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Abstract

A fraction of antiprotons from the Low Energy Antiproton Ring (LEAR) of
CERN are slowed from 5.9 MeV to below 3 keV as they pass through thin foils.
Transmitted particle energy distribution and low energy antiproton yield are mea-
sured by a time-of-flight technique. The difference in the range of protons and
antiprotons (known as the Barkas effect) is observed. While still in flight, up to
1.3 x 10® antiprotons with energies beiween 0 ¢V to 3 keV are stored in an ion
trap from a single pulse of 5.9 MeV antiprotons leaving LEAR, thus a trapping
efficiency exceeding of 4x10™* is established. Trapped antiprotons maintain their
initial energy distribution unless allowed to collide with a cloud of trapped elec-
trons, whereupon they slow and cool below 1 meV in 10 s, and fall into a harmonic
potential well suited for precision mass measurements. The slowing, trapping and
cooling of antiprotons are the main focus of this thesis. The stored antiprotons are
in thermal equilibrium at 4.2 K. In this ion trap, the antiproton cyclotron frequency
is measured and compared with the proton (or electron) cyclotron frequency. Our
new measured ratio of the antiproton and proton inertial masses, with its 4 x 102
uncertainty, is more than three orders of magnitude more accurate than previous
measurements using exotic atoms. This is the most precise test of CPT invariance
with baryons. The antiproton lifetime in an ion trap was measured to be more
than 103 days by trapping a cloud of antiprotons for 59 days. This indicates the
number density of atoms is less than 100/cm?® which corresponds to the pressure
in the vacuum chamber being less than 5 x 10!7 Torr at 4.2 K if we apply the
ideal gas law.
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Chapter 1

Introduction

1.1 Motivation and history

Low energy antiprotons in storage rings {1,2,3] make a large number of nuclear-
and particle-physics experiments and a few atomic physics experiments possible.
The availability of cold antiprotons with energies much lower than the beam ener-
gies in storage rings opens the way to various interesting experiments and impor-
tant physics in a new range of the energy spectrum. A comprehensive description
of slowing, trapping, and cooling antiprotons below 1 meV is given in this thesis.
For the first time, antiprotons have been stored indefinitely in an ion tra:p, at en-
ergies 10 orders of magnitude lower than realized in any storage rings. This makes
possible a new antiproton mass measurement (4], a direct antiproton lifetime mea-
surement, and antiproton-atom interaction studies at low energies. In the future,
the antiproton source in an ion trap can be compact and movable so that a series
of experiments could be carried out in a non-accelerator environment. Trapped
antiprotons can be used for possible antihydrogen production [5] and gravitational
mass measurements [6). The technology and experieﬁce gained during the trapping
experiment are also important for other studies. For example, antiprotons make a
very sensitive gauge for vacuum studies based on the antiproton lifetime measure-

ment. An antideuteron mass measurement may be possible in a similar fashion as

1



for antiproton.

In early 1986, we first captured keV protons in an ion trap [7]. In April and
May, we used a simple time-of-flight apparatus to measure the energy distribution
of protons and antiprotons emerging from a thick degrader. A fraction of protons
and antiprotons were slowed below 3 keV [8]. In July 1986, antiprotons were first
captured in an ion trap by our TRAP Collaboration during a single 24 h period {9].
During the next two years, while the European Organization for Nuclear Research
(CERN) was upgrading their antiproton facility, we prepared a new apparatus
for slowing, trapping, and cooling of antiprotons, and for measuring the antipro-
ton mass. Since September 1988, we have made great progress toward our goal
[10,11,12] and thus laid the foundation for further achievement.

1.2 Slowing, trapping, and cooling antiprotons

Ultracold antiprotons of the order of meV are not available in any storage
rings. Even the Low Energy Antiproton Ring (LEAR) which is the best low en-
ergy antiproton facility can only supply beams with an energy down to 5.9 MeV
(a 3 MeV beam is now being developed at LEAR). This is 10 orders of magnitude
higher in energy (see Fig. 1.1) than we desire (= 0.5 meV) for low energy antipro-
ton physics experiments. The major challenge is to produce ultracold antiprotons
from the high energy antiproton beams available from LEAR. Slowing antiprotons

by atomic collisions and electron cooling is demonstrated in our experiments to be

the solution.

Charged particles lose energy when they pass through matter, in collisions
with bound electrons in the degrader which cause electron excitation and ioniza-

tion. Due to the statistical behavior of such collisions, transmitted antiprotons
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have different energies. Only a very small fraction of them are below 2 few keV
even when the degrader thickness is optimized for low energy antiproton yield.
Great care must be taken to make the thickness of the degrader as close to the
range of the energetic particles as possible. Tests with protons are carried out first
due to very precious antiproton beam time. The difference in the range between
protons and antiprotons (known as the Barkas effect) must be compensated by
adding more material for antiproton experiments.

