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The course/workshop on Muon Catalyzed Fusion and Fusion with Polarized 
Nuclei was held April 3-9, 19S7 at the Ettore Majorama School in Erice, 
Italy. It was attended by about liH participants, 15 of whom were lecturers. 
Because of the nature of the two subjects, the participants came from a broad 
range of fields. This was primarily a European workshop, so the majority of 
the participants were from European countries with a few from other 
countries. Unfortunately, no one attended from the Soviet Union, where some 
of the most active research in rnuon catalyzed fusion is being done. 

At this course/workshop there appeared to be a new attitude concerning 
the subject of muon catalyzed fusion (MCF) geared to the possibility that if 
things continue to progress favorably, muon catalysis may actually develop 
into a source of energy. Heretofore, the attitude has been that there are 
certain physical parameters, such as the sticking probability, whose values 
are too unfavorable for muon catalyzed fusion to become economic. It has been 
felt that measurements and theories would lead to such values. However, as 
physical understanding of the process of union catalysis progressed and 
physical experiments improved in accuracy, theory and experiment converged to 
more and more favorable results. Hence, at the present time it is impossible 
to definitively rule out muon catalyzed fusion as a possible energy source. A 
more pragmatic attitude was therefore taken at this course/workshop. The 
critical questions were what physical conditions must be satisfied in order to 
actually make an economic MCF reactor and how can it be ascertained whether 
these necessary conditions were attainable. Along with these considerations 
came also the realization that even given favorable conditions, a working MCF 
reactor would not be immediately attainable. Instead, there would perhaps be 
comparable difficulties in development to those of the mainline physics effort 
itFlfflSifiiff ~migrveti£,_confinement fusion, and inertial confinement fusion. 
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There is no apparent direct connection between the subjects of muon 
catalyzed fusion and fusion with spin polarized nuclei. The mair relationship 
between these fields is that both involve similar types of physics and that 
workers in these two fields share common interests and knowledge in atomic and 
nuclear physics. However, a joint meeting of these two fields was useful. 
For example, Goldhaher's initial idea of polarizing nuclei in a plasma to vary 
the nuclear cross section came to him while he was considering possible 
methods to reduce the sticking probability in p-d muon cataly2ed fusion. 
Interestingly, there does seem some real connection between the spin states of 
the d-t nuclei in the muon mesomolecule dty and the resultant sticking 
probability. This is discussed below. No new experimental results on spin 
polarization were reported, but illuminating ideas emerged as to the role spin 
polarized plasmas could play in inertial confinement fusion and magnetic 
fusion. In addition, realistic evaluations were made as to the possibility of 
producing and preserving spin polarized plasmas. 

I. Mtion Catalyzed Fusion (MCF) 
A. Introduction 

The subject of MCF is described in an excellent review article by 
Jones. The basic process underlining the concept of MCF is that a negative 
imion can replace an electron in a dt molecular ion and the resulting muonic 
mesomolecule dt|i becomes smaller by a factor equal to the electron-muon mass 
ratio <r « 10"''cm). For such a molecule the coulomb barrier is much thinner 
and fusion occurs spontaneously in a time of order 10" "̂  seconds. The muon 
is, in general, freed after this fusion event with an energy approximately the 
Rydberg kinetic energy it had around the compound ->He nucleus that occurs in 
dt fusion, e 10 keV. It subsequently slows down, is captured by a d or t ion 
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to form a nesoafcom, which then captures another atom to produce a second 
muonic mesomolecule. 

The muon will continue to carry out this cycle producing a chain of 
fusion events until either it decays or is lossed by other means. The primary 
loss mechanism has been shown to be that of sticking to the alpha particle 
energized from the fusion. The probability of this initial sticking u° is a 
very important physical parameter since it provides an absolute limit to the 
number of cycles of mesomolecular formations and fusions that a single muon 
can produce. Once the muon is stuck to the alpha, it is effectively removed 
from the cycle and no longer generates fusions. In point of fact, there is a 
finite probability R of removing the muon from the rapidly moving alpha 
particle either by charge exchange or ionization, the net probability of loss 
by sticking c " is thu3 

<u| f f = u>° (1-H) , (1) 

where R is the reactivation probability. 
Muon catalyzed fusion is called cold fusion because it can only occur at 

the low temperatures at which atoms and molecules can exist. However, it is 
important to have a very large density of d and t, of order liquid densities, 
because the life of the nuon is so short. For this reason, experiments in HCF 
are carried out at high densities *(4 * 10 2 2)/cm^ r low temperatures 0-1000°K, 
and high pressures - 1-2 kilobars. The density is conventionally represented 
by the parameter 4, the density normalized to liquid hydrogen density. 

