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GAILILEQ, Discorsi # Dimoitrivoni Matemaeiiche
niormo & Dur Nuove Sciomes Attonensi alla Mecomica # i
Moveeuenci [ ocali. . .. Leyden, 1630, Ed. Nax. 8.108-9
SimprLicio. Ma chi pomese [ maggior sopra la minoce?
SaLviam. Le screscerebbe peso, quando il suo mota fuse

. pit veloce: ma gia 8 & concluso che quanda 12 minore Fume
PG arda, titarderebbe in parte la velooth deila maggiors,
tal che il lor composto 5i moverebbe men veloce, sssendo mag-
gare dell” altra; che & contro al vostro asswnto. Concludiamo
per 6, che i mobili grandi ¢ i piccoli ancora, cssendo deila
Medepma gravicy in spezie, 5 MUOYORE cOB ATt velocita.

Simp. 1} vostro discorso procede beaissimo veramente:
tuttavid mi par duro a redere che una lagrima di piombo st
abbra & Muover cosi veloce come unz paila & aruglienia
SaLv. Voi dovevi dire, un grane di rema come una macina
da guade. Ye non verrei, Sig. Simplicio, che voi faceste come
molt’ altri fanno, che, divertendo il discorso dal principale
intento, Wi attaccaste 4 un mio detto che mancasse dal vera
quanz’ ¢ un capells, ¢ che satto questo capello voleste nasconder
un diferto d'un altro, grande quand' una gomona da nave. -
Aristotele dice: ‘Una palla di ferro di cento libbre, cadendo
dall' altezza di cento braceia, armiva in terra prima che una di o
una libbea sia sest un sol brarto’; o dico ¢’ eli' armivana Lo oo
nell*istesso tempo; voi wovare, nel farne 'espenenta, che la
maggiore anticpa due dita {2 minore, Go& che quande la
grande percuate in rerra, P'altra e & lontana due dita: ora
varreste dope queste due dia appiattare le aovantanove
bracaa d'Anstotele.
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Galileo, Dislogues and Demonsirations concerming Two
Now Sciences; Appertaining to Mechanics and Locomotion.
Leyden, 1638. Ed. Nasz. 8. 108-9

SivpLicto. But what if one placed the larger stone upon
the smallert

Sarviati. The weight would increase if the larger moved

more rapidly. But we have already concluded that if the
smaller stone moved more slowly, it would in a measure
retard the speed of the lacger, so that the combination would
move more slowly, though larger yet; and this is contrary
to your assumption. We thus infer that large and small bodies
alike, when they have the same specific gravity, move with
the same speed. '

- Simp. Your discussion is really admirable; yet I find it
hard to believe that a bird-shot is going to move with the
speed of 2 cannon-ball.

Sarv. You ought to say a grain of sand and 2 millstone.
But, Simplidio, I trust you will not follow the example of
many others who divert the discussion from its main intent,
nor fasten on some statement of mine which wants a hair’s-
breadth of the truth, and under this hair hide another man’s
fault as big as 2 hawser. Aristotle says: ‘An iron ball of one
hundred pounds, falling from a height of one hundred cubats,
reaches the ground before a one-pound ball has fallen 2
single cubit.’ I say that they arrive at the same time. You
find, on making the experiment, that the larger precedes
the smaller by two finger-breadths; that is, when the large
one has struck the ground, the other is short of it by two
fingers. Now you would not conceal behind these two fingers
the ninety-nine cubits of Aristotle.
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ABSTRACT

Theoretical approaches to gravitation abound whereas experiments in
gravity are few in number. A fundamental measurement in experimental
gravity that has not yet been done is the measurement of the gravitational
force on antimatter. In certain extended supergravity models, specific
varticles have different gravitational masses from their associated
antiparticles. However, as yet there has been no direct test of this
prediction. We propose to test directly the equality of particle and
antiparticle gravitational masses in the baryon sector with protons and
antiprotons. Experimentally, we plan to use the time of flight technique
pioneered by Witteborn and Fairbank in their measurement of the
gravitational force on the electron. In this approach the particles are
launched vertically up a drift tube. The time of flight of the particle up
the drift tube together with the initial velocity gives a measure of the
gravitational force acting on the particle. To realize this measurement in
sensibly dimensioned equipment and vith reascnable timing precision requires
ultra-lov velocities for the antiprotons. We propose a staged deceleration
approach to achieve these velocities. In our approach, lew energy
antiprotons from LEAR will be decelerated in an RFQ and cyclically injected
into a series of specially designed pulsed ion traps. In this series of
traps, adiabatic, resistive and electron cooling will be used to lower the
antiproton energy to the required thermal level. When this is achieved the
antiprotons will be transferred, a fev at a time, into a launching trap at
the base of the drift tube. After launch, the antiprotons will be detected
at the top of the drift tube with a microchannel plate. An H™ source will
be used to calibrate the equipment.
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SYNOPSIS

About 375 years ago, Galileo Galilei performed one of the most famous
experiments in the history of Physics. He dropped veights of wood and lead
from a "high tover" in Pisa to determine their relative rate of fall. From
this and other experiments, and from theoretical considerations, Galileo
concluded that (but for air resistance) all bodies ,fall vith the same
acceleration. Two fundamental questions are involved in such reasoning.
First, do objects with different masses fall at the same rate? Second, do

objects vwith different compositions fall at the same rate?

Between 1889 and 1908, EGtvds performed a series of experiments
addressing the second of these questions. His results verified the veak
equivalence principle (universality of free-£fall), in the Earth’s
gravitational field, to an accuracy of one part in 108. Then, twenty-five
years ago, Dicke achieved an accuracy of one part in 1012 for the
universality of free-fall of objects towards the Sun. However, these
remarkable levels of accuracy were achieved for the free-fall of macroscopic
objects, and indeed, the weak eguivalence principle has only been tested to

~~an accuracy of one part in 102 or 103 for individual elementary particles.
- Modern quantum field theories which attempt to unify the gravitational
interaction with the other forces of Nature predict violations of the veak
equivalence principle at the elementary particle level. 1In particular,
Zachos and Scherk have shown that certain extended supergravity models
predict that leptons and baryons will fall more slowly in the Earth’s
gravitational field than mésons, wvhich in turn will fall more slowly than
antibaryons. The reason for this behavior is that in these models the
graviton has a spin-one partner, the "graviphoton”, and in some models a
scalar partner as well, which in the static limit couple to mass.
Therefore, in additijon to conventicnal gravitation arising from graviton
exchange, graviphoton exchange tends to repel ordinary matter from the Earth
("like charges repel"), while antimatter is further attracted.

No observationally significant deviations from general relativity occur
if the newv vector and scalar partners of the graviton have a small mass
(«-10_9 eV). However, in the Newtonian limit, there would then be
experimentally detectable Yukawa terms in the gravitational potential, with

a finite range. Such effects are not ruled out experimentally, and may have
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already been observed in recent geophysical experiments, with exactly the
repulsive nature corresponding to graviphoton exchange. Typical quantum
supergravity effects are expected to be directly apparent only at the Planck
mass scale (--1019 GeV), in particle production or in quantum loop effects.
However, classical supergravity effects could be comparable to Newtonian
quantities. Therefore, gravity experiments sensitive to classical (low
energy) supergravity effects may well be, at present, the most direct way to
test these theories. '

Certain pioneering arguments which wvere constructed to argue for the
absence of "antigravity" did not anticipate the complexities of this
_interaction in modern theories, and so the question is again open.
Moreover, one cannot anticipate a null result on the basis of CPT symmetry,
because the proof of the existence of this symmetry requires the absence of
gravitational fields (flat space-time). Finally, supergravity theories may
vell respect CPT invariance while still predicting a non-null result. Thus,
this exciting question can only be ansvered by experiment.

Ve therefore propose to perform a new version of the EStvds experiment,
in which the gravitational acceleration of antimatter towards the Earth is
compared with that of ordinary matter. Specifically, we intend to measure
the passive gravitational mass of the antiproton, relative 10 the H™ ion.
No experiment of this type has yet been performed.

To measure the gravitational effect op antiprotons, the antiproton
energy has to be low enough so that the time-of-flight (TOF) spectrum has
sufficient particles near the cutoff time (t. = 45375) for a significant
measurement. The energy reguired is more conveniently measured in degrees
Kelvin rather than the more familiar MeV or keV. The lovest energy beam
currently available from LEAR is ~5 MeV. To execute the measurement, this
energy has to be reduced by about ten orders of magnitude. Ve propose a
series of deceleration stages involving an RFQ decelerator and several
pulsed ion traps to accomplish this energy reduction. The final storage
trap will store as many as 107 antiprotons at ~10 K or lower. Once the
particles are cold enough, they will be brought, about 100 at a time, into a
high precision launching trap and suddenly released. Evidently half of the
particles will thus be launched vertically upward. A 1 m drift tube is
located above the trap in order to isolate the rising antiproton or H™ ion

from stray electric fields. The arrival times of the antiprotons relative
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to the launch time are measured after a 1 m flight path. A microchannel
plate is used to detect the particles. The microchannel plate was selected
because of its capability to detect both H ions énd antiprotons (with
different but understandable response characteristics). This is extremely
important because the H ion may then be used as a calibration standard,
taking advantage of its near perfect simulation of antiproton intrinsic
electromagnetic properties. Use of a microchannel plate enables - the
measurements of the H and antiproton TOF spectra to be made in the
identical set up.

The experimental sequence starts with the extraction of a 5 MeV bunched
beam from LEAR. The bunching has a macrotime structure set by the Bth
harmonic buncher already in the LEAR ring. A single phase bucket of this
buncher is fast extracted from LEAR and delivered to the experiment. A
microtime structure matched to the operating frequency of the RFQ
decelerator will also be imposed on the macroburst. This microstructure can
be imposed either in or external to the LEAR ring. Bunching in LEAR makes
the most efficient use of antiprotons, vhereas bunching externally may have
higher loss rates. In any event, this bunched beam at 5 MeV is decelerated
in an RFQ, éﬁrrently under design at Los Alamos and CERN, to 100 keV. An
energy shifting cavity is then used to adjust the beam energy either up to
200 keV for use in other experiments or down to 20 keV for use in our
gravity experiment. The 20 keV beam emerging from the energy shifting
cavity vill be debunched in a special cavity. This cavity will allow for a
correction of the phase spread over the drift length to the first pulsed ion
trap. In the drift length a provision for injecting 20 keV H ions into the
beam line will allov for testing of the pulsed ion trap independent of LEAR
operations. The drift length will also contain beam diagnostics and optics
appropriate for entering the double focusing 90° bending magnet which bends
the beam vertically up into the first pulsed ion trap. Located immediately
before the entrance to this trap is an electrostatic deceleration stage and
drift space which lowers the beam energy to 4 or 5 keV depending upon the
incident beam energy spread. Initially the entrance endcap is at ground
potential whereas the top endcap is at 5 kV. As the beam-burst transverses
the trap and approaches the top endcap, it starts to decelerate and turn
around. When the leading edge of the burst has returned to the center of

the trap the potential on the entrance endcap will be quickly raised to 5



-7-

kV. This will prevent the burst from exiting the trap, i.e. the burst is
"caught®, In this type of electromagnetic trap (Penning trap) the particles
are contained radially by a strong (6 T) magnetic field and axially by an
electrostatic quadrupole potential. While in this trap the particles will
be resistively cooled to ~200-300 eV. VWhen this is accomplished, the
particles will be transferred to a highly compensated harmonic trap for
further resistive cooling. Although other cooling schemes have been
proposed, we plan on resistive cooling at present, because it is the only
demonstrated technique available. In this intermediate trap the particles
will be cooled to ~5-10 K and stored in preparation for transfer, 100 at a
time, into the final, launching trap. Once the launching trap is loaded,
the potential will be suddenly dropped, thus releasing half of the particles
upvard in the drift tube. The TOF is measured using a microchannel plate at
the top of the drift tube. The ion-trap-drift-tube system must operate at
extremely low pressures (10'1& Torr) to avoid loss of antiprotons through
annihilation with residual gas atoms.

To measure the gravitational acceleration of antiprotons relative to
the H ion will reguire the launching of a total of 10° to 10?7 particles,
for a 1% measurement. The same precision can be accomplished with
substantially fewer particles if an externally applied electric field is
used to increase the acceleration. There will be ~10® particles in each Bth
harmonic macrobunch from LEAR. This is sufficient for one TOF spectra with
some safety margin. Many TOF spectra will be required to assure
reproducibility. Each antiproton run will be followed by a run vith H
jons. The K~ ions will be either internally generated in the bulk storage
trap or transported_ from an external source.

The measurement of the gravitational mass of the antiproton is a
fundamental measurement that has not yet been performed. No convincing
theoretical arguments have been made to anticipate the result. This
important measurement will test the principle of equivalence for antimatter,
test CPT symmetry in a gravitational context, and provide a poverful
constraint on modern attempts to unify gravity with the other forces of

nature.
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I. PHYSICS MOTIVATION: ELEMENTARY PARTICLE PHYSICS

Quantum field theory provides a mathematical framework for the
description of elementary particles and their interactions, which is
consistent with the requirements of causality and quantum mechanics., It is
the goal of elementary particle physicists to construct a quantum field
theory of all of the fundamental particles and interactions. {For
tventy-five years the only such successful  theory was quantum-
electrodynamics.} Significant progress in this direction has been achieved
in the electro-weak interactions, with the highly successful Glashow-
Veinberg-Salam model, and in the strong interaction, with the candidate
field theory of quantum chromodynamics. On the other hand, the
gravitational field has never been successfully quantized. Considerable
theoretical research efforts are presently directed at this problem

throughout the world.

A. Classical Gravity-Quantum Mechanical Shortcomings

The classical effects of gravity are accurately described by Einstein’s
general theory of relativity. In contrast to the other three interactions,
the quantum mechanical effects of gravity are not readily apparent because
of the extreme weakness of the underlying interaction. This is not to say
that such effects are without interest. Indeed, the gravitational influence
on the quantum mechanies of ordinary matter has been observed in the C-0-¥
experiment.l Neutrons which have travelled on different paths in a
gravitational potential are made to interfere, demonstrating a phase shift
which arises from the gravitational contribution ¢to their energies.
Furthermore, Hawking's theoretical studies have predicted the quantum
mechanical decay of black—holes.2 However, in each of these cases the
gravitational field is treated classically. A fully self-consistent
treatment would require the quantization of the gravitational field itself.
It is by no means apparent that general relativity and quantum field theory
are compatible in their present forms. One may approach the combination of
the two theories from two different directions: The study of guantum
mechanical modifications of general relativistic concepts or gravitational

effects on quantum field theory.
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B. Quantum Mechanical Limitations of General Relativistic Concepts

Wigner3 and others® have pointed out the difficulty of introducing
quantum mechanical matter into general relativity. General relativity deals
with the events which define the world-lines of particles. However, quantum

3,6 and a

mechanical particles do not follow definite trajectories,
determination of their positions involves a measurement which introduces an
uncertainty into their momenta. These conceptual difficulties have their
origin in the principle of equivalence, which is embodied in general
relativity.7 '

Recent research has gquestioned the existence of the principle of
equivalence at the quantum 1evel.B’9 Furthermore, Hawking's theoretical
studies of black-holes have suggested that gravitational effects may produce
violations of conventional quantum mechanics.lo In related work, Fullingll
has shown that the quantum field theory vacuum is not invariant under
general coordinate transformations. The topology of space-time also has a
profound impact on quantum mechanics. For instance if space is compact,
correlations of the Einstein»Podolskwaosen12 type need no longer be
entirely spacelike.

Thus it is not clear that classical gravitational concepts can be

successfully combined with present quantum theory.

C. Gravity and CPT Symmetry

Conventional gquantum field theories are known to possess CPT
invariance.13 This symmetry systematizes the relationship between matter and
antimatter, first introduced by Dirac.l4 The most familiar consequences of
CPT symmetry are that for each particle there is an antiparticle with the
same:

& inertial mass
¢ total lifetime

e magnetic moment (but opposite sign).

One of the assumptions underlying the CPT theorem is that space-time is
£lat. It is therefore not obvious that a guantum theory of gravity would
possess CPT symmetry. Moreover, vald!® and other516 have shown that the
violations of quantum mechanics induced by black-holes would lead to the

failure of CPT invariance, while Gerochl? and Ki5ki518 have shown that the
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topology of space-time has a direct bearing on the existence of C, P, and T
symmetries in quantum field theory. Other authors have raised the
possibility of CPT-violation in flat space—time.19

Experimentally, CPT symmetry has only been tested vhere gravitational
effects can be ignored. Tests of this invariance principle using the
inertial mass (m), lifetime (1), magnetic moment (u) and gyromagnetic ratio
(g) are listed in Table I. It should be noted that the listed tests’ are
normalized to either an electro-weak or a strong interaction scale as

appropriate. We would not expect a CPT-violating effect due to gravity to

TABLE I-1

CPT INVARIANCE TESTS

Lepton Sector

(g(e*)-g(e™))/average (2.2 + 6.4) x 10711 (Ref. 20)
(g(u*)-g(u~))/average (-2.6 + 1.6) x 1078 (Ref. 21)
(m(e*)-m(e”))/average (0.0 + 1.3) x 1077 (Ref. 22)
(m(u*)-m(u"))/average (0.26 + 1.9) x 107 (Ref. 23)
(t(u*)-T(u"))/average (2.7 + 7.8) x 107 (Ref. 24)

Meson Sector

(m(n*)-m(n"))/average (2 + 5) x 1074 (Ref. 25)
(m(K*)-m(K"))/average (-0.6 + 1.8) x 1074 (Ref. 26)
(t(n*)-T(n"))/average (5.5 * 7.1) x 1074 (Ref. 25)
(T(K*)-T(K™))/average (1.14 + 0.93) x 1073 (Ref. 27)

Baryon Sector

(u(p)-n(p))/average (-0.8 + 7) x 1073 (Ref. 28)
(m(p)-m(p))/average (7 + 4) x 107° (Ref. 29)
(m(A)-m(R))/average (7 + 7) x 107° (Ref. 30)
(M(Z"}-m(E*))/average (1.1 + 2.7) x 1072 (Ref. 31)
(T(A)-T(R))/average (4.4 + 8.5) x 1072 (Ref. 32)

(T(Z")-T(Z*))/average (0.03 + 0.19) (Ref. 33)
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be apparent in these tests, because of the extreme veakness of the

gravitational interaction.

D. Gravitational Properties of CPT-Conjugate Matter

The principle of equivalence has only been tested for ordinary matter.
For bulk matter the principle has been verified to several parts in 1012 by
the E&tvds-Dicke experiments,34'35’36 and more recently at the same level,
38 39

on very massive bodies.37 For free particles such as.atoms, neutrons,
photons“o and electrons,41 the accuracy achieved has only been cne part in
102 or 103. One cannot invoke CPT symmetry to argue that antimatter also
obeys the equivalence principle since it is not known if the CPT theorem
holds in a gravitational field.

The experimental and theoretical situations outlined here underscore
the need for a direct experimental study of the gravitational properties of
elementary particles of antimatter.

Theories which attempt to unify gravity with the other forces of nature
predict deviations from Newton's inverse square 1aw.42"45 Such effects are
not ruled out experimentally,46 and there is evidence of a repulsive Yukava
component of gravity in recent geophysical studies.47’48 The existence of
such a gravitational interaction (coupling to baryon number or hypercharge,

48 ¢

perhaps) 1is supported by a re-~analysis the original E&tvds

experiment.34 Presently, experiments&6’49 leave room for a massive vector

30 that a

field vith a range of 5m to 10km. It was first noted by Zachos
component of the gravitational interaction of this type is present in
certain extended supergravity theorita-s,z""""'5 where the graviton has a vector
partner.51 Scherk45 has emphasized that a clear signal of this new
interaction would be an apparent CPT violation in the gravitational masses
of the proton and antiproton. (The new vector interaction would tend to

repel a proton, but attract an antiproton to the earth.)

E. Indirect Tests of the Gravitational Properties of Antimatter

Although there has never been any direct test of the equivalence

52 indirect theoretical

a°3

principle for non-CPT-self-conjugate antimatter,
arguments have been made. The tvo best known arguments are due to Goo
and to Sc:hiff.‘r)‘(4 These arguments are based on the pioneering ideas of

Morrison and Gold55'56 about "antigravity", in which antiparticles rise in
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the earth’s gravitational field. This notion of Tantigravity" is
inconsistent with extended supergravity models, in which specific particles
fall with different accelerations from their antiparticles.M"'f‘5
Nevertheless, Morrison realized56 that any form of "antigravity" would
inevitably conflict with either the principle of equivalence, or with the
conservation of energy. The former, hovever, is now recognized as a
perfectly acceptable possibility. ’

Good argued that if K% and R® react oppositely to the Earth’s

gravitational field, then these components of the long-lived CP-eigenstate,

K, = (K° « RO/AZ (1)

would instantly develop a phase difference, leading to regeneration of the

short-lived combination,

Kg = (KO - RO/AZ (2)

of opposite CP-eigenvalue. This would occur without scattering in material,
and would appear as a CP-violating effect.

Although such an (vacuum regeneration) effect has since been
observed,S? it is currently thought to be due to the weak interactions. It
has been shown that conventional gravitational -theory also gives this
effect,58 but with a different energy dependence than that observed.
(Recently, Aronson et 31.59 have argued that there may be a tiny residium in
the data that demonstrates this energy dependence.)

