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Physics of Antimatter-Matter Reactions 
for Interstellar Propulsion* 

David L. Morgan, Jr. 
Lawrence Llvermore National Laboratory 

Llvermore, California 94550 

ABSTRACT 

At the stage of the antlproton - nucleon annihilation chain of'events 
relevant to propulsion the annihilation produces energetic charged plors and 
gamma rays. If annihilation occurs 1n a complex nuclelus, protons, neutrons, 
and other nuclear fragments are also produced. 

The charge, number, and energy of the annihilation products are such that 
annihilation rocket engine concepts Involving relatively low specific Impulse 
(I = 1000-2000 s) and very high I (3x10 s) appear feasible and 
have efficiencies on the order of 50% for annihilation energy to propulsion 
energy conversion. At I 's of around 15,000 s, however. It may be that 
only the kinetic energy of the charged nuclear fragments can be utilized for 
propulsion 1n engines of ordinary size. An estimate of this kinetic energy 
was made from known pieces of experimental and theoretical Information. Its 
value 1s about 10X of the annihilation energy. 

Control ov»r the mean penetration depth of protons Into matter prior to 
annihilation Is necessary so that annihilation occurs 1n the proper region 
within the engine. Control 1s possible by varying the antlproton kinetic 
energy to obtain a suitable annihilation cross section. The annihilation 
cross section at low energies 1s on the order of or larger than atomic areas 
due to a rearrangement reaction, but 1t 1s very low at high energy where Its 
value 1s closer to nuclear areas. 

*Work supported 1n part by the A1r Force Rocket Propulsion Laboratory and 
performed under the auspices of the U. S. Department of Energy by the Lawrence 
Llvermore National Laboratory under Contract W-7405-Eng-48. 
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1. INTRODUCTION 

Matter-antimatter annihilation releases more energy per unit mass than any 
other currently known form of energy production. Annihilation 1s therefore 
the most energetic possible means of spacecraft propulsion when the 
propellants are carried onboard. The energy released by the annihilation of 
one gram of antimatter 1s sufficient to have powered any space mission to 
date. 

The problems associated with annihilation propulsion of spacecraft, 1n 
particular the production of even gram quantities of antimatter, are 
formidable but nevertheless appear open to solution. Research 1n this area 
has taken place over the last several years with the most comprehensive 
discussion of the problems and solutions appearing 1n a document by Robert 
Forward. That document also contains an extensive bibliography of 
publications on the subject. The particular problems of antimatter storage, 
extraction, and annihilation as well as annihilation engine design have been 
considered by this author. These and other topics. Including production, 
have been dealt with by other authors 1n the same volume of the Journal of the 
British Interplanetary Society (Vol. 35. 1982). 

The main purpose of this report 1s to discuss the fundamental atomic and 
nuclear aspects of annihilation and their consequences to annihilation 
pi-opuls1on. The basic annihilation processes are described 1n Section 2 while 
certain details of the processes and their consequences are given 1n Sections 
4 and 5. These details Involve the rate of annihilation, the distance of 
penetration of the antimatter Into matter before annihilation occurs, and the 
mode 1n which annihilation energy Is produced (types, numbers and energies of 
the particles Into which the annihilation energy goes). The consequences of 
these results are closely tied to the types of annihilation rocket engines 
that might be employed 1n annihilation propulsion, so these types are 
described 1n Section 3 along with mention of the space missions for which they 
might be employed. 

2. 



In this report about the only form of antimatter considered Is 
antlprotons. This 1s because antlprotons as particles or combined with 
positrons (antlelectrons) to form antlhydrogen are the most likely form of 
antimatter to be used In annihilation propulsion (see Ref. 1). Although 
antlprotons are more difficult to produce than positrons, they give roughly 
1000 times as much useable energy per annihilation. At the same time 
antlprotons are much easier to produce than other (heavier) antlnuclel which 
are combinations of antlprotons and antlneutrons. 
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2. BASIC ANNIHILATION PROCESSES 

When an antlpartlcle with mass m annihilates w*th a partlcie with mass m, 
the maximum energy that can be produced Is the sum of their mass energies. 
This energy 1s called the annihilation energy (E ) , and thus 

E a = (m+m) c 2, (1) 
where c Is the velocity of light. Often the particle and antlpartlcle are of 
the same type, so m=m. The best known annihilation reaction 1s between an 
electron (e~) and a positron (e , the antlelectron), which occurs by way 
of electromagnetic forces, 

e* + e" -» 2-y, (2) 
where each of the two gamma rays (Y) has an energy of about 0.5 HeV, half 
the combined mass energy of the electron and positron. Sometimes more gammas 
are produced, but 1n all cases the annihilation or mass energy 1s converted 
entirely to "pure" energy since the gammas have zero mass. Any kinetic energy 
the electron and positron may have before annihilation 1s added to the energy 
of the gammas. 

In contrast to electron-positron annihilation, annihilation of an 
antlproton (p, negative charge) with a proton (p, positive charge) 1s more 
complicated and, at least at the stage of annihilation of Interest for 
propulsion, has some of the annihilation energy remain 1n the fomr of mass 
energy. In the first stage of annihilation, strong forces cause the p and p 
to become a set of short-lived, meson particle states (or resonances). Within 

23 19 10 to 10 seconds, these states decay by way of the strong forces 
Into plons and kaons (more stable mesons). At this time the annihilation 1s 
well represented by (other products than those shown are occasionally 
produced): 

p + p -> n+ir+ + n.ir * n0ir° • K's , (3) 
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where n t, n_, and n are the numbers of positive, negative, and neutral 
plons (ir*. n~, rr°). These numbers vary from annihilation to 
annihilation. Their mean values, along with the mass energies and mean 
kinetic energies of the plons, are given 1n Table 1. On the average about VI. 
of the particles are kaons (K, also positive, negative and neutral) and these 
share about 4'/. of the 1876.51 HeV annihilation energy. 