Our.experiment shows that 10* to 10° antiprotons can be trapped routinely
in a 3 keV potential well from one 300 ns pulse of 5.9 MeV antiprotons which
contains up to 3 x 108 particles from LEAR [11]. The maximum number of an-
tiprotons trapped from one pulse is 1.3 x 10° antiprotons. It is sufficient to use the
degrader technique to slow antiprotons since we only need a modest number of
antiprotons to perform some needed experiments. A single antiproton in the trap
will eventually be used for the mass measurement. However, more antiprotons are

demanded for other experiments.

Antiprotons are initially stored in a long (13 cm) ion trap with energies ranging
from 0 eV to 3 keV. If a large number of electrons can be loaded in the center
part (approximately 0.5 cm long) of the long trap, antiprotons oscillating through
the bound electron cloud will lose kinetic energy -the same way as in the mate-
rial except no annihilations will occur [4]. The electrons rapidly radiate the excess
heat from the hot antiprotons via sjmchrot_mn radiation. The slowing efficiency
for antiprotons is nearly 100%. The slowing process within the ion trap effectively
reduces antiproton random energies in 3 dimensions. Therefore it is also a cooling

process. This is the first time that electron cooling has been applied in an ion trap.

Fig. 1.1 shows the energy span from the LEAR beam energy of about 10 MeV

to below meV. Atomic collisions in matter reduce some particle energies to keV
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‘'so they can be tra.pped in an ion trap. Very a few particles have energies less than
100 meV. Further slowing and cooling are accomplished by electron cooling which
is very effective and efficient. A thermal equilibrium state can be achieved at 4.2
K. Resistor cooling can damp and maintain the antiproton motions in thermal

equilibrium, once most of the antiproton’s energy is removed by the electrons.

1.3 Antiproton mass measurement

The antiproton inertial mass mjy is an important physical quantity. It is of great
interest to make increasingly precise measurements of such a basic quantity. High
precision measurements of the mass ratio of antiproton to proton also provide ex-
perimental verification of the CPT theorem, thus increasing our confidence in this

basic symmetry in nature. The CPT theorem states that any quantum field theory
| described by a local Lorentz-invariant Hermitian Hamiltonian is invariant under
the operations of charge conjugation (C), parity inversion (P), and time reversal
(T) in any order [13]. The theorem implies that a particle and its antiparticle
must have the same magnetic moment {with opposite sign), the same mass, and

the same mean life.

When the antiproton was discovered at the University of California at Berkeley
in 1955 {14}, the new negatively charged particle was identified as the antiproton
mainly because it has a mass within 5% of the proton mass. Using an exotic-atom
method, the inertial mass of the antiproton was measured to higher precision at
the Proton Synchrotron (PS) of CERN [15]. Antiprotons stopped in a thallium
target were captured into orbits with high principal quantum numbers. In the an-
tiprotonic atom, the energy eigenvalues are proportional to the reduced mass of
the hadron-nucleus system. By measuring the transition energies of X-rays origi-

nated from the antiprotonic cascade and making comparisons with the calculated

]



ones, the inertial mass of the antiproton was deduced. Similar experiments were
performed at Brookhaven National Laboratory [16,17,18] using various targets. A
fractional uncertainty of 5x10~® was achieved in the most accurate measurement
and it is consistent with the much better known proton mass (see Fig. 1.2). Due
to the complexity of the antiprotonic system, many corrections, such as nuclear
finite-size effects, radiative corrections, interactions between the antiproton and
higher moments of the nucleus, electron screening, and the anomalous magnetic

moment of the antiproton, were needed to obtain the quoted precision.

The lowest energy antiproton beam in a storage ring is on the order of MeV
at LEAR of CERN. Further deceleration to meV or below, 10 orders of mag-
nitude lower in energy, can be achieved by inelastic collisions with electrons in
degraders and in ion traps. A much more accurate measurement of the antiproton
inertial mass becomes feasible with cold antiprotons by well established Penning
trap technique once antiprotons are confined in the trap. An ion trap is a device
to hold charged particles in the combination of a homogeneous magnetic field and
an electrostatic potential. The ion trap technique has been widely used for high
precision measurements of fundamental constants and mass comparisons [19,20].
The g factor (representing the magnetic moment of the particle) of the electron
has been measured to a fractional uncertainty of 4 x 10712 [21]. This allows the
most precise comparison between theory and experiment for a property of an ele-
mentary particle. Its agreement with theory is the most accurate test for Quantum
Electrodynamics (QED) theory. Precise measurements of the g factor ratio [21] for
electron and positron, with an accuracy of 2 x 10712, provide a stringent test of
the CPT theorem for leptons. The proton-electron mass ratio previously measured
by the ion trap technique [22,23] has an uncertainty of 2x10~%. A mass ratio mea-
surement for single CO* and N} ions with an accuracy of 4 x 10~1° has been
reported [20].
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The principle of ion trap mass spectroscopy for ion mass comparison is very
simple and elegant. A particle of charge q and mass m in a uniform and stable
magnetic field B undergoes a constant circular motion {cyclotron motion) around
a magnetic field line with frequency w, = ¢B/mc with c the speed of light. If a
second particle with a different charge and mass is placed in the same magnetic
field, the ratio of cyclotron frequencies gives the ratio of charge-to-mass-ratios. If
we assume that the proton and antiproton have identical charges, the cyclotron
frequency ratio is the inverse mass ratio. Nevertheless, the measurement is actually

a comparison of charge-to-mass-ratios.