Eliezer, in a general lecture, emphasized that there are essentially two 
important numbers that determine the economics of MCF. These are the cost of 
a negative muon in energy E and the number of fusions it can be made to 
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produce, X . The net thermal energy produced by the muon is thus X times the 
energy per fusion = 20 MeV. This energy must exceed the energy cost of the 
muon by a significant amount. Piccinini described a Monte Carlo code by which 
estimates of the energy cost were made for a muon produced by conventional 
means, i.e., a high energy GeV beam producing negative pions that decay to 
negative muons. He showed it to be about 5 GeV. This number disregards the 
problem of capturing all such muons. If one simply need to replace this 
energy E , it is necessary that each negative muon be captured and made to 
produce 250 fusions. Such a number of fusions (X ) may be said to represent 
scientific breakeven. However, the fusion energy is largely in the form of 
neutrons which are converted to thermal energy. This thermal energy needs to 
be converted to electrical energy and the electrical energy to the 5 GeV beam 
energy through an accelerator. In order to have sufficient fusions to arrive 
at th.'s energy, taking into account the efficiencies of these conversions one 
needs X > 1000. This number could be said to correspond to technological 
breakeven for MCF. For economic feasibility one must reduce the recycling 
power to say 20J of the fusion power. Thus, for economic feasibility one 
requires X * 5000 - 10000 fusions per muon. This result assumes present 
technology for muon production and leaves little room for innovation. Eliezer 
suggested that the number of fusions 

X u = 1000 (2) 

produced with current available technology would represent a result that would 
be favorable. He suggested that improvements both in the muon cost and in X 
could reasonably be expected to lead to an economically viable MCF energy 
source. 
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Most of the papers and lectures at the MCF meeting related to the 
determination of this number X . In general, 

A T 
\ UWA x ' K i > 

0 u 
where A„ is the cycling rate, T, is the life of the muon, and W is the 
probability per cycle of all other losses except muon decay. 

The normalized recycling rate, X = A /<fr and the loss probability W are 
determined primarily by experimental work at various laboratories with 
theoretical calculations made to understand these determinations. These 
numbers depend on the density of the dt mixture, its temperature, the relative 
fraction of d-d, d-t, and t-t molecules, the d and t concentrations CJ and Cfc, 
and the number of impurity atoms such as arising from tritium decay. 
Measurements have so far been performed at four laboratories, LAMPF, in the 
United States, SIN in Switzerland, KEK in Japan, and GATCHINA in the Soviet 
Union. Only results from the first three laboratories were presented at the 
meeting by representatives of these laboratories. The most likely values from 
the results of each laboratory are summarized in Table 1. The fourth column 
for X , determined experimentally, essentially agrees with Eq. (3) and the 
values from columns two and three. The fifth column represents the value of 
X„ expected when all possible losses are removed. The KEK value is for u>° 
rather than u® f f. 

The mode of the experiments at both laboratories has been to place a 
target of high density D and T directly into the muon beams at the respective 
laboratories. The current of the beams is sufficiently low that, in general, 
only one muon is present in the target at a time. The time of the entrance of 
the individual muons is registered as well as the 14 MeV fusion neutrons 
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arising from the individual cycles of the muon catalysis. The mean time 
interval between neutrons (corrected for detector efficiency) gives the 
cycling rate A . The number of fusions at a time t after the entrance of the 
muon into the target is proportional to 

n f " exp - (Xc*W + \Q)t (4) 

and may be used to determine the loss probability of muons per cycle W 
exclusive of muon decay. (\Q - T " 1 ) . The primary loss process is the muon 
sticking in DT fusion, but other loss processes play a role. For example, 
occasionally ddu or ttu mesomolecules are formed, and during the resultant 
fusions the muon has a rather large chance of sticking to a reaction particle 
and becoming lost. Jones showed how by varying temperatures and composition, 
it is possible in principle to effectively eliminate these losses. Another 
loss mechanism i3 capture by the •'He impurity atoms resulting from tritium 
decay. By constant flushing of the target gas this loss may also be made 
insignificant. Thus, the measured value W represents a variety of loss 
processes in addition to sticking in the D-T fusion u | f f and hence W 
represents only an upper limit to the true value of iu|^. 

