = 0.14±O.03 was determind by observing 

subsequent fusions. These results are summarized in Table III and treated in 

more detail in a separate contribution [38J. 

5. STICKING AFTER ~CF 

The sticking of the muon to the recoiling He nucleus 

( 11) 

imposes an ultimate, intrinsic limit on the number of fusions a single muon 

can catalyze. This overall sticking probability is given by 

o 
Ws = Ws (1-R) (12) 

where Ws results from initial stiCking after fusion and R is the fraction of 
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muons, which are reactivated during the slowing down of the ~He ion from its 

initial energy of 3.5 MeV. Our experimental information about ws , gained by 

two independent methods, will be briefly summarized in the following. In view 

of their importance, separate, comprehensive presentations of these results 

were given at this conference [15,16J. 

i) Neutron method [16J: 

In addition to the cycle rates AC' raw sticking values w (Fig. 8) 

result from the steady state analysis described in part 3a. Again, we 

emphasize that the transient period before the steady state is reached was 

carefully excluded from the fit with Eq. 4. With the parameters obtained from 

the AC fit, the raw sticking values w were corrected for contributions from 

fusion channels (d~t, t~t, p~d and p~t) competing with d~t fusion. The 

resulting Ws values (Fig. 8) are nearly constant over the whole investigated 

c t range, and we determine an average DT sticking at liquid conditions (~ = 
1. 2) 

LQ 
Ws = (0.45 ± 0.05)% (13) 

From our gas data we evaluate a preliminary average Ws at low densities 

<3% ~~ < 8%) 

= (0.50 ± 0.10)% ( 1 4 ) 

Our analysis methods and results also exclude the influence of 

'bottleneck' states in the ~CF cycle, proposed in [39J to explain ~ and Ct 

dependences of Ws observed at LAMPF. Since we extract Ws from the slope of 

the steady state distribution (Eq. 4) the sticking definitions of [39J is not 

relevant for our method and our Ws values are not affected by the existence of 

bottleneck states. Though not important for our analysis, we can even exclude 

any significant existence of such states in the ~CF kinetics at liquid 
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conditions. which would lead to deviations from the purely exponential time 

distribution seen after a few ns in our experiment. 

ii) X-ray Method [15J 

Detailed information about the sticking process was gained from the 

observation of ~He X-rays after fusion. This X-ray yield results from initial 

sticking into excited ~He states (about 23% per reaction Eq. 11) as well as 

from substantial. additional contributions during the slowing down of the 

(~He)+. Thus. both important steps contributing to sticking were tested with 

an independent method. Experimentally. this technique does not rely on the 

complete knowledge of the ~CF cycle. The requirement of a fast coincidence 

between an X-ray and the associated fusion neutron was crucial to suppress the 

enormous Bremsstrahlung background from tritium beta decay and provided 

results independent from absolute neutron detector efficiences. After 

systematic studies of the HD and O2 system [20J. we succeeded in the first· 

observation of the 2p-ls transition after DT fusion. The preliminary result 

for the yield per fusion at liquid conditions and 400 ppm of tritium is 

Y2-1 ~ (0.25 ± 0.05)% (15) 

From this value a sticking probability was deduced in agreement with our 

result obtained by the neutron method [15J. 

iii) Discussion 

Our results provide important information concerning a 

controversial experimental situation about sticking. Since 1984 preliminary 

LAMPF results have indicated small values and different ~ and/or c t 

dependences of Ws (~Ct [10J. ~~t [11J. ~ dependence [2J). The first careful 

evaluation of Ws over the full Ct range in our experiment excludes significant 

Ct effects. Our preliminary value at low gas density does not indicate a 

strong ~ dependence. (The extent of possible smaller density effects has to 

1 7 
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be clarified in further investigations.) No evidence for the recently 

reported [11J ~1Ct of sticking is found in our data. Concerning the 

surprisingly low value of Ws at high ~, we find agreement (within errors) with 

the result of ws =(0.35±0.06)% at ~=1.2 reported by S. Jones at this 

conference [2J. Concerning our X-ray measurement a comparison with the ongoing 

experiment of K. Nagamine [14J performed at high Ct with a pulsed beam 

technique will be of great interest. 

Our DT sticking values and X-ray yields are generally lower than previous 

theoretical predictions (at liquid density ws=0.58 [40J and Y2-1=0.36 [41J, 

using initial sticking values 0.848 [42J and 0.895 [43J). At this conference, 

however, new calculations of the slowing down process of (~He)+ were reported 

by J. Cohen [34J. The results show substantially smaller values for 1-R and 

Y2- 1, in better agreement with our observations. 