There are many advantages of using this technique. A conventional FET pream-
plifier cooled to liquid helium temperature can detect a single particle with a good
signal to noise ratio. An excellent resolution of 10-*? [19] has been mentioned while
1072 can be routinely obtained. Based on this successful and extremely promising
technique, an accuracy of 1 part in 10° for the comparison of the antiproton and
proton masses was proposed {4,24]. This would be a 50 000-fold improvement in
accuracy over previous measurements. Fig. 1.2 shows the fractional accuracy of
.a.ntiproton mass measurements by exotic atom methods and by the ion trap.tech-
nique. We have obtained a fractional accuracy of 4 x 10~® in an ion trap [12,25].
This is already a 1000-fold improvement over previous measurements. The dashed
region represents the proposed accuracy. This new measurement of the ratio of
antiproton to proton inertial masses by the ion trap resonant method is the most

precise test of the CPT theorem with baryons.



1.4 Antiproton lifetime in an ion trap and
antiproton-atom (molecule) interaction

Interactions between antiprotons and atoms (or molecules) can be studied by
controlled antiproton-atom collisions. The direct antiproton lifetime measurement
in an ion trap can probe and indicate an extremely high vacuum beyond the ca-
pability of conventional vacuum measurement equipment. An upper himit to the

pressure can be established with the knowledge of antiproton-atom cross section.

The measured lower limit of proton lifetime is now above 10?° years indepen-
dent of decay mode [26], though for specific decay modes the lifetime now exceeds
3.1 x 1032 [27]. The CPT iheorem thus suggests that the antiproton lifetime is no
shorter than 10%° years. If baryon number is conserved then there can be no an-
tiproton decay. The speculation that baryon number might not be conserved comes
from grand unified theories which unify the strong force with the electroweak force
[28,29). If quarks can become leptons, then a proton (antiproton) might not be ab-
solutely stable. A lower limit of 32 hours was given by a previous direct antiproton
lifetime measurement in a storage ring [30], though measurements of specific decay

channels yield a lifetime of more than one month [31]. Antiprotons were recently
 held 11 days at the CERN Antiproton Accumulator, with a particle loss rate cor-
responding to a storage lifetime of 1.4 months in the rest frame of the energetic
antiprotons [32]. We found that the antiproton lifetime in an ion trap was more
than 103 days (3.4 months) by trapping a cloud of antiprotons for 59 days (see
Chapter 6). This is the best directly measured limit on the antiproton lifetime.
The lifetime measurement in an ion trap can also be used for collision studies
and vacuum technology development. As discussed in Chapter 6, we use stored
antiprotons as a vacuum gauge to measure the residual gas number density and
the pressure. The number density is measured to be less than 100 atoms/em3. For
an ideal gas at 4.2 K, this would correspond to a pressure less than 5 x 10717 Torr



which is the best reported value.

Finally, it has been suggested that measured p/p ratios in cosmic rays, to-
gether with model calculations of the interaction of cosmic rays and the interstel-
lar medium, mﬁy indicate an antiproton lifetime of order the cosmic ray storage
time (= 107 years). However, this rather indirect argument has not been studied
in any detail, being mentioned in only one sentence [33}]. Moreover, the cosmic ray

storage time for antiprotons has not been measured to our knowledge.

1.5 Summary

In Chapter 2, the degrader technique used to slow antiprotons will be discussed.
Studies include energy distributions of particles passing through a degrader mea-
sured by a time-of-flight technique, and the yield of low energy antiprotons at
the keV level suited for trapping. It is followed by the observation of the Barkas
effect in the range difference between protons and antiprotons. In Chapter 3, we
describe the antiproton trapping experiment and discuss the results. In Chapter 4;
the high-voltage switching requi.red to captﬁre of keV antiprotons in ion traps are
described. Electron cooling as a means of slowing antiprotons until they fall into
the harmonic potential well is discussed in Chapter 5. Two important applications
of stored antiprotons are presented in the last two chapters. First is the antiproton
lifetime measurement in an ion trap and its technical implications in Chapter 6.
Second is the antiproton mass measurement at the 4 x 10™® level in Chapter 7.