In principle the cycling rate could be increased by increasing the 
density of the target gas. If + i3 taken arbitrarily large in Eq. (3), one 
gets 

„extr 1 ,_, 
X - g . (5) 

The values in the last column represent these numbers. Because W is an upper 
limit, these values are stil lower limits on X assuming some of the losses 
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contr routing to W can be eliminated. However, a maximum for X must be 
( " > § ) • F o r t n i s reason a definite determination of this irreducible loss 
probability <Ug is important. 

B. The Sticking Probability 
Previously, experiments at LAMPF and SIN have sought to place close upper 

limits on the sticking probability w| by first determining X c and then 
measuring the total loss probability per cycle W from Eq. (4). Correcting 
this probability for all known losses except the sticking probability one can 
find ii-g . These losses can be sorted out by measuring W as the relative 
composition C^/CL is varied. For example, the loss of the muon by sticking in 
the DD reaction should be proportional to C^ . As experiments have improved, 
the upper limit on io|" has decreased. It is now at about 0.5>. However, the 
data from the LAMPF group seems to Indicate that this upper limit on i»|ff, 
denoted as the residual loss, decreases with increasing *{C t) ' indicating 
the existence of other unknown losses of the muon, and a value of « | f f smaller 
than this upper limit. The SIM group finds no evidence for such a 
variation. At the moment this inconsistency in the residual probability W is 
unresolved. 

For this reason a set of experiments designed for a direct determination 
of the sticking probability that were launched during the year previous to 
this course are of considerable importance. These experiments involve a 
direct observation of the sticking process itself and therefore determine the 
initial sticking probability u° rrther than the smaller uf/ f. However, the 
reactivation probability R seems to be fairly well-known theoretically so a 
precise determination of u>° should lead to a precise value for n>|^f. 
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Direct measurements of the initial sticking probability <u° were carried 
out at KEK and SIN and a third experimental metnod was initiated at LAMPF and 
will be carried out at the Rutherford Laboratory in England. 

The method of measurement at KEK described at this meeting by Nagamine 
was a direct observation of the X rays emitted by a (2-1) line of muons 
trapped into excited states of the alpha particle from the fusion. The 
fraction of trappings which result in such X rays, (, is about 0.25. The 
primary experimental difficulty in detecting such X rays is the huge 
background of bremsstrahlung X rays emitted by the decay electrons from the 
tritium in the target. One way to overcome this background is to make use of 
the pulsed muon beam at KEK for which the muon intensity is raised to a 
thousand times that at LAMPF for a period of 50 ms. The pulse is repeated 
every 50 ms. Even so, it is necessary to distinguish the X rays by their 
Doppler broadening produced by the rapidly moving alpha particles. If the X 
rays are emitted promptly after the alpha particles leave the fusion event, 
the Doppler broadening is a maximum of 0.7 keV. If the emission is later, the 
Doppler broadening is less. The KEK experiment evaluated the sticking 
probability by fitting the observed X rays with zero broadening and maximum 
broadening. The two results were for K = 0.25. 

0.25 keV broadening u° r 0.12 ± 0.08J 

0.7 keV broadening u? = 0.20 ± 0.16$ 

There is a considerable range of values for &>£ consistent with this 
result. The KEK group plans to carry out a second measurement with larger 
number muon pulses to reduce the statistical error. It is noteworthy that u° 

< 0.1% and xjj x t r - > 1000 is consistent with their results. 
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Breulich described work at SIN in which a direct measurement of w° was 
also made by observation of X-rays. SIN does not have the capability of 
increasing their muon flux in their beam as at KBK, so to increase their 
signal to noise ratio it was necessary for them to employ a very low 
concentration of tritium C t = 0.04? and to count X rays coincident in time 
with the observation of a T4 MeV neutron from the fusion occurring at the 
trapping time. This enabled them to overcome the large bremsstrahlung 
background. From an additional count of all 14 MeV neutrons they thus 
determined the number of X rays per fusion. Then from a calculated value of 
K, the X rays per sticking, they obtained u| . Their value was 0.45 ± 0.10 
(as listed in Table 1). This value is considerably above the KEK result. The 
different values of C t might also account for the difference. 