Good’s argument depends on two major assumptions. The first is that
the local, absolute gravitational potential, ¢, must be known, for this

appears in his revision of the K°-K° mass matrix:

My o mK(1+¢) 0
N .
o mg 4 - o ml—((l-d:)

vhere CPT invariance requires my = M. Since the value of ¢ is, at best,
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unknown and perhaps, as in usual gauge theories, not physically meaningful,
it is difficult to draw quantitative conclusions.

More important, however, is that Good did not explore all possible new
terms. The change in (3) violates the principle of equivalence, vhich Good

was proposing to defend. Alloving all possible additional terms, we find

instead
II'IK [#] mK"‘ ¢a ¢b
- - (a)
° Mg ¢c mR'¢d
Ve note that the choice ¢y = - ¢, (following Good53) has no effect on the

mass eigenvalues if the condition
¢, = - ¢ = ¢,/2 (3

is also imposed. The resulting mass eigenstates are just the ordinary CP
eigenstates and so there is no apparent deviation from the ordinary case.
If the deviation of the é's from (5) is small enough in value, the
CP-violating experimental results can be reproduced also!

It should be emphasized that we do not propose the existence of a
85 = 2 component to the gravitational interaction.60 Rather, we point out
that in the absence of stringent bounds on the strength of such an
interaction, Good’s argument is insufficient to prove his conclusion.

44,45 4§ the gravitational interaction in

Moreover, Scherk’s analysis
extended supergravity models shows that the effects of "antigravity" in
those models are not as dramatic as assumed by Good. This is because the
graviton, and its vector partner, the "graviphoton", couple to the gquark and
gluon constituents of the neutral kaons, and not to the kaons themselves.
Quark and antiquark both fall in the earth’s gravitational field, in spite
of the presence of “antigravity", but with the antiquark having the greater
acceleration. This is in marked contrast with earlier ideas about
antigravity, in which antimatter would rise in the earth’s gravitational
field.2296 Furthermore, in the models studied by Scherk, the gluons and
other CPT-self-conjugate particles have conventional gravitational

properties. In addition, Macrae and Riegert have pointed outaﬁ that by
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choosing a generation-independent coupling of the "graviphoton" to fermions,
the gravitational energy difference between particle and antiparticle in the
neutral kaon system can be made to vanish. This also completely circumvents
Good’s argument, while still producing a gravitational acceleration for a
baryon which is different from that for the correspondlng antibaryon.

Schiff’s argument is that virtual p051trons in atomic wavefunctions
would influence Eotvos—chke34 36 experiments if the positrons reapted
anomalously to gravitation. Hovever, as Schiff himself noted, an infinity
appears in his calculation. To remedy this, he took a finite piece that
should represent less than the whole effect, and used QED to calculate this
part of the probability of finding a positron in an atom. From the point of
view of quantum field theory, hovever, this argument is specious. Such an
infinity is subject to a renormalization which requires an infinite
subtraction. Schiff's arbitrary removal of a divergent part of the
calculation does not obviously constitute a consistent renormalization. His
result is therefore subject to (unknown) finite corrections within a
consistent scheme.

Furthermore, Schiff took the gravitational effect to be given by the
positron mass times his calculated probability. Instead, since the positron
is virtual, its contribution to the stress-energy tensor is the relevant
quantity in an Einsteinian formulation of the gravitational interaction. A
simple estimate of this may be made directly by using the Lamb shift: The
vacuum polarization contribution of 97 MHz is clearly related to the
presence of virtual positrons. This represents a contribution of less than
one part in 1016 to the gravitational interaction of a typical atom. Hence
the 10712 accuracy of Dicke’s experiments is insufficient to draw any
conclusion regarding the gravitational properties of positrons. Moreover,
Schiff (like Good) assumed that the physical manifestation of "antigravity"
would be a negative gravitational mass of antiparticles - they would rise in
the earth’'s gravitational field. Scherk’'s ana1y51s44 »43 of *antigravity" in
certain supergravity models shows that it need not be of this extreme

form: both electron and positron fall in the earth’s gravitational field,

* ‘o . . .
In some grand unified theories, posltrons are matter: electrons antimatter
(Ref. 52}.
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“with the positron having the greater acceleration. Furthermore, the
ngraviphoton®, which is responsible for "antigravity", is massive so that
its effects would not have been apparent in the Dicke35 and Braginski136
versions of the Eotvds experiment, which compared the gravitational
attraction of different materials to the Sun. It is only from the results

34 that

of the (comparatively) less accurate original E8tv8s experiments
constraints can be inferred on this type of "antigravity", since these
experiments compared the gravitational attraction of different materials to
the earth, over laboratory distance scales.48

Schiff himself abandoned the attempt to study the gravitational
contribution of virtual pions in the nucleus. The modern version of this
would he to estimate the antiquark content of the nucleus, using QCD.
Hovever, the difference between nuclear and atomic structure (the gquarks are
organized into nucleons, not overall orbitals) makes their color-Lamb shift
effect difficult to estimate with any reliability. Deep inelastic
scattering experiments do show significant antiquark content of nuclei, but
at high momentum transfer. It is not known hovw to continue this information
to the low momentum transfer, infra-red regime. There, instead of the
infinite momentum frame parton distribution, which is the measured quantity,
one needs the rest frame constituent distribution. It is even more
difficult to make reliable estimates of the variation with atomic species,
vhich is needed to apply the EStvds-Dicke results.

The Pound—RebkaAO experiments have tested the principle of equivalence
for CPT-self-conjugate elementary particles: photons. Left- and
right-circularly polarized photons, which are CPT-conjugate states, were
both found to be red-shifted by the same amount in these experiments. One
cannot infer the gravitational properties  of non-self-conjugate
antiparticles from these experiments since the relation between the photon
(a gauge particle) and such particles is, at best, model dependent. For
instance, an exact supersymmetry would allow the conclusion that photinos,
the partners of photons, behave as expected under gravity, but these are
still CPT-self-conjugate. Even if a larger symmetry could extend the
results to non-self-conjugate matter, the supersymmetry jtself is known to
be violated (if it exists at all). Moreover, this symmetry breaking is
thought to be related to the structure of spacetime, and so, to gravity.

Thus, the negative (in our terms) Pound-Rebka result makes the test of
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non-self-conjugate matter all the more critical. In the extended
supergravity models analyzed by Scherk“’45 the gravitational interaction of
CPT-self-conjugate particles, such as photons, is conventional, and hence

these models are in perfect accord with the Pound-Rebka experiments.40

F. Direct Tests of the Gravitational Properties of Antimatter

The only direct test of the gravitational properties . of
non-self-conjugate antimatter was attempted by Witteborn and Fairbank.41 By
sending pulses of electrons from a hot cathode up a shielding, low
temperature vertical drift tube and measuring their transit time from the

centroid of broad distributions, they found

Bom = (0.09 + 0.10) g , (6)

vhere g is the local acceleration due to the Earth’s gravity. The expected
result is zero because of the Schiff-Barnhill effect61 (sagging of the
electrons in the drift tube material, which creates an electric field along
the vertical axis of the tube). Therefore, (6) represents a 10 accuracy in
the measurement of the gravitational response of the electron, after
correction for this "background" effect. The expected result for positrons

in this apparatus is
Bt =28 (7)

so that 5% accuracy would seem feasible. Unfortunately, a sufficient supply
of slow (cold) positrons, comparable to the electron supply, was not
achieved.

Thus no direct experimental test has ever been made of the
gravitational properties of non-self-conjugate antimatter, and so it 1is
simply not known whether theories of gravity based on the equivalence
principle are compatible with CPT symmetry. The experiment proposed here
uses the factor of 1B36 between the masses of the antiproton and the
positron to suppress the Schiff-Barnhill effect. (The electric field in the

drift tube is unchanged, and so the more massive antiproton receives a
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smaller acceleration from this field.) This reduces the "background”
correction to the 10-3 to 1074 level, leaving an unambiguous and highly
accurate test of the gravitational properties of antimatter.

The availability of lov energy antiprotons from LEAR, which we will
cool further, makes this experiment feasible. It also allows a more
accurate and precise test of the gravitational properties of antimatter than

is possible with positrons.

G. Theoretical Prospects

It is clear that there is presently a great deal of ferment in the area
of quantum gravity. Current theoretical research at Los Alamos is directed
tovards understanding the range of possible CPT violation in theories of
gravity, and towards the study of quantum modifications of the principle of
equivalence.

Modern quantum field theories which attemﬁt to unify gravity with the
other three interactions introduce extra dimensions to space-time. These
extra dimensions have to be compactified in order to reduce the observable
dimensionality to four. We are studying the possibility of introducing
interactions in the extra dimensions, which would induce an apparent
. violation of CPT symmetry in the observable four dimensions of space-time.

Another line of research concerns the study of quantum field theories
from a non-inertial viewpoint. One of us,62 together with J. S. Bell and
J. M. Leinaas,63 has shown how the failure of general coordinate invariance
of the guantum field theory vacuum, discovered by Fulling11 and by Unruh,64
is connected with CPT symmetry. By studying such behavior, we hope to
determine if CPT symmetry exists in a non-inertial (and, by inference,
gravitational) setting, and also to study possible quantum modifications of

the principle of equivalence.

H. Conclusions

At the present time there is neither a direct nor an indirect
experimental or theoretical determination of the gravitational properties of
antimatter. The measurement of the gravitational mass of the antiproton at
any reasonable level of precision will remedy this situation. It will
directly test the principle of equivalence for antimatter, test CPT symmetry

in a gravitational setting, and provide a powerful test of the gravitational
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interaction predicted by the extended supergravity models analyzed by
Scherl-:.!"!""‘5 The ratio of apparent CPT-violating quantum effects to inertial
quantities is expected to be small (~ inertial mass/Planck mass). However,
the ratio of apparent CPT-violating classical gravitational quantities to
inertial quantities could be of order one in supergravity theories. This
would be similar to our experience with parity violating effects relative to
the strong and electroweak interactions. On the one hgnd, the results of a
direct test could provide a striking demonstration that current theoretical
prejudices are correct, just as Aspect’s experiment565 have verified Bell's
inequalitie566 in quantum mechanics. On the other, the outcome might be as
~ significant as the Michelson-Morley experiment.67 In any event, these are so
few experimental tests of gravity that any additional information is of
vital importance, and, moreover, the results could'prove invaluable in the

further reconciliation of gravity with quantum mechanics.
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II. THE GRAVITY MEASUREMENT

A. The Measurement Scale

Tt is common knowledge that the gravitational force is the weakest of
the forces in nature. To measure the effect of gravity on antiprotons, all
sources of non-gravitational force must be controlled at a level sufficient
for the gravitational effects to be domiﬁant. Because antiprotons are
charged and have a magnetic moment, we can expect that the electromagnetic
forces will be the principal source of difficulty. Ve can expect no
contribution from the weak and strong interactions because of their very
short range. We will now establish the scale of the electromagnetic forces
relevant to the gravity measurement.

The scale of the electric fields that must be controlled can be

estimated from the quantity

m g
P -7

E=1{—| =103 x 10 " V/m . (1)
e

Stray electric fields in the experiment need to be substantially less than
this to observe the gravitational effects on antiprotons. The pioneering
wvork of Witteborn and Fairbank! on the gravitational properties of
electrons showed that with some effort stray electric fields could be
controlled at the level of 10-11 v/m,

The scale of magnetic fields that needs to be controlled, or more
preé&sely their gradients, can be estimated by observing that the force on

a magnetic moment u from a magnetic field is given by

o A (2}

If the magnetic field is wuniform in all directions but the z-direction,

then

’ (3)



24—

vhich acts along z. For an antiproton in a uniform magnetic field, the

effective magnetic moment will be given by2

1 88
u=2p n o+ — - — ' (4)

z N 2 2
where n is the orbit quantum number, Uy is the nuclear magneton, gg is the
antiproton g-factor, and s = +1/2. The average orbital quantum number will

be set by the energy of the antiprotons and can be estimated as

kT
n = . (%)

where k is Boltzmann's constant, T is the temperature, and e is the

cyclotron frequency

eB
W = . (6)

mc

We are assuming here equipartition of energy among the three translational
degrees of freedom. For antiprotons at temperatures greater than 1 K, the
n value is large compared to the other terms in Eq. 4. Ve have therefore
that if mg = u, dB/dz then

aAB 1 ghe
<
B Az ZUNCRT N
1
7 1.19 % 1073 — (m*l) ,
T

where T is in K and Az is in meters. The AB/Bfz we need to be concerned
with then are of order 10-3 to 10-4 m-1 for 1 - 10 K antiprotons. For
higher temperatures, still more stringent requirements will be placed on

the magnetic gradient.
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7o set the energy scale for the measurement, we note that the

gravitational potential energy difference for a distance L is given by

U = mgL (8)
for L = 1 m, then the energy involved is

U= 1.6 x 10726 joules

1.03 x 10-7 eV (9)

1.19 x 1073 K

This amount of energy is very small, but not unmeasurable, as we will see.
In the sections that follow, the techniques required to control the
stray electric and magnetic fields are described, as well as the approaches

to the measurement that enable this energy change to be determined.

B. The Time-of-Flight Technique

The time—of-flight (TOF) technique for the measurement of the
gravitational properties of matter can be traced back to Aristotle3 who
erroneously reported that heavier bodies fall faster than light ones-- some
systematic error in observation or theoretical prejudice, no doubt. Hore
recently G. Galilei reported4 the currently accepted results on the same
experiment. In the modern era, the time-of-flight technique has been used
by Witteborn and Fairbankl»2-%® to measure the gravitational properties of
electrons. In their approach to this technique, electrons with thermal
velocities are launched vertically up a copper drift tube. The arrival at
the top of the drift tube was detected by a l4-stage electron multiplier
and the time of flight was recorded. Because the initial velocity of the
electrons was thermally distributed, vhat they measured through many
repetitions was the distribution function for the time of flight given a
distribution of initial velocities. They also ran several measurements
using externally applied electric fields which they analyzed in a similar

vay.
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Let us consider what the TOF spectrum for particles launched vertically
would be under ideal circumstances. In general, for a particle with
initial velocity v,, the time of flight either up (upper signs) or down
(lover signs) a drift space of length L will be

[v 2 5., 112
o F 48

(10)

o 20l 1/2

We know from timing considerations alone {(Eq. 9) that the energies,
hence the velocities, involved here for meter-like values of L must be very
low. Evidently then, the value of v, will not be a fixed value, but will
be distributed according to a Maxwell-Boltzmann (MB) distribution,
Assuming as before, an equipartition of energy among the three degrees of

freedom, the one-dimensional distribution can be written as

o 1/2 mvz
dN(v) = exp | - dv , (1)

2nkT 2&T

where the velocities range from -» < v < = and the distribution over this
range is normalized to 1.0. We define an average velocity, vp, in one

direction as

mv_© = kT , (12)

To rewrite Eq. 11 as

dN(v) = [ 1 ]1/2 1 oexp | -7 P (13)
|8
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This distribution for v > O |is plotted in Fig. II-1 for several
temperatures betveen 2 and 10 K. The range of velocities in these
distributions increases with increasing temperature whereas the likelihood
for lov velocities decreases. The number of particles at lov velocities is
an important parameter in the TOF spectrum because of the increased
sensitivity to gravitational effects. Thus we can expect, generally, the
lover the temperature, the better. ’

l | 1 | | | I ] |

30 MB VELOCITY

2°K DISTRIBUTION
©
o
=
>-
=
=
m
P
m
O
o
(a

0
0 20 40 60 80 100

VELOCITY (cm/sec) (x1073)

Fig. II-1. Maxwell-Boltzmann (MB) distribution of velocities for
temperatures as indicated (see text also.)

The TOF spectrum resulting from a Maxwell-Boltzmann distribution of
velocities can be derived by using Eq. 10 to relate t to Vv and dt te dv.
Let us consider the TOF distribution for upward launching first. Making

the appropriate substitutions, we have that
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172 2
dN(t) = [—1] Ll e |- (B e, aw
2n Vi t 2 2vm 2 t

The characteristics of this distribution can be seen by physically
considering the situation: we toss a particle upwa?d with some initial
velocity; we measure how long the particle takes to rise to an elevation,
L. For very large initial velocities, this time is very short. For these
very short times, the above distribution is sharply peaked, as shown in
Pig. II-2. In the figure, the distribution of arrival times at an
elevation L = 1 m is plotted for several values of temperature between 2

and 10 K. The mean value in time (tp) for these distributions corresponds

100 I R S I T L L
_ TOF DISTRIBUTION _—
oK UPWARD, L=1m
80
Q
cudso
e
7]
P—
Z
840
O

20

.006 012 018 024 030
TOF (sec)
Fig. 11-2. TOF distribution for upwvard launch using a Maxwell-Boltzmann
Jistribution of initial velocities. The early time part of the spectrum is

shown for temperatures as indicated. The drift length is L = 1 m.
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approximately to the TOF for the initial velocity of vy, the mean value of
the Maxwell-Boltzmann velocity distribution. The shape of this early time
peak is very insensitive to the effects of gravity, but it does allow a
determination of the velocity distribution function, hence, the temperature
of the launched particles.

The long tails toward late times shown in the figure arise from the low
velocity component of the Maxwell-Boltzmann distribution. As the initial
upvard velocity of our tossed particle decreases, the time of arrival at L
increases until eventually the initial velocity is just enough to make the
particle reach L before it turns around and falls back down. This cutoff

velocity is given by

v_ - 2g1)1? . (15)

Using Eq. 10, the time required to reach L is given by

1/2
2L
t, = [ ] ) (16)
E

Looking back at Eq. 14, we see that at t = tg the distribution of arrival
times vanishes. There are no more arrivals after t = t. because the
initial velocity was insufficient to reach L. The TOF distribution
function near the cutoff time is shown in Fig. II-3 for L = 1 m and several
temperatures. From the figure we see that the lowver the temperature, the
more steeply the distribution function approaches the cutoff. For higher
temperatures, there are fever and fever low velocity particles (see Fig.
I1-1 and II-2), and the distribution flattens at the cutoff. How many
particles then don’t make it wup to the elevation L? This quantity will
give an idea as to the number of particles near the cutoff point. This
quantity can be calculated from the distribution function by noting that

its norm for L = O is 0.5 as expected but decreases vith increasing L to
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account for the lost particles. The fraction of particles geing up not
reaching L = 1 m is plotted in Fig. 1I-4 as a function of temperature. For
temperatures less than 10 K, 0.5% or more of the original number of
particles launched vertically do not get to L =1 m. This is a substantial
number if we start with 106 particles at the outset.

" Let us now consider a downward launch. Making the appropriate

substitutions we have that

172 2
dN(t)=[z—1] —1——{1‘ +-K—]exp --L[—L-—-—lt—] de . (17)

n v
m
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as a function of the temperature of the initial velocity distribution.

This distribution exhibits the same sharp peak at early times as before.
This is shown in Fig. II-5. Once again, the distributions are highly
skewved towards late arrival times, getting less so wvith increasing
temperature. Once again, the shape of these early time distributions is
very insensitive to gravitational effects, but is characteristic of the
temperature of the initial Maxwell-Boltzmann velocity distribution.

The late time behavior of the downward launch TOF spectrum is very
different from the behavior at late times for upward launch. For downward
launch, the latest-arriving particles started at z = O with an initial
velocity v = 0. Ve ignore for the moment those particles that started
upward with very low velocity and turned around to fall eventually to z = L
= 1 m. For the particles with v = 0 at z « 0, the TOF downward will be
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2L
t, = [——] : (18)
g

The cutoff time is the same as in the vertical spectrum but the character
of the distribution at the cutoff is very different from before. The late-
time behavior of the downward TOF spectrum is shown in Fig. I1-6 for
several temperatures of interest. In this case, the distribution flattens
out at an amplitude decreasing with increasing temperature, and abruptly
drops to zero at the cutoff time. For all temperatures, the particles that

rose briefly and turned arcund to arrive at z =L sometime later will
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extend this cutoff by a calculable small amount, and are an additional
concern with the downward launch approach. However, this is a controllable
quantity in the experimental design.

In the TOF approach with a Maxwell-Boltzmann distribution, one is
looking at endpoints of TOF distributions where the sensitivity to the
gravitational effect is most pronounced. Let us consider nov, alternatives
or modifications of this approach. Witteborn and Fairbank modified the TOF
spectrum by applying a current through the length of their copper drift
tube. A similar approach could be used for the antiprotons. The potential
in the case of antiprotons that just balances the forﬁe of gravity is of
order 10-7 V/m (see Eq. 1). For a 1l-m copper drift tube, a resistance of
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~10-7 @ can be obtained at 4.5 K (Ref. 1). The current then needed to

sustain such a potential drop over this distance is given by

I=" 1A . (19)

A current of 1 A or even a 10-3-4 current can be reéulated to very high
precision. Thus, the net acceleration can be changed at will by applying
this external current with very good precision.