. Other experimental possibilities are discussed in the last chapter.
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Chapter 2

Slowing antiprotons

Antiprotons are produced and then decelerated to 5.9 MeV energy at CERN.
Slowing of antiprotons from LEAR energies of 5.9 or 21 MeV, down to keV energies
is accomplished by sending the beam through a degrader which consists mainly
of thin foils of mylar, Ti, Be, and Al. Various gases provide fine adjustment of
thickness of the degrader. We prepared a simple time-of-flight spectrometer to
study the range curve and the transmitted particle energy distribution. Particular
interest is in the low energy particle yield since those particles can be trapped in

an ion trap for further studies.

2.1 Production and deceleration of antiprotons

at CERN

Antiprotons are generated at CERN by impinging 26 GeV protons on a heavy
target [34,35]. Fig. 2.1 shows the facility for antiproton production at CERN. First,
protons are obtained in the Pre-injector where electrons are stripped off from hy-
drogen atoms by ionization. Protons then are accelerated to 50 MeV in a linear
accelerator (LINAC). In the next stage, the Booster increases the proton energy
to 1 GeV. At the Proton Synchrotron (PS) ring proton energy reaches 26 GeV. A
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high-intensity 26 GeV proton beam is sent to the antiproton production area and
directed onto the target. Negative secondaries in a 6% momentum bite around 3.5
GeV/c (2.7 GeV) are selected and transferred to the Antiproton Collector (ACOL)
ring. After bunch rotation and stochastic cooling, the antiproton beam is trans-
ferred into the Antiproton Accumulator (AA) and then stochastically cooled. In
the stochastic cooling process, the longitudinal and transverse random motions of
the antiproton beam are first detected. Then the signals are fed back to suppress
the antiprotons momentum spread and transverse emittances. Typically a momen-

tum spread Ap/p of a few parts in 10° can be achieved by stochastic cooling [36].

The 26 GeV proton beam consists of five proton bunches, each containing
2 x 10'? protons. Every beam of five bunches hits the target in a burst of 0.5us
duration. This can be repeated every 2.4 s or in multiples of this period, mostly
4.8 sec. The bunch length in every beam is 20 ns and the time between bunches
is 110 ns. The beam is focused at the target with small divergence of 2 mrad, and
95% of the beam hits a circular spot of 1 mm radius which is smaller than the
target wire radius of 1.5 mm. The metal target being used at present is a 55 mm
long iridium wire, which is along the direction of the beam, because of its high
antiproton yield and high thermal conductivity for cooling. Other metals such as
copper and tungsten were used before. The iridium wire is pressed into a graphite
cylinder and sealed in a titanium alloy container cooled by water. The iridium wire
and a 20 mm diameter lithium magnetic lens are in a very compact assembly. The
lithium lens is used to focus antiprotons when a current pulse synchronized with
the antiproton beam bunch flows through a cylinder of solid lithium. A magnetic
field is created and the Lorentz force steers antiprotons back toward the beam

axis.

The present antiproton production yield is 5 x 10~¢ 5/p. This corresponds to

a maximum production rate of 7.5 x 101® $/hr for a beam of 10'® protons every
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Figure 2.1: CERN facility for producing, transferring, storing and cooling antipro-

tons.
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2.4 sec. Accumulation rates are about 30% to 50% of the production rates due to
losses during the collection and stacking processes. Therefore the overall produc-

tion and accumulation efficiency for 3.5 GeV/c antiprotons is about 2 x 10~ 5/p
which is 3 x 10" p/hr.

Cooled antiprotons from the AA are decelerated in the PS from momentum of
3.5 GeV/c to 609 MeV /c (180 MeV). The decelerated antiprotons are transferred
to the LEAR, the unique facility for providing large numbers of low energy an-
tiprotons suitable for the trapping experiments. It is a square with side length of
20 meters. Typically 3 x 10° particles are transferred from the PS in each fill which
takes up to 10 minutes including setup time. They are decelerated from 609 MeV/c
to 309 MeV/c, then to 200 MeV/c, and finally to 105 MeV/c (5.9 MeV) within
20 minutes. The beam lifetime at 5.9 MeV is approximately one hour. Stochastic
cooling is used again in the LEAR machine to reduce the energy spread and trans-
verse emittances before and after each deceleration. The momentum spread Ap/p
is typically 10~°. The well tuned beams of low energy antiprotons with energy
as low as 5.9 MeV are extracted to the experimental area. The LEAR machine
provides beams in two ways. Slow extraction is the normal mode of operation in
~ which a slow and uniform spill of up to 10° particles is sent to experiments over
approximately 1 h with rates from 10® to 10° Hz. Fast extraction is a special op-
eration mode developed for the antiproton trapping experiment in which a 300 ns
pulse containing up to 3 x 10® antiprotons is sent to our TRAP experiment.