An independent direct experimental est hod for the determination of ID? has 
s 

been initiated by Jones and his co-workers at LAMPF. It consists of working 
at much lower densities, * » 8 x 10~ 5. This allows thin enough targets and 
walls so that the alpha particles from the fusions can be detected in 
coincidence with the fusion neutrons. Any alpha particle with a muon stuck to 
it will emerge from the target at higher energies than a bare alpha particle 
and will be detected earlier relative to the detection of the much faster 
neutron. Monte Carlo calculations indicate that this method of measurement 
should yield unambiguous and accurate values for to°. Because * is so low for 
this experiment, the flux of alphas at LAMPF is too low to allow an accurate 
measurement of w°. Instead the experiment will be performed this year at the 
muon facilities at the Rutherford Laboratory in England, 

With the completion of this measurement and the remeasurements at KEK it 
is expected that w° will be well determined in the near future. The 
possibility of muon catalyzed ."usion as an economic energy source then will be 
much clearer. 
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Progress in the theoretical evaluation of u° is also advancing and was 
described by Fiorentlni. Its original value of 1.2 was determined earlier by 
Bracci and Fiorentini and is based on the sudden approximation and on the 
assumption of Born-Oppenheimer molecular orbitals for the rauon. The Born-
Oppenheira*,r assumption has been corracted by a more realistic treatment of the 
three-body problem. The most recent jalue of Cohen is w° = 0.87, and 
R = 0.393 so that <u|f£" - 0.53. It is clear that this valt:e is inconsistent 
with the present experimental results. it seems that the nuclear physics of 
the rec-rangement of the nucleons from d and t to a and n may play an 
important role, although there is at present no clear method to calculate this 
effect. It is of inter .sc that a lower value of to° =• 0.25JC was obtained 
theoretically by Za Hu. Thl3 result necd3 some comment however. The dtu 
molecule occurs in five different states. In one of these states "ith 
rotation number one vibration number zero, fusion occurs when the rauon is m 
2p orbital. Thi3 results in the low value of u>°. Current calculations by 

Bogdanova shou that only a small number of fusions actually occur from this 
state. However t there could be some physical effect that results in the 
majority of the fusion occurring in this state with the consequence that u° 
could actually be this small. 

In summary, u | i s probably the most important parameter in muon 
catalyzed fusion since its value determines an upper limit on X u, the number 
of fusions per mucn, and thus on the economics. The experimental results are 
essentially in disagreement as to the value of the sticking probability, and 
theory is even in greater disagreement. It is expected that within a year or 
so the experimental determinations will be much more accurate. It is hoped 
that theory will be further improved and that any new physical phenomena 
underlying the present disagreements will be uncovered. It is possible that 
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scme of the discrepancies may be due to different conditions for measurements 
and that m° is not a pure atomic constant. 

C. The normalized Cycling Rate X e 

The cycling rate A increases with density so that at sufficiently large 
densities it can be made so fast that in Eq. (3) only W limits X . However, 
for it larger than 1 and 1 ~ 100-1000°K the pressures in the target vessel 
become almost unmanageably large (several thousand atmospheres). Thicker 
walls would lead to more muon loss. Thus, it is ifflportant that the normalized 
cycling rate \„ is very large. That \ is large is due to a resonance process 
in the formation of the dtu molecule which makes this formation extremely 
fast. Through advances in experiment and theory the key processes that are 
involved in the cycle rate have become better understood. The state of 
knowledge of the processes was reported at this meeting. 