The effect of this externally applied force can be seen by rewriting

Eq. 10 to include the externally applied field (considering upwvard launch

only)
L
t - dz : (20)
o [vz—Z{gth]z]l/z
0 —
m
In this equation ve have assumed that V(z) = +zE where E is a fixed

electric field value. By adjusting the magnitude and direction of E, the
net acceleration can be reduced to zere or <can be made so large that few
particles will reach an elevation of 1 m. The effect of increasing the net
acceleration by 50% in the TOF distribution for upward launch is shown in
Fig. II-7 for late times. The net effect of this is to cut off the
distribution earlier than under normal circumstances. The character of the
distribution is the same as with only gravity, but the slope of the
distribution function coming into the cutoff 1is steeper (see Fig. II-3 for
comparison). In principle, the electric field can be adjusted to increase
significantly the effective force. This will be useful in the calibration
and the measurement because the current can be regulated with adequate

precision.
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C. Calibration with an B~ and Proton Source

Absolute measurements of gravitational effects, although important, are
not among the goals of our experiment. Rather, we propose to test the
universality of free fall for antiprotons relative to protons.
Supergravity theories are presently unable to predict absolute values of
gravitational acceleration for elementary particles, but they do predict
that antiprotons will fall faster in the Earth’s gravitational field than
will protons (by as much as three times faster in theories with both vector
and scalar partners to the graviton). This is, in essence, a relative
statement. We propose, then, to calibrate our equipment using protons or
H- particles. An input parameter in this calibration process will be the
local gravitational acceleration at CERN’
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g = 980.735 cm/sec? .

With this advance knowledge, the TOF spectrum of these particles can be
measured and used to determine all non-gravitational effects in the
apparatus. Naturally, these effects need to be 'controlled in the
experimental design as much as possible. However, their net effect on
antiprotons can be determined using "other particles.” This is true to the
extent that these "other particles"” simulate the interaction of the
antiprotons with the non-gravitational effects. To preserve the comparison
of baryon and antibaryon, these "other particles" should be baryons so that
the gravitational effects are calibrated for baryon-like interactions. But
for non-gravitational effects, these ‘"other particles" should mimic
antiprotons identically. Because these non-gravitational effects are
electromagnetic in character, the "other particles" should have the same
charge and magnetic moment as the antiproton. Naturally, such a particle,
other than the antiproton itself, cannot exist. However, the H™ ion,
fortunately, has the same charge and nearly the same magnetic moment as the
antiproton. The reason for the charge similarity is obvious; the reason
for the magnetic moment similarity is somewhat subtle. The two electrons
in the B~ ion are coupled to spin 2ero, but because of the coulomb
repulsion between them, they are anti-correlated in their orbits. This
anticorrelation leads to diamagnetism for the H~ ions (and helium also).8
Thus, the magnetic moment arising from the electrons in the H™ ion is an
induced effect which increases linearly wvith increasing magnetic field
strength. The total effective magnetic moment of the H™ jon in a magnetic

field is given by:

1 g,
up = 2uN n+ -+ PP + sgeue
2 2
- {1384 % 107 T L1esx1008 ) BT . (21)
B Gauss

If we take T ~ 10 K and B = 6 x 10% causs, this gives
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We (2321020 L 9.9 x 120720y _ T8 (22)

Gauss

Evidently, the orbital contribution involving the nuclear moment dominates
over the electron contributions for all n values.

The H- ion will mimic the behavior of the antiproton in electric and
magnetic fields, allowing us to calibrate these effects fully.
Additionally, D~ or other negative jons with different masses can be used
in the calibration process as a further check on the electromagnetic
effects present in the drift space. Further calibration tests are
available by using positive ions with behavior we should be able to predict
if we understand the negative ion behavior, and the process for changing
polarities in the trap/detector systems. Once the electric effects are
s0lidly understood, it should be possible to again check the magnetic
gradient effects.

In addition to being the calibration standard for the drift space, H™
jons can also be used to test the lov-energy beam line and ion trap system.
Thus, we can tune these systems for maximum transmission before antiprotons
are used. We propose, therefore, to incorporate in our experimental setup,
an H- ion source with the appropriate energy (o0 test the beam line and ion
trap systems. However, because we feel at present that a possible electron
cooling stage could strip the H- ion, rendering it neutral, we propose also
to have the capability to produce H” ions at low temperatures internal to
one of the traps in the system. These particles can then be used to test
the drift space, independent of the low-energy beam line.

Finally, ve need to consider the detection of H™ ions and antiprotons.
Naturally, it is important to detect these particles in the same device s0
that the stray field effects on the drift time are the same. Because of
their very low velocity, the H™ ions will not be detectable in devices such
as scintillators, although antiprotons could be readily detected in this
way. The device of choice, we feel, is the microchannel plate (MCP). This
device has very high gain and extremely fast time respoase as well as being

relatively insensitive to magnetic fields. MCPs can detect low-energy H™
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jons as well as antiprotons. In addition, specially designed HCPs have

detection efficiencies near 100%.

D. Sources of Systematic Errors

Ve emphasize again that the experiment we propose is a relative
measurement of the gravitational force on the antiproton using the H™ ion,
as a calibration standard. Thus, systematic effects that will lead to
errors in the measurement arise from the constancy of effects over the
measurement interval including the calibration period. A very precise
knovledge of the time dependence of these effects is also required.
Nevertheless, the experimental design must be laid out carefully enough so
that the gravitational effects are measurable. This means, in essence,
that the stray electric and magnetic effects must be controlled at levels
indicated in Section II-A. In this section we discuss the methods and
options we will use in our final experimental design.

1. Rlectrostatic Effects. The gravitational force acting on an

antiproton at the Earth’s surface is equivalent in magnitude to the
electrostatic force between two antiprotons separated by 12 cm or to the
force between an antiproton and its image charge in an infinite conducting
plane 6 ¢m away. This is in contrast to the case for the electron where
distances involved are 5 m and 2.5 m, respectively.

Ve plan to use a grounded cylindrical conducting tube to shield the
drift space from stray electric fields.? On the axis of an ideal drift
tube of infinite extent, there are no electric fields. Because the drift
tube we will use is of order 1 to 2 m in length, the effect of the closed
ends needs to be considered in its design. The electric field due to the
presence of these closed ends can be found using standard Green’s function
techniques for ‘solving Laplace’'s equation 1in cylindrical coordinates. 1
Assuming that the length of the drift tube, h, is larger than its diameter,

2a (it is a tube, after all), the electric field on axis is given by

E(z) = ——— - e
ru:a2 i=1 [Jl(uia) ]2

q 1 [ e—2uiz —2ui(h—z) , (23)
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vhere the quantity uja is the ith zero of Jo (Jg(uja) = 0). A plot of this
electric field versus distance from one end is shown in Fig. II-8 for 2-cm
and 4-cm  tube diameters. From the figure, it is evident that, for
.distances greater than about a tube diameter, the drift space is
essentially field free. The end effects will, however, slightly shift the
TOF distribution cutoff. This slight shift will be the same for H™ ions
and antiprotons and can be calibrated out.

"
Ei
R
o' )
- 14
at
T
0 E}:
o ]
= $
E
2 ol
i!i E )/u:1cm
w B .'! a=2cm
10°E *
g4
10 3 \
- \
Kj“ \ 1\ 1 I { |

0.06 0.0 0% Q20 025

Z gn

Fig. II-8. The electric field felt by a unit charge in a 1-m drift tube
vith closed ends as a function of distance from one end. The tube

diameters are as indicated. The field is symmetric at the other end
(z ~1 m).
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Having only closed ends at the end of the drift tube is an idealized
situation. In practice, the ends of the drift tube may not be at the same
potential as the walls. This is due in part to contact potentials, but,
more importantly, to the field penetration from the rather high electric
field sources at the ends of the drift tube, the trap, and the MCP
detector. Depending upon the launching technique, the'ion trap in practice
could be at zero potential. Let us concentrate then on the MCP end. The
field penetration can be estimated by modelling the MCP as a charged
conducting dise placed at the end of an otherwvise grounded, closed,
conducting cylinder. Taking the voltage on this disc to be Vp, and its
radius to be b, the additional electric field felt by a unit charge a

distance z awvay from the disc is given by

b
E (2) = 5 e ' (24)

a i [Jl(“ia)]z

vhere uja and ujb are the ith zeros of Jo as before, and a is the drift

2V. b = Jl(uib) —u.z

tube radius. The effect of the closed end at z = h is vanishingly small at
z ~ 0 and has been eliminated in the above expression. This additional
electric field is plotted in Fig. II-9 for b = 1 mm and V, = 10 V. From
the figure it is evident that the field penetration needs to be controlled
at the MCP end of the drift tube. This can be accomplished with specially
designed MCPs incorporating a shielding grid. In any event, the MCP
operating voltage will be controlled to high precision in the experimental
setup and will be the same for the H- ion and the antiproton. Thus, it can
be calibrated out of the systen.

Ve have presumed thus far that the H~ ion or antiproton has been
precisely on the axis of the drift tube. The particle can, in principle,
be guided avay from the axis by the guide magnetic field lines if there is
a misalignment or by the residual transverse momentum from the magnetron
motion at launch time. To determine the effect of such a deviation, it is
necessary to calculate Av/4r vhere &r is the distance of the particle from
the axis. The calculation of &v/ar from the Green's function in

cylindrical cordinates involves a double infinite summation over products
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Fig. II-9. The additional electric field felt by a unit charge due to
ield penetration simulated by a l-mm disk at 10 V as an example (see text
also}.

of Bessel functions and requires the removal of the singularity resulting
from the point charge itself. This caleculation, along vwith accurate field
modeling of all electrostatic effects, is underway. Let us for the moment
set the scale of this quantity (&v/A&r) by calculating the work required to
displace a unit charge a distance r from the center of a sphere of radius

a. This is readily done using the method of images to give
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2
v 9 . (23)
3

Brea

For a ?-cm—diameter drift tube, this estimate shows that r £ 0.4 cm is
required to keep the electrostatic effects less than 10% of the
gravitational ones. For a 4-cm diameter drift tube, -r must be less than
1.1 cm. These dimensions are still larger than the active size of the
detector by some factor. Therefore, this effect is of little consequence
to the measurement. However, once again, it will be the same for H” ions
as antiprotons and can be calibrated out of the system.

If the tube diameter varies, the particle will be attracted to the
smaller-diameter sections and repelled from the larger-diameter ones. If
the H- ion or antiproton passed from a very long cylinder of radius a to a
slightly larger one of radius (a + da), the resulting change in potential

energy would be aproximately

gda

8naa2

4o

(26)

To keep this change less than the gravitational effect over 1 m reguires
that, for a 2-cm-diameter drift tube, da < 1.5 cm. Because the anticipated
precision for the drift tube diameter is better than 2 x 10-2 cm, this
effect only contributes less than 1% and again can be calibrated with H™
ions.

The last electrostatic effect we consider here is the influence on each
other of antiprotons travelling in the drift tube. If we consider the
antiprotons arrayed in a line on the axis of the drift tube, then this
effect can be estimated from the expression for the electric field a

distance zj from a point charge on the axis of a ecylinder:

@ i"1

By = — Z _° . 27)
2uea2 [ J (ulai) ]2

i=1
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To keep this effect a small fraction of the gravitational one, zy > 2.5a
where a is the drift tube radius. This effect then suggest that the tube
radius be as small as possible so that bunches of particles can be
accommodated. We will develop several drift tubes and launching techniques
and will study this effect in some detail. In any event, as long as the
linear density of H- ions and antiprotons are the same, this effect can be
calibrated out. A uniform launching technique can assure this.

2. Magnetostatic Effects. Magnetic fields are used to supply the

transverse restoring force in the ion traps. Additionally magnetic fields
vill be used to guide the orbits of the launched particles to remain on the
axis of the drift tube. Ve plan to use persistant superconducting magnets
for the entire ion trap/drift tube system. These magnets once energized
and disconnected from the power supply have a persistance of A&B/B&t = 10-8
per hour. This is a more than adequate time stability, but additionally
the time dependence is well known and can be corrected for if necessary.
The more important magnetic effect arises from field gradients. As
discussed earlier (see Section II-A), the degree to vhich the antiprotons
or B~ ions will couple to these gradients depends upon the cyclotron orbit
level for the particle. In Section II-A, a relationship between field
gradients and temperature was established (Eq. 7), assuming that the
resulting force should be less than the gravitational force. From that
relationship, for a 10 K antiproton, the field gradients need to be

controlled to the level

8B 1.9x10 % Y . (28)

Bz

Hovever, commercially available solenoids can be tuned using shim coils to
be uniform to AB/B ~ 5 x 10-2 over essentially any length.ll This is about
ten times less than the field gradient in Eq. 28. The effect is then far
less than the effect of gravity.

Nevertheless, the residual field gradients will wmodify . the TOF
distributions discussed in Section II-B. The degree of modification will
depend upon the cyclotron orbit level of the antiproton or H~ ion. Because

the populations of these levels are statistically distributed, for each
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value of the axial velocity, hence for each TOF value, the magnetic effects
will be distributed according to the cyclotron level population. Thus,
each TOF value will be smeared out slightly. The net effect of this is to
change the shape of the TOF distributions at the endpoints.

Let us estimate the magnitude of this distribution effect. Assuming
that the cyclotron levels are in thermal equilibrium, the distribution

function can be written as

-2y B g S
P(n,s) = 1 exp N [ n + i + S ] ’ (29)
2 2
ZROT kT
vhere
-uNB gss -, B gss
exp 1+ + exp 1l -
kT 2 kT 2
Zrot = (30)
-2y,.B
1 - exp N
kT

In the above expressions Zggr 1is the rotational part of the partition
function, wy is the nuclear magneton, B is the applied magetic field, T is
the equilibrium temperature, s is the spin state 1/2, and g5 = 2.79 for
antiprotons. For H- ions there is an additional term as discussed in
Section IT-A due to the incomplete cancellation of the electron spins.
This is a small effect, as discussed earlier and can be corrected for.
This distribution function for several temperatures between 1 K and 10 K is
shown in Fig. II-10. The ambient magnetic field in the figure is 50 kG.
From the figure, it is evident that the lower the equilibium temperature,
the narrower the distribution of n values. For all temperatures the

importance of spin up or spin down is only apparent for very low n values.
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Fig. II-10. The distribution function for cyclotron levels in a 50-kG
field for temperatures as indicated. The spin states have been averaged.

Figure II-11 displays the distribution function at 10 K for several values
of the magnetic field as indicated. From this display it is evident that
the higher the magnetic field, the narrower the distribution of n values.
The smaller the range of n values 4involved in the measurement, the
smaller the effect on the endpoint of the TOF distribution function. The
range in n values can be reduced by going to lover temperatures or higher
ambient magnetic fields (see Figs. II-10, II-11}. Getting to 1low
temperatures is a priority in the experiment for many reasons, including

the magnetic effects.
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Fig. II-11. The distribution function as 10 K for ambient magnetic fields
as indicated.

The effect of the cyclotron level distribution function on the TOF
endpoint for upward launch over a 1-m flight path is shown in Fig. II-12.
In the_figure the equilibrium temperature was taken to be 10 K and the
ambient magnetic field was 60 kG. The TOF distribution with no gradient
effect is also shown. From the figure it is seen that the magnetic
gradient effects change the shape of the TOF distribution at the endpoint,
vhereas the slope of the TOF distribution approaching the endpoint region
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Fig. I1I-12. The TOF distribution funetion for upward launch over a l-m

ight path. The endpeoint regign is shown for no magnetic gradient
(central line) and 4B/B = 4.0 x 107 pointng upward (top line) and downward
(bottom line). The equilibrium temperature of the particles is 4 K in a
60-kG ambient field.

is only slightly affected. Because of this feature, because the field
grad{ents can be mapped out to very high precision (~2 Gauss) and because
the H- ion is the calibration standard, it is possible to unfold or
deconvolute the gradient effects in the analysis of the TOF distribution
data. This deconvolution approach and its dependence on temperature,
ambient field, drift length, and the E~ {on correction factor is currently
under study using Monte Carle techniques.

Because of the capability to map the field gradients and to unfold the
effects in the final analysis the magnetostatic effects can be controlled

at a suitable level for the gravity measurement.
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3. The Patch Effect. Although the drift tube discussed thus far has

been considered to be a good conductor, the surface of even the best of

conductors is not everyvhere at the same potential. The surface of
metallic conductors (usually) is composed of tiny crystal faces or
"patches" vhich can have contact potential differences of V ~ 0.1V (Ref.
12). These differences can be interpreted in terms gf a dipole layer-of
charge according to the theory of Bardeen.13 Let us consider then, that
only two patch potentials exist: +0.1 vV and -0.1 V. Ve first assume that
the two kinds of patches are present in about equal numbers but with local
statistical fluctuations. Out of N patches randomly chosen from the two
possible types, the probable excess of one type over the other is /N.
Consider a group of Nj patches at equal distances ry from a test charge.
The potential from each patch is either +¢(rq1) or -¢(ry1)- The probable
difference of the potential from the average (i.e..zero) is just i/ﬁ1¢(r1).
Let Nj be the number of patches at distance rj from the test charge. The
probable fluctuation in the total potential felt by the test charge as is

moves along is given by

86 = [E_ N o2 (x)) ]1’2 - H¢2(r> an(r) ]1’? (1)
1

Further, let A be the area of each patch, T be the surface dipole moment, a
be the radius of the drift tube, and z be the distance along the drift tube

axis. For ¢ due to dipole double layers we have

6 = AaT . (32)

41‘[5(&2 + 22) 372

The number of patches between z = 0 and 2 = 2 is N(z) = 2maz/A, so

aN(z) = 2™ 4z . (33)

A

Thus the total fluctuation change felt by the test charge is:



_49_

2 SATZ

88232

A (34)

Where Eqs. 33 and 34 have been substituted in Eq. 32. In annealed OFHC
copper, typical crystal sizes are about 4.5 X 10-2 m (Ref. 14). Using a
1-c¢m radius drift tube and taking t/g, = 0.1 V yields 8¢ = 2.76 x 10-% v:
a substantial potential variation on the gravitational scale. Howvever,
taking the above patch size does not take advantage of the enormous
progress made in thin film deposition techniques and surface physies since
the original study of the patch effect by Witteborn and Fairbank in 1968.
Process techniques have been developed that will reduce the crystal size
for metallic surface coatings to less than the lattice constant.1® Thus,
truly amorphous coatings of metal are possibe. These new coating
techniques take advantage of collisional cascade effects on surface coating
growth.16 These effects arise in ion beam deposition of material when a
second beam of inert and non reactive ions is also incident on the
substrate to be coated.l? The collisional cascades thus induced suppress
crystal formation. In the light of this new coating process, which we will
use in the construction of the drift tube for the gravity experiment, we

estimate the fluctuations to be at the A$ = 5.5 % 10-10 V, where we have

i

taken the patch size to be equal to the lattice constant for copper, 3.6 x
10-10 m, and the drift tube radius is 2 ocm. At this level the fluctions
are small compared to gravity.

Thus far we have estimated the patch effect based on a random
distribution of dipole elements. If these elements were arrayed in an
orderly pattern an analysis based on the work in Ref. 12 shows that the

fluctuations will be given by

0.1 _2nzv2
1’rna,x - ¢ave = exp | — Vo : (33

2n X

where % is the dimension of the patch and z is the distance above the plane

of patches. We have that for z = 1 em, x = 0.1 cm (a very large patch)
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Ap = 4 X 10-41 v. It is unlikely that the patches could be completely
periodic but any periodicity would enormously reduce the effect.

Yet another effect that reduces the importance of the patch effect is
the adsorption of gases on the surface of the drift tube. This includes
effects from condensation of gases at cryogenic temperatures18 as well as
chemical combinations on the surface due to oxide formation.1?  The
measurements accomplished by Lockhart, Witteborn and Fairbankl8 indicating
patch effect contributions plummeting at -7 K is indeed suggestive of the
condensation mechanism for 'suppression. In that work they report an
ambient field of -10-10 y/m at 4 K. For the antiprotons, this is small
compared to gravity. Hovever the patch effect will influence the H™ ion in
the same way as the antiproton.  Thus the effect can be calibrated out of
the system using the H™ ion. The patch effect will be studied by our
collaboration as part of the drift tube development (see Section III-F).