The zone layout of our TRAP experiment (PS196) is shown in Fig. 2.2. The
beam from LEAR in a horizontal beam line with a height of 1.6 m is bent by two
dipole magnets (each one bending the beam 45° with a 0.3 Tesla field) into the
vertical direction. A quadrupole focusing magnet is located between the two bend-
ing magnets. The last dipole ma.gnel; (Fig. 2.2) has a height of 3.1 m. The distance
between its center and the center of our magnet is 1.7 m. The configuration of
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Figure 2.2: The zone layout of the TRAP experiment {PS196).
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- two 45° bending magnets allows focusing particles which differ slightly in energy
to the same entrance to our apparatus. This feature is not possible for a single
90° magnet. Qur extension of the LEAR beamline protrudes up into the bore of
the superconducting solenoid and has an extremely thin Ti window just below the
solenoid center (to minimize the multiple scattering effects, see Chapter 3). The

Ti window separates the LEAR vacuum and 1 atm environment. Electronics for
| antiproton trapping studies are in a radio frequency (RF) shielded cabin, since
there are strong RF noise sources in the experimental hall. There is an aluminum
cap on the top of the magnet for RF shielding. Cables between the trap apparatus
and the RF cabin (mostly double shielded cables) are within a flexible aluminum
tube preventing external RF interference from leaking into our system.

2.2 The stopping and range of ions in matter

Energetic heavy charged particles (particle mass is much larger than electron
mass m) in matter interact with atomic electrons and nuclei. The collisions with
atomic electrons in matter constitute the main cause of energy loss by excitation
and ionization of atoms or rholecules, while nuclear scattering determines the spa-

tial distribution of particle trajectories.

The average energy loss per unit path length is called the stopping power, S =
—dE/dx, where E is the particle kinetic energy, and x is the absorber thickness.
The stopping power [37] is the summation (and integration for ionized states) of
each collision cross section ¢, times the corresponding energy traunsition E,:

S = NZ,E,0n | (2.1)

where N is the density of atoms in the target. For a heavy particle of charge Z and
velocity v passing through a medium of atomic number Z,, the stopping power S
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is given as [38]
§ = —dE/dz = (4ze*/mv*)NZ,Z°L (2.2)

where m is the electron rest mass, NZ; is the electron density n. in the matter,
and L is a function of the particle velocity and stopping material. Using the Bethe
stopping function, we have [38]

L = Ly(v, Z) = In(2mv?/I) - In(1 — v*/c?) - v¥fc? - ClZ,. (2.3)

Here, I is the target mean-excitation and ionization potential (it is 166 eV for Al),
and C/Z; is the shell correction. The stopping power for heavy charged particles
depends largely on the velocity and the charge of the particle, but not on its mass.
For proton energies above 100 keV the smaller the velocity, the larger dE/dx is.
Therefore more energy loss per unit length will happen near the final stage of
slowing, |

A theoretical range is obtained by integrating the inverse stopping power over
the total energy loss {37]. A parallel monoenergetic beam of heavy charged particles
in matter has a relatively well defined range, which is essentially the thickness of
the absorber stopping practically all the particles. (The energy loss is not hke
the expdnentia.l absorption for the electromagnetic radiation.) In Fig. 2.3(a), a
range curve shows the fraction of particles in a beam penetrating to a given depth
x. Initially the beam loses energy in matter without changing the number of the
particles in the beam. All the particles go a long way together. When the thickness
of the absorber is very close to the range, the number of pasticles starts to decrease
rapidly. The mean range Rp is the thickness of the absorber allowing 50% of the
particles to pass. Particles do not stop sharply at Ro because of the statistical
nature of the energy loss process. Random interactions produce fluctuations in
energy loss or in range. Straggling is just the fluctuation in energy loss or the
particle penetration depth (range). For a given energy loss, each particle stops

near the average value Ry with its own range R. For particles with a mean value
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‘Ro, the probability of finding a particle with range between R and R+dR is [37):
f(RYR ~ (1/oV/2r)ezp|-(R — Ro)*/2s"}dR. - (24)

Here, the distribution function f(R) of ranges around the average Ry is approxi-

mated by an Gaussian, and the mean-square fluctuation o is defined by:
o* =< R*> - R. (2.5)

In this approximation, the largest number of low energy particles can be found at
Ry. The relative Gaussian distribution function:

f = exp[~(R — Ro)*[20”] (2.6)

is plotted in Fig. 2.3(b). It has a FWHM of 2.35 ¢ and f; = 61% when |R—Ry| = 0.
The range straggling parameter o /R for protons of kinetic energy E in some ele-
ments can be found in Ref.[37]. For example, ¢/R is 1.38% for Be and 1.56 % for
Al at beam energy of 5.9 MeV. At 21 MeV {where we did initial demonstration
experiments) the numbers are 1.25% (Be) and 1.37% (Al).

When a heavy particle collides elastically with a target nucleus, the Conlomb
force from the nucleus deflects it by Rutherford scattering. The angular distribu-
tion of the transmitted particles passing through a thin foil is mainly determined
by nuclear multiple scattering. A cumulative effect of many nuclear scatterings will
make a significant deviation from the original direction of a particle. The collisions
with electrons produce only a small angular scattering of heavy particles. The im-
portance of multiple scattering from nuclei for particle trapping is discussed in
Section 3.5.