The neutral plons each decay Into two gamma rays In about 10 seronds 
by way of electromagnetic forces (after traveling a very short distance). 
Before the charged plons can decay via weak forces, they can travel 
significant distances and undergo various Interactions. Thus the average 
Initial stage of p-P annihilation for considering 1n annihilation propulsion 
1s (neglecting the kaons): 

p t p -> 1.5 ir* + 1.5 ir" * 4.0 y . (4) 
where, for both the p and p at rest, the mean kinetic energy of each plon 1s 
about 235 HeV (the energy spectrum 1s shown 1n F1g. 1) and the mean energy of 
each gamma 1s about 170 HeV. The speed of a charged plon corresponding to a 
kinetic energy of 235 HeV 1s 93'/. of the velocity of light. Because of tln.e 
dilation at their high speeds, such charged plons have a mean lifetime of 

—8 —B 
7..0 . 10 seconds (1t 1s 2.6 x 10 seconds at rest). The dlsta.ice 
traveled In this time 1s about 20 meters. Thus, 1n some rocket engines (the 
gas and plasma core engines of the following section or any very large engine) 
the charged plons that have not been absorbed by matter or have not escaped 
will decay within the engine Into muons (charged) and nautrlnos. After a much 
longer time, and most likely outside of the engine, the muons (unlikely to be 
absorbed by matter) decay Into electrons, positrons and neutrinos. The 
positrons will eventually annihilate with substitute electrons 1n the 
environment, leaving (In effect) only gamma rays and neutrinos. 

Antlprotons can also annihilate with neut-ons (n). The annihilation 
process and the products are about the same as for annihilation with protons 
except that the number ef negative plans produced 1s always one more than the 
number of positive plons (charge conservation) and the ratio of charged to 
neutral plons 1s somewhat greater. 
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Reactions 2 and 4 are relevant when the annihilation medium (matter) 
consists of hydrogen or free protons. As explained below and An the followAng 
section, there may be advantages 1n employing matter of higher atomic number 
for the annihilation medium. 

When an antlproton encounters a complex nucleus (atomic number around that 
of carbon or greater) 1t Is most likely that It win annihilate with a proton 
or neutron on or near the surface of the nucleus. The annihilation will 
proceed by reaction 3 (or the altered form 1f a neutron 1s Involved). Roughly 
half of the plons and kaons will escape without Interacting with the nucleus 
while the other half will proceed Inward whsre they undergo a complex series 
of Interactions with the nucleons (protons and neutrons) before escaping or 

3 being absorbed . In the process energy well 1n excess of their 5-10 HeV 
binding energy Is transferred to the nucleons and several of these may escape 
as free particles (protons and neutrons) or In the form of light nuclei 
(deuterons [d], trltons [t], hellons [helAum-3 nucleil, and alpha particles 
[a]). The nucleus 1s left 1n an excited state from which additional 
nucleons may be evaporated and gamma rays emitted. Thus the equivalent of 
reaction 3 for antlproton annihilation In a complex nucleus 1s (with the kaons 
neglected): 

p * nucleus -» IT'S t p's * n's + d's + etc. + residual nucleus (5) 
These additional annihilation products have a mean kinetic energy per nucleon 
of about 80 MeV and an average velocity of about 40% of the velocity of light 
(calculated from the results of Section 4). 

The Importance of reaction 5 1s related to the usual necessity (explained 
1n the following section) of transferrAng energy from the annihilation 
products to a working fluid (Inert propellant) which forms the rocket exhaust 
and can be the annihilation medium. Energy transferral occurs predominately 
through atomic excitation and Ionization of the working fluid by charged 
annihilation products. The transferral occurs more rapidly (ergo less 
distance traveled by the charged particle) for more massive charged 
particles. Thus, transferral of energy 1s easier to achieve 1n a rocket 
engine 1f a substantial fraction of the annihilation energy goes into the p's, 
d's, t's etc. as opposed to residing 1n the relatively lighter charged plons 
or 1n neutral particles. Estimates of this energy fraction are obtained 1n 
Section 4. 
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3. ANNIHILATION ROCKET ENGINES 

For any spacecraft, Including those powered by annihilation, maximum 
efficiency 1n terms of transferral of propulsion energy (kinetic energy of the 
exhaust relative to the spacecraft) to the kinetic energy of the vehicle Is 
achieved when, among other conditions, the exhaust velocity relative to the 
spacecraft has a value that Is roughly equal to the maximum velocity attained 
by the spacecraft. When such conditions are met, the kinetic energy of the 
exhaust 1n space 1s at a minimum and, Importantly, the required amount of 
antimatter for a given mission 1s also at minimum. [For example, 1f the mass 
of all components of a rocket (starting from rest In free space), except for 
the payload and propellants, 1s equal to 0.235 of the total rocket mass 
(Including propellants), then maximum efficiency 1s obtained when the mass 
ratio (total Initial mars to mass with no propellants) Is equal to 2.00 and 
the exhaust velocity 1s 1.44 times the final velocity of the rockst. If the 
above component mass is O.OBl of the total mass then maximum efficiency occurs 
for a mass ratio of 3.00 and an exhaust to rocket velocity ratio of 0.91.] 

Since the annihilation products have velocities that are at least a 
substantial fraction of the velocity of light, they are suitable as an exhaust 
only when tie maximum spacecraft speed 1s a roughly similar fraction of light 
speed. Such will probably be the case only on Interstellar missions. To 
achieve high efficiency 1t 1s therefore necessary 1n other cases to couple the 
annihilation energy to an Inert propellant (working fluid) that has a much 
greater mass than the matter and antimatter that annihilate. 

forward has discussed the distances that the annihilation products must 
travel through matter before depositing a large fraction of their energy . 
For the products of reaction 4 and depending on the substance, this distance 
varies between a few centimeters and about one meter 1n solids and liquids. 
01stanr.es 1n gases at their standard densities are roughly 1000 times as 
great, and 1n plasmas still much greater. For the heavier products 1n 
reaction 5 the distances are about ten times smaller. 

It would seem advantageous, therefore, to have annihilation occur within a 
;jl1d so that the rocket engine could be of ordinary size and take advantage 
of most of the annihilation energy. Such an engine has been discussed by 

? 
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Augenstein and 1s depicted 1n F1g. 2. Gas becomes heated as 1t flaws 
through the hot solid where antlprotor.s annihilate. The hot gas then forms 
the exhaust of the rocket. Such an engine has a maximum specific Impulse 
(I ) of about 1000s. sp' 

[ 1s a common measure of propellant performance (the propellants here 
are the antimatter and the much greater amount of Inert propellant). I 1s sp related to the exhaust velocity (v ) by 

U p = ve''9 = F/mg M 
where g 1s the acceleration due to gravity at the earth's surface, F 1s the 
engine thrust, and m 1s the mass flow rate of the Inert propellant. The mass 
flow rates of antimatter 1n spacecraft using this engine and the next two 
types are negligible for eq. 6. An I of about 1000s (v = 10,000 m/s) 
1s approximately that required for maximum efficiency 1n earth to orbit and 
other near-earth missions. Ordinary chemical propellants are limited to 
values of I below about 500s. sp Exhaust velocity and specific Impulse are approximately proportional to 
the temperature of the gas 1n the engine before 1t expands and converts Its 
thermal energy to kinetic energy. An I of 1000s corresponds approximately 
to the maximum temperatures that the most refractory solids can withstand 
(3000-4000°K). Thus, the "solid core" annihilation rocket engine of Fig. 2 
cannot be designed with a higher I . 

