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Sunmary
To answer nmany of the nmajor questions in astrophysics,
instrunented probes will have to be sent deeper into space, carry
nore instrunents, and nake faster trips-- in essence they nust

achieve nuch higher velocities than currently deliverable wth
today’s technology. Mssions to the Kuiper Belt, the heliopause,

or the OQort <cloud wll require a revolutionary advance in
propul sion to achieve their goals within reasonable tine franes.
In essence, future mssions to deep space wll require specific

i mpul ses between 50, 000 and 200, 000 seconds and specific nasses of
.1 to 1 kg/kw to be consi dered.

Antimatter has the highest specific energy of any source known to
man. At nearly 10Y J/kg, it is three orders of magnitude |arger
t han nuclear fission and fusion and ten orders of nagnitude |arger
than chem cal reactions. Currently, antiprotons are produced and
stored in small quantities (10% in Penning Traps. Penni ng Traps
are a mature technology but are limted in the particle density,
thus the energy density, which they can contain. Antinmatter nust
be stored in much higher densities to be applicable for mssions
into the outer realns of our solar system

W have conpleted investigation of two nain categories of
antimatter in order to increase storage capacity of antimatter
beyond that of Penning Traps: 1) reducing the annihilation at the
walls of antiprotons stored as non-neutral plasmas in order to
increase the storage capacity and 2) storing antihydrogen as a
neutral gas to achieve higher storage densities. Qur original
concept in the first category investigated the possibility of
inmposing an external electric potential on carbon nanotubes or
etched sem conductor tubes to increase the electron rigidity on
the inside of the tube and, thus, suppress antiproton/ wall
col I'i si ons. This concept was deened inpractical mdway through
the project. As a partial result of this effort, however, we did
uncover a concept that may allow a non-neutral plasma to be
contained in a Penning Trap like device wth nuch greater
capacity. In addition, we have formulated a method whereby the
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capacity of a trap holding antihydrogen nmay be increased to |levels
necessary for |ow mass platforns on deep space m ssions.

The first nethod entails the use of an electromagnetic trap that
is coated with either solid hydrogen or solid ammonia to reduce
annihilation at the walls of the trap. The technique of using the
amonia | ayer relies on a theoretical phenonenon call ed
Parel ectricity to repel the approaching antiprotons fromthe walls
of the container. The other <concept relies on storage of

ant i hydr ogen. In a simlar vein, if the concept of quantum
reflection proves viable for antimatter, a coating of |liquid
hel i um may reduce the annihilation rate of the antihydrogen on the
walls of the trap. Both of these concepts can be denonstrated
with sinple experinents. If these concepts are proven viable,
then energy densities of several nmnegajoules to gigajoules per
kilogram nmay be stored in future devices. Such capacity wll

enable small research craft to be accelerated up to the velocities
necessary to reach out to the Oort cloud and beyond.

M ssi on Requirenents

In order to reach destinations of a few hundred astronom cal units
(AU) in a few decades, velocities of 100s to 1000s of km's nust be
achi eved. The kinetic energy of every kilogram of nmass that
acquires that velocity at the end of the propul sion phase will be
significant. Table | shows sonme the mssions currently being
di scussed by NASA as part of the planning of future space science
pr ogr ans. The Table also depicts the “characteristic” velocity
that must be given to the platform to achieve the m ssion. Thi s
velocity may be equivalent to the average velocity for a mssion
in which the propul sion phase is the entire m ssion. The Kkinetic
energy of each kilogram of nmass is then shown. In order to
produce these levels of kinetic energy, the potential-energy
density of the entire ship will have to be greater than these
levels at the beginning of the mssion. Therefore, the energy
density of the “fuel” will have to be substantially greater than
these levels to account for the payload, structural, and engine
masses. Energy densities of known sources are shown in Table II.