The muon catalysis cycle consists of essentially four steps which are 
illustrated in Fig. 1. These steps starting after fusion are (1) the slowing 
down of the muon, (2) the capture of the rauon to form a muon mesoatom, (3) the 
capture of a second atom to form a muon mesomolecule in an excited state, CO 
the decay of the mesomolecule to lower states, and fusion from one of these 
states. All but the first of these steps was discussed fairly carefully at 
the conference. 

(1) The physics of the slowing down of a muon is standard and was not 
discussed. Since the slowing down time is very short, < 10" I 1 seconds, its 
contribution to the cycle time is negligible. 

(2) The process by which a muon is captured by an atom in a highly 
excited state is not well understood, but it is presumed that the capture by a 
d or t atom is equally likely. If the capture is by a d atom, then it is more 



likely that the muon will transfer to a t atom than that a du atom captures a 
t atom. Formation of the dty molecule from a tu atom capture of a d atom is 
much faster than formation from a du atom. Petitjean showed that if the free 
muon is captured by a d atom, this generally occurs in a highly excited state 
and there is a strong possibility that the muon will transfer to the t atom 
from one of these excited states before cascading to the ground state of the d 
atom. If it does enter the ground state of the du atom, the probability of 
transfer has been determined to be * c T i d t where the value of \^t reported by 
the SIN group was 230 ns . This value while large is slower than the other 
processes and could be the slowest link in the cycling rate. Considerable 
discussion on this point was reported by the SIN group. 

(3) The third process in the cycle was the formation of the dtu molecule 
by capture of a d atom by tu atom. The details of this capture were presented 
by A. Lane. To understand this process, consider the energy level diagram of 
the dtu molecule {Fig. 2 ) . Its states correspond roughly to those of the 
hydrogen molecular ion. The levels are denoted by (J.u) where J is the 
rotational quantum number and v the vibrational quantum number. The binding 
energies are about a factor 100 times larger than that of the hydrogen 
molecular ion. However, the highest state has a binding energy of only 0.64 
eV. Further, because the capture of the d is from a normal dt or dd molecule 
it is possible to transfer this energy to the third vibrational state of the 
"exotic" molecule [(dtu)dee] . This exotic molecule is obtained by replacing 
a d ion in an electronic dd molecule by a {dtu) molecular ion. Since the dtu 
molecule is very small, the exotic molecule is unaware that this molecular ion 
is not a single particle. Because the excitation energy of this exotic 
molecule matches the binding energy of the dtu molecular ion {minus the 
binding energy of the tu atom) almost perfectly, the formation of the 
molecular ion is a resonance process and occurs very fast. 
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A careful calculation shows that the matching was much better for capture 
by a ty atom of a d ion resident in a dd molecule than d ion resident in a dt 
molecule. As a result the formation rate for a dd molecule is five times 
faster than for a dt molecule. This had previously been shown to be the case 
experimentally by the LAMPF group. However, the normalized formation rate 
*dtu w a s f° u nd t o depend on density in a significant way and not to be sharply 
resonant with temperature. This density effect had been explained in an 
earlier paper by Petrov and elucidated at this conference by Lane. 

A much more careful consideration of binding energies shows that the tp 
atom has a substantial hyperfine splitting of its atomic levsls by the 
interaction of the magnetic moment of the muon with that of the t nucleus. 
This splitting is of order 1/4 eV. As a result only the S=0 sJ-ate of the t 
atom is near resonance. (The importance of this hyperfine splitting had been 
emphasised earlier by the SIN group.) When the energies of the S=0 atom are 
compared with that of the -u = 2 state of the exotic molecule, it is found 
that the initial state of the S=0 atom minus binding energy of the dd molecule 
has slightly less energy than the final state by an amount corresponding to 
about 1000"F. This energy could not be made up by thermal energy at the 
lowest temperatures. The correct physical process to match the energies is 
resonance broadening of the energy of the exotic molecule by collision with 
another atom or molecule. By correctly taking this into account, the density 
dependence of ijjdt presented by Jones 

\d* = (2.06 + 4.5+) * 10 8 s"1 

could be understood. 
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The dependence on • of the molecular formation rate indicates the rate of 
this step of the cycling would increase quadratically with *. Since this 
process is one of the slowest in the cycling rate, one might hope to speed up 
A c quadratically with increasing density. Jones pointed out that this 
dependence on density indicates that one could gain more fusions at the same 
pressure by going to lower temperature and higher density. However, Lane 
pointed out that by its nature a resonance broadening process such as this 
should saturate with density. Such a saturation has not yet been observed. 