I , of about 2000s for high speed missions 1n the near-earth and 
earth-moon environments could probably be achieved with the gas core engine 
depicted In F1g. 3. This engine 1s similar to one due to Cassentl but has 
the walls cooleu (in part, at least, by flowlnj the propellant through the 
walls) so that the Interior can be at a temperature of about 7000°K. A 
magnetic field Is required to confine the charged annihilation products so 
they may travel sufficient distance to transfer their energy to the gas. For 
an engine diameter of a few meters an average magnetic field strength of a few 
kllogauss 1s required. The neutral annihilation products transfer only a 
small fraction of their energy before escaping. 

z 



In engines of higher I the temperature of the Inert propellant 1s 
sufficiently high that 1t is an Ionized plasma, and the walls of the engine 
are replaced by a magnetic field which confines the plasma. The plasma core 

2 engine depleted 1n F1g. 4 has an I of 15,Odds and 1s suitable for high 
speed travel within the solar system. The Inert propellant 1s a substance 
with high atomic number. A magnetic field of several kllogauss In average 
value 1s pulsed 1n strength 1n the region of the throat, momentarily confining 
the heavy charged particles from reaction 5 while they transfer their energy 
to the plasma. It then decreases 1n strength to release the plasma to the 
exhaust stream and subsequently repeats the cycle. 

The density of the plasma, tc be low enough to allow confinement, 1; too 
low to allow all but a small fraction of the charged plon and aecay muon 
energies to be transferred to the plasma. Nearly all of the neutral 2 annihilation products escape . Essentially the only annihilation energy 
avalHable 1s the kinetic energy of the charged nuclear fragments (p, d, t, 3 He, a) from the antlproton - heavy nucleus annihilation. Hence the 
Importance of knowing the fraction of annihilation energy that goes Into these 
fragments. An estimate of that fraction 1s obtained 1n Section 4. If the 
atomic weight of the Inert propellant 1s sufficiently high, the residual 
nucleus 1n nearly all cases will fission, adding the liss^on energy to the 
exhaust. 

2 The beam core annihilation engine depicted 1n F1g. 5 maximizes 
efficiency for speeds close to light speed, so 1t would be used 1n the upper 
stage of Interstellar spacecraft. Because Its exhaust velocity 1s nearly. 
light speed Its I Is about 3 x 10 s. As pointed out 1n reference ? the 
thrust to mass ratio for this engine would be much greater 1f 1t were scaled 
up considerably 1n size. The antlproton and H atom currents Increase as the 
square of the scaling factor, while the magnetic field strength decreases as 
the Inverse of the scaling factor. In this engine there Is no Inert 
propellant per se and the amounts of matter and antimatter fee; Into the engine 

20 (2 x 10 A of both protons and antlprotons) are equal. In the version 
shown 1n Fig. 5 only the kinetic energy of the charged plons (reaction 4) 1s 
used to provide thrust, but with the addition of material suirounding the 
closed (forward) end of the engine about 1/4 of the gamma energy can be added 
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to the exhaust energy. The additional thrust comes from the gammas that 
escape, essentially unimpeded 1n the 2ir solid angle 1n the open (rearward) 
direction while those 1n the 2ir solid angle In the forward direction are 
absorbed. 

Many quantitative details pertaining to the four types of engines 
described above are c1ve:i In the cited referencer, but more quantitative work 
Is necessary. However, based on Information Ir the references and 1n the 
following section, estimates of the fractions of annihilation energy that go 
Into directed exhaust energy can be made for each of the engine types. These 
estimates are given in Table 2. 

Cf the quantitative work required on the engines, two topics are 
considered here. The fraction of annihilation energy gom9 Into the kinetic 
energy of charged nuclear fragments Is calculated 1n Section 4. In Section 5 
research results pertinent to the antlproton - atom annihilation cross section 
are presented. The cross section 1s an Important factor In determining how 
annihilation can be achlevea at the proper position within the engine. 

There are of course other engine typas than described here, although most 
others are or would be based on tl.e same principles. In particular, larger 
versions of the gas, plasma, and beam core engines offer the possibility of 
lower magnetic HelC strengths and greater transferral of annihilation energy 
to the Inert propeilant. The sizes depicted are roughly the size suitable for 
present-day spacecraft. 

In a companion article 1n this volume, Powell and ? consider explosive 
annihilation propulsion and means to get rid of the large amounts of excess 

bY 1 
heat produced Mgh-I annihilation engines. They and Forward have also 
considered the problem of radiation shielding. 
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4. ANTIPROTON - HEAVV NUCLEUS ANNIHILATION 

The fraction of the p - (p or n) annihilation energy that goes Into the 3 kinetic energy of the charged nuclear fragments (p, d, t. He nuclei, and 
a) has not been fully determined experimentally, but partial experimental 
Information and theoretical Information exist, from which a fairly good 
estimate of this quantity can he determined. 

4.1 Theoretical Results for p - Uranium 

Results of computer modeling of p annihilation 1n a U nucleus by 
Clover, based on a model by Varlv and Fraenkel, give a detailed theoretical 
account of the partitioning of the annihilation energy . The results of 
this work which are quoted and analyzed here are similar to those reported by 
Clover et a1. for the same problem but contain more details pertanent to the 

. . 3 energy fraction. 
The computer code performed a monte carlo simulation of encounters Between 

238 a 175 HeV O a D energy) antlproton and a U nucleus (at rest In the lab 
frame). The number of encounters was 7029 of which 4950 were Inelastic (the p 
changes form or loses energy 1n the center-of-mass frame). The p did not pass 
close enough to the nucleus for Inelastic processes to occur 1n the other 
encounters. Nearly all of the Inelastic encounters Involved p annihilation, 
however 1n 244 Inelastic cases the p remained Intact but lost energy to 
Individual nucleons, and 1n 17 cases charge exchange occurred. In these 
latter cases the antlproton struck a proton, and an antlneutron plus a neutron 
were produced, with the antlneutron then leaving the nucleus without 
annihilating. In charge exchange, the antlproton gives Its negative charge to 
a proton and becomes an antlneutron (n), while the negative charge neutralizes 
the positive charge of the proton making It a neutron. 