In addition, current estimates of specific mass and specific
impul se for representative systens utilizing these sources are

al so shown. Conparing Table 11 and Table I, nuclear electric
systens mght be able to acconplish the 250 AU m ssion but not
much further. The only systens that use on-board energy sources

that can go into deep space are fusion or antimatter.
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Tabl e |
Vel ocities required for deep space m ssions
M ssi on Vel ocity (km's) Energy Density (]/kg)
250 AU 1n 10 yrs 60 1. 8e09
10,000 AU in 40 yrs 1200 7.2ell
o Centauri in 40 yrs | 30,000 4.5el4
Table 11
Energy Densities of Known Sources
React 1 on specific energy|specific mass | specific
(j/kg) (kgl/ kw) i mpul se (s)
Chem cal 1. 5e07 ? 470
Fi ssi on (100%) 7. 1el3 35 5, 000- 10, 000
Fusi on (100% 7.5el4 1 40k- 60k
Antimatter 9. Oelo .01-.1 40k- 100k

Typically, fusion systens are envisioned to be |large, nassive and

conplicated. Thus, the overall specific energy will be below the
| evel s necessary for interstellar pr ecur sor m ssi ons.
Alternatively, antimatter is considered to be expensive and
difficult to produce. A recent! investigation by Schnidt et al., at

the NASA Marshall Space Flight Center (MSFC) indicates that
sufficient levels of production could be present within the next
few decades. The issues of production and conversion into thrust
are also currently being pursued by Synergistic Technol ogi es under
SBIR and STTR grants. At this point, the other major issue that
is required to nmake future deep space mssions possible is the
need for high-density storage if the required specific energy
| evel s are to be achieved.
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Antiproton Storage- Status

Currently, antiprotons are produced at several high energy
accelerator facilities around the world. One such facility in
Europe, CERN, captures and decelerates the antiprotons down to
energies where they can be injected into long term storage devices
called Penning Traps®? Over the past tens years or so, great
success has been achieved in collecting and holding antiprotons in
Penning Traps. This technology now appears to be capable of
storing antiprotons in densities up to 10" per cnmi. Wth funding
fromthe Jet Propul sion Laboratory, Dr. G A Smth and col |l eagues
at Pennsylvania State University have built a portable Penning
Trap that can contain 10® antiprotons. The 1/e storage tine for the
trap is about one week. A second generation trap®, the Hgh
Performance Antimatter Trap (H PAT), is under devel opnent at the
NASA MSFC that has a design goal of holding 10" antiprotons with a
1/e tinme of a few weeks (Figure 1).
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Figure 1 - Design of a high capacity antimatter trap (courtesy of
NASA MBFC?)
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By using these traps as a source of |ow energy antiprotons, we
intend to experinmentally investigate other concepts that nmay store
antimatter at densities 1000 tinmes higher. W foresee in the next
ten years great progress toward the confinenment of antiprotons at
much higher densities. This goal wll be reached by a carefully
pl anned and executed series of experinents.

H gh Capacity Storage of Antiprotons

Hydr ogen refl ection

The limting factor in a non-neutral plasnma such as that held in a
Penning Trap is the Brillouin Limt. This is the density (about
100 billion antiprotons/cc for a 5T magnetic field) at which the
stored space charge forces overcone the confining nmagnetic forces.
Any truly significant steps beyond this |limt would have to cone
from other physical phenonena. However, if a nechanism can be
found that would reduce the |osses of antiprotons as they hit the
walls of the containers, then the capacity of traps could be
i ncreased substantially even though the Brillouin Limt is not
exceeded.

One concept has been discussed in the literature by RR Zito* in
which he advocates containnent of a non-neutral plasma of
antiprotons on magnetic field I|ines. The field lines also serve
to generate a thin repulsive barrier of frozen solid hydrogen on
the walls of a confinenment vessel. Hence, antiprotons pushed
outwardly by electric forces would be reflected back into the
vessel's interior by collisions with the frozen hydrogen wall.