4. The Rlectron Sag Effect. The notorious "Electron Sag" effect that

came to light after Witteborn and Fairbank had started their measurement of
the gravitational effect on u=.-1ect1:ons,1’5!6 is the least problematical of
the systematic effects for the antiproton measurement. This effect was
first reported by Schiff and Barnhil120 in 1966 shortly after F.C.
‘Witteborn had passed in his thesis. In this vork it is pointed out that
the electrons in the conduction band of a copper drift tube will "sag"
tovard the bottom due to gravity. The resulting redistribution of charges
in the copper will generate an electric field that would move an electron
on the drift tube axis with an acceleration equal and opposite to that of
gravity. Thus the net force felt by an electron in the drift tube would be
zero. For a positron, the force would be twice that of gravity. In
general, in the drift tube a charged particle will experience an

acceleration

Qm
Bagg =8 |1 —— | (36)
eM

where Q@ and M are the charge and mass of the particle. Vhereas for
electrons this is a 100X correction, for antiprotons this effect is a

5 x 10-4 correction.
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5. The Lattice Sag Effect. After the electron sag effect was pointed

out, it was observed that the lattice of the metal would also sag under the

gravitational force. A strain-induced change in the work function was
hypothesized21 and later observed under special conditions.?2 This lattice
sag hypothesis was the result of requiring charge neutrality in the metal
in addition to the Schiff-Barnhill sagging of the electrons. Consider a
column of metal standing vertically in a gravitational field. The metal at
the base of the column is compressed due to its support of the overlying
weight of metal. Most of this weight is due to the atomic lattice and not
the electrons. Thus the lattice spacing is smaller due to compression at
the base. This would set up an enormous electric field if it were not for
the conduction band electrons that redistribute themselves so as to
preserve charge neutrality. In Ref. 21 the expression for the electric

field just outside a metallic condueting surface is found to be
E= [vﬂg—mg] ; (37

vhere M is the atomic mass, m is the electron mass, and vy is a quantity
that characterizes the relative compressibility of the electrons and the
neutral lattice. This quantity, vy, is calculable from the modulus of
hydrostatic compressibility, and some assumptions related to the
deformation of the lattice {see Ref. 21 and the revievw article by Herring
and Nichols, Ref. 12, and also Ref. 23). In any event, the quantity y 1is
in the range 1 ~ 0.01 for copper. Thus the dominance of the lattice sag
effect is assured in all metals over the electron sag effect. How then is
it possible that Witteborn and Fairbankl did not observe this lattice sag
effect, but rather observed only the Schiff-Barnhill effect, even in
subsequent measurements 18,24 designed to seek it out? To date there has
not been a satisfactory explanation of the experimental data.
Nevertheless, in Ref. 23 Herring points out that the only part of the
conductor that generates the gravitationally induced external field is the
top few atomic layers on the surface. These layers are the only ones
involved in defining the work function. The experimental data presented in

Ref. 18 indicated a temperature-dependent shielding effect where the
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ambient electric field in the drift tube dropped from -5 X 10-7 V/m to
~10-10 y/m right near 7 K where residual gases would be frozen out on the
tube walls. This coating would change the vork function just as it would
change the influence of the patch effect. Several models attempt to deal
with this "coating" effect 25,26 and under the right assumptions, account
for the experimental results. An independent measurement by Craig22 showved
that a metallic dust coating on the surface of the metal would eliminate
the strain-induced change in the work function. All of these results
shoved that when the surface of the conductor is coated so as to disconnect
it from the supporting lattice, the strain-induced change in the work
function is not significant at the level of the electron sag effect.

The lattice sag effect, although important for an absclute measurement,
is not an important effect in our relative measurement on H™ and
antiprotons. To assure this, ve will study the reproducibility of the TOF
results using B~ ions so that the boundaries of the lattice sag effect will
be well known to us in our apparatus. The lattice sag effect can be
calibrated out of the system using H™ ions.

6. Thermal Effects. A homogeneous metal with no applied voltage may

still have a potential difference from one part to another if these parts
are at different temperatures. The potential difference, &V, varies with

temperature according to

ﬂVT = GTBT R (38)

vhere op is the Thompson coefficient. For metals it is usually a few
microvolts per degree. Measurements have been made of op for copper at 4.2
K, but the coefficient changes drastically with the purity and the history
of the sample.27 For the Thompson voltage to be less than the
gravitational potential over 1 meter, the temperature gradient needs to be

approximately

AT < 3.6 X 10'2 K . (39)
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1f the drift tube were in direct contact with the liguid helium cooling
bath, a temperature gradient of up to 0.34 K/m would exist because of
variation in the liquid helium boiling point with pressure.28 There are
tvo options for controlling this effect: 1) Have the drift tube in
contact with the bath at only one point. 2) Use a superconducting drift
tube. The Thompson coefficient of a superconductor is zero.30

The second method would solve the problem most conclusively, but
introduces several difficulties. First, the magnetic field in the drift
tube would be more troublesome to vary because the tube itself would have
to be driven normal in order to change the field. Second, the surface
texture of available superconducting materials could not be as carefully
controlled as for copper. Finally, the walls of the drift tube would have
zero dc resistance. Thus, it would be impossible to set up an axial
electric field by running current through the drift tube, as discussed in
Section II-B.

The first method would solve the problem by connecting the drift tube
to the heat bath at one end and otherwvise insulated by vacuum along its
entire length. Because of the low heat capacity of copper at 4 K, the
temperature over a 1-m length of drift tube would equilibrate in tenths of
a second to the ~10-2 K 1level for an initial 10-1 K gradient over its
length. A gradient can also be present if there is a heat leak. Careful
design and fabrication can assure the absence of such unwanted thermal
contacts. This is the design we will implement in our experiment.

Finally, if the helium bath is maintained below the A- point (2.17 K),
it becomes an extremely good conductor and presumably would allow the drift
tube temperature to stay uniform to far less than 10-2 K. This would be a
possibility if very long.drift tubes (several meters) were the option wve
chose.

The last thermal effect we put to rest 1is the presence of thermal
fluctuations in the electric field along the axis of a 4.2 K drift tube.
An early calculation of this effect showed that 10~7 v/m vas the level of
the fluctuation.3Y In an erratum3l the fluctuations were determined to be

of order 10-14 ¥/m and are of no consequence.
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Thermal effects can be controlled with careful experimental design at a
level well below that of importance to the antiproton experiment. Once
again, however, residual effects can be calibrated out using H™ ions.

7. Vacuum Effects. The particle concentration of background gases in

the drift tube needs to be low enough so that collisions that affect the
orbits of antiprotons or ions at the level of 10~/ eV are very unlikely.
In addition, the background gas concentrations in "the rest of the
deceleration and trapping system need to be low enough to ensure very low
loss rates of antiprotons before they can be used in the measurement. One
of the central reasons for maintaining the lov energy part of the system at
4.2 K vas to reduce the out gassing from the walls, thus greatly reducing
the background gas pressure. In addition, the vacuum walls serve as a pump
by condensing out all gases except helium and hydrogen. These gases can be
condensed out also by operating part of the system at temperatures lover
than 4.2 K. The hydrogen can be pumped very effectively using pumps of
special design. The vacuum system for the experiment will incorporate
these pumps.
The electrostatic interaction of greatest importance in determining the
~yacuum in the drift tube region is the attraction of the antiproton to the
induced dipole moment of the helium atom. The dielectric strength, K, of

helium gas is about 1.000063. The polarizability, o, is given by

o = (K-1)¢ , (40)

n
fa]

where n, = 2.69 x 102% is Loschmidt’s number. For helium « 2 0.21 x 10740

Farad-m¢. The electric field due to the antiproton is given by

E = q ) (41)

&nerz

The induced dipole moment will be
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p=oE=_" | (42)
4ner2

The potential arising from this dipole is given by

v. P cos® . (43)
4neR2
Using Eq. 42 in the above and taking ® = 0, R = r, we have that the

potential energy of an antiproton near a helium atom will be

2
N oq ) (44)

(4ue)2r4

This gquantity exceeds 10-7eV wvhen r < 7.2 X 10-7 cm. Thus the cross-
. section for undesirable collisions is given by ¢ < 1.64 x 10-12 ¢m2. For a
1-m mean free path £ = 1/pg, the density needs to be p < 6.10 x 109 cm-3.
This corresponds to a pressure of 2.64 x 109 Torr at 4.2 K. This pressure
is far greater than is commonly achievable in a cryogenic vacuum system and
several orders of magnitude above the pressure needed to keep the loss rate
due to annihilation low. Thus induced dipole interactions will not
interfere with the gravity measurement.

§; Overall Assessment. In this section we have discussed the

electrostatic, magnetostatic, and condensed matter effects that are of
concern in the gravity experiment we Ppropose. Unlike the experiment of
Witteborn and Fairbank on the electron, we propose to execute a relative
measurement of antiprotons with respect to H™ ions. Electrostatically
these particles are identical, being of the same charge. Thus all
electrostatic effects can be calibrated out of the system.
Magnetostatically, these particles are very similar due to the nearly
complete cancellation of the electronic magnetic moments and the dominance
of the effective hadronic moment due to the high cyclotron levels involved.

Once again, the magnetostatic effects can be calibrated out. With careful
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experimental design all the electro- and magnetostatic effects can be
controlled at a level well below that of gravity. Thus we depend on the
calibration process to deal with residual effects only.

The hadronic contribution to the inertial mass of the H™ ion and the
antiproton are the same to within 0.1%. The leptonic component in the H™
jnertial mass could contribute differently (in principle) to the
gravitational mass. Thus it will be difficult to draw definitive
conclusions at a level of better than 0.1X on the gravitational effect on
matter compared to antimatter in the hadronic sector. The anticipated
precision of our experiment is consistent with this limit.

The key feature that simplifies the measurement of the gravitational
effect on antiprotons is the availability of a normal matter counterpart
with very nearly the same mass and magnetic moment, and the same charge:
the H~ iomn. This calibration standard will allow for a relative
measurement of the gravitational acceleration of antiprotons compared to
protons at the level of 0.5 - 1%, provided that statistical effects and
uncertainties in the calibration procedure are treated with the care we

intend.

E. Sources of Statistical Error

Regardless of vhat technique is used to measure the gravitational force
on antiprotons, the measurement will rely on accumulating many measurements
of individual antiprotens, i.e. the measurement is a statistical one. For
the TOF approaches discussed in Section II-B a spectrum of particles with
different arrival times is measured. For both upward and downward launch,
the late time parts of the spectra are most sensitive to the gravitational
effects. The measurement in this approach is of the end point of the
spectrum. This can be extracted by a fitting procedure of the late time
spectrum.

Let us consider then the late time spectrum of particles launched

vertically up a drift tube of length L. The spectrum is cut off at

¢ < [ 2L ] 1/2 ) (45)
E
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For times near this cutoff the exponential term in the TOF distribution
function (Eq. 14) is very near 1.0. Thus the distribution function can be

revritten as

anee) = L 1 L _ &g ] ac , (46)
1/2 2 : ‘
(2n) Vo t 2
vhere v, is defined in Eq. 12. This expression for the late-time TOF

distribution is of the form

a9

aN(t) = ag - dt (47)
7
T

vhich can be readily solved for the cutoff time yielding

Tt = . (48)

Ve have fit a function of the form of Eq. 47 to a Monte Carlo simulation of
the late-time part of the TOF spectrum to test the sensitivity of the
measurement to statistical and other effects. A& typical fit is shown in
Fig. II-13 for 2 x 106 stored antiprotons at an average temperature of 10 K
launched upward in a 100-cm drift tube. The goodness-of-fit criterion used
is the conventional chi-squared test which enables a simple matrix
inversion solution to a fit using Eq. 4&7. In the analysis of the
experimental data we plan to use a fit criterion based on Poisson
distributed data,32 rather than chi-square which is designed for Gaussian
distributed data. Nevertheless, the simplified version is adequate for our
purposes nov.

Using the fit results for the standard deviations for the coefficients
in Eq. 47, Eq. 48 for t., and a simple error analysis, allows the

calculation of the standard deviation for the measurement of g. Because
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Fig. 1I1-13. Typical fit to a Honte Car%o simulation of the late time TOF
spectrum. The data represent 2 X 10° stored antiprotons at an average
temperature of 10 K launched upvard in a 100-cm drift tube.

the error in g also involves the uncertainty in the drift length L, we have

included an estimate of this uncertainty as

o, =0.1lcm , (49)
vhich is a reasonable estimate of this quantity based on the launching ion
trap design. Figure II-14 displays the relative error, og/g, for the

gravity measurement versus the total number of stored antiprotons in the
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Fig. II-14. Relative error in the acceleration ¢,/g versus the total
number of antiprotons involved in the measurement ol g. The results for
tvo average temperatures as indicated are shown. The drift length is 100
cm {see text also).

measurements. Shown in the figure are the results for a 100-cm upward
drift length and two average temperatures as indicated. From the figure it
is evident that for a 10% particle measurement the error in g will be
between 1 and 3% for the temperatures shown. In actual fact it will be 1.5
to 2.0 times larger due to the relative nature of the measurement. For a
107 particle measurement the error will be between 0.4 - 0.6%, a
substantial gain in precision. For 108 particles and up, the error starts
to be dominated by the error in the drift length, o (see Eg. 49), but a
0.1 - 0.3Y measurement would be possible with this many particles. The
dominance of o for precisions in the range 0.1 - 0.3 suggests using a
longer drift tube. Calculations show that using a longer drift tube (200
cm) does improve precision for measurements using 10% particles and up.

As discussed in Section TI-B, it will be possible to pass a highly
regulated current through the drift tube to set up an electric field that

can either increase or decrease the total acceleration (see Eq. 20). By
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applying a suitable current the total effect can be enhanced 10 or 100
times. This has a most dramatic effect on the statistical error for the
gravitational acceleration. This is illustrated in Figure I1-15, where
the result with no electric field is shown for comparison. As is evident

in the figure, by increasing the net effect tenfold, an order of magnitude

‘o-l ¥ 'I|1|ll 1 T 1 111 I 1 T 1111 I T T % | F1
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Fig. II-15. Relative error in the acceleration o /g versus the total

number of antiprotons involved in the measurement of g. The results for
gravity, 10x, and 100x increased acceleration are shown (see text also).

improvement in the accuracy is possible. For 109 particles a 0.35%
measurement could be accomplished. If the acceleration were increased 100
fold, such an accuracy would be possible with 10° particles. At these
levels of accuracy the error is dominated by the error in the drift length.
Naturally, the current through the drift tube can be regulated with some
finite precision, and hence the axjal electric field in the drift tube is
knowvn to this precision. This has not been included in the error estimates
presented in Figure 11-15. However, these contributions will be very small
because of the high level of regulation possible (AI/I - 103 or 1076).
Using an axial electric field to increase the net effect is an important

technique for improving the accuracy of the gravity measurement for low
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particle numbers. It is important that this axial field be the same to
within the regulation precision for both a measurement with H- ions and
antiprotons. This requirement and the general use of an axial electric
field for the measurement is under study by our collaboration.

The effect of the spread in cyclotron 1levels is an additional effect
that can be dealt with through a fitting procedure. Using a theoretically
parameterized resolution function for this effect, it is possible to
deconvolute this effect from the measured TOF spectrum. The importance of
this effect and its contribution to the error can be minimized with careful
experimental design and also through the calibration procedure with H™ ions
vhose response will be nearly identical to antiprotons.

In summary, the statistical effects associated with fitting the end
point of the TOF spectrum suggest that 106 to 107 antiprotons will be
required for a 1% measurement of the acceleration of gravity. By using an
axially applied electric field a -~0.2% measurement could be possible with
the same number of particles. The effect of the error in the drift length

dominates the measurement precision at the 0.1X level.
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III. EXPERIMENTAL DESIGN

A. Experimental Qverview

To measure the gravitational effect on antiprotons, the antiproton
energy has to be sufficiently low for the TOF spectrum (discussed in Section
II-B) to have sufficient particles near the cutoff time (t, = {5375). As
presented in Section II-B, the energy regquired is better measured in degrees
Kelvin, rather than the more familiar MeV or keV. The lowest energy beam
currently available from LEAR is -5 MeV (Ref. 1). To perform the
measurement, this energy has to be reduced by about ten orders of magnitude.
We propose a series of deceleration stages involving an RFQ decelerator and
several pulsed electromagnetic jon traps to accomplish this energy
reduction. The final ion trap will store up to 107 antiprotons at ~10 K or
jower. Once the particles are cold enough, they will be brought, ~102.at a
time, into a high precision launching trap and suddenly released into a
drift tube. After a 1 m flight path, the arrival times of the antiprotons
relative to the launch time are measured using a microchannel plate to
detect the particles.

A schematic view of the experimental setup is shown in Fig. III-1. In

MCP

SCHEMATIC LAYOUT
ANTIPROTON GRAVITY orFT TURE———§ 11
EXPERIMENT

BOLENGID
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SEAM CATCHING TRAF —__ ]
WP oW SOURCE —___ | _]
ANTWROTOM BEAM ENERGY BHWTER
FROM LEAK [
- ::‘ BUNCHER AFEQ e
‘ﬁ_ TO OTHER
EXPEARIEMTE
l SENDING MAQMETS
T OTHEA
EXPERMENTE
Fig. III-1. Schematic view of the experimental setup indicating major

equipment items (see text also}.
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the figure, a bunched beam is extracted from LEAR at 5 MeV. The beam in
LEAR has a macrotime structure set by the Bth harmonic buncher already in
the LEAR ring. A single phase bucket out of the 8 circulating is fast
extracted from LEAR and delivered to the experiment. A microtime structure
that is matched to the operating frequency of the radio frequency quadrupole
(RFQ) decelerator will also be imposed on the macreoburst, This
microstructure can be imposed by a buncher system either in the LEAR riﬁg or
externally. Bunching in LEAR makes the most efficient use of antiprotons
vhereas bunching externally has higher loss rates. In any event, ‘this
bunched beam at 5 MeV is decelerated in an RFQ, currently under design at
Los Alamos and CERN, to 100 keV. An energy shifting cavity is then used to
adjust the beam energy up to 200 keV for use in other experiments or down to
20 keV for use in our gravity experiment. In the drift length, a provision
for injecting 20 keV H ions into the beam line will allow for testing of
the pulsed ion trap independent of LEAR operations. The drift length will
"also contain beam diagnostics and optics appropriate for entering the double
focusing 90° bending magnet which bends the beam vertically up into the
first pulsed ion trap. Located immediately before the entrance to this trap
is an electrostatic deceleration stage and drift space which lowers the beam
energy to 4 or 5 keV depending upon the incident beam energy spread.
Initially the entrance endcap is at ground potential and the top endcap is
at 5 kV. As the beam burst traverses the trap and approaches the top endcap
it starts to decelerate and turn around. When the leading edge of the burst
has returned to the center of the trap the potential on the entrance endcap
will be quickly raised 5 kV, which will prevent the burst from exiting the
trap, i.e. the burst is captured. In this type of electromagnetic trap
(Penning trap) the particles are contained radially by a strong 6 T)
magnetic field and axially by an electrostatic quadrupole potential. While
in this trap the particles will be resistively cooled to ~200-300 eV. When
this is accomplished, the particles will be transferred to a highly
compensated harmonic trap for further resistive cooling. Although other
cooling schemes have been proposed,2’3 we plan at present on resistive
cooling because it is the only demonstrated technique available. In this
intermediate trap the particles will be cooled to ~5-10 K and stored in

preparation for transfer, 102 at a time, into the final, launching trap.
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Once in the launching trap, the potential will be suddenly dropped,
thus releasing half of the particles upvard. Above the launching trap ve
locate a 1-m drift tube for isolating the rising antiproton from stray
electric fields. The TOF is measured using a microchannel plate at the top
of the drift tube. This same device can be used to detect H ions used in
the calibration runs. The ion traps must operate at extremely low pressures
(< 10-14 Torr) to avoid loss of antiprotons through annihilation rwith
residual gas atoms.

To measure the gravitational acceleration of antiprotons relative to
the H ion will require the launching of a total of 10% to 107 particles for
a 1% measurement (see Section II-E). This same precision can be achieved
with fever particles if an externally applied electric field is used. There
will be ~108 particles in each 8'N harmonic macrobunch from LEAR. This is
sufficient for one TOF spectrum with some safety margin. Many TOF spectra
will be required to verify reproducibility and to study systematic errors.
FEach antiproton run will be followed by a run with H ions either internally
generated in the bulk storage trap or transported from the H source.

In the subsections that follow, each of the major pieces of
experimental equipment is discussed in some detail. Finally, we concliude
this section with a discussion of the experimental development program that
we are now executing. In particular wve present the technical milestones
that are required before the experiment can be performed. Several of these

milestones have already been achieved.

B. The LEAR Facility

1. Lov Energy Operation. Recently, LEAR has been successfully operated

at 5 MeV kinetic energy. Although it is hoped that lover energy operation
will be possible, we will plan our beam line design based on 3 MeV extracted
energy from LEAR. The beam characteristics at 5 MeV are summarized in
Table III-1. The beam line design for the gravity experiment is discussed
in Section III-C. The lifetime of the beam in the LEAR ring at 5 MeV is
currently ~1 hr. We understand that this lifetime could be extended by the
addition of new power supplies for the steering and focusing elements in the
ring. We will maintain our close contact with the operations personnel

wvorking on the low energy operation at LEAR.
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Table ITI-1

LEAR LOV ENERGY PARAMETERS

Energy 5.0 MeV
Momentum 97.0 MeV/c
ex(unnormalized) An-mm- mrad
£ _(unnormalized) 3n-mm-m£ad
ab/p (Full) ©2.0X107

2. Bunching. The beam entering the RFQ is required to have a microtime
structure that is matched to the operating frequency of the RFQ. In
addition to the microtime structure, our experiment requires a macrotime

“structure that corresponds to the 8" harmonic of the bunching system that
already exists in the LEAR ring. This macrotime structure will provide our
experiment with a pulse length, at the decelerated energy, that will match
the length of our first pulsed ion trap. It is required then that a buncher
for the microtime structure be built. In principle this buncher can be
inserted either in the LEAR ring or externally in the beam line just
preceding the RFQ. Insertion in the LEAR ring can be accomplished in one of
the long straight sections of the ring. The cavity itself can be quite
short and can be designed so that it will not interfere with normal LEAR
operation. Bunching in the ring is done adiabatically over a period of time
that is very long compared to the circulation time around the ring.
Bunching in such a mode can be accomplished with lov antiproton losses. The
microtime structure can also be imposed without interfering with the
macrotime structure imposed by the existing buncher in LEAR. However, if
one bunches in LEAR one must preserve this time structure during extraction
and transport to the RFQ, which may require additional cavities.