The code output contains the number and energy spectra of the nuclesr 
fragments, plons, kaons, and other particles produced 1n the Inelastic 
collisions. From the spectra, the mean energy for each particle or fragment 
may be calculated. The numbers and mean energies are given 1n Table 3. A 
correction was applied to these quantities to obtain similar quantities for 
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the case of Interest here 1n which only annihilations occur. Table 3 also 
contains those results, along with the mean total kinetic energy given to each 
particle or fragment type for a single annihilation. The particle and 
fragment numbers allow calculation of the mass energy of the created particles 
(plons and kaons) and the nuclear binding energy lost (potential energy 
gained) when the nucleons and fragments leave the nucleus. These are also In 
Table 3. The code gives Information on the distribution of nuclear states 
following annihilation from which the mean excitation energy of the residual 
nucleus was determined. That value 1s shown In Table 3 where 1t 1s added with 
the other energies 1n an attempt to reproduce the total Input energy, the sum 
of the annihilation energy and the Incident kinetic energy of the antlproton. 
This sum falls 17 Hev short of the Input energy. One possible explanation 
Involves the assumption employed that the mean binding energy per nucleon 1s 

238 
the same 1n the possible residual nuclei as 1n U, whereas 1t 1s likely 
somewhat less. Another possible explanation 1s a small systematic error 1n 
the numerical Integration of the energy spectra to obtain the mean energies of 
the particles and fragments. In any case, the dlscrepency 1s less than one 
percent of the total energy, and hence negligible for our purposes. 

The residual nucleus, after annihilation, 1s 1n a highly excited state 
fron which more fragments (mainly nucleons) will be emitted by evaporation, 
along with the emission of gamma rays. The contribution of evaporation to the 
total energy 1n emitted fragments may be estimated by considering F1g. 4 of 
Ref. 8. Here 1t Is shown that the energy deposited by evaporated protons 
following ant'proton annihilation 1n a 1 mm thick slab of silicon 1s about the 
same as the energy deposted by the protons emitted during the Initial Intra
nuclear cascade. Using this fact and a formula for the rate of energy 

Q 
deposition for charged particles 1n matter , 1t can be determined that the 
total kinetic energy In the evaporated protons 1s less than one-tenth that of 
the Initial cascade protons when the Initial energy of the evaporated protons 
1s 25 HeV. If that Initial energy 1s 10 HeV, then the ratio of the energies 
1s one-hundredth. The reason for the nearly equal deposition of energy 1s 
that the lower-energy, evaporated protons deposit their energy much more 
rapidly than the faster cascade protons. Since the mean energy of each 
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evaporated proton 1s probably around 10 HeV and certainly less than 25 
HeV, the contribution of evaporated protons Is insignificant. The same 1s 
very likely true for other fragments, so evaporated fragments may be neglected. 

238 
4.2 Theoretical Fraction of Energy to Charged Fragments from U 

The results of Table 3 give 213 MeV for the total kinetic energy of heavy 3 charged fragments (p.d.t, He,a) following annihilation of a 175 HeV 
238 antlproton 1n a U nucleus. In an antlproton annihilation rocket engine, 

the antlprotons vlll most likely be at much lower energy. They may be stored 
2 -5 -4 at temperatures near absolute zero (10 to 10 eV, perhaps) and 

extracted and transported to the racket engine at energies well under 1 MeV. 
As far as the Intra-nuclear dynamics 1s concerned, the annihilation of such, an 
antlproton amounts to annihilation "at rest". More energy 1s transferred from 
the plons to the fragments for a p" energy of 175 HeV than a p energy of nearly 
zero. This Is because center-of-mass motion at 175 HeV tilts the plon 
distribution forward resulting 1n more plons entering the nucleus, because the 
p penetrates further Into the nucleus before annihilating, and because the 
plons share the additional 175 HeV of energy. 1 0 , 1 1' Available 
experimental Information allows determination of the ratio of kinetic energy 
tranferred to charged fragments for annihilation at rest to the same quantity 
for annihilation at 175 HeV. 

From Ref. 11 the value of the above ratio, but when comparing 
annihilations at 25 HeV and 120 HeV, Is 0.84 ± 0.08. Assuming an Inverse 
linear dependence on energy, this gives 0.73 ± .12 for the ratio from O HeV 
to 175 HeV. From Ref. 12 the ratio 1s 0.57 ± 0.06 for zero to 165 HeV. 
When similarly extrapolated to the case of 0 HeV to 175 HeV, this latter ratio 
becomes 0.56 ± 0.06. Combining the two ratios for 0 HeV to 175 HeV with 
somewhat more weight for the latter, the value of 0.62 ± 0.10 1s obtained as 
a single value for the ratio, where the error reflects the discrepancy In the 
two. Application of this single ratio yields 130 ± 20 HeV as the 
theoretical value for the kinetic energy of the heavy charged fragments 

3 2*'8 
(p,d,t, He,a) resulting from antlproton annihilation at rest 1n a U 
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nucleus. That value, along with related quantities 1s given In Table 4. It 
may be seen from Table 4 that annihilation of antlprotons 1n heavy nuclei Is 
less attractive than Indicated by earlier estimates of an energy fraction of 

2 about 0.5. A similar conclusion occurs when experimental information on p 
annihilation 1s considered 1n the following sections. These results'apply 

238 whether or not the U nucleus or proton are free or 1n uranium and 
hydrogen atoms (or molecules) since they pertain to events per annihilation. 
The annihilation rate for antlprotons at energies around a few ev or less 1s 
much higher when the annihilating medium consists of atoms or molecules than 
free (bare) n u c l e i . 1 3 , 1 4 

4.3. Experimental Results For Uranium and Silicon 

Among the results of LEAR experiment PS187 reported by McGaughey et 
al. are momentum-differential cross sections for proton production 1n 180 

238 HeV antlproton annihilation with S1 and U nuclei (see Fig. 6). The cross 
sections may be Integrated to obtain the total cross section for proton 
production as well as the mean energies of the protons. That was done under 
the assumption that there Is no significant contribution to the total kinetic 
energy of the protons for momenta below 250 MeV/c (kinetic energy = 33 HeV) 
which 1s the low momentum cutoff on the graph. For U, the cross section 

-27 2 1s 5800 mb (mllUbarn = 10 cm ) and the mean kinetic energy 1s 100 
Hev. For SI the cross section 1s 1350 mb and the mean kinetic energy 1s 110 
MeV. To obtain the kinetic energy of the protons for each annihilation 
requires knowing the number of protons emitted per annihilation. That number 
1s equal to the proton production cross section divided by the annihilation 
cross section, but the annihilation cross sections are not given 1n Ref. 15 
(nor 1n Ref. 8 on the same experiment). They can, however, be obtained from 
other experimental Information. 