18



()
100%

50% A

f

(b)
10}
0.8 |
o.e}
04}

0.2 ¢
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2.3 Experimental setup for slowing protons and

antiprotons in matter

The main purpose of the experiment is to obtain as many low energy antipro-
tons as possible. It is necessary to adjust the degrader thickness to just “range
out” particles at the beam energy. Slow extraction is the normal mode of oper-
ation at LEAR in which a slow and uniform spill of up to 10° particles is sent
to experiments over approximately 1 h with rates available from 10° to 10° Hz.
Experimental methods of range measurements are discussed in Ref. [39]. A simple
way to perform the experiment is by the transmission method. The basic idea of
the transmission method for range curve and energy distribution measurements is
illustrated in Fig. 2.4. A particle in the incident beam first goes through a Start
detector, the parallel plate avalanche counter (PPAC), which provides a start sig-
nal and itself is also a part of the degrader. The particle then moves into a stack
of thin foils and gases. If the particle passes through all the degrading material it
can be counted by the microchannel plate detector (MCP) {40] which we used at
both 300 and 77 K, to provide a stop signal from the transmitted particle. The
time-of-flight At of the particle in passing from the degrader to the back detector
over a distance L is recorded. If the degrader material is unchanged, a time-of-
flight distribution can be obtained when a large number of particles are detected.
From the flight time At = L\/m, we obtain the energy distribution of the -
transmitted particles and the low energy particle yield. The range curve can be
traced out by changing the thickness of degrader and plotting the transmitted ion
fraction, given by the ratio S,:op/Sstare of the Stop detector counting rate and the
Start detector counting rate, versus the thickness of the degrader.

A simplified logic diagram for the detection electronics is given in Fig. 2.4. It
shows that signais from detectors are amplified, and then shaped by constant frac-

tion discriminators before being sent to counters. Scalers count the signals from
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both detectors. A qVi multichannel analyzer (LeCroy 3001) operating in the time
analysis mode records the time delay between start and stop signals, as does a
time-amplitude-convertor (TAC) plus an analog-digital-convertor (ADC). A mi-

crocomputer collects and stores the data, and displays the time spectrum.

The Stop detector subtends a finite solid angle to the center of the last sur-
face. The half-angle in the side view plane 8, is 21° in this experiment, because
the distance L is 2.54 cm and the MCP detector has an active diameter of 2 cm.
Transmitted particles deflected away from beam axis by multiple scattering with
8 < 6y will be counted.

2.3.1 The variable degrader for energy tuning

For incident 21 MeV antiprotons, we rotated thin degraders in and out of the
beam [8]. This was not possible for 5.9 MeV antiprotons because the degraders
must be 10 times thinner (0.25 mm Al). These degraders must also be located
within the bore bore of the superconducting solenoid (See Fig. 3.3) to avoid large
loss from multiple scattering. We use dE/dx gas cells to fine tune the degrader
thickness for a given beam energy thus yield maximum number of low energy an-
tiprotons for trapping. The apparatus used for proton and antiproton tests at about
6 MeV is as follows. High energy particles extracted from the machine through
a thin titanium window enter from below at a rate of 1 to 10 kHz. To vary the
energy loss of the particles by a small amount, we use two gas cells indicated in
Fig. 2.5. Either SFg or N, at a pressure of 1 atm is kept flowing slowly through
gas cell 1. The energy loss in the N, is smaller than the energy loss in the SFy by
approximateljr 250 keV so the energy of the protons and antiprotons leaving gas
cell 1 can be changed discontinuously by this amount. A mixture of SF; and He,
also at 1 atm, is sent through gas cell 2. The mix can be adjusted continuously
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- with electronically controlled flow meters, allowing the energy of the antiprotons
leaving gas cell 2 to be continuously adjustable over an additional 500 keV when.
the number of molecules in the mixture is changed from 0% SF; (i.e., 100% He)
to 100% SFg (i.e., 0% He). These energy shifts were calibrated using the variable
energy proton beam of the tandem accelerator of the Nuclear Physics Laboratory
at the University of Washington, in Seattle, to produce range curves such as those
in Fig. 2.9 which are discussed later. The energy loss was linear in the percentage
of SFs.