6. CONCLUSION 

Basic parameters characterizing ~CF were determined in the experimental 

program at SIN (see Table III). Further detailed studies are still necessary, 

in particular concerning new features of resonant molecular formation (density 

effect, epithermal behavior, hyperfine effects), cascade processes (q1s' 

thermalization) and remaining controversies about sticking. A maximum fusion 

yield per muon of ~AC/(AO+W~AC) = 113±10 was observed. At conditions with even 

larger cycle rates this yield would exceed 200. Dedicated experiments are 

necessary to explore these ultimate limits of ~CF in the promising range of 

very high temperatures and/or pressures. 
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Table I 

Table II 

Table III 

LBL-22560 

TABLE CAPTIONS 

Experimental goals and observed processes (detected particles are 

underlined) 

Comparison of experimental results for muon transfer and d~t 

formation rates [106 s-1J (Ref. 11 quoted for cp = 1.2). Compare 

also the new Leningrad results reported by G.G.Semenchuk [13J. 

Experimental results on ~CF obtained at SIN (rates in 106s-1). 

, Additional experimental information concerning epithermal effects 

is discussed in part 3b. 

23 



main d~t kinetics 

competing fusion channels 

neutron method 

DT sticking 

x - ray method 

TABLE I 

d~d + ~ + 3He + ~ 

t~t + 2~ + 4He + ~ 

d~d + n + ~He 

~t + Z + (~Z)n + t 

Lx + (~Z)1S 

d~t + (~He)n + n 

Lr + (~He)1s 

24 
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(En = 14.1 MeV) 

(En ::I 2.46 MeV) 

(En < 9.5 MeV) 

(Ey = 70-150 keV 
for Z = 6-8) 

(Ey = 8.2 keV) 
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TABLE II 

D2 OT 
Adt Adllt Adllt 

", 

Bystritskii et al.[6] 290 ± 40 > 100 

Jones et alo[11] (T<130K) 284 ± 40 746 ± 67 26 ± 6 

This work (T-23K) : +6 
analysis (1) 280 ± 50 326 ± 40 11 -11 

analysis (11 ) 350 ± 50 373 ± 50 7 ± 7 
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Parameter 

d~d Ad 

AF 
d~d 

Y2-1 

d~t Q1s 

Adt 

AD2 
dt~ 

DT 
Ad~t 

TABLE III 

Value 

37 ± 1.5 at 35K 
F 

0.048< Ad~d <4.73 

(1.6 ± 0.4) % 

- (1 +aCt)-l 
a = 6.5±3 [a=15±4J 

280 ± 50 [350 ± 50J 

326 ± 40 [373 ± 50J 
6 

11 ± 11 [7 ± 7J 

(0.45 ± 0.05) % 

( 0 • 50 ± O. 1 0) % 

(0.25 ± 0.05) % 

15 ± 2 

1.8 ± 0.6 

(14±3)% 

26 

Reference 

23,36 

15 

12 

12,16 

15 

38 
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Comment 

measured for 23K< T <150K 

strong F and T dependence 
23K < T < 150K 

for other results (e.g. 
intensity ratios )[20J 

analysis(i)[analysis(ii)J 
see text 

T = 23, </> - 1.2 

</> = 1.2 

</> = 0.03 - 0.08 



Fig. 1: 

Fig. 2: 

Fig. 3: 

Fig. 4: 

Fig. 5: 

Fig. 6: 

Fig. 7: 

Fig. 8: 
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FIGURE C PTIONS 

Muon catalyzed fusion cycle in D/T mixtures. 

Experimental set up: Target (T), Insulation Vacuum (I), ~ telescope 

(M1 ,M2,), n detectors (B1-B5, NE213), e telescopes (ET1,ET2). 

Normalized cycle rates AC versus Ct showing pronounced density 

effects. Relative errors - 2% (liquid) and (10% (gas), absolute 

error ± 8% (whole data set). Solid curve was calculated for high 

temperature equilibrium concentrations. 

Contours of constant AC (in 106s-1, calculated according to our fit 

results) for the allowed area of cD 2 and Ct values. Maximum cD 2 

corresponds to fillings with D2 and T2 molecules without equilibration. 

Overview of the time spectra of dt fusion neutrons obtained at -1% 

gas density. The dependence of this time structures on Ct,T and ~ 

yields direct kinetic information. 

a) Magnified view at the early part of the time spectrum of fusion 

neutrons at ~=0.01, Ct=O.9 and T=300K (curve a). Background of 

capture neutrons (curve b) from muon stops in the target walls is 

sufficiently suppressed. The fit curve is described in the text. 

b) Average energy for ~t + DT collisions, decreasing with time due 

to ~t thermalization (energy given in equivalent target 

temperature). Collision energies dramatically exceed the actual 

target temperature of 300K. 
DT 

Experimental estimate of high T behaviour of Ad~t(T) (in 106s-1), 

resulting from the fit of Fig. 6a with the thermalization model 

(solid curve). Theoretical prediction [29J given for compari~on 

(dashed curve). 

Raw sticking wand DT sticking ws ' determined from liquid data. 
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