If the solid hydrogen atons are nmaintained in a n=2, |=1 (P-
state), n(l) =0 state, or a (2,1,0) state, then in the presence of
a magnetic field the tinme-averaged density of the electron
circulating around the proton appears as a two-lobed structure.
The magnetic field, provided by a solenoid wound around the
vessel, is required to separate the (2,1,0) state fromthe (2,1,1)
and (2,1,-1) states. The total energy of the Hantiproton system
in the (2,1,0) state is shown in Figure 2. A repulsive barrier,
with a maxinum at Ro = ao, where ao is the first Bohr radius =
0.53 Angstrons, is apparent. The total energy of the quantum state
(2,1,0) is negative as shown, defining a range between about Ro
and 3Ro over which repul sion occurs. In the absence of a nagnetic
field, all three quantum states exist, the charge density is
spherical, and no repul sive forces exist.

Wien the hydrogen is in the ground state (1,0,0), it can be shown
by simlar argunents that the force on the antiproton is
attractive. Hence, the need for a population inversion is clear

This would be done with the use of lasers. It is proposed to
confine antiprotons in a container lined with frozen hydrogen in a
popul ation inversion and subject to a nmagnetic field of about 1 T.
It is nost inportant to note that the energy splitting between the
(2,1,0) state and the (2,1,1) or (2,1,-1) state is only about



Synergi stic Technol ogi es

0.0001 eV. To prevent kinetic collisions from transferring the
hydrogen into the m(l) = +-1 states, the atons nust have kinetic
energy on average |ess than a tenperature equivalent of 0.77 K

In summary, Zito shows that antiprotons may be kept in a container
lined with frozen hydrogen at less that 0.77 K tenperature. The
antiprotons will not annihilate as long as the lining is kept in a
(2,1,0) population inversion in the presence of a nbdest magnetic
field. The nmagnetic field also acts to confine the antiprotons
within the interior of the container. The conbination of inward
radi al magnetic confinenent forces and repulsion from the vessel
walls results in a stable radial configuration within the vessel.
El ectrostatically charged surfaces at the top and bottom of the
container will provide axial confinenent.

Figure 2- Total Cdassical Energy of the Hantiproton System
Plotted Versus the Proton-Antiproton Separation Distance R.

Parel ectricity

In a simlar methodol ogy, recent publications by Chiao predict the
possibility of a phenonenon called Parelectricity®. Parelectricity
predicts that illumnation of a layer of solid amonia by 9.56
mcron mcrowaves wll create a population inversion in the
mat eri al . One result of this inversion is that an image charge
will be induced by an approaching charged particle that is of the
sane sign. Thus, the approaching particle will be repelled by the
i mage charge. A thin layer of ammonia on the surfaces of the trap
may reflect any approaching charged particle with near wunity
probability. Therefore, the original idea of naking the walls of
the trap reflective is still valid — just the nethodol ogy has
changed.
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It appears rather straightforward to experinentally check the
validity of these considerations. GCool antiprotons could be
injected from the MSFC H PAT presently under construction, or the
Penn State/JPL Mark |I trap, into a container which is |aser cooled
to a tenperature below 0.77 K for the hydrogen reflection concept.

Simlarly, the cavity can be illumnated with a mcrowave source
to confirm Parelectricity. Measur enment s of reflection
coefficients on the walls, and overall lifetinmes of antiprotons,

could be done fairly sinply once the containment vessel is built,
"iced", and magnetically or |aser excited.

H gh Capacity Storage of Antimatter

Ant i hydr ogen

W have exam ned another very prom sing advanced technol ogy, i.e.
synthesis and storage of atomc antihydrogen in loffe-Pritchard
traPs, which is capable of achieving very high density storage
(10**-10"/cc). This technology is currently being devel oped at the
Antiproton Decelerator facility at CERN, in GCeneva, Switzerland,
by the ATHENA experinent® of which one of us (GA Snith) is a
col I aborati ng nmenber.