4.4 Annihilation Cross Sections 

Nakamura et al. give measured values of p annihilation cross sections 
1n carbon, aluminum, and copper for antlproton energies between 100 HeV and 
350 HeV. At such energies, the cross sections are the same for free nuclei 
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and ones 1n atoms. They call the cross sections "absorption cross sections", 
but 1t 1s evident that they are essentially equal to annihilation cross 
sections because the only other Inelastic process Included was charge 
exchange, which accounts for only about 0.3?! of the absorption cross section. 
Besides their own values, Nakamura et al. also give annihilation cross 
sections 1n their Fig. 2 from other measurements for higher energies. That 
Information is given here In F1g. 7. Because of the fairly simple dependence 
of annihilation cross section on atomic number of the nucleus and on the 
momentum or energy of the antiproton, the measurements of Nakamura et al., 
along with the other measurements 1n Fig. 7 can be used to determine the 
antiproton annihilation cross sections for silicon and uran1um-238. 

For antiproton energies high enough that the DeBroglle wave length of the 
antiproton Is small compared to the nuclear radius (true for the momenta 1n 
Fig. 7), the annihilation cross section 1s approximately proportional to the 
geometric cross section of the nucleus. In fact, this proportionality 1s a 
near-equality for antiproton energies of a few hundred Mev (momenta of several 
hundred HeV/c) since the antiproton has a near-unity probability of 
annihilating once 1t encounters the nucleus. At higher energies, the nucleus 
begins to became transparent to the antiproton. At much lower energies, the 
wavelength of the antiproton becomes large and the quantum-mechanical 
spreading of the antiproton destroys the simple geometric picture. 

In this simple but fairly accurate view, the annihilation cross section 
has the form 

o a = irC A 2 /3p-£ (7) 
where A Is the atomic number of the nucleus (the area of the nucleus 1s 

2/3 proportional to A ), p Is the momentum of the antiproton (same symbol as 
used to designate a proton), and C and,3 are •-instants. The factor p'^ 
can account, at least to a degree, for both the transparency of the nucleus as 
p •» » and the spreading of the antiproton asP-» 0. A more accurate form 
for a may be obtained by allowing 0 to depend somewhat on A, as appears 

a 2/3 
must be the case from Fig. 3, and by replacing C A with 1/2 1/3 2 (C A + d) . The constant d accounts for the fact that annihilation 
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may s t m take place out to some fixed distance beyond the mean radius of the 
nucleus. When such an altered form Is used to fit the data of Fig. 7 for 
momenta less than 10 GeV/c, the result 1s 

-OA 1/3 2 , „ -0.5A -26 2 a a = 17(1.35 A * 0.83) (p/too "eV/c) x 10 cm (8) 
Equation 8 gives the solid lines shown 1n F1g. 7 and gives a value of 2650 mb 
for u with an antlproton energy of 175 HeV. This value 1s within 5% of 
the theoretical value of 2500 mt>. Equation 8 should not be employed for 
nuclei lighter than carbon. (For p + p 1t gives about twice the known value.) 

4.5 Fraction of Energy to Charged Fragments 

Equation 8 may now be employed to obtain the annihilation cross sections 
for a 180 Mev antlproton (momentum = 608 MeV/c) on S1 and 2 3 8 U (as 1n LEAR 
experiment PS187) and thence the numbers and energies of the protons produced 

238 
by the annihilations. For U, a > 2650 mb so the number of protons 
per annihilation Is 2.19 and their combined kinetic energy per annihilation 1s 
219 HeV. To this must be added the energy of the other heavy charged 
particles which are not considered 1n Ref. 3 or 8. However, using the ratio, 3 0.39, of the combined kinetic energy of d,t. He, and a to the kinetic 
energy of the protons from the theoretical calculation of the previous section 
(since no experimental value 1s known), the total kinetic energy of the heavy 
charged fragments 1s found to be 305 HeV. IF the procedure 1n the previous 
section 1s used to extrapolate the energy to annihilations at rest, the factor 
to be employed 1s 0.61 ± 0.10, and the result for the kinetic energy of the 
charged fragments per annihilation 1s 190 ± 30 MeV. For silicon, a = 
760 mb, the mean number of protons 1s 1.75, their kinetic energy per 
annihilation 1s 195 HeV, and the klnetU energy of the charged fragments 1s 
270 HeV (for a p energy of 180 HeV). When extrapolated to annihilation at 
rest, the kinetic energy of charged fragments 1s 165 ± 25 HeV per 
annihilation. These results are summarized 1n Table 5. 

H> 



The experimental values for fraction of annihilation energy In " ° U 
going Into heavy charged fragments shown 1n Table 5 are somewhat higher than 
the theoretical results of Table 4, but the results are, nevertheless, 1n fair 
agreement. The higher values are still not as high as previously supposed In 
Ref. 2. Thus, annihilation of an antlproton 1n a heavy nucleus 1s not as 
attractive as suggested In that report. 

The values 1n Table 5 show only a small relative difference between the 
kinetic energies of charged fragments from silicon and uranlum-238. Therefore, 
1f 1t were deslreable to employ antlproton-heavy nucleus annihilation, 
medium-weight nuclei would work about as well as the heaviest nuclei when 
fission energy Is not considered. 

5. ANTIPROTON PENETRATION DEPTHS 

In any type and size of annihilation rocket engine, annihilation must 
occur within some particular region Inside the engine. Thus, the antlprotons 
or the antlhydrogen atoms (H), which contain antlprotons, must have a high 
probability of penetrating the matter within the engine without annihilating 
until they reach the desired region, and they must have a high probability of 
annihilating within that region. Expressed more directly, the mean 
penetration depth prior to annihilation must have a value particular to a 
given engine and annihilation medium density. In this section the factors 
affecting the penetration depth will be discussed, and a means for controlling 
that depth will be suggested. 