Bunching externally in the beam line just preceding the RFQ, is also a
possibility. Two possible schemes are discussed in Section III-C-b. The
first scheme will bunch 75% of the extracted beam from LEAR into the
acceptance of the RFQ with relatively good longitudinal emittance (good
energy resolution). The difficulty is that it requires about 25 meters of
floor space and several elements to be implemented. The second external
bunching scheme ve have considered (see Section III-C-b) will bunch 50% of
the beam from LEAR into the RFQ acceptance with fairly good longitudinal

emittance. This design requires 13 meters of beam line.
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3. Extraction. Our experiment requires the fast extraction of a single
bunch assembled by the 8" harmonic buncher already in the LEAR ring. To
minimize particle losses the fast extraction kicker needs to be fully
energized and de-energized in between the 8P harmonic phase buckets. This
requirement can be satisfied by the existing kicker system. Thus fast
extraction can be accomplished with no particle losses.

4. Vacuum Isolation. The beam line we propose té build as part of our

experiment will inherently have a vacuum of <1071 Torr. The deceleration
system itself will be the most problematic source of vacuum contamination.
Therefore we will have several stages of vacuum isolation to maintain <10-11
Torr on both entrance and exit apertures of the deceleration system. All
beam line elements will be bakeable to 250° €, and built according to
standard ultra-high vacuum practice. We will always maintain a better or
equal vacuum at the interface of our beam line with LEAR than in LEAR
itself. We will take extra precautions and care in the design of our vacuum
system because of the inherent ultra-high vacuum requirement of our
experiment and because we wish to eliminate the vacuum window conventionally
used in experimental beam lines. At the very low energy we plan on
extracting from LEAR, a window of any thickness will severely degrade the
beam quality and reduce the number of particles available for our
measurement. This issue is currently under study by the collaboration. Our
estimates thus far indicate that a window cannot be used. Ve will design

our vacuum system accordingly. (See alsc Section III-H.)

C. The RFQ Decelerator

1. Introduction. The RFQ as a particle accelerator originally was

praposed by Kapchinskii and Teplyakov.a Qutside the Soviet Union, the

development of RFQ technology has been led by the Los Alamos National
Laboratory. The work at Los Alamos has led to the widespread application of
RFQ structures for the solution of the low-velocity problems that are
inherent to many accelerator systems.5 Several comprehensive reviews of
RFQ‘s are available (see Refs. 6-8}.

Figure III-2 displays a schematic view of a 4-vane RFQ resonator.
Currents transverse to the RFQ axis provide + - +« - polarities on the vanes
(poles) which result in a transverse quadrupole electric field. This

quadrupole field configuration produces focusing in one transverse plane and
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Fig. III-2. Sectional schematic view of a 4-vane RFQ resonator. Note the
sinusoidal-like variation of the vane radius (see text also).

defocusing in the other. One half rf cycle later these focusing forces
reverse sign to produce an overall strong focusing effect. Pole tips with a
constant unmodulated radius produce a radial focusing force only. Pole tips
with a sinusoidal-like variation in radius, as shown in Fig. III-2, have
longitudinal accelerating fields as well as transverse focusing fields.

In conventional drift-tube linacs the focusing force, which is obtained
from magnetic quadrupoles within the drift tubes, becomes too small at low
velocities to counteract the tendency of a finite emmittance beam to
diverge. The RFQ can operate at a velocity below that of conventicnal
linacs because the focusing is obtained from the velocity-independent
electric force. The strong focusing in an RFQ permits acceleration while
maintaining good beam quality. In comparison with a d.c. accelerator the
RFQ frequently offers the advantage of a reduced size. For this application

the overall length of the RFQ may not be much more than a fev meters. The
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RFQ is relatively simple to operate as compared with most other
accelerators.

Qur proposal to use an RFQ as a decelerator has no precedent. We are
confident, however, that it can be done. The particles are injected into
the RFQ when the longitudinal field is decelerating rather than
accelerating.

The output values one tries to achieve in the deceleration system’must
correspond to experimental requirements. Important parameters include the
final energy, transverse emittance, and energy spread. In the reference
design described here we consider final energies between 20 and 200 keV.
Although it may be possible to reach energies lower than 20 keV with the rf
deceleration system, one also has the option of further deceleration with a
dc potential to achieve ultra-low antiproten energies. In our design, we
have also attempted to preserve the beam quality by keeping the growth of
both transverse and longitudinal emittance low. Small 1longitudinal
emittance implies that either a small energy spread or a small phase spread
is potentially available.

2. Basic Considerations. To preserve beam quality, one must werk in a

sufficiently narrov region of the longitudinal phase coordinate to minimize
nonlinear effects. In general, the input beam is not matched to the RFQ in
longitudinal phase space unless a longitudinal matching element is placed
between LEAR and the RFQ. The matched beam parameters in the longitudinal
phase plane at the input to the RFQ (high energy end) are related to the RFQ

parameters by

ov

1 2,2 3 - 1/2
—_— = - 1
) 2(emc 8y AUESIH¢S|} . (1)

where B and v are relativistic factors, A is the accelerating efficlency
(vhich depends on the amount of vane-tip modulation in the RFQ), V is the

. *
intervane voltage, V the kinetic energy and ¢_ is the synchronous phase,

* . . : . . o
We use the linac convention for the phase in which ¢=0 is at the positive

peak of the wave form.
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Another formula, useful for the design of an RFQ decelerator, relates

approximately the output and input phase spreads:

: 2
8by ¢ : (AV|31n¢s|s Yin 1/4 2
845n (AV]sin¢5162)0ut

If one works in the linear region where the longitudinal emittance is
conserved, the final energy spread can also be obtained from Eq. (2).
6

Equations (1) and (2) together with the usual set of RFQ formulae™ have
been used to choose appropriate RFQ parameters.

3. Reference Design for the rf Deceleration System. The reference

design presented here assumes that a single Sth harmonic bunch at 5 MeV is
extracted from LEAR. Using fast extraction, the energy spread is expected
to be small, on the order of *1 or 2 keV., Two buncher cavities will place a
reasonable fraction (~50%) of the beam into the longitudinal phase space
required by the RFQ. The RFQ will decelerate the beam from 5 MeV to 0.1
MeV. A separate rf cavity ("energy shifter") will reduce the beam energy to
around 20 keV. This same cavity could be used to vary the energy between 20
and 200 keV to satisfy the needs of other experiments,

The 5 MeV injection energy is the dominating factor in the design of
the deceleration system. Bunching at 5 MeV requires long distances. The
acceleration (or deceleration) efficiency of RFQ‘s decreases with increasing
particle energy. A Drift Tube Linac (DTL) is normally used for energies
above 2 or 3 MeV. Also, the difficulty of tuning an RFQ increases with
(L/i)z, wvhere L is the length of the RFQ and X is the free-space wavelength
of the rf. However, we consider one relatively long RFQ to be a simpler
system than a DTL-RFQ combination.

a. Design of the RFQ. A major consideration is to minimize the length
of the RFQ. The acceleration rate, and therefore the length, depends on the

intervane voltage, the vane modulation, and the synchreonous phase by

cosdg (3)
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where W is the kinetic energy of the synchronous particle and z is the

longitudinal distance along the RFQ. Both A and cos¢, are limited to be
less than unity, so V must be large to shorten the RFQ. However, if V is
large, the mean aperture radius r, must also be large to prevent an

excessively high electric field on the vane-tip surface. But r, cannot be

o < t, vhere ¢ = BMN2 is
the length of the shortest cell in the RFQ. For 100 keV protons, 8 =
0.0146. Consequently, r, should be less than 0.007 A,

In the RFQ design, we have restricted the maximum surface field to

arbitrarily large. A good rule of thumb is that r

Ei = kV/r, £ 1.65 Ey {4)

where E, is the Kilpatrick limit, and K is a field enhancement factor that
depends on the vane-tip geometry. We have assumed vane tips having a
constant transverse radius of curvature p = 0.75 ry in order to minimize K.
The above considerations have led us to the RFQ parameters summarized in
Table III-2.

The matched input in the longitudinal phase space has a A&W/84¢ = 5.65
keV/degree. Assuming a total emittance of 100 n-keV-deg (a value we have
found to be readily achievable by a buncher system), a matched ellipse would

have semi-axes of 4.2 deg and 24 keV. VWe have assumed the 5 MeV beam to

Table III-2

REFERENCE RFQ PARAMETERS

Parameter Value
Frequency (MHz) 200
Initial energy (MeV) 5.0
Final energy {(MeV) 0.1
Number of cells 84
Intervane voltage (kV) 177
Mean aperture radius r, (cm) 1.04
Peak surface field (MV/m) 24
Modulation parameter at 5 MHeV 2.8
Modulation parameter at 0.1 MHeV 1.1
Synchronous phase 5 MeV (deg) -162
Synchronous phase 0.1 MeV (deg) -142
Length (cm) 313

Peak power (kW) 535
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have a transverse unnormalized emittance of 3 f-mmemrad, although the
transverse acceptance of the RFQ is much larger.

The results of simulations of the matched beam passing through the RFQ
are shown in Figs. III-3 through III-5. The beam width, phase spread, and
energy spread at each cell are shown in Fig. III-3. The 3 MeV input
characteristics are shown in Fig. III-4. In this figure the phase and
energy spectra, the x-y coordinates, and the longitudinal coordinates
surrounded by the separatrix enclosing the region of longitudinal stability
are shown. These same characteristics at the exit of the RFQ (100 keV) are
shown in Fig. ITII-5.

b. Design of the Buncher System. \Using two buncher cavities, one
operated at 200 MHz and the other at 400 MHz, it is possible to place about
75% of a continuous beam 1into the matched 100 ~=n-keV-deg ellipse.

Unfortunately, the distance required at 5 MeV is about 25 meters. However,
it is possible to bunch 50% of the beam into a smaller phase spread in a
distance of about 13 meters. This beam is not longitudinally matched to the
RFQ, but approximates a vertical line in longitudinal phase space. By

slightly adjusting the intervane voltage, this line can be made almost
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Fig. III-3. Horizontal profiles (top) phase spread (center), and energy
spread (bottom) of a matched beam passing through the RFQ. The dots on the
top graph indicate the minimum vane aperture along the structure.
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horizontal at the exit of the RFQ, vhich means that the beam can have a
small energy spread.

An example of a transport system between the buncher cavities and the
RFQ is shown in Fig. III-6. At the upper left is shown the x-x’ and the
y-y’ phase space ellipses at the buncher, and at the upper right are these
ellipsis at the entrance to the RFQ. At each end are two matching
quadrupoles, between which are four doublets separated by 2 meters.' The
horizontal and vertical profiles of the beam in the transport system are
shown at the bottom of Fig. III-6.

We have simulated the behavior of the beam as it passes through the
buncher system, RFQ, and the energy-shifter cavity. At the bunchers, the
beam is assumed to be continuous with a *1 keV energy spread. The beanm
characteristics at the entrance to the RFQ are shown in Fig. III-7. Most of
the phase width of the beam is caused by the #1 keV energy spread at the
buncher. After passing through the RFQ and 5 com beyond, the beanm
characteristics are as shown in Fig. ITI-8. An energy shifter cavity at

this location could reduce the energy to around 20 keV. The simulated
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Fig. III-6. Beam characteristics in the 5 MeV bunching line. Horizontal
and vertical phase-space ellipses at the buncher are shown at the upper
left, and at the RFQ at the upper right, Horizontal and vertical profiles
in the transport system are shown at the bottom.
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results are shown in Fig. III-9. Most of the beam lies within a +10 keV

energy spread, and a good fraction lies within +4 keV. The increased energy
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Fig. III1-9. Beam characteristics after an BO keV energy shifter cavity.

spread in the central region is caused by the off-axis particles being
decelerated more than the on-axis particles.

These simulations indicate what might be expected from a deceleration
system. More detailed calculations are needed, especially for the
energy-shifter cavity. Final design calculations for the entire
deceleration system would necessarily be done in coordination with the needs
of the low-energy transport line {see Section III-D), the antiproton Penning
trap, and with the detailed characteristics of the LEAR beanm.

It is tantalizing to hope one could simply use a degrading foil and
obtain significant quantities of antiprotons at the necessary lov energies
for acceptance into a trap. Unfortunately, little if any data exists for
transmitted, degraded antiproton numbers at 10 keV energies from bombarding
a foil (7235 um) with the lowest energy beams (5 MeV) from LEAR. Indeed, a
search through the literature reveals no data on proton stopping povers
below 10 keV. This data is necessary for accurate estimation of the number
of degraded transmitted protons versus energy. Moreover, the antiproten
will behave differently at low energy than protons (no electron capture and

the annihilation process}.
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Our conclusion is that a degrading foil will not permit us to use 10’
to 108 antiprotons in a single measurement, which ve would like to repeat a
number of times to obtain a high precision determination of g/g. Further
the RFQ decelerator just described could also form the cornerstone for
future experiments requiring a low energy (£ 200 keV) antiprotons and as

such is attractive in itself.

D. Lowv Energy Beam Transport

1. Antiproton beam line. An important limk in the success of this

project is the ability to transport low-energy (20 keV) antiprotons (p) from
the RFQ decelerator system into the Penning trap. To avoid p losses this
transport must be done with high efficiency and with no degradation of the
ultra-high vacuum (at least 10714 Torr} in the trap region.

A sketch of our plan for the low-energy system is shovn in Fig.
I1I-10. This consists of a direct-extraction, duoplasmatron ion source and
a system of electrostatic lenses, magnets, and apertures. Other elements
that are not shown are valves, Faraday cups, beam steerers, and pumps. The

five long, narrow apertures shown are cylindrical tubes and act as throttles

GRAVITY
30kV EXPERIMENT
PH" ‘

av ION TRAP
¥ AND
SOLENOID
‘23 %10'“10”
APERTURE AND .
“HE““HxiiiEBPM THHOTTLEE_’///; 10~ torr
20keV H” E mﬂ EZZ‘
SMeV P 20keV \]’ \\5,// 7 \}

- y
BEAM FROM E 90" DOUBLE
LEAR INJECTION FOCUSING
AFQ DECELERATOR MAGNET MAGNET
SYSTEM

Fig. III-10. Layout (plan view except for the ion trap and solenoid
vertical line, which is a side view) emphasizing the 20 keV beam transport.
The ion trap in our present test system has a 3 mm diameter entrance
aperture.
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to separate different vacuum regions. They are positioned at minima in the
beam’s transverse dimensions (waists) and serve to transport the beam across
vacuum regions that could differ in pressure by a factor of 100 or more.
The waists are formed by either the electrostatic einzél lenses or the 90°
double-focusing magnet. The system will be constructed using all metal
seals, stainless steel beam pipes, and other elements capable of bakipg to
attain high vacua. Ve expect that the pressure in the decelerator system
will be about 10710 Torr when the H source is valved off and that the
pressure just below the last throttle will be about 10711 Torr for all
running conditions. The final reduction in pressure in the trap region,
necessary for long p 1lifetimes, will be accomplished by operating that
region in a 4 K environment. We plan to use a cold shutter arrangement to
isolate the trap environment from the rest of the system when beam is not
being injected. The trap design allows a 30 cm length of beam to be
compressed and trapped with high efficiency. This 30 em is the beam length
that is planned to be injected by the RFQ system into the low-energy beam
line. The energy spread in the beam at that point, however, will propagate
into a longitudinal spatial spread as the beam moves the approximately four
meters to the trap. For example, a beam energy width of 4 keV at 20 keV
will spread spatially at a rate of 10 cm per meter traversed. Such an
energy width is not unreasonable from the point of view of the RFQ design;
howvever, we would like to keep the spatial extent of the beam at the trap as
close to 30 cm as possible. To this end we are studying the possibility of
including a debuncher as an element in the RFQ system and of shortening the
path length traversed by the low energy beam. As of January, 1986, we have
constructed at the Los Alamos Ion Beam Facility a lov-energy beam test line
approximating most of the plan of Fig. III-10, except that the RFQ system is
not present and the trap is operated at room temperature. Our experience
vith the test system is described in Section III-H.

2. Calibration source. A separate source of 20 keV protons and H ions

is necessary for two reasons. First, the negative ion beam will be used to
adjust the low-energy system and trap to be ready for p injection. Second,
p or H will be trapped and launched into the gravity drift tube to test the
properties of the gravity-measurement apparatus and to calibrate this

apparatus for the p gravity measurement.
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An ion source designed for our application is available commercially
and would provide approximately 50 wA of H™ or D ions, and even more
current of protons or deuterons. The energy spread of this beam would be
only several tens of eV. Suitably forming the phase space to be compatible
with transport to the trap would reduce the useful current to the order of
10 wA. To prevent undue heating and consequent pressure rise in the trap
region from extraneous beam, ve will provide for chopping of the cwv ‘beam
from the source so that only a short burst will be sent to the trap.

E. The Ion Trap System

1. Introduction. 0f the different  possible  schemes to
electromagnetically confine charged particles the Penning trap9 is the most
promising approach for our applications. Compared to the radic frequency
quadrupole trap.lo vhere the particles are weakly but continuously heated by
the external RF-fields controlling their macromotion,ll and the Kingdon

12

trap, which relies on a high transverse angular momentum for stabilirty,

the Penning trap allows the lowest possible kinetic energy of the confined
particles. In the Penning trap, confinement is achieved by a combination of

electrostatic and magnetic fields. A cross section of the electrodes of
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Fig. III-11. Cross sectional viewv of an asymptotically symmetric Penning
trap. The dashed lines represent the electric field lines.
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such a trap is shown in Fig. III-11. The top and bottom electrodes
(endcaps) have hyperbolic curvature. The third electrode (ring electrode),
also hyperbolic in curvature, is cylindrically symmetric about the vertical
axis. The electric field produced by this configuration, when properly
biased, will confine a negatively charged particle located near the center
of the trap along the vertical axis but will repel the same particle towards
the ring electrode in the horizontal plane. The superimposed magnetic field
will force any transverse motion into a combination of cyclotron and
magnetron {ExB drif:t) orbits. VWith an appropriately adjusted B field these
orbits can be kept small compared to the transverse dimensions of the trap
structure.

In an ideal Penning trap an electrostatic quadrupole potential

2_ 2
V=V, E_:Ejig , (5)
2d
and a homogeneous magnetic field along the vertical axis
B-8Bz , (6)

are superposed.
The quadrupele potential is commonly produced by placing electrodes
along equipotential surfaces of V. The two branches of the hyperboloids of

revoliution

22 =22, %2 (7

represent the end caps, and the hyperboleid of revolution

22 - 172 (p¢ - poz) , (8)
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is réquired for the ring electrode. 2z, and p, are the minimum axial and
radial distances from the trap center to the electrodes, and the

characteristic trap dimension is defined by

a2 - 172 (2,2 + 0,22 . (9)

In an asymptotically symmetric trap these quantities are connected by the

relation
) (103

vhich places the electrodes at potentials + V /2, and leaves the center of

the trap at ground. Other combinations of p, and z, are possiblie without

Q
disturbing the harmonic properties of the trap if appropriate electric
potentials are applied to the caps and ring electrodes. For a ratio o of g/

to z, the potentials applied to the electrode are related by
x
VRing’ Vcaps = 2 (11}

Because all electrode structures have to be truncated at some point the
ideal quadrupole potential is only realized near the center of the trap, but .
additional electrodes (guard rings) can be used to correct, to some extent,
the anharmonicity.l3 HBarmonicity of the electric potential is not a
stringent requirement for the confinement of the particles, but is desirable
for most of the detection and cooling schemes described beleow. If the basic
requirement of harmounicity can be lifted, virtually any geometric design and
a wide choice of electric potentials is possible as long as the magnetic
field overcomes the radially defocusing effects of the electric field.

In an ideal (harmonic) Penning trap the motion of a charged particle
decouples into an axial motion independent of the magnetic field, which is a

simple harmonic motion with frequency
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w? -2, (12)

7

2 2y 1/2
w ) @}
m=c+[i*i] , (13

where W, =
fields, and

B is the cyclotron frequency in the absence of electrostatic

w2

slov BxB drift motion (magnetron motion) with frequency

w, L,,CIZ wZZ 1/2
5 -

W = _ - Fiy
- 4 2 14
The stability criterion can be stated in the form

w. > w, (19)

vith the minimum requirement w, = {sz which reflects the dominance of the
magnetic over the electric forces in the radial direction. Because the
motions are harmonic, the system can be described quantum mechanically as
three quantized harmonic oscillators.l4 However, for hadrons the quantum
numbers are so large that a classical description is adequate, and the
quantum mechanical description will be alluded to only in particular
circumstances.

2. System Design. As will be discussed below, the optimum trap for

antiproton capture following deceleration by the RFQ decelerator, and the
optimum traps for coocling to & K temperatures, or for launching antiprotons
for the gravity experiment, are not necessarily the same. Thus a system

composed of more than a single trap, and the transfer of antiprotons from
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one trap to another, must be considered. The strong uniform magnetic field
required for trapping facilitates the transfer of charges from one trap to
another with minimal loss. Consequently, a contiguous sequence of harmonic
traps is envisioned. The operations of ion injection, cooling, transfer,
and ejection at low energy can all be tested with ™ ions or protons, rather
than antiprotons.