One may ignore the process of formation of the dtp by capture of a d from 
a dt molecule. As already stated this is a much slower process but it can be 
excluded by preparing the target with only dd and tt molecules. The 
relaxation rate to a mixture with dt molecules is sufficiently slow that their 
presence may be ignored. 

(4} The last step in the cycle is the decaying to various lower levels of 
the dty molecule and its fusion out of one of them. This stage was described 
by Fiorentini and Lane. The decay occurs through auger emission of one or two 
of the electrons of the exotic molecule and is illustrated in Tig. 2. The 
most likely path is by decay to the fourth (01) level and then direct fusion 
from this level. For fusion from this level the sticking probability is 
w° = 0.89. Fusion from this level occurs in about 10~ 1 2 seconds. A second 
possible path is a further auger drop to the second (10) level and fusion from 
it. Su Hu has shown that when fusion occurs from this level the muon is in 
the 2p state and m° = 0.2b". Thus, if for some reason this channel were 
preferred, then u° averaged over fusions from all levels would be much smaller 
than currently calculated. It is of interest that when the muon is in the 
fourth (01) level the spin orientations of the d and t control the fusion 
rate. A molecular process that alters these spins would enhance the channel 
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to' level two and reduce m*. Further, it appears that when fusion occurs in 
this latter level, the spins of the d and t nuclei are such that the a is 
emitted preferentially along the rotational axis of the molecule while the 
muon is emitted preferentially perpendicular to the rotational axis. This 
fact further reduces the initial sticking probability (From the second state) 
by about 205. In this way the polarization process could play some role in 
MCF. 

In summary, the normal cycle a muon goes through for each fusion consists 
of four steps. (1) Slowing down after fusion and capture by a d or t atom. 
This takes about 10" 1 1 seconds, for * = 1. (2) If the trapping is on the d 
atom, the muon must transfer to a t atom. If this occurs from the ground 
State, this takes about 2 * 10"^ seconds (4> = 1). (3) After a tu atom is 
formed a d atom must be captured and a dtu molecule formed. If the capture is 
from a d-d molecule, the time is 10"° - 2*10"' seconds. If from a dt 
molecule, it is => 5*10"' - 10"° seconds($=1). Finally, once the molecule is 
formed, fusion occurs in a few times 10 - 1^ seconds. Thus, the two bottlenecks 
are the transfer of the muon from d to t if the du atom is formed in the 
ground state, and the foraation of dtp by capture from a dt molecule. These 
tine estimates correspond to the value XflT * 350 in Table I. If L is 
lowered and dt molecules removed, then Jones showed that one can reach * ^ C T = 
1500 at • = 2. If u | f f is as low as 0.2J, then X > 350 seems possible to 
achieve in the not too distant future. A value of X = 1000 is not attainable 
at the present target pressure even if u | f f turns out to be < 0.1J. It would 
be necessary to work at higher pressures to increase the cycling rate. 
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D. Reactor Prospects 
Muon catalyzed fusion is conceptually seen to be an energy amplifier, 

increasing by fusion reactions the energy invested in nueleon-pion-muon 
beams. Thus, a principal ingredient in muon catalyzed fusion is an efficient 
high current accelerator of particles that are neutron rich. (Only neutrons 
produce significant quantities of i jgative pions and muons.) Weiss described 
the current efforts to make such accelerators using in sequence different 
methods of acceleration: RF quadrupole, ftlvarez units, and superconducting 
units. One needs for a reactor typically a 100 mA, 2 GeV/nucleon, 200 MW beam 
of deuterons or tritons operating continuously. Weiss made a preliminary 
estimate of the cost of such beams, which he found to be $2/watt. 