At kinetic energies of a few tens of eV and above, an H 1s likely to 
become Ionized Into an e , which can be neglected, and a p which retains 
most of the energy of the H. Thus, at such energies H penetration 
considerations are essentially equivalent to those of a p. There are two main 
processes affecting the penetration of a p 1n matter. First 1s tne 
possibility of annihilation, and second 1s the slowing down of the negatively 
charged p due to Its excitation and Ionization of surrounding matter. We can 
neglect the latter effect 1f, when we consider the kinetic energy of a p, we 
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mean an average energy that gives the same mean depth of penetration for 
constant speed as the depth that actually occurs 1n the real case Involving a 
variable (decreasing) speed. That meaning for the energy of the p will be 
assumed In what follows. 

At energies less than a few tens of eV, and In particular at energies 
less than 10 or 20 eV, there are atomic rearrangement reactions that occur, 
with large cross sections, that lead to annihilation. For such energies the 
excitation and Ionization for p and H, 1f any, are dominated by these 
reactions, which are (for the matter consisting of atomic hydrogen): 

5 * H •> Pn * e", and (9) 

H * H -» Pn *• Ps (10) 
or 
-> Pn + e~ + e 

where Pn 1s protonlum (p and p 1n a bound state) and Ps 1s posltronlum (e~ 
and e 1n a bound state). Once the Pn 1s formed 1t radlatlvely decays to 
lower states from which annihilation proceeds. 

The rearrangement-annihilation cross sections have been calculated by 
1 3 1 4 1314 

Morgan and Hughes for reaction 9 ' and by the same authors ' and 19 by Kolos et al. for reaction 10. Tne results for the consequent 
annihilation rate (velocity times cross section) are shown 1n F1g. 8. There 
1s an outstanding question about the possibility that reactions 9 and 10 can 
reverse themselves before the electrons or positions have left the reaction 
region. This author has recently found that the probability of reversal of 
reaction 9 1s only about 0.22, which 1s negllble for our purposes at the 
present time . 

It 1s seen from Fig. 8 that the annihilation rates for energies below 
about 20 eV are much greater than those above, as a consequence of the large 
cross section for rearrangement at the low energies. Thus by controlling the 
energy of the p one can achieve a wide variety of annihilation rates and 
hence, penetration depths. Annihilation rate:. 1n substances other than atomic 

14 hydrogen are expected to be roughly the same. 
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This degree of control 1s Illustrated 1R F1g. 9 where the penetration 
depth (annihilation distance) Is given as a function of matter density and p 
kinetic energy. The shaded area 1n this plot represents the range of 
annihilation depths that are likely to be required. It may be seen that there 
are values of p energy that can give nearly any deslreable annihilation 
distance for all rocket types. 

6. SUMMARY ANO CONCLUSIONS 

Annihilation of antlprotons with matter produces a variety of fundamental 
particles. In annihilation with a proton the products are principally charged 
plons and gamma rays, at the time of Interest for propulsion applications. If 
annihilation occurs in a complex nucleus, protons, neutrons, and some heavier 
nuclear fragments are also produced. The numbers and energies of the 
particles are known well enough to assess their Impact or various concepts for 
antlproton annihilation rocket engines. 

The particles have velocities at or close to the speed of light, so they 
may be used directly 1n the beam core engine which directs their momentum, to 
propel spacec-aft having maximum velocities that are a large fraction of light 
speed. Surh speeds are desirable for interstellar travel. 

For high speed travel within the solar system or near the earth, much 
lower speeds are adequate, and desirable 1n order to minimize the amount of 
antlprotons required. At these velocities, which are well below light speed, 
1t 1s necessary to use the energy of the annihilation products to heat an 
Inert propellsnt that forms tfci rocket exhaust. Otherwise, efficiency 1n the 
conversion or" propellant energy to spacecraft energy 1s very low. 

The energy, charge, and mass characteristics of the annihilation products 
lead to large fractions of annlhllatloT energy being transferrd to the 
propellant when Its temperature 1n the engine 1s below 10,000° K 
(corresponding to a specific Impulse of the annihilation rocket engine around 
or below 2000 s). For engines of higher specific Impulse the higher 
temperatures lead to lower propellant density, and for engines of ordinary 
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size 1t may be that only the energy of charged nuclear fragments from 
annihilation 1n a heavy nucleus can be transferred to the propellant. Thus, 
knowledge of the fraction of annihilation energy 1n nuclear fragments 1s 
Important. 

That energy fraction 1s not experimentally known, but 1t was possible to 
combine various pieces of experimental and theoretical Information to obtain a 
reliable estimate. Its value is about 10%. This means that the maximum 
fraction of annihilation energy that 1s converted to propellant energy 1n a 
magnetically confined plasma core engine may be no more than 10%. It Is. 
therefore Important to study this annihilation engine concept 1n more detail 
to see if designs can be found 1n which the charged plon energy can be 
ulUlzed. 

In most engine concepts It 1s necessary that tne antlprotons annihilate 
In a given region within the engine, as opposed to annihilating at the 
entrance point or proceeding through the engine without annihilating. Thus 
for a given matter density In an engine, the annihilation cross section must 
be adjusted to obtain the desired mean penetration depth prior to 
annihilation. The annihilation cross section can be controlled by proper 
choice of the antlproton energy because the cross section 1s highly dependent 
on this energy. At low energies ( S 10 eV) the cross section 1s larger than 
atomic areas because a rearrangement reaction with a matter atom occurs which 
brings the antlproton close enough to the proton for annihilation to occur. 
At high energies the cross section Is very small because 1t 1s on the order of 
the geometric cross section of the nucleus. It 1s found that nearly any 
penetration depth of Interest can be obtained for matter densities from those 
of beams to solids by varying the antlproton kinetic energy between about 0.1 
eV and a few MeV. 

20 



REFERENCES 

1. R. L. Forward, Antlproton Annihilation Propulsion. AFRPL-TR-B5-034, A1r 
Force Rocket Propulsion Laboratory. Edwards Air Force Base, California 
93523-5000, September 1985. 

2. D. L. Morgan, Jr., Concepts for the Design of an Antimatter Annihilation 
Rocket. Journal of the British Interplanetary Society 3JL, 405, 1982. 

3. H. R. Clover, R. M. OeVrles, N. J. DIGIacomo, and Y. Yarlv, Low Energy 
Antlproton-Nucleus Interactions. Phys. Rev. C26, 2138 (1982). 