An important consideration with lov-energy antiprotons is the vacuum
necessary to prevent annihilation upon contact with matter. To obtain an
estimate of the maximum pressure tolerable the cross sections for p + H
annihilation from reference 15 can be used. The results of this estimate
are given in Section III-G (see Fig. III-14), where contours of constant
annihilation rate are plotted as a function of antiproton temperature and
residual gas pressure. Pressures of 10“15 Torr at the temperature of 10 K
keep the loss rate below 1076 sec'1 per particle. This is not achievable
with conventional room temperature vacuum techniques. However, cryogenic
vacuum using liquid helium cooling is significantly more effective in
producing these low pressures. Thus, we expect that the final trap, to be
used for cooling the antiprotons to 4 K, and subsequent ejection, will be
cryogenically cooled, as will the walls of the adjacent vacuum system. A
graphite matrix will be used on the walls to provide enhanced pumping speed
in the region of this trap. 4 slightly higher pressure is tolerable in the
initial, or "injection" trap, which may be operable at room temperature.
Weak coupling between the regions of pressure differing by up to a factor of
1000 can be easily maintained by a baffle and a small tube, through which
the charged particles will be transferred.

The system we propose is composed of an elongated "injection" trap
wvhich 1is matched to the pulse of antiprotons emerging from the RFQ
decelerator, and a set of two more conventional “"precision" traps for final
cooling and for particle ejection. The operations to be performed with this
system consist of injection of antiprotons from the RFQ and pre-cooling,
transfer of the antiprotons to the storage trap at moderate energy (tens of
eV), final cooling to 10 K, and transfer to the launching trap for ejection
at very low energy into the drift tube. Several different <cooling
mechanisms are available to reduce the antiproton energy. These mechanisms,

and the inter-trap transfer technique, are discussed in some detail below.
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3. Injection. In the framevork of the current (preliminary) design,
the RFQ decelerator output will provide us with a bunch of antiprotons at
20+ 4 keV kinetic energy vith a physical length of 30 em. The goal is to
transfer the entire bunch into a first trapping structure vwhich is
sufficiently large to accept all the particles provided by the RFQ without
significant loss, and still maintain basic harmonicity to allow some initial
cooling. After the phase space has been sufficiently compressed, the bunch
will be transferred inte a second trap which is better suited for further
cooling and preparation for the experiment. Figure III-12 shows a
preliminary set up which is currently under investigation at LANL. The 20
keV antiprotons are focused by an einzel lens (not shown) to match the
magnetic field lines of the fringe field of the superconducting solencid.
This is necessary to minimize the transverse energy and the growth in
longitudinal energy spread due to the mirror effect in the inhomogeneous
region of the magnetic field. It also provides an upper bound to the
possible increase in longitudinal energy once the particle is trapped, due
to the coupling between the radial and axial degrees of freedom in this
somewhat anharmonic trap structure. Antiprotons at this relatively low

energy are strongly bound to the magnetic field lines and the size of the
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Fig. III-12. Schematic view of the catching trap currently used at the Los
Alamos National Laboratory.
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beam spot is drastically reduced once the particle enters the high field
region (B>»1 T) as shown imn Fig. ITI-16. Here the ions enter an
electrostatic deceleration section which reduces the longitudinal energy
from the initial 20 keV to a value limited by the intrinsic energy spread of
the bunch. At the same time the physical length of the bunch is compressed
by the square root of the ratio of initial to final energy; in our case from
30 cm to approximately 15 cm. While the particles are drifting through the
field-free region inside the front endcap, the potential can be lovered to
zero before the bunch emerges into the trap. The downstream endcap is held
at a retarding potential so that the particles eventually come to a stop and
turn around. At this time the upstream endcap is pulsed up to a potential
high enough to close off the potential well, thereby trapping the particles
at a kinetic energy reduced by a significant factor from the initial energy
(20 keV to 2.5 keV in this specific example}.

To trap the entire bunch of 15 cm length and to allow for some spread
in the drift region a trap structure with length z, = pO/{E cannot be used.
The trap structure we plan to use is designed with 2z, = 5 p,- In order to

place the center of the trap at V_,, /2 during the catching period the ring

p

electrode has to be set to Vi, = +.48 V After capture is completed
Ring

cap’

the voltages can be changed to V /2 for the endcaps and -.02 VCap for the

ring electrode to adjust the cgsger of the trap to zero volts for the
subsequent transfer to the compensated trap.

After the antiprotons have been cooled to some moderate energ? of the
order of a fev tens of eV, using one or several of the cooling techniques
described in the next paragraph, we can either transfer the particles to a
second trap which is better suited for further cooling or repeat the filling
and precooling cycle with the next macropulse from LEAR, this time lovering
the upstream endcap only to a few hundred volts. This will prevent the
previously stored particles from escaping from the trap but still allow the
injection of higher energy particles from the RFQ system. Repeating this
cycle, the first storage trap may be filled to some fraction of the space
charge limit, which for the dimensions and field values we plan to use is on
the order of 1019 1o 10%1 em=3.

4. Cooling. after the energy of the antiprotons has been lowered from
20 keV to about 3 keV by the previously described injection technique,

several different cooling mechanisms can be used to reduce the energy
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further to the subthermal temperatures required by subsequent experiments.
To understand the cooling systems to be presented, it is necessary to
consider the relaxation of the confined bunch of particles produced by
ion-ion collisions or by anharmonicities in the trapping potential. The
time scales set by this relaxation determine the types of cooling which can
be expected to be effective. To cool completely the stored charge cloud, it
is necessary either to cool the cyclotron and axial degrees of freedom, or
to have rapid coupling between the cyclotron and axial oscillations. The
magnetron motion is largely decoupled and has low kinetic energy. Coupling
between the axial and the cyclotron motion can occur either by collisions,
or by anharmonicities 1in the potential. Ion-neutral collisions are
negligible, by virtue of the low ambient pressure maintained in the trap.
The leading anharmonicity of the petential which couples the axial and

radial motions has the form16

v = -3V, Bz%0%/24" (16)

where B = 10_3 or less in typical traps. Since the c¢yclotron and axial

- pscillation frequencies differ by about a factor of 100, this coupling will

transfer energy only slowly - in times not less than the order of seconds
based on studies using trapped ion clouds. The only other mechanism is
ion-ion collisions within the trapped cloud of charges. For this relaxation
time constant, we turn to plasma physics. The Spitzer self-collision timel’

for a group of antiprotons with charge e, mass m_, interacting with each

P
other at an absolute temperature T is given by
7.8 x 108 (XI)372
e
t. = 17
¢ n lnA (n

where n is the density in cm‘l, and 1lnA is a shielding constant, with a
value near 20 for ions in a trap. Figure III-13 shows the relaxation of a
trapped c¢loud of about 105 protons interacting with themselves at a

temperature (kT/e) ~ 0.33 eV. Energy is pumped parametrically into the
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Fig. II1I-13. Relaxation of a trapped cloud of about 105 protons after the
energy is increased by (a). 75%, and (b). 40X,

radial motion at time tyr and scatters into the axial motion. The energy is
monitored with a tuned "tank" circuit, which has an effective temperature
{measured by Johnson noise fluctuations) proportienal to the ion
temperature. In Figure III-13(a) the temperature of the cloud is increased
by 75% and in III-13(b) by about 40X. One sees clearly the faster
relaxation at the lover temperature in (b), as predicted by Spitzer theory.
The magnitudes, based on the measured ion parameters, differ only by a
factor of two from the theory, vwhile the ratio of the measured and
calculated relaxation times are in agreement. These relaxation times are
relatively rapid; howvever, if the mean ion temperature were increased to 10°
K (=86 eV), one estimates t, = 5 x 103 sec, if the other parameters are kept
constant. Thus, ion-ion collisional relaxation is unimportant except for
temperatures corresponding to a few eV or less, unless higher densities than
10°/cm> are maintained. Ve now return to cooling. Several different
cooling mechanisms are available, each having its place at a certain stage.
The commonly used technique for cooling stored ions is the damping vith an
external resistdr, sometimes in earlier publications alsoc referred to as
radiative cooling (not to be mistaken for cooling by synchrotron radiation

vhich has a prohibitively long time constant for heavy particles but works
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quite well for electrons and positrons). Imagine a proton with mass m and
charge e oscillating at a frequency w, between two infinite plates at
distance 2z, connected by an external resistor R. The current i = evz/2z0
induced by the oscillating motion of the ion will dissipate energy due to

Joule heating of the resistor and damp the motion with a time constant.

t = 2mz %/e’R (18)

until the temperature of the resistor and the motion of the particles come
to equilibrium. In practice the two infinite plates are replaced by the two
endcaps of the trap whose capacitance is tuned out by an inductor L. 1In
this case the resistor R is given by the quality factor of the tuned circuit
as R = Q/uC and is for typical circuits of the order of 106 Ohms, setting
the time constant in the traps we are using to the order of tens of seconds.
This time is valid for a single particle as well as for an ensemble of
particles in a completely incoherent motion and could be drastically reduced
if coherence could be introduced te the motion along the z-axis without
increasing the energy. The resistive damping time constant for large traps
and antiprotons is long: for typical parameters about 100 seconds. But it
is short compared to expected particle storage times under ultra-high vacuum
conditions. For example, cooling ions from 500 eV to 1 eV requires about
6.2 time constants or about 10 minutes. Thus, with superior vacuum, the
particle loss should be minor even during this long cooling peried. Also,
in the actual experiment the time constant for direct cooling of the
cyclotron motion using a split ring design could be significantly shorter
than the collisionally coupled cooling, depending on the geometrical factors
defining the coupling between the particles and the external circuit.
Experiments to investigate these possibilities are currently under way at
Texas A&M University and at LANL.

A very rapid initial cooling can be achieved by the technique of
adiabatic cooling. As described in the first part of this section, the
axial motion of the trapped particles can be described by a harmonic

oscillator with energy eigenvalues
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(19)

proportional to the square root of the applied external potential. If this
potential is reduced adiabatically, the quantum number remains constant and
the energy is reduced by the square root of the ratio of initial to final
well depth. The adiabatic requirement calls for a— time constant large
compared to a period of the z-motion, which in our case is in order of
several microseconds. A limitation to this technique is given by the
requirement that the final well depth must still be larger than the final
kinetic energy of the particles to maintain trapping conditions.

4 cooling technique common in accelerator rings but not yet established
for trapped particles is the method of electron cooling. In accelerator
rings the "transverse hot" antiprotons are merged with a beam of "transverse
cool" electrons, both occupying the same longitudinal phase space. Through
Coulomb «collisions the transverse motions are brought to thermal
equilibrium, thereby cooling the transverse motion of the antiproton beam.
Even though the conditions are vastly different in a Penning trap it is a
method worthwhile looking into since first estimates yield time constants
comparable or shorter than the radiative cooling technique3. Penning traps
can confine particles of the same sign of charge, e.g. antiprotons and
electrons or protons and positrons. Ve now consider the collisional
transfer of energy from the hot heavy particles to cooler, light particles
held near a low temperature. For dissimilar masses, e.g. electrons and
antiprotons, Spitzer17 has given an expression for the equipartition time
constant to equilibrate the initially different temperatures T, and T.

p
This is given by

5.87 3/2
to= 2087 14 1836T 20
€q ~ 1836 n_ InA Tp + e) (20

where n_, is the electron density and dT/dt = (Tgy - T)/t Due to their

e eg’
small mass, electrons will rapidly come to equilibrium wvith themselves at

temperature T.. Likewise, the protons will come to equilibrium with
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themselves with a time constant 43 times longer, if at the same density and
temperature. The two particle gases wvould then come to equilibrium with
each other with the time constant teq®

For our case of interest, the electrons would be produced in the trap
by a burst of electrons from a field emission tip. These electrons will
rapidly cool by emission of synchrotron radiation with time constant

tg = 3nc?/4euw ? = 107! sec, at B = 6T (21)

With sufficiently high electron density, all degrees of freedom will be
collisionally coupled. The cold electrons can be axially coupled to a tuned
circuit between the endcaps with frequency w, = 60 MHz, and damping time
constant Ty less than 1 second. The tuned circuit temperature will be 4 K.

When the antiprotons are transferred to the trap, the electrons will
remain confined if the endcap potential is not reduced to zero. Although
the equilibration time constant initially will be long due to the large
temperature difference between antiprotons and electrons, it is caleulated
to be a few milliseconds using reasonable parameters for a proton
temperature of 1 eV. Thus this method is expected to provide rapid cooling,
once the antiproton energies have been reduced significantly by other means.
The electrons will, of course, be heated while the antiprotons are cooled,
but their temperature can be held to a relatively low value by the
combination of synchrotron radiation cooling and coupling to the axial tuned
cireuit. Once cooling has been accomplished, the electrons can be
selectively removed from the trap by resonant excitation. To provide an
experimental input to these questions the collaborators at Rice University
are preparing an experiment to inject low energy positrons into a Penning
trap. The positrons will rapidly cool by synchrotron radiation until they
reach an equilibrium temperature set by the experimental environment.
Subsequently hot protons will be injected and the temperature and cooling
rates will be monitored using standard bolometric techniques.18

Recently the collaborators from Genoa and Pisa have started to
investigate the possibilities of stochastic cooling in ion traps‘2 Even
though at first it appears that on such a small scale as in an ion trap the

coupling betveen the kicker and the pick-up would be so strong as to
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prohibit this approach, it might be a viable solution if the same set of
electrodes are used for both actions by employing a fast switching network
to define the status at each instant rather than using twvo separate
electrode sets. Preliminary results are very encouraging but further
detailed studies and experimental verifications are needed.

Thus far we have dealt with cooling the axial and the cyclotron motion.
The third degree of freedom (the magnetron motion) is-an entirely différent
problem. The energy stored in the magnetron motion is mostly potential
energy, and reduction of this energy would cause the particles to slide down
the potential hill created by the quadrupole potential in the radial
direction. This would increase the trajectory radii of the particles until
they would be lost from the active trapping volume. Fortunately, the
damping time constant is very large, so that the magnetron motion is
essentially stable. $till, to increase this time constant even further or
to confine the particles to a small region in the center of the trap, which
is necessary for precision experiments, the magnetron motion needs to be
controlled externally. It is necessary to pump, not to dissipate, the
energy in the magnetron motion. This can be done by exciting the particle’s
z-motion or cycleotron motion using the side band frequency (w, + ;) or (w,
+ w;) respectively. This will increase the energy in the magnetron motion
confining the orbits to the center of the trap. It is important to use the
upper sideband, since the lower sideband excitation heats the ions, tending
to increase the magnetron motion radius and to drive them from the trap.
The net effect with the proper sideband choice is to reduce the magnetron
radius, bringing the ions to the center of the trap. This is the desirable
location for efficient ion transfer. At the same time this excitation will
heat the axial or cyclotron motion unless this energy is dissipated by one
of the above mentioned methods. The technique of side band heating (and
cooling) has successfully been demonstrated for electrons, positrons, and
protons.19

5. Experimental Sequence. In the actual experiment we intend to use a

combination of different cooling mechanisms described above. After the
particles have been captured in the first storage trap (z, -~ 10 em} they
will fill the entire potential well of 2.5 keV. Within about 5 time
constants {(approximately 3000 seconds for the current design) their mean

energy will be reduced by resistive cooling to 20 eV. At this time the
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physical size of the antiproton bunch will be reduced from its initial value
of 30 cm at the output of the RFQ decelerator to about 2 cm and the entire
bunch will be transferred to a second trap with 24~ 1.5 cm. The proposed
method is to weakly excite the stored, cooled, ions near axial resonance,
with a potential difference varying with time between the endcaps, to
establish coherent motion with a relatively vell-def§ned phase. For weak

damping, the axial oscillation amplitude will be given by

vqV(w)el®! Lifa,t o+ 64)
" e — w1 uVTC) + zye 2z i/, (22)

where the first term represents the coherent oscillation of the particle
center of mass, and the second term the relatively undamped random motion of
an individual ion before excitation began. For « close to w,, the amplitude
of the coherent oscillation can be made much larger than z;. Because the
frequency is relatively low (= 1 MHz), the timing to suddenly lower the
potential of the adjacent endcaps of the two traps can be well defined
relative to the phase of the induced coherent motion. The detection of a
pulse of charges by ejecting them in this manner into a detector has already
been demonstrated. Because the phases are relatively well-defined, the
length of the bunch transferred should be significantly less than either of
the traps, making efficient transfer possible. We have already demonstrated
the means of switching potentials in nanosecond times, much shorter than a
period of the axial oscillation in either trap. Switching of the potential
at the second trap with appropriate timing will allow us to capture the
entire bunch without significant loss. After transfer a drastic further
reduction of energy can be accomplished by adiabatic cooling. Lowering the
potential from its initial value of 2.5 kV to 5 V the energy of the
particles will be lowered to 1 eV with minimal boil off. In this trap (with
2, = 1.5 em and V, = 5 volt) the antiprotons vill initially be confined in a
longitudinal stretch of 1.5 ecm. This second trap is the main storage and
cooling trap and can serve a multitude of purposes depending on the specific
experiment to be done with the antiprotons The antiprotons can be cocoled

further by resistive cooling (the time constant is reduced to ~ 30 seconds
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due to the smaller zj) or electron cooling can be employed here by injecting
electrons from a field emission cathode. For the gravity experiment under
discussion in this propesal it is necessary to cool the particles further to
temperatures near 4 K (~ 3 x 1074 ev energy) and at the same time to have
only a fev particles at a time (about 100) present at a time in the trap or
drift tube respectively. To accomplish this, another transfer to the final
measurement trap is necessary. This can be done using a technique similar
to the standard ejection technique used in the time-of-flight (TOF)
measurements developed at the University of Hainz.20 0n top of a linear
reduction of the potential applied to the trap electrodes short triangular
spikes are superimposed. Each of these spikes allows particles within a
slice of the axial energy distribution between V and V + &V to escape from
the trap. The percentage of the particles occupying this part of the
distribution actually escaping can be controiled by the time length 4t of
the spikes compared to the periocd of the axial oscillation. TIf the time is
longer than the period for one oscillation, all the particles within the
correct energy vindov will escape (half of them in the right direction); if
the time is shorter than one period, only those moving towards the endcap
and reaching their turnaround point during the time &t will escape. The
mean kinetic energy and the energy spread of the particles will be
determined by the amplitude of the voltage spike and can be on the order of
a few tens of milli-electron volts or less. Appropriate timing of the
potential of the measurement trap again will enable us to capture the
particles at low energy without significant losses.

Due to the small physical size of this trap, the coupling between the
antiprotons and the external structure is drastically increased and
therefore the time «constant for resistive «cooling 1is reduced to
approximately 3 seconds. Thus the final cooling from about .1 eV to 3 x
107¢ eV (4 K) can be achieved in a time of less than 20 seconds. Rapid
cooling becomes more and more mandatory at these lov kinetic energies since
the annihilation cross sections are increasing rapidly.

The described scheme relies entirely on established techniques of
cooling. Should initial experiments with electron cooling or stochastic
cooling prove successful these techniques can be implemented at the
appropriate section (i.e. stochastic coaoling in the first storage trap,

electron cooling in the main cooling trap and/or the final launching trap).
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F. The Drift Tube

The drift tube is the region where the extraneous forces on the

antiproton are minimized so that the effect of gravity can be determined.
All vertical forces must be reduced well below the expected gravitational
force. Then the TOF of antiprotons in the drift tube can be measured.  If
the force is mg then the longest possible flight time through the tube for
normal gravity is tp.. = ¥20/g. If a vertical electric field is
superimposed, then the maximum time is obtained by substituting g + € E for
g in the original expression for t ., .. To prevent horizontal forcgs from
deflecting the antiproton path from the source to the detector, a magnetic
field must be set up oriented vertically so that flux lines passing through
the source also pass through the detector. Thus we arrive at the geometry
of the drift tube; a long vertical tube surrounded by a coaxial solenoid.
The magnetic field gradient needs to be small in order to minimize the
interaction of the antiproton’s intrinsic magnetic moment plus its orbital
magnetic moment with the gradients which produce vertical forces. The
smaller the diameter of the vertical tube, the smaller the dimensions of the
magnet required.

We must also werry about the patch effect which is a variation of
electric potential along the surface of the drift tube that is caused by
differences in the work functicns of the crystal surfaces that make up the
inside of the drift tube. Statistical variations in the number of patches
of different potential result in large scale potential variations on the
order of 107¢ V a few centimeters awvay from the metal surface. The larger
the drift tube diameter the smaller the potential variations along the
center of the tube. Experiments on freely falling electrons done by
Vitteborn and Fairbank shoved that the patch forces are shielded inside an
electro-formed copper tube when that tube is cooled below abour 5 K.
Subsequent work by Lockhart showed that this shielding effect vorked only if
the drift tube temperature was below 7 K and the magnetic field was not too
high. The limits on the magnetic field are not clearly defined because this
field tended to quench the electron multiplier detector. In addition,
recent advances 1in surface coating technology has allowed for the
fabrication of conducting coatings with very small (atomic scale) grain

sizes (see Section II-D). The effects of temperature and magnetic fields on
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such surfaces will be studied by the collaboration in the drift tube
development.

Drift tubes used in the electron free fall experiments were
electroformed onto accurately machined aluminum mandrels. The aluminum vas
then dissolved away thus leaving an accurate bore inside the tube with
surface smoothness comparable to the mechanically polished aluminum mandrel,
Subsequent interaction with the atmosphere left a thin.copper oxide coating.
This approach was intended to leave an amorphous surface in order to
minimize the patch effect yielding patches of the minimum size. The result
at low temperature was so much better than anticipated that it was clear
that some additional physical mechanism was at work. This mechanism is not
fully understood. While it is not certain that this is the only surface
that will give the desired shielding effects at 4 K, it is the only one that
has been demonstrated. Experiments vwith microwave cavities* have shown
unusual properties for such oxidized copper surfaces compared to other
materials. Consequently we propose that the same method be used in
manufacturing the drift tube for the antiproton experiment. In addition it
would be highly desirable to precede the construction of the large drift
tube with the production of several small tubes to determine vhat factors
are most e¢ritical for successful fabricaticn. The surface coating
techniques discussed earlier will also be studied using these short drift

tubes.