Since it appears unlikely that technological breakeven is achievable with 
standard technology (X s 5000), it is necessary to consider more exotic 
solutions. For example, Eliezer proposed energy efficient laser-induced 
Stripping of the av to decrease u? . Also he reported that the Texas group 
has shown that HCF is perhaps feasible already with known physics if one uses 
a hybrid or fertile blanket. This, of course, negates one of the principle 
claim3 of fusion to be free of fission products and fissile materials. 
However, they observed ihat there is nothing technically unsafe with a hybrid 
blanket, since control rods are not needed. The Texas group has slso 
suggested a way to improve the trapping of the pions and neutrons by placing 
the dt target gas in a large magnetic mirror field and to use the target 
itself to generate the pions from the energetic beam.2 The pions and the 
decay anions are thus trapped by the mirror field and slowed down to interact 
with the target gas to generate fusions. This reduces loss of the pions and 
muons and makes thi3 stage of MCF more efficient. 
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E. Conclusion on MCF 
The workshop brought together a notable gathering of experimental and 

theoretical physicists to discuss progress towards demonstrating scientific 
breakeven in MCF. Many issues concerning the processes involved in MCF were 
set forth clearly and discussed, although most of the results had been 
presented at the MCF in Tokyo the previous summer.3 it was agreed that any 
practical demonstration of MCF involves further improved physical 
understanding of these process as well as the initiation of studies into 
methods to optimize the engineering design as well as the development of new 
innovative techniques to reduce the energy cost of the nraon. 

II. Spin Polarized Fusion 
Kulsrud gave a general review of the subject of polarized fusion and 

emphasized the special problems that need resolution before the subject of 
spin polarization could impact on magnetic confinement fusion. The salient 
facts are that in a d-t plasma the dependence of nuclear cross section on the 
relative orientation of the spins of the interacting nuclei can be utilized to 
enhance or suppress the nuclear cross section relative to that of an 
unpolarized plasma. This is accomplished by polarizing the nuclear spins of 
the d and t nuclei relative to the confining field. The maximum enhancement 
i3 a factor of 1.5 at complete polarization. The maximum suppression is by a 
factor of 2. The directionality of the neutron and alpha particle arising 
from the fusion reaction can also be controlled to a certain extent. In the 
enhanced mode they are emitted with a sin^8 distribution, perpendicular to the 
field, where 8 is the angle between the n or a velocity and the field. In the 
suppressed mode the distribution is along the field and proportional to 1 + 3 
cos c6. There is a neutral unenhanced or unsuppressed mode of polarization 
which has the latter directionality. 



The key problems that need to be overcome are (1) development of a method 
of polarizing the nuclei and (2) the maintenance of the polarization once the 
nuclei are polarized in the plasma. 

Gruebler described the various methods by which nuclei are currently 
being spin polarized. He emphasized that all these methods produce polarized 
nuclei at a comparatively slow rate and at a degree of polarization far from 
complete. Extrapolation of these methods by many orders of magnitude in 
intensity will be necessary to produce the quantities of polarized fuel 
required for a plasma. He made it clear that it will be necessary to polarize 
the fuel outside the reactor prior to injection as there is no effective way 
to polarize the hot plasma ions in an inhomogeneous magnetic field 

Kulsrud described experiments at Princeton by Knize and Cecchi that 
employ optical pumping of atomic hydrogen to polarize the atomic nucleus at 
room temperature. These experiments have produced polarized atomic hydrogen 
at densities of 10 /cm° with polarization in excess of seventy percent. They 
have also produced atomic hydrogen at room temperature at densities of 
1o"/ C B|3 a r uj currently promise to produce hydrogen densities greater than 
1015/cm3. By employing paraffin as a wall material that does not readily 
depolarize the hydrogen, Knize and Happer feel that they can optically 
polarize this atomic hydrogen to a high degree with a one watt tunable dye 
laser at the rubidium resonance line. Success of these experiments would lead 
to a new effective source of polarized hydrogen isotopes and perhaps solve the 
source problem. 

ECulsrud showed that about one hundred watts of power produced by such 
tunable dye lasers would be sufficient to fuel a full scale gigawatt fusion 
reactor if the polarized nuclei can be recycled. The cost of such a facility 
should be considerably less than the savings gained by increasing the d-t 
cross section. 
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Heeringa described the prospects for producing polarized pellets of d-t 
by dynamic polarization. He expressed the opinion that in spite of 
difficulties associated with tritium decay, prospects were good for 
polarization. He felt that such pellets might be made in the near future. 