Helium and SFg flow in gas cell 2 are controlled by an OMEGA electron-
ics package (FMA-2DV) with dual channel and setpoint potentiometers, and two
OMEGA electronic mass flow controllers (FMA-116). The mass flow can be read
and set for flow measurement and control by the package FMA-2DV unit. It can
power and operate 2 independent flow controllers simultaneously. The display for
reading flow value is linear with a ¢ — 100% full scale. The display shows the flow
value when in the READ mode and the set point when in the SET mode. The mass
flow controllers FMA-116 directly monitor the flow of gas molecules. This flow me-
ter uses a heated sensing element and thermodynamic heat conduction principles
to determine the true mass flow rate with 1% accuracy and 0.2% repeatability.
The response time is 1 second. The mass flow controllers are factory calibrated for
nitrogen (N;). Nitrogen flow range is from 0 to 1 litre/min. The actual flow rate
for any gas is equal to the flow rate of nitrogen unit times the correction factor.
The correction factors for various gases are available from OMEGA Engineering
Department. It is 1.45 for helium and 0.27 for SFs. That is, when the flow display
is 100%, the actual flows for He and SF; are 1.45 I/min and 0.27 1/min, respec-
tively. In our system we use SFg% as the percentage of molecules (or reference
fraction) in the gas cell 2. The total flow is kept at 0.27 I/min. The corresponding
helium setting (to keep the total flow constant) can be calculated as:

He(READ/SET) = 18.6 x (100% — SF:%). (2.7)
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For example, we need to set SF; at 10 and He at 16.7 to have 10% SF; and 90%
He in gas cell 2. If we need 90% SF; and 10% He, then the setting should be 90
for SF; and 1.86 for He.

A simple time-of-flight apparatus (see Fig. 2.5) is used for I;roton and an-
tiproton tests. A beam of 5.9 MeV particles extracted from LEAR through a thin
(10 gm) titanium window, enter this apparatus from below at a rate of 1 to 10
kHz. Gas cells 1 and 2 permit particle energy tuning. Two PPACs located between
the two gas cells determine when a proton or antiproton enters the apparatus with
near unit efficiency and nanosecond resolution. Typically, the beam is focused into
a spot diameter of less than 6 mm (full width half maximum) on the PPACs. The
antiprotons slow in several layers of material needed for the trapping experiments
being prepared. Each layer is listed in order in Table 2.1, along with the equivalent
thickness of aluminum (to allow easy comparisons) and the approximate energy
loss [41] in each layer. As shown in Table 2.1, most of the slowing, nearly 4 MeV,
occurs in the final aluminum layer. The aluminum foil has mirror surfaces with
very little surface roughness. The antiprotons stop and are detected with near
unit efficiency in the channel plate detector located 2.5 cm down beam. The final
degrader window and the channel plate are biased as indicated to minimize the
probability of detecting a secondary electron liberated from the aluminum. The
number of coincidences of the PPAC detectors with the channel plate are divided
by the number of PPAC counts to give a measure of the fraction of the incident
particles transmitted through the degrader. This gives the range curve when the
number versus the equivalent thickness of the aluminum degrader is plotted. It will
be discussed in connection with the Barkas effect below. Time-of-flight spectra of
the transmitted protons and antiprotons are also recorded, making it possible to
study the energy spectra of the transmitted protons and antiprotons.
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Equivalent thickness  Energy loss
Material of Al (gm) (MeV)
10-um-thick Ti 16 0.21
Gas cell 1 with N, 4.4 0.06
with SF¢ 23 0.31
PPAC | 1 0.16
PPAC 2 . 1 0.16
Gas cell 2 with He 1.4 0.02
with SF 34 0.52
10-pm-thick Ti 16 0.24
51-pm-thick Mylar 3 0.52
10-um-thick Ti 16 0.27
117-pm-thick Al 117 3.70
Total 224 275 5.34 6.09

Table 2.1: Matter traversed by protons and antiprotons.
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2.3.2 The detection system

A chevron-pair microchannel plate detector with an active diameter of 20
mm (Varian 8960ZS) is used as the stop detector. It is used at 300 K (and with
higher gain at 77 K). The gain for each plate is approximately 10* at about 850V
bias potential. For the MCP pair at bias potential of 1700V, the total maximum
gain is 108, The efficiency of the MCP is about 65% for fast particles measured
by the transmission method (the coincidence signals of PPAC and CP divided
by PPAC signals). The detection efficiency should be around 60 to 85% (sec Ref.
[40)) for low energy particles (2 to 50 keV). We use one as the detection efficiency
for conservative number counting which allows a lower limit of the particle yield.

Signals detected by MCP are denoted CP.

A beam diagnostic system of two parallel plate avalanche counters (PPAC)
with position sensitivity was developed [42] as the Start detector for diagnostics
of the incoming beam intensity and position (focusing). It meets the requirements
for thickness (only 10% of the total Al degrader equivalent), time resolution (<0.5
ns), beam profile resolution (2.5 mm in both X and Y directions), and works well
in the environment of the 6 T magnetic field.

PPACs are usually used in heavy ion detection for precise timing measure-
ments in nuclear physics {43]. This type of gas counter with large active area is
more useful when combined with position sensitive counters to have both timing
and position information. The problem with light ion detection is that the specific
ionization is much smaller as is the signal. However at an energy of a few MeV,
ionization in the gas is high enough even for light particles due to the velocity
dependency of dE/dx that a detection efficiency of nearly unity is achievable.