G. Vacuum Requirements for the Ion Trap Drift Tube System

In addition to the vacuum requirement set by the induced dipole effect
on antiprotons drifting up the drift tube (see Section II-D), a more
important requirement is set by the annihilation rate of the particles with
residual gas molecules. We can generally expect the annihilation cross
section to increase with decreasing antiproton energy and to be larger than
the geometric cross section due to induced dipole effects. - The work
reported in Ref. 15 estimates the annihilation cross section for p on
hydrogen. For the ultra low energy cross sections required here, the

adiabatic condition is satisfied (v < « ¢ (He/Hp)l/z).

*Private communication, W. M. Fairbank.
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From Ref. 15 we take the lowv energy (T < leV) cross section to be given
by

T
o = 3nagz (D, (23)

where a, = 0.529 x 107% c¢m, T0 = mecz, m. is the electron rest mass, and T

is the kinetic energy of the p in the cenier—of—mass (COM) system. We will
assume, for simplicity, that the antiprotons and residual gas molecules are
in thermal equilibrium which implies that the lab frame is the COM frame,
aside from an averaging over the relative wvelocity direction. This
assumption should be valid for the ultra-lowv energies of interest here. The

mean free path for annihilation can be written as

p - L (24)
pa
where o is taken from Eq. 23 and ¢ is the particle density in em™ . The
annihilation rate will be given by
Ry = & (25)
9
where % is given in Eq. 24 and v is the average velccity given by
R % kT . (26)

The number density of particles can be related to pressure and temperature

using the ideal gas law
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where P is the pressure, k 1is Boltzmann’s constant, and T is the
temperature. Assembling these results allows us to relate the annihilation
rate to the antiproton temperature an residual gas pressure. This
relationship is displayed in Fig. III-14 vhere contours of constant
annihilation rate are plotted as a function of pressure and temperature.
Evidently, 20 K antiprotons at a residual gas pressure of 107!3 Torr will
have an annihilation rate of 107% secl. This means that the 1/e time will
be 106 sec or ~2B0 hrs. Ve plan to execute a TOF measurement on a time
scale that is fast compared to this. Thus the lov energy storage time is
not a concern provided vacuums of the order of 1071¢ to 107'® Torr are
achievable.

By normal vacuum standards, 10713 Torr is an unusually high vacuum.
Howvever, the ultra-low energy end of our storage system and the drift tube
will be operated at ligquid helium temperatures. Under these cryogenic

conditions diffusion through the walls becomes very low and much of the

1%
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Fig. III-14. Contours of constant annihilation rate per particle (sec™!) as
a function of temperature and residual gas pressure. The cross sections are
taken from Ref. 153.
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residual gas is simply frozen out onto the walls of the vacuum vessel. The
vork of Thempson and Hanrahan21 has shown that vacuums better than 10714 are
achievable at liquid helium temperatures provided that the system is closed.
Thus vacuums of the order of that required by our experiment are achievable

vith a cryogenic sealed system.

H. Experimental Development

Development and testing of the antiproton decéleration system, the
trapping apparatus, and gravity measurement techniques will be carried out
befbre installation of the apparatus at LEAR. In this section we outline
our development plans in the areas of bunching and RFQ deceleration, low
energy beam transport and H™ calibration source, vacuum and cryogenic
considerations, ion trapping, drift tube and particle detector, and data
acquisition and analysis. We also discuss the collaboration expertise and
funding for the experiment.

1. Bunching and RFQ Deceleration. The initial beam dynamics study
resulted in the design of an RFQ decelerator system that includes two
bunchers, an RFQ, and a final energy shifter cavity. The calculations show
that this system will bunch 50% of the 5-MeV beam from LEAR and decelerate
it to 100 keV. The RFQ length is about 3.2 meters and the rf frequency is
nominally 200 MHz. The energy shifting cavity allows the final beam energy
to be adjusted to a value within the range of 20 to 200 keV. For our
experiment a final beam energy of 20 keV will be required.

Additional beam dynamics studies will be required to optimize the
system, especially wvith regard to obtaining a smaller final energy spread
than the present value of + 4 keV. Lover energy spread will reduce the
amount of debunching and longitudinal spreading of the final beam, thereby
alloving an increased capture efficiency for the ion trap.

The RFQ structure, due to the 5 x 1074 rf duty factor and 200 MHz
frequency, will be similar to the RFQ1 at CERN; the vanes and the tank are
of copper-plated mild steel with vanes ccoled by heat transport to a water
cooled tank. The difference here is the use of two pairs of shorting rings
to stabilize the rf field of a much longer structure and a multi-driver loop
setup needed by the rf generator arrangement for 600-kVW peak power. The
three buncher-type cavities in the transport line are alsc similar to the

ones at CERN, although somewhat simpler because they are not housing any
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focusing quadrupoles. During the operation, the transport line will be
isolated from the LEAR ring by an orifice of sufficient impedance and
differential pumping. The alignment of the decelerator elements is foreseen
to be via optical targets and spirit levels.

The RFQ decelerator will require ~500 kW of pulsed rf pover at a
frequency of 200 MHz (see Section IV for average power requirements). There
are several types of rf power systems available- today that wouid be
applicable., Four options have been studied at a preliminary level.

A klystron system of conventional design, while very well known, has
several drawbacks, not the least of which 1is "its high cost and
nonportablility. The state-of-the-art in solid state rf pover systems has
reached a stage that makes it an attractive, although still expensive,
candidate. A suitable system might incorporate 16 solid-state modules, at
31 kW each, into a single amplifier. Such a system would require some
development by the vendor, while conventional components would be procured
commercially. Los Alamos would assemble, integrate, and test the system. A
prototype version of a planar triode ring amplifier has recently been built
and demonstrated at Los Alamos. A variant of this design would be readily
applicable to the requirements of the decelerator. A final option, and the
most economical one, utilizes 11 cavity-tuned planar triode amplifiers and a
solid-state driver to produce the required power. In these twe final
options, Los Alamos would design, fabricate, test, and integrate the entire
system. Commercial vendors would provide the power supply and some
specialized components.

Prior to delivery and installation at CERN, the RFQ decelerator system
would be thoroughly tested and exercised at full power with beam. The
decelerator would be considered a "turn-key" system. There are several
critical stages of testing required to assure correct and reliable
performance.

Prior to committing to the fabrication of the power version of the
decelerator, a "cold" model will be built and studied at low powver. These
studies are considered an integral phase in the design and construction of
any nev linear accelerator and assure that the rf characteristics of the
power model will be correct.

The rf power system will be connected to a dummy resonant load for

final check out and final acceptance testing prior to driving the
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decelerator itself. The decelerator and power system will then be
integrated into a "turn-key" system and exercised thoroughly.

The final phase of testing would be performed using a low current
proton or H™ beam at the Los Alamos Ion Beam Facility. This series of tests
would serve to verify the decelerator design in the sense that it produces a
beam having the expected properties. In addition, these properties would be
fully characterized as a function of the operating parameters. '

2. Low Energy Beam Line. We have constructed at the Los &Alamos lon

Beam Facility a low energy beam test line that is now operational. Figure
III-15 displays the test line in an early phase of construction. 1In part
(a) of the figure the beam enters from an existing accelerator line at the
lover left and passes through a series of valves, cold traps, four-way
slits, pumps, magnetic steerers, and electrostatic lenses. It is then
turned to the vertical direction by the 90° magnet mounted in the large
vertical support stand at the center of the photograph. Above the magnet an
ion pump and other ultra-high vacuum elements await the solenoid magnet,
trap, and drift tube shown in Part (b).

In this development we used experience gained and some equipment from
another experiment.22 In particular, the hydrogen-ion source and accelerator
we are using is larger than necessary for the final system, as it will
attain a voltage of nearly 120 kV if desired. However it is an excellent
source to use for the many tests we will carry out, and can be operated as
low as 8 kV with good beam intensity. Ve can readily accelerate either
protons {p) or negative hydrogen ions (H ). Our ongeing tests of the low
energy beam line and trap injection will allow us to study vacuum iselation
procedures, bakeout procedures, ultimate vacua obtainable with the trap at
room temperature, the ion trap pulsing to capture 20-keV p or H particles,
the features needed in the final ion-trap design, and the characteristics ve
will need for a more portable p/H ion source to be a part of the apparatus
vhen installed at LEAR. We expect to be able to purchase this calibration
source from a commercial vendeor.

OQur first tests of directing a low-energy beam into the 1ion trap
through the three-mm diameter apertures in the end caps was done vith the
solenoid magnet unenergized. In these tests we have achieved a 2.5-pA, 20
keV, H  cw beam completely through both the lower and upper endcaps vith

excellent transmission. Because of the magnetic focusing effect mentioned
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below, we expect to be able to achieve a higher beam current into the trap
when the solenoid magnet is energized. The expected beam current would
allov the capture of about 10° icns for a typical trapping procedure in our
present trap. We anticipate that the pressure in the trap will be in the
107® range for these first tests. ' '

In ocrder to anficipate any proplems that might arise in ‘injecting
pafticles into the trap through the fringing-. field of the‘ 6-T
superconducting solenoid magnet, we have used the computer code 'PSOL 10
study the trajectories of the incident particles. These trajectories are
displayed in Fig. III-16. The calculation shows that the solencidal field
actually improves the transmission into the trap, provided that the particle
trajectories are matched to the field lines of the fringe field and the
magnetic axis is reasonably well aligned with the trap axis. This alignment
is straightforward with the present test arrangement.

With the present systeh we are currently executing beam transmission
tests with the solenoid energized. When these tests are complete we will
énergize the upper éndcap of the ion trap at a potential grearer than the
beam energy and attempt to raflect the particles back out of the trap.
Finally we will eﬁergize the lover endcap using the high voltage pulser we

have developsd when the beam-burst is in the trap, to capture the particles.

3. Vacuum System. Because the vacuum requirements for this experiment

are rather stringemnt, they have to be addressed in some detall. To prevent
the annihilation of antiprotons on residual gas particles from becbming_
appreciable on the 1 hour timescale neeced for one complete TOF spectrum,
the pressure in the final trap région has to be below 10714 ¢ 10-15 Tore.
This is only possible wusing a rather <closed system at cryogenic
temperatures(ZI The fact that a lov energy antiproton or H~ beam has to be
injected prevents us from completely closing oIif the system. .Bowever, a
series of cold baffles and apertures can be used. to isolate the room
temperature part from the final trap region, which will be held at 1iiquid
helium temperature. In addition to keeping the trap system as closed as
possible and ccoling the trap and the drift tube tec 4 K, the surrounding
vacuum shell will be held at 4 K as well. A graphite matrix applied to the
inside of this vacuum sheil will provide additional high speed cryogenic
pumping. Finally this part of the vacuum system will be closed off from the

beam line by an all metal valve after the antiprotons have been capiured.
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in addiﬁion. t¢ avoid coating the trap and drift tube structure with
residual gas molecules during initrial cool down, the system will have to be
pumped. dovn to a préssure in the 10732 Topr range first. The Same pressure
requirements are imposed on the remainder of the system in order not to
interfere with the LEAR vacuum when accepting antiprotons. For the final
arrangement to be used at LEAR all compenents will be manufactured to
provide bakeability to at least 250°¢ and all seals will be made using
oxygen free copper or gold gaskets. To avoid degrading the vacuum by
deposition of organic molecules, only absolutely oil free pump systems will
be used. Currently the pumping relies on a 600 %/sec ion pump for the ion
trap section and on cryogenic pumps for the remainder of the system  and
initial pump down. As roughing pumps we use only sorption pumps to avoid
the eniry of pumping oil inte the system. In addition to these pumping
‘stations, it is planned to introduce Non-Evaporable Getter pumpé (NEG) into
each seciion to provide additienal high .pumping speed at lov pressure.
These pumps have_beén very successfully implemented in the Electron-Coocling
Device to be installed at LEAR?Z where a vacuum of 3 x 10712 Torr was
achieved. In addition, the outgassing from the internal surfaces of the
vacuum chambers is reduced by carefully electropolishing ali parts before
installation. Using an entirely bakeable system, the complets pumping
system described here will reach a final vacuum at the interface to the LEAR
beam lirne (with a vaived off H~ source) comparable to or better than the
LEAR vacuum. A&s additional safety features, small diameter tubes will be
used to separate the vacua of the different sections from each other and
from the LEAR ring. 4 system of fast acting preumatic all-metal valves will
be used together with remote pressure sensing to prevent any possible
interference with the LEAR vacuum. The valve to the H /p source will only
be alloved to open when the main beam line is valved-off from the LEAR ring
and opening of the valve betweer our system and LEAR will be suybjected to
the achievement of a minimum pressure requirement. We feel this system will
present a satisfactory isclation between LEAR and the RFQ and should be
sufficient to avoid the insertion of a vacuum window into the path ef the
antiproton beam which at the low energy to be used could lead to unwanted
degradation of the beam emittance. Finally, the main valve between LEAR and

the RFQ will only be opened for a short instant to accept the bunch to ve
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captured; othervise our system will be completely separated from the LEAR

vacuum during the experimeat.
4. Ion Trap Development. As outlined in Section III-E & series of ion

traps will be used, each suited best for its specific task. In our
preliminary tests WwWe are currently using a single trap which represents a
compfomise betveen the different requirements. This trap bas a mbderate
axial dimension, z_.

o
number of protons or B ions from our test beam. Im addition it is built

~ 1.5 cm, which is large enough to.capture a significant

asymptotically symmetric (p,= {2 Zo) and reazsonably harmonic so that it is
‘useful for initial cooling tests and for the development of resonant
excitation and detection schemes at room temperature. For the future
development we are currently designing an elongated trap with zo=5go=10 cm.
To obtain a harmonic potential in a device like this we are presently
‘constructing a sSystem where we will place electrodes approximating the
electric quadrupole potential at 2,=10 cm and p, =2 cm and insert 2 series of

guard rings in the gap between ring and the endcaps. 411 electrodes will

Fig. III-17. Cross sectional viev of the proposed scheme to produce an
elongated trapping structure, maintaining harmonicity of the trap potential
for the near-axis orbits. Approximation of the guadrupole potential (dashed
curves) is achieved by a set of individual electrodes.
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then be fixed to the appropriate electric potential via a resistive divider
network. This scheme is shown in Fig., III-17. _ _ _

The second, or main storage trap will be built in analogy to the
standard Penning trabs used in many of the experiments conducted by us and
others groups on stored ioms. We will use an asymptotically symmetric trap
(p0= 1z z, - 72 cm) and introduce .guard _rings- to correct for - the
anharmonicity caused by the truncation of the hyperboleids. - e

Finally, the compensated measurement trap for the ejection. of
antiprotons into the drift tube will be a smaller structure which can be
made highly harmonic.

Depending on the outcome of initial vacuum tests with a roon
temperature trap currently under way at Los Alamos either the main storage
trap and the compensated measurement trap or the entire trap section will be
held at & K. This requires dévelopment of lewv heat conductance f£eed
throughs and connections to the trap electrodes and of heat shields fo
isolate -~ the room tempefature part from  the cryogenic  section.
Investigations along these lines, including the development of low
temperafure, low noise electronic circuitry to manipulate and detect the
ions, are in progress at Texas A&M University. _

The initial capturing tests usimg 10-15 keV H™ ions or protons will be
done with the current single trap. In order to.capture particles at an
energy of 10-20 keV in a trap of this size, switching_ of the endcap
potential between 0 and 20 kV on a time scale of a few nanoseconds is
required. We have developed a first-generation svitch capable of switching
on a 20 kV potential from ground ﬁith a rise time of 1less than 5
nanoseconds. This first-generation pulser is in reality a slide switch in
the form of a coaxial transmission line. Figure II7-18 shows a simplified
cut-away viev of .the pulser whereas Figure III-19 shows a plcture of the
operational wave form.

At't0 a large current pulse is fired through the drive coil propelling
fhe slide contactor into the gap between part A and part B as shcwn in Fig.
ITI-18. Just prier to physical contact at A a plaSma forms between A& and
the slide contactor at ty (see Fig. III-19). Shqrtly'thereafter the glide
contactor makes physical contact at t,.

The voliage rise time to the 17 kV step (ty} is approximately

ns.

3
The time delay between ty and ty is about 2 ms while the total delay from t,
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Fig. III-18. Cut-away view of the present'high veltage pulser.
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Fig. III-19. Operational veltage waveform of the first-generation pulser.

to t; is of the order of 18 ms. Because this device is partially based on a
mechanical contact closure the repetition rate is very 1lew and a

second-generation pulser based on only electronic compenents is currently
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under development. Nevertheless, our first—generation'switch is well suitec
for the initial capturing tesis. ' _

The second-genefation high voltage pulser for the antiproton trap iz a
much more complex device than the one shevn in Figure ITI-18. Figure ITI-20
shovs a block diagram of the second-genaration device. This device vill be
capable of the complex véve shapes necessary for new trap structures. BEise
and fall ﬁimes will be at a maximum siew rate ¢f 400 kV/ns. The méiimum
high voltage output will be 35 LV, and the maximum repetition rate will be
greater than 120 Hz. The system uses two planar triodes connected in a
toten pole. 4ll controls are via fiber optic links

To verify the capture of particles, a microchannel plate is mounted at
the end of a short drift tube at the 2 Tesla point of the solenoidal field,
Initially, particles will be captured as described in Section III-E and,
after a fraction of a second, released by suddenly lowering the potential at
the upstrean endcap. ' '

After capture has been established, this system can be used to measure
the axial and transverse energy of the charge cloud to study the cooling of
the stored particles using the standard TOF technique developed by the Mainz

graup.' At a later stage the initial trap will be replaced by the elongated
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Fig. IIT-2Q. Block diagram of the high-veltage pulser currently under
development.
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version to iavestigate its catching énd cooling properires. A second,
similar, system will ba built up with the main storage trap to study low
energy ejection using intermally created protons as a source of charge.
Once these tests are completed the different ion traps will be mounted in
series in the solenoidal field to study the transfer of the entive bunch, as
well as partial transfer of a few particles from the filled storage trap to
the compensated launch trap. All these tests ¢&an be done at room
temperatuire at a moderate UHV (10‘10-10’11Torr) in the first run. Only
after these studies have been completed.uith Satisfactdry results will the
eryogenic trap systems, which are being developed in parallel, be
implemented.

4s mentioned before we will initially rely on resistive cooling for
this process in the different trap structures in use. In parallel, the
coliaborators at Genoa and Pisa are investigating the possibilitias of
stochastic cocling in icn traps.. A highly harmonic trap operating with
internally c¢reated protons and H2+ ions in a 5T field has been constructed
and the coherent and incoherent motion of the stored particles has been
detected. A system of detection circuits and amplifiers has been built to
detect the nocise fluctuations of a stored charge cloud and to apply it back
te the trap structure with appropriate phase relation to produce negative
feedback. Experimental results from this investigation are expetted in the
near future. At Rice University'a trap experiment is being developed where
low energy positrons can be injected into a Perning trap together with
internaily created protons. This will precisely test the situation of
electron ccoling of antiprotons, and should give the necessary experimentel
input to the queétions about the feasibility of electron cosling in Penning
Lraps.

5. Drift Tube Design and Fabrication. The design and constructicn of

the drift tube into which the particles will be launched for the gravity
measurement is a crucial step in the experimental plan. One member of this
collahoration is a world recognized expert in this area, having designed and
puilt the drift tubes used in the electron gravity experiment. We propose
to develop several short drift tubes to isolate the fabrication difficulties
zssociated with the amorphous surface coating orn the drift tube interior.
We will study the magnetic field dependence of the shielding effect observed

by Lockhart. Once the fabrication technigue has heen established through

()
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this program of testing, the drift tube for the actusl experiment will be
built and once again tested with H ions.

6. Particie Detection. Even though the antiprotons emerging from the

driff tube could be easily detected using their annihilation radiation it is
important to realize that our experiment is very strongly based on the
comparison between éntiprotoﬁs and H~ ions or protons. Therefqre a
universal detector which is well suited for all these different cases is
mandatory. Our decision to use microchannel plates (MCP) as a destector
system is largely based on the experience gained from the TOF Spectroscopy'
of stored particles. In order to complement the existing literature on

relative and absolute detection efficiencyz4

we are currently setting up an
independent vacuum chamber to study the properties of different MCP
assemblies in detail.

7. Data Acquisition and Analysis. Data acquisition vill be carried out

via a computer-controlled system being developed at Rice University. We
will use our own computer, dedicated to the experiment for data acquisition
and both on-line and off-line analysis. To aid in the analysis and design
we have developed a Monte-Carlo simulation code at Los Alamos that generates
the time—of*flighf distributions discussed in Section IZ7-B. In addition we
have written a fitting routine that has enabled us to estimate the
measurement precision versus particle-number variation discussed in Section
ITI-E. A great deal remains to be dene to refine these Monte-Carlc simulator
and fitting codes. 1In particular, we will include all electrosié{ic and
magnetostatic effects for both H™ ions and antiprotoas in the simulator.
This simulater will be used to optimize the design of the drift tube ends
vhere stray electric fields exist and to guide the design of the on-line and
-off;line analysis codes.