4. Ref. 1, p 113-116. 
5. 8. W. Augensteln, Some Examples of Propulsion Applications Using 

Antimatter. Rand Paper P-7113, Rand Corp., Santa Monica, CA 90406, 
July 1985. 

6. B. N. Cassentl, Antimatter Propulsion for OTV Applications. AIAA Paper 
84-1485, Twentieth Joint Propulsion Conference, Cincinnati, Ohio, June 
1984; Ref. 1. p 121-123. ' 

7. Michael R. Clover, Los Alamos National Laboratory (LANL),, private 
communication consisting of a computer run of a modified werslon of the 
ISABEL 1ntra-nuclear cascade code of Yarlv and Fraenkel. ' See Y. YarMv 
and Z. Fraenkel, Phys. Rev. C24, 488 (1981) and C20, 2227 (1979) as well 
as Ref. 3. The computer run was carried out on LANL worker machine V at 
10:42:52 on November 5, 1985. 

8. J.W. Sunler. K.D. Bol, M.R. Clover, R.M. DeVrles, N.J. DIGIacomo, J.S. 
Ka'pustlnsky, P.L. McGaughey, G.R. Smith, W.E. Sondhelm, M. Buenerd, J. 
Chauvln, 0. Lebrun, P. Martin, and J.C. Oousse, PS 187-A Good Statistics 
Study of Antlproton Interactions with Nuclei: Preliminary Results. Inst. 
Phys. Conf. Ser. No. 73: Section 3, Paper presented at VII Eur. Symp. 
Antlproton Interactions, Ourham 1984. 

9. B.G. Harvey, Introduction to Nuclear Physics and Chemistry, second 
edition, Prent1ce-Hall, Inc., Englewood CHffs, New Jersey, 1969, p.310. 

10. M.R. Clover, private communication. 
11. L.E. Agnew, Jr., T. Elloff, W.B. Fowler, R.L. Lander, W.M. Powell, 

E. Segr , H.M. Stelner, H.S. White, C. Wlegand, and T. Ypsllantls, 
Antlproton Interactions 1n Hydrogen and Carbon below 200 Mev. Phys. Rev. 
118, 1371 (1960). 

12. A.G. Ekspong, A. Frisk, S. Nllsson, and B.E. Ronne, Antlproton 
Annihilation 1n Complex Nuclei, Nuclear Physics 22, 353 (1961). 

13. O.L. Morgan, Jr., and V.W. Hughes, Atomic Processes Involved 1n Matter-
Antimatter Annihilation, Phys. Rev. 0 2, 1389 (1970). 

14. D.L. Morgan, Jr., and V.W. Hughes, Atom-Antlatom Interactions. Phys. 
Rev. A 7, 1811 (1973). 

5/ 



15. P.L. McGaughey, K.D. Bol, H.R. Clover, R.M. OeVrles, N.J. OIGIacomo, 
J.S. Kapustlnsky, G.R. Smith, J.W. Sunler. W.E. Sondhelm, y. Yarlv, 
H. Buenerd, J. Chauvln, D. Lebrun, p. Martin, and J.C. Dousse, Antlproton 
Annihilations In Nuclei. 1n "Hadronlc Probes and Nuclear Interactions," 
AIP Conference Proceedings, No. 133, Ed. J.R. Comfort, W.R. Glbbs, B.G. 
Ritchie, HIPANI Conference, Tempe, Arizona, March 10-1A, 1985, American 
Institute of Physics, New York, 1985, p.41. 

16. K. Nakamura, 3. Chlha, T. FujMI, H. Iwasakl, T. Kageyama, S. Kur1bayash1, 
T. Sum1yosh1, T. Takeda, H. Ikeda, and Y. Takada, Absorption and Forward 
Scattering of Antlorotons by C. Al. and Cu Nuclei In the Region 470-880 
MeV/c. Phys. Rev. Lett. 5J>, 731 (1984). 

17. 3.H. Kim and H.Tokl, Theoretical Study of P1on Spectra after Antlproton 
Annihilation at Rest 1n Nuclei. Prog. Theor., Phys. 72 (Progress 
Letters), 1050. (1984). 

18. H. Mes and J. Hebert, Monte-Carlo Calculation of Antlprotons Annihilating 
(at rest) 1n Nuclei. Using the Isobar Model. Candalan Journal of Physics 
49, 441 (1971). 

19. W. Kolos, O.L. Korgan, Jr., D.M. Schrader, and L. Wolnlewlcz, H"droqen-
Antlhvdrogen Interactions. Phys. Rev. All. 1792 (1975). 

20. D.L. Morgan, Jr., Antlproton - Hydrogen Atom Annihilation. AFRPL 
TR-86-019, May 1986, A1r Force Rocket Propulsion Laboratory, Edwards A1r 
Force Base, California 93523-5000. 

21 



Table 1. Characteristics of plans from p * p annihilation at rest 
(Information derived from a variety of sources that are not all 1n 
agreement). Total annihilation energy = mass energy of f t p . 
1876.51 MeV. About 4% of the annihilation energy goes Into other 
particles (mainly kaons). 

mean number of mean kinetic 
particles of energy per mass energy mean 

each type per particle of particle Hfe-t1me 
particle annihilation fHeVl fMeVl r s1 
ir* 1.50 235 139.5(1 2.60xl0~ 8 

IT° 2.0 205 134.91! 9. X l 0 " 1 7 

1.50 235 139.58 2.60x10 -f: 

Table 2. Estimates for fraction of annihilation energy ( p t p mass energy) 
that becomes propulsion energy (directed kinetic energy of the 
exhaust) for the four engine types considered In the text. 
"Pre-heat" refers to energy derived from annihilation that hears the 
1r.*rt propellant before It enters the engine and directly absorbs 
energy from the annihilation products. Fission energy can be added 
when annihilation occurs 1n a sufficiently heavy nucleus. 

Engine Type Ratio of propulsion energy to 
annihilation energy 

Solid Core 
Gas Core with 
pre-heat 

Plasma Core with 
some pre-heat 

Plasma Core, some 
pre-heat and fission 

Beam Core with 
1/4 of gamma energy 

0. .70 -- 0. ao 
0 .60 

0 .10 

0. .20 

0. .40 

23 



Table 3. Theoretical characteristics of nuclear fragments, particles, and the 
residual nucleus resulting from the encounter of a 175-MeV antlproton 
with a 2 3 8 U nucleus based on Ref. 7. Statistical errors are not 
shown. 