Pendretti described the possible benefits to be derived from the 
directionality of the neutrons and alpha particles derived from 
polarization. He showed that only a modest lessening in wall damage to the 
inner wall of tokamak and other toroidal devices was achieved by polarizing to 
direct the neutrons parallel to the confining field. Correspondingly, the 
increased damage from polarizing in the enhanced mode was also moderate. 
Thus, from the point of view of neutron damage the enhanced mode was the 
favorable one. For a tandem mirror the enhanced mode reduces the neutron 
damage to the end plugs by a very large factor. However, Ditficola showed that 
if the direct ripple loss of alpha particles in a tokamak was important, then 
polarization in the enhanced mode would make the direct alpha particle loss 
worse and offset any gain in ignition from alpha particle enhancement. This 
remark could have a bearing on whether spin polarizacion would benefit the CIT 
(Compact Ignition Tokamak), and a careful analysis is necessary to decide 
whether polarization is beneficial for this specific machine. For proposed 
reactors ripple loss should be unimportant. For the tandem mirror tne alpha 
particle loss should be reduced in this mode. 

With respect to tine question of the maintenance of spin polarization in 
an already polarized plasma, Kulsrud emphasized the importance of 
depolarization by interaction of the nuclei with the wall. If the nuclei need 
bo be repolarized after each wall interaction, the cost of polarization is 
probably larger than the benefits to be achieved. However, it is possible 
that the use of certain nonmetalic materials such as amorphous graphite as 
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wall materials could make this depolarization small. This question has to be 
decided by direct experiment. 

Pegararo reported on a second important depolarization process in a 
plasma. He described an instability, driven by the alpha particle anisotropy 
produced by polarization in the enhanced mode. This instability can resonate 
with the tritons at the spin precession frequency and depolarize them. 
However, if the aspect ratio is not too large, less than a number between 
three and four, then cyclotron damping by the background plasma deuterons will 
damp this mode and preserve the polarization. 

Finally, the question of the effect of polarization on an advanced fuel 
reactor involving the d-^He reaction was discussed. This reaction is also 
enhanced or suppressed in the same way as the d-t reaction. Moreover, it only 
produces charged particles so that the troubles associated with neutrons would 
be avoided. However, the d-d reaction produces both neutrons and also tritons 
which provides more neutrons. It has been suggested that the enhanced mode of 
polarization for the d-^He reaction would also suppress tfc? d-d reaction. 
Kulsrud described the current opinions regarding this suggestion about which 
there is at present considerable controversy. He proposed that the most 
plausible amount of suppression, based on the simplest intuitive grounds, is 
about a factor of four. Grieger pointed out that if one assumes this and 
works with a composition C d/C t = 10J/90J, then one gets about one neutron per 
1(r* d-^He reactions. This corresponds to a very low neutron yield for a 
fusion reactor. 

III. Conclusion 

Because of several important obstacles, it is entirely possible that 
polarization of a reactor plasma cannot be achieved, or if achievable is not 
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economic. However, certain ideas have been proposed by which these obstacles 
may be overcome. At the present time very few experiments are being carried 
out because funding available for them is very scanty. This is perhaps 
because no urgent need for polarization has been appreciated. 

However, polarization could play a very important role in aiding the 
achievement of ignition in CIT, where an increase of 1.5 in alpha particle 
production could be critical. Further,- in the future the suppression of the 
neutrons in the d-d reaction could be achieved for a d-*He reactor. 

Although no very new results on spin polarization were reported at the 
workshop, the papers presented and their discussion have clarified the 
problems facing the development of spin polarized fusion. 
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TABLE 1 

xot„ 100a. e f f X„ X„ (extrap) 

LAMPF 310 ± 30 0.35 ± 0.07 150 ± 24 350 

SIN 320 +> 25 0.45 ± 0.05 113 ± 10 220 

KEK 0 20 ± 0.16 

FIGURE CAPTIONS 
1. Various processes in the MCF cycle. 
2. The energy level diagram for the dtu mesomoleoule and its transitions. 
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