8. Personnel. The collaboration that has assembled to perform the
gravity experiment proposed here represents & Cross section of
internationally recognized experts in accelerator, atomic, condensed matter,
nuclear, and particle physics. In addition, the collaborarion has parallel
efforts addressing the theoretical and the experimertal aspects c<f the
experiment. Table III-3 lists the collaboration members according to
_Specialty and area of interest. Note that some rnames are listed more than

qnee.
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Table TII-3

Collaboration Expertise

EXPERIMENTAL

RFQ development and Beam Lines -J. E. Billen N. Jarmie
K.R. Crandall R.E. Brown
T.P. Wangler D. B. Holtkamp
M. Veiss ) #.5.P. King ~
V. Saylor J.E. 3tovall

H™ Scurce R.2. Brown N. Jarmie

High Voltage Pulsers M.V. Hynes G. Krausse

Icn Traps N. Beverini B.E. Bonner
D.A. Church M.H. Holzscheiter
R.A. Kenefick. V. Lagomarsinoe
G. Manuzio _ G. Torelli

Drift Tube Development and F.C., Witteborn ¥.V. Hynes

Particle DetectionN.S.P. King M.H. Holzscheiter

Ultra-high Vacuum systems R.E. Brovn N, Jarmie

and Cryogenics D.A. Church ‘R.A. Kenefick
M.H. Holzscheiter :

Computer Controls and BE.E. Bonner M.V. Hynes

Code Development $.D. Howe

THEORETICAL

Gravity Theocy T. Goldman R.J. Hughes
M.M. Nieto '

Ion Traps . A. Picklesimer R.¥. Thaler
P.C. Tandy

Atomic Physics L. Bracei A.L. Ford
E.R. Siciliano

Condensed Matier Physics L.J. Campbell

In addition to the collaboration members Llisted, the experimental
effort is supported by four highly experienced techrnicians at Los alamos,
five graduate students at different institutions, and two postdoctoral
fellows (expected this Fall). Other persomnel are available to us on a

consulting basis and are not fermal cellaboration members as yet.
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9. Funding. The funding for the gravity experiment we propose here
draws from sources both internal and external to the Los Alamos National
Laboratory {(LAML}., The Los &lamos Natienal Laboratory is administrated by
the University of Califormia for the Department of Energ? {DOE} of the
United States Goverament. Table III-4 lists the level of funding required
by the project according to fiscal year (odr fiscal year starts on Cctober
1. In addition the Table lists the funding at member institutions of the
collaboration.

The levels of funding indicated are sufficient for us to precead with
the - design and construction of major pieces of experimental hardware.
However our funding sources require a commitment from CERN that the
experiment we propose will proceed on a timely basis given the successful
achievement cf the teahnical_milestones outlined earlier in this Section.
Once conditional 'épproval is granted, after discussion with the CERN

management funding for the effort will become available.

Table III-4

Funding Summary MS

External Sources FY85 Fi86 Y87 FYBS-
DOE — 0.45 0.55 0.55

Internal. LANL Sources 1.00 7.85 1.17 0.70

Institutional Scurces

Universita di Pisa e Genova 0.04 0.04 0.04 0.04
Rice University 0.08 .0.10 0.10 0.10
Texas A&M University 0.1¢ - 0.15 .15 0.10
Kent State 0.05 0.05 0.05 0.05
Case Western Q.03 0.05 0.05 0.05

3.69 2.11 1.59

Totals 1.32
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IV. FACILITY REQUIREMENTS AT CERN

The experiment we propose here is being designed to have minimum impact
on the LEAR facility. However, due to the scale of the experimental
equipment required for our measurement, we will need utilities, tloor space,
and general assistance at a commensurate level. In the following, “RFQ
System" refers to the combination of buncher, RFQ, energy shifting caﬁltv,
and debuncher. The term YLEBL" refers to the low energy beam line that
transports the beam from the energy shifting cavity to the 90 vertical

bending magnet just belov our ion trap system and drift tube.

A. Utilities
gur preliminary estimate for the utility requirement for our experlment

is summarized in Table IV-1.

TABLE IV-1

UTILITY REQUIREMENTS

Service Requiremnt

Electric Power (220 V, 50 Hz}
_—Detection Electronics,

{clean separated ground) 2 k¥
--LEBL and Ion-Trap-Drift-Tube
Systems (including H source) 30 kW
--RF(Q System RF ' 6 kW
Vacuum 7 kW
--Un-Line Computer : 10 kW
. --Total 55 kW
Cooling Vater {Demineralized)
——LEBL and Ion-Trap-Drift-Tube 7 ¥/min
--RFQ System 22 U/min
Compressed Air : _ (a5 needed)
Cryogenic Fluids {maximum)
--LN, 15 9/operating day
--LHe - ' 25 @/operating day

Helium Recovery Line ' . one connection
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B. Electronic Eguipment Pocl

We plan to bring all the required electronic components (and spares)
necessary for the experiment. Hovever, we request 30 KSFr to cover

emeygencies.

C. CERN Computer Time

Ve will supply our own on-line cowmputer that vill be <capable of
preliminary off-line analysis. Most of the final analysis will be carried
out using the computers at Los Alamos. We reguest 5 CPU hours per year at

CERN for some analysis and networking.

D. Technical Support

Ve plan to bring our own technicians for the installation and operation
of our experimental equipment. These technicians will require access to
machine shop facilities and basic metal stock supplies for minor machining
jobs.. All major machining Jjobs will be executed by the collaboration
members at their home sites. ' _

Because the equipment installation involves a new beam line at LEAR, a
close working relatiohship-needs to be maintained between our technicians
and the LEAR facility group. In view of this, we request the occassiecnal

assistance of two CERN technicians.

E. Beam Time Estimate

Je estimate we will need one pulse per hour of 108 antiprotons (1/8 of
the 10° p’s in the ring) at 0.10 GeV/c in the fast-extraction mode. With
the expected transmissions in the RFQ systém (50%) and the LEBL (60%}, the
trapping and inter-trap transfer efficiency {40%), and the launch efficiency
{50%), about 106 p ‘s are left. Because we need 10? p's for a one percent
measurement, we will need one such pulse per hour for 10 hours. The rest of
an operating day would be taken uh with runs using our H source and other
éaiibrations. Thus, we should not heavily interfere with other users of a
fas¢ extraction beam. '

We estimate 23 running days in the above fashior, with intervals for
aﬁalysis and repair. Should LEAR operate in the post-ACOL era with a more
intense beam than 10° per £ill, we cculd use a shorter fill time. In the
interest of Efficienéy, we request some time in the iritial set-up period

using H™ jons to fine-tune the RFQ system and the RFQ-LEBL interface. See
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alse Section ITI-B and Table III-1 for the assumed characteristics of the
LEAR beam,

F. Site Pian and Space Consideraiions

Qur estimate of the required space for our experiment is listed in
‘Table IV-2.
TABLE IV-2

FLOOR 3PACE REQUIREMENTS

RFQ System and Beam Line 1722w 34 m2
RFQ Supplies and Control Desk 10 m?
. LEBL Total Area 5% 5m 25 mé
B~ Test Source i m2
Toial Flopr Area ' : 71 m?

The vertical height of the experiment is significant (on the order of
8m) depending on the final ion-trap-drift-tube design. Therefore, we need
to be served by the overhead crane for the PS rather than by the low crane
serving the LEAR users. Once the gravity experiment is fully installied, the
low crane must be blocked from hitting the vertical assembly of the
experiment. Wsers of the building would then use a combination of both
cranes for complete floor access. During extended periods when we are not
running, the top part df our apparatus can be remeved to alliow the lower
crane agéin to travel its full distance.

Figure IV-1 shows a suggested location for our experiment. Extra low
energy beam-line ports could be placed at the H source iniection magnet
{see Fig. II1-10) feeding, for example, the area of PS-189 and also placed
at the end of the straight-through line near the 9C° double focusing magnet
for the use of other low-energy p experiments.

We do not expect a significant biological radiation hazard to exist
from our experiment. Ve estimate at most 1 mR/hr at 1 m from our ion traps.
It would be desirable to be able to work near the experiment during the
runs. - & small amount of shielding may be necessary around the RFQ for x-ray
suppression. ' '

We will need housing for our on-iire computer ané data acquisition
electronics on the experimental floor. Some office space fér experimenters

both on and off the experimental floor will be needed also. We suggest two
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and the gravity experiment at LEAR.

of the standard huts (15-20 m2 each) on the floor, and somé office space

elsevhere, but near the LEAR facility.
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V., FUTIURE PROSPECTS

At the culmination of our experiment we will have constructed the last
stage of the world’s first source of antiprotons in the range below ~200
keV. This source will provide dramaiic new research opportunities across a
broad front of experimental physics. Some of the possibilities are sketched
in the following subsections. However, the number and variety’ of
alternatives seems tc be limited only by imagination. It therefore seems
likely that many of the more exciting possibilities remain to be identified.
We intend to play an active role both in the further development of ideas
and in research directed along some subset of the lines indicated below.
Moreover, we are strongly committed to providing every possible assistance
to other groups interestied in taking advantage of this low energy antiproton

source.

A. Spatial Anisoiropy and Mach’s Principle

The inertial properties of matter imply that at each point of space a
set of reference frames exist in which Newton’s laws hold. These are called
winertial” frames. If other frames are used instead, Newton's laws will
only apply if fictitious (inertial) forces are introduced. Familiar
examples are the centrifugal and Coriolis forces. One may then ask how the
inertial frames are to be determined. Newton stated that they were
determined by "absolute space", so that "ipertia™, in such a theory, is an
intrinsic property of matter. However, "absclute space” is an abstraction
which is not observable in any other way. This suggested to Berkeleyl and
to Hach? that it might be more satisfactory te correlate the inertial frames
with observable properties of the Universe. They maintained that inertial
frames are those which are unaccelerated with respect to the “"fixed stars”.
This last statement is usually referred to as Mach’s Principle. Froﬁ this
point of view, ‘“mction" can be completely described in terms of
vshservables®. Hence, a kinematical description of all the relative motions
in the Universe constitutes a complete specification of the system.

Therefore, kinematically equivalent motions amust also be dynamically

equivalent..
If Mach’'s Principle is accepted, it follows that inertia is not an

intrinsic property of matter but arises from the interaction of matter vith



-121-

the rest of the Universe. "Inertia®”, then, would have a dynamical
. Ly R . .

crigin.3'é’“ This suggests that the non-uniform distribution of matter in

our galaxy may produce a spatial anisotropy of inertia.® A search for such

7 and by Drever,B with null results.

anisotropy was performed by Hughes
{Hovever, this does not necessarily provide evidence against Mach's
Principlqu) These results have been reinterpreted as evidence for local
Lorentz invariance,lo and hence for the Einstein eduivalence principle.
-This principle need not hold in non-metric theories of gravity, such as
axtended supergravities. 41so, various local-iorentz-invariance-violating
Cdinteractions between matter and gravity have been proposed.ll’12 ¥ith such
ideas in mind, the limits en spatial anisotropy set by the Hughes-Drever

413 by a facior of 300. Horeover, it

experiments have recently been improve
has been pointed out that combined measurements of the gyromagnetic ratio
for the proton in horizontal and vertical magnetic fields would ‘also yield
information about spatial anisotropy.lé

To date, all experiments to detect spatial anisotropy have been
performed with ordinary matter. Given the huge preponderance of matter over
antimatter in our part of the Universe, it would be of great interest to
perform such an experiment with antiprotons. 4 determination of the
orientation dependence of the antiproton gyromagnetic ratio could, perhaps,
be performed in an ion trap. An experiment cf this type is all the more
interesting given that in extended supergravity theories the gravitational

‘interaction is able to distinguish between matter and antimatter.

B. Broad-Range Physics Qpportunities

In the last subsection an additional gravitational experiment was
described that might be possible if (polarized) antiprotons ﬁere available
in an ion tfapu Furthermore, a vast array of new possibilities in atomic,
nuclear, and condensed matter physics would be opened up by the availability
of substantial quantities of cold antiprotons. Thése include, for example,
line sources of kaens and pions ({by tagging in two—bcdy, stopped
antiproton-nucleon annihilation) and atomic and nuclear physics studies of
antiproton cascade and capture 1in antiprotonic atoms. The interest in
antiprotonic atoms, centered around, but not limited to, experimental

searches for baryonia, is apparent from many LEAR proposals. The advantages
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of celd antiprotons and "thin" targets for these experiments have been
discussed, for example, in the A&arhus lLetter of Intentai5 The antiprotonic
atom can be studied in essential isolation, without complications from
intermclecular collisiens and associated Stark-mixing and external Auger
effects. S _ _

A broad range of interdisciplinary physics can be conceived once an
understanding of antiprotonic atoms in iselation is achieved. Because‘the
nroperties of these atems are semnsitive functions bf_the details of the
medium in which they are embedded, observed medium modifications of their
properties contain unique nev information about the characteristies of the
medium itself. One can envision an extensive experimental program which
employs antipfotons to investigate microscopic preperties of a variety of
gas, liquid, and selid state systems. Investigations of molecular cellision
rates and intermclecular potentials, atemic structure, molecular structure,
' chemical kinetics, and electromagnetic and electron fields in the vicinity
of lattice sites and impurities are but a few examples of promising areas of

application.

C. Dynamic Stability in Condensed Matter Systems

The intrinsic stability of the antiproton makes it ideal for the study
of new stability mechanisms in condensead matter. Dynamic stability, wvherein
particles are held in a steady state (an excited state} for leng times by
virtue of compensating instabilities, is barticularly interesting. The
principle of dynamic stability is illustrated by the familiar alternating
gradient synchrotron, but it is not limited tec such macroscopic applicétion.
The existence of localized states of dynamic stability for antiprotons is
currently an open question. Simple argumenfs based on electrostatics and
variational principles that imply the absence of stable p ground states in
condensed matter are noi valid when excited states are invelved. 4 pecssible
example of nonlocalized dynamic stability is channeling, whereby a p in a
certain energy range ftravels along -a particular crystallographic axis
vithout annihilation. |

Unlike potential applications in the fields of atomic and nuclear
physics, the perspectives in condensed maiter physics are not at all clear.

This is due to the novelty of conceivable applications; an extensive
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previous literature from which to draw is not available., MNevertheless, feur
specific condensed matier environments can be identified as possessing
unique features that might lead to significant payoffs.

1. Superfluid Helium. The superfluid state of liquid dge is remarkable

in its diSplay of a coherent quantum state over macroscopic distances. When
disturbed by boundaries and impurities this guantum state racovers over &
very short distance, approximately the size of the.interatomic spaéingo
Much is known about the behavior of a variety of impurity iens in superfluid
helium. Examination of the behavior of p impurities offers the possibility
of nev insights. Unlike free electrons, which create small bubbles in the
liquid due to their zero-point motion and the Pauli exclusion principle, p's
should act more iike free pfotons and create high density clusters of 4He
stoms arcund themselves by electrostrictive attraction. The 5ubseQuent«
annihilation of the p should be preceeded by photon emissien -containing
information about its immediate mneighborhdod. Superfluid helium 1is
essentially tfansparent to a very wide spectrum of radiation and can be
cooled to a temperature where its own excitatiqné are effectively'ébsent.
In fact, abpraximately 13% of the supeffluid helium atoms are in a Bose
condensed state of zero wmomentum. These features ensure the greatest
possible advantage in 0bsérving, with high precision, the p transition and
decay products in condensed matter because of an extremely small energy
spread in these products dus to center of mass doppler broadening, It is
also possible that the p would never see the condensed state of 4He,
‘especially if the electrostrictive cluster formation time is rapid in
comparison to p annibilation time. In any case, the thermal center of mass
motion would prcbably be the smallest achievable in any context.

.*It is tempting to speculate that the macroscopic guantum coherence of
the superfluid state, including the delocalization of the fraction of the
&He in the Bose condensed state, ﬁay give rise to truly dramatic effects in
the behavior of the p, such as coordinated annihilation, stable states, eic.
Vhether such effecis exist is not known, but they seem unlikely in view of
the large discrepancies in the size of the E-impdrity compéred with the
coherence length of the superfluid state and in view of the coulomb energy

available in the Ewéﬂe atom compared to the energy associated with the loss
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of superfluidity over a comparable volume. Nevertheless, surprises
certainly have occured before in condensed matter physics.

The liquid surface of superfluid 49e also offers a vhigue environment
for p studies because it is microscopically smocth, in equilibrium with a
vapor of effectively zers density {at low temperatures}, and can be charged
with ions either above or below the surface. In particular, electrons on
the vapor side can be held agaiﬁst the heljum surface by applying an
electric field; they do not penetrate the surface because of the relatively
high energy required to maké the bubble state mentioned earlier. Because
this electronic surface charge density can be substantial and can be excited
in various plasma modes, the possibility exists of finding electron-p states
that are bound to the surface but have negligible p density at the surface.
In effect, the p would be trapped between the external electric field and
the electronic surface charge, which in turn is repelled from the surface by
the Pauli principle. As mentioned in the general remarks above, such
trapping would have to occur in an excited state.

2. Superconductors. Many of the features of quantum coherence apply to

both superconductors and superfluids: a superconductor is essentially a
. charged superfluid in a solid, neutralizing background. Electric and
magnetic fields are shielded quite effectively in supércondu:tors over
distances éomparable to_the.penetration depth: a length scale present only
in charged superfluids and typically having a magnitude of many lattice
spacings. Thus, one cannot expect known superconductors to shield and
stabilize a p in any obvious way on an atomic scale, but what will happen is
not clear either. The origin of the effective electron attraction, vhich
gives rise to superconductivity, is a subtle and delicate interplay between
electrenic and lattice properties, both of which are disturbed by a p. A
best guess now is that the influence of a p impurity may be tco localized to
probe superconductivity, although it could give information on other
electronic structure. '

3. Semiconductors. A p is attracted to positive charge. In the

presence of an effective source of positive charge, other than protons, one
could expect p trapping. In many respects, especially involving dynamics
and transport, the absence of electrons in a bulk medium is equivalent to

positive charge. This "positive™ charge can be either delocalized as holes
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in a conduction band .or localized as ionic lattice vacancies and certain
crystal imperfections, 0f course, such pseudbepositive charge cannot
violate the laws of elecirostatics, and the intreductory remarks on the
absence of ground state stability still hold. Nevertheiess, the existence
of localized excited states of the p-hole system ars possible in principle,
and the model could setve as a fruitful paradigm.

4. Tonic Crystals. A charged particle at an interstitial positicen or a

vacancy position in an ionic crystal can be localized at a point where the
local electric fields cancel, i.e. . at a position_thaﬁ is force free but
nevertheless wunstable. The possibility_ of stabilizing .thié position by
imposing a time -varying external electric field which effectivély creates an
attractive local potential well, relative (o the-ﬁnstable directions, then
exists. The strength and fréquency of this field may be tunable to favor
particular sites and to avoid combinations that would unduly disrupt'the'
uﬁderlying crystal structure. A uide variety of crystal types and laser
sources are available to explore this possibility.

Moreover, the possibility of forming localized, stable orbits which
encompass one 0or more lattice sites should not be overlooked. This could be
envisioned as a microscopie, quantum analog of a storage ring. - Again,
extensive knowledge from the science of crysial structure is available to

aid ir the search for the optimum environment.

D. CPT Invariance and Atomic Antihydrogen

The édvantages presented by a low energy antiproton source in this

particular atomic physics context are of special note due to the interest

expressed 1in studies of CPT invariance in atomic antihydrogen. = The
experimental problem lies hain]y in the formation time.1® Even the slowvest
possible antiprotons in LEAR have a short fransit time through the straight
sections. These are the only locations where cold positron beams could be
made te mix. with the antiprotons to form antihydrogen beams. Even if
operating conditions would allow the Iongitudinal energy spread of the
proton beam.to be minimized, the eV or highér temperature characterizing the
transverse beam spreac¢ 1is extremely difficult to reduce. This,. combined

with the short transit time and small antiproton-positron capture cross
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section at these (relative) energies, implies a very small antihydrogen
yield for experimental purposes. '

However, antiprotons from a trap, such as those preposed for our
experiment, could be four orders of magnitude celder, in both transverse and
longitudinal degrees of freedom. Positrons may be injected at very low
energy to form antihydrogen at a very high rate. Stu?ckelberg and. Horsel’
found an inverse energy depeh&ence for the capture cross section of
electrons on ions. Theréfore, we can expect z minimum of four orders ef
magnitude improvement in the antihydrogen formation rate, assuming only the
ginimum of CPT invariance. But in fact, the improvement could be even much
more: The cold antiproton and positron beams possible from traps have
smaller emittances than those cooled in collectors and decelerators, thus
the luminosity of the intersecting beams may be higher. Furthermore,
laser-enhanced capture techniques desigred to raise the formation rate will
benefit from the reduced Doppler broadening, and more precisely defined beam
velocity. The combined effect of 211 of these techniques may well raise the
antihydrogen formation rate beyond 10% per second. Finally, one may well
imagine that the experimental techriques fof detection and utilization of
the beam will berefit from the improved sharpness in the spatial and energy

definition of the antihydrogen beam.

A
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