Inelastic Scattering Annihilations only 
mean kinetic mean kinetic total kinetic 

particle 
or 

fragment 
mean number 
per event 

energy per 
particle 
or Fragment 

[HeV] 
mean 

number per 
annihilation 

energy per 
particle 
or fragment 

[HeV] 

energy for 
each type per 
annihilation 

[HeV] 

P 1.419 101.2 1.498 701.7 152.4 
n 3.608 72.4 3.809 72.8 277.4 

0.758 212. 0.801 213. 170.6 
0 

a 
1.137 197. 1.201 198. 238. 

IT 1.206 193. 1.273 194. 247. 
KV 0.030 84. 0.032 85. 2.7 
K° 0.068 65. 0-071 66. 4.7 
K" 0.039 99. 0.041 99. 4.1 
P 0.049 146. - - -
fi 0.003 134. - - -
i 0.347 77.: 0.366 78.4 28.7 
t 0.266 62.3 0.280 62.6 17.6 
3He 0.163 65.6 0.172 66.0 11.4 
a 0.044 54.3 0.047 54.6 2.6 

1156. 

Total kinetic energy to particles/fragments 
Total mass energy of new particles (IT'S & K's) 
Nuclear recoil kinetic energy 
Nuclear binding energy lost (approx.) 
Mean excitation energy of residual nucleus (approx.) 
Total Dlscrepency 
f t p mass energy + n kinetic energy 

1156. HeV 
523. 
1, 

3 5. 
296. 
17, 

2052. HeV 
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Table A. Theoretical kinetic energy (KE) of heavy, charged fragments 
(protons and heavier) resulting from annihilation of an 
antiproton 1n a uran1um-238 nucleus (based on Ref. 7) compared 
to the kinetic energy of charged plons 1n p + p annihilation 
at rest. Quantities for annihilation at rest are obtained by 
applying a factor to those at 175 MeV. The factor Is obtained 
from experimentally based Information 1n Refs. 11 and 12. 

annihilating nucleus 

p energy [MeV] 

energy to KE of charged 
fragments/plons [MeV] 

fraction of annihilation 
(plus any Incident) 
energy to KE of charged 
fragments/plons 

238M 238,. 

175 0 
(at rest) 

0 
(at rest) 

210 
(to fragments) 

130 + 2 0 
(to fragments) 

705 
(to plons) 

0.10 0.07 + .01 0.38 

fraction with kinetic 0.19 0.16 + -01 
energy of fission 
fragments Included 
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Table 5. Experimental results for the kinetic energy of heavy charged 
fragments (p,d,t,3He,a) from the annihilation of an 
antlproton In silicon and uran1um-238 nuc}e1 compared to the 
kinetic energy of the charged plons from p * p annihilation 
(energies 1n HeV). The relative contribution for charged 
fragments other than protons 1s based on the theoretical 
results of Ref. 7. 

p Incident energy 
nucleus 180 HeV at rest 

w/o fission energy w/o fission energy w/f1ss1on energy 
S1 kinetic energy 270 165 + 25 

of charged 
fragment 

fraction of annl- 0.13 0.09 + 0.015 
filiation (plus any 
Incident) energy 

2 3 8 u kinetic energy 305 190 + 30 365 + 30 
of charged 
fragments 

fraction of annl- 0.15 0.10+0.015 0.19 £ 0.015 
filiation (plus any -

Incident) energy 
to KE of charged 
fragments 

p kinetic energy 705 
of charged plons 

fraction of annl- 0.38 
hllatlon energy 
to KE of plons 

2L 



Captions 

1. Kinetic energy spectrum of charged plons from antlproton-proton 
annihilation at rest. Adapted from Ref. 17 for 0-600 MeV, from Ref. 
la for 600-700 MeV, and extrapolated to calculated cut-off for 
annihilation Into ir +TT^-IT for greater than 700 MeV. 
The spectrum 1s normalized to a single annihilation, thus the area 
under the curve is 3.00, the mean number of charged plons per 
annihilation. 

2. Depiction of solid core annihilation engine, based on Ref. 5. With 
an I of about 1000 s this engine 1s suitable for earth to orbit 
and near-earth missions. 

3. Depiction of gas core annihilation engine, based 1n part on Ref. 6. 
The Inert propellant flows through the walls, helping to cool them, 
so the Interior temperature ( 7000 K) can be above the melting 
point of all solids. With an I of about 2000 s this engine is 

for- sp 
su1tableAh1gh performance, near-earth and earth - moon missions. The 
magnetic field confines charged annihilation products .luring energy 
transferral to propellant. 

4. Depiction of plasma core annihilation engine. With an I of about 
15,000s this engine 1s suitable for high-speed exploration of the 
solar system. The magnetic field contains both the charged 
annihilation products and the Inert propellant (a plasma when In the 
engine) during energy transferral. 

5. Depiction of beam core annihilation engine. With an I of about 
3 x 10 s this engine 1s suitable for Interstellar travel at speeds 
approaching the velocity of light. The magnetic field directs the 
charged plons from p * p annihilation which constitute the rocket 
exhaust. 
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6. Homentum-dlfferentlal cross sections for proton production 1n the 
annihilation of 180 HeV antlprotons In silicon and uran1um-238. 
Note, the symbol p 1s used both to designate a proton and for the 
momentum of a particle (here, a proton). Adapted from F1g. 3 of Ref. 15. 

7. Experimental antlproton absorption cross sections as functions of the 
antlproton momentum, adapted from F1g. 2 of Ref. 16. The absorption 
cross section 1s essentially equal to the annihilation cross 
section. The solid curves are the fit described 1n the text. See 
Ref. 16 for full reference Information on the experimental work. 

8. Annihilation rates (u, volume per time) for p + H and H + H. a 
Is equal to the relative velocity times the annihilation cross 
section, r Is the classical electron radius and c 1s the speed of 
light. The dashed portions of the curves are estimates. 

9. Mean penetration distance (annihilation distance) for antlprotons 1n 
matter as a function of effective antlproton energy and matter 
density. Shaded region Is the locus of desirable annihilation 
distances for engines described 1n text and similar, but larger, 
engines. Argon 1s used as an example, the results for other forms of 
matter are similar. 
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DISCLAIMER 

This report was prepared as an accouni of work sponsored by an agency of the United States 
Government. Neither the United Slates Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would net infringe privately owned rights. Refer
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom
mendation, or favoring by the United States Government or any agency thereof. The views 
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