The maj or advantage of this technique is that one is working wth
electrically neutral atons, so all space charge problens are
elimnated. Furthernore, the magnetic properties of the atons nake
them control |l able under the influence of external electronagnetic
fields. In t he ATHENA  trap anti protons and posi trons
(antielectrons) are nmade to cohabitate a comon volune using
nest ed doubl e-wel |l potential barriers, as seen in Figure 3.

The ATHENA experinent at CERN will attenpt to synthesize atomc
anti hydrogen next year. Very dilute mxtures of antiprotons and
positrons (10’ each) will be synthesized into antihydrogen atons at
4K and bel ow by spont aneous radiative reconbination at densities
of roughly 10°/cc. Since the rate for spontaneous radiative
reconbi nation scales as 1/T° every attenpt will be made to
achi eve sub-K tenperatures in this experinent. Nonetheless, at
about 1K, the expected reconbination rate is 9,000 per second. The
atons are to be confined in an loffe-Pritchard trap which in the
case of hydrogen has confinenent densities approaching 1
m crograni cc for m nutes.

Once fornmed, the antiatons are confined in an loffe-Pritchard
trap, a technol ogy which has been used successfully for nmany years
to confine hydrogen atons at high densities for fundanental
physi cs neasurenents. A gradient nmagnetic field is provided by
current-carrying quadrupole coils. A force due to the gradient
magnetic field is inposed on the nagnetic nonent of the atom
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Antiproton-PositronRecombination

Recombination in Combined Penning Traps
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+ Theoretical estimate for spontanecus radiative recombination (to low-n levels):
10" antiprotons, 18 positrons, 10 % overap of plasma clouds, T=1K ;

~ 9,000 antihydrogen atoms /seconl

Figure 3- Antiproton-Positron Reconbination (courtesy ATHENA,
CERN)

Since the nonent results from the conbined spins of the
constituents, and these in turn follow the rules of quantum
nmechani cs, there are four hyperfine spin states possible. The |ow
field seeking state, wth the positron and antiproton spins
parallel and pointing up, feels an attractive force into the
center of the trap, and is confined. The state with the positron
and antiproton spins antiparallel (high field seeking) is expelled
fromthe trap.

Once confined in sufficient nunbers, 243 nm wavel ength |asers
excite the antiatom from its 1S ground state to the 2S excited
state. This state is nmetastable, with a lifetime of 1/8 second. An
externally applied electric field mxes the 2S state into the 2P
state, which can quickly decay by Lyman al pha photon em ssion back
to the 1S state. This exercise denonstrates the existence, and
nunbers, of antiatons in the trap, and leads to continued cooling
of the antiatons. The purpose of the ATHENA experinment is to do
preci sion spectroscopy neasurenments  of the antiatom t he
t echnol ogi es which they enploy may show us the way to high density
storage of such anti atons.
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By spont aneous radiative reconbination, the particles bind to form
an anti hydrogen atom which has all the properties of the hydrogen
atom apart from the opposite charges of the constituents. The
reconbination rate is estinmated by ATHENA at 9,000 per second at a
tenperature of 1 K Since the reconbination rate scales as (1/T)°
the rate could be increased one thousand-fold by |aser cooling the
atons, for exanple, to a tenperature of 10° K At this rate, one
could form 10" antiatons in about 10’ seconds, or 4 nonths.

As wth all el ectromagnetical ly-confined systens, ultimately
regions of instability are found. In the case of the Iloffe-
Pritchard traps, when confined atomc densities increase,

interatomc scattering becomes inportant, resulting in electron
(positron) spin flips, taking the atom from a low field seeking
state to a high field seeking state. The newy created high field
seeker then junps out of the trap, lost forever. At densities
approaching 10" cc, lifetinmes have been reduced to minutes, which
is obviously unacceptable for |l ong-term space  propul sion
appl i cati ons.

Quant um Refl ecti on

Substantial work has been perforned in the past few years on

creating ultra cold neutral atons. Laser cooling of cesium atons
has been achieved down to tenperatures well below a neV. The
DeBroglie wavelengths at these tenperatures is hundreds of
angstrons. Thus, the neutral atom interaction with the surface

atons in awall will be a conplex many body i nteraction.

This interaction was first examned in 1936 by J.E Lennard-Jones
and A F. Devonshire’. They predicted at the tinme the possibility
of “quantum reflection.” Quantum reflection predicts that in the
limt as the energy of a particle approaching the wall of a
container gets near zero, the probability of “sticking” to the
wal | approaches zero. Classically, the sticking probability, S
is predicted to approach unity but quantum nmechanics predicts just
t he opposite solution, i.e that:

S o VE

Measur enent s® have been nade for atomic hydrogen at mllikelvin
tenperatures that support the quantum reflection theory®. Whet her
ultracold antihydrogen atons will reflect froma wall is an open
guestion but could dramatically decrease loss rates in a trap. In
addition, we have pursued the idea of creating a two-dinensional
Bose- Ei nstei n Condensate'®'! on the surface of a liquid helium | ayer
to enhance the quantum reflection nechanism Wether quantum
reflection will occur for an anti hydrogen atomis not clear.
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Pr oposed Experinents

Synergi stic Technol ogi es has conpleted the design of a solid-state
degrader systemthat will accept a high energy antiproton beam and
output a | ow energy beam Conput ational sinulation of a variety
of configurations of the device over a range of incident energies
shows that production efficiencies as high as 10° can be expected.
Current accelerator technology could produce a |ow energy beam
with near 100% efficiency but would require $10M and five years to

bui | d. The degrader system will allow a source of trappable
antiprotons to be available within two years. The objectives of
our current Phase Il SBIR are to construct the degrader system

matched to the beam conditions existing at the Ferm National
Accel erator Laboratory and to confirm and verify performance and
oper at i ons. Based on the operational conditions at FNAL, we
expect to provide around 1.7x10° antiprotons per hour for research
directly or for injection into portable Penning Traps for off-site
research. By the end of the project, we intend to provide a
potentially comrercial source of |low energy antiprotons in
portable traps to the research community.

Using the degrader system and the H PAT from NASA MSFC, we
pr opose to perform  proof-of-concept experiments of t he
Parel ectricity and Quantum Refl ection concepts. The H PAT will be
used to produce a Ilow tenperature source of antiprotons or

anti hydrogen atons. The particles will be transferred into a test
cavity which has a thin layer of either solid amonia or liquid
hel i um covering the walls. Lifetinmes and annihilation |ocation
will easily reveal if the particles are being reflected or are

anni hilating with the wall nmaterial.

Sunmary
W have identified two nechanisns that may enable high density
storage of antimatter. The first indicates that if antiprotons
are kept in a container lined with frozen hydrogen at |ess that
0.77 K tenperature, they will not annihilate as long as the lining

is kept in a (2,1,0) population inversion in the presence of a
nodest magnetic field. Theorized decades ago, the possibility of
guantum reflection may reduce the probability of annihilation of
ant i hydrogen atons on the surface of any contai ner.

In both approaches, we have adopted a slightly altered strategy.
Oiginally, our goal has been to find methods to increase the

particle density in order to increase storage. This was the
notivation in exam ning the storage of antihydrogen. However, the
idea of developing a reflecting wall also has trenendous
potenti al . By renoving the possibility of loss of the
antiparticles by wall collisions, we nmay be able to make the
entire volune of the traps into active storage region. Thi s

allows a trenendous increase in storage capacity of the Penning
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Trap even though the particle density has not changed over current
| evel s. Both of these concepts could enable systems with ultra-
hi gh energy density to be devel oped. Proof of concept experinents
have been designed and may be conpleted within the next few years.
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