Each PPAC consists of two parallel aluminized mylar foils as electrodes, sepa-
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rated by a narrow gap L to achieve good time resol;tion. The gap is normally filled
with isobutane gas (C;H10). An energetic particle moves through the counter per-
pendicular to the foils, and electron-ion pairs are produced in the gas. When the
high voltage V applied across the electrodes is sufficiently large, the homogeneous
strong electric field V/L makes secondary ionization and an avalanche is formed.
The number of secondary electrons produced by one primary electron is given by
e, where | is the distance from primary electron initial location to the anode, the
drift length. The o is the first Towsend coefficient, the mean ionization probability
per unit path length and is a function of the reduced field strength V/Lp, here p
is the gas pressure:

a/p = A exp[-B/(V/Lp)]. (2.8)
A and B are constants for the specific gas. In our system, the reduced field strength
is 120 V/em/torr for V = 900 Volts, L = 1.25 mm, and p = 60 Torr. Primary
electrons produced near the cathode have the longest drift length L and hence the
largest gain e*L. They contribute most to the signal. We denote the total number
of primary electrons as Ny, and assume they are produced uniformly from 1 = ¢
to L. Then the total number of secondary electrons within the gap generated by a

single energetic proton or antiproton is:
¢=[ E(No/L)estdl = No(eo® — 1)/aL. (2.9)
Since e®l' >> 1, the effective gain of the PPAC is:
G = Noe*L faL. (2.10)

In our case, a 5.9 MeV proton or antiproton makes about 100 primary electrons,
the effective gain G is about 10° for o = 12. The resulting signal has an ampli-
tude of about a 5 mV on a 50 2 impedance with a 2 ns width and a very fast rise
time due to the motion of electrons. Positive ions are collected over about 1us and
are too weak to see. With further amplification (x 100), a 500 mV signal can be
observed by a 350 MHz scope and is fed into a discriminator for processing.
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In each PPAC, the anode mylar is stretched and epoxied to a PC board disk.
The cathode is stretched over a lucite boss contour to minimize breakdown at the
edge of the active region and epoxied to another PC board disk. The active area
has a diameter of 1.8 cm. Two PPACs with their gas lines and RG174/U coax-
ial cables are mounted in a 5 cm diameter by 3.5 cm long lucite assembly. Two
9 pm thick mylar vacuum windows supported by 125 pm thick 90% transparent
molybdenum grids seal the detector assembly at both ends from the 1 atm ambi-
ent. The isobutane gas flow rate can be controlled up to 100 atm-cc/min. In Fig.
2.6(a), the two anodes are each etched into five parallel segments. Each of the 3 at
the center is 2.5 mm wide. The position resolution of 2.5 mm is achieved in both
X and Y directions when the first PPAC segments (X) are perpendicular to the
second (Y). The PPAC detectors and their electronics are shown in Fig. 2.6(b).
The ten segments (5X, 5Y) are brought to iwo stages of Phillips 776 amplifiers
(each has a gain of 10) and discriminators. For continuous beam flux (10® — 10*
particles/sec) the discriminator signals are sent to a 10-channel rate meter with
0.1 sec integration time constant. The 0 to 10 V analog output for each channel is
fed into an LED display for X and Y beam profile histogramns.

The electronics and logic circuits are shown in Fig. 2.4 and Fig. 2.6. Similar
to the PPAC signal, the microchannel plate signal CP is amplified by a factor of
100 and shaped by a discriminator. The NIM pulses of the PPAC (x1, x2, x3, x4,
x9, and y1, y2, y3, y4, y5) and CP are sent to scalers, and a logic unit (AND/OR
logic). The important logic signals obtained are the start signal,

Satare = PPACX | PPACY, (2.11)
and the stop signal,
Ssop = CP[|PPACX (| PPACY = CP()Sstart, (2.12)

where PPACX = 22N z3( z4, and PPACY = 42N y3Ny4. As discussed earlier,

Sstop/ Sstart determines the range curve, and relative timing of S,:0p, Ssters gives the
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energy distribution information.

2.4 Low energy antiproton yield and energy dis-

tribution of transmitted particles

A preliminary degrader test was carried out for 21.3 MeV antiprotons passing
through Be [8]. The number of antiprotons which emerge from the degrader with
low kinetic energy (along the beam axis), between 2 and 8 keV, is peaked at about
the half intensity point in the range curve for antiprotons of all energies. Approxi-
mately 1 in 10* of the incident antiprotons emerges from the degrader with energy
below 3 keV. The reason for using a 5.9 MeV beam instead of 21 MeV antipro-
tons is that a higher yield of low energy antiprotons is expected. The straggling
parameter o/ R is essentially unchanged, but the range drops by nearly an order of
magnitude when the energy is reduced from 21 MeV to 6 MeV. The distribution
width (FWHM) AR therefore is reduced by an order of magnitude. Particles will
stop in a much narrower slice of degrader. For example, the range in Be for 21
MeV beam is 3.0 mm with AR = 0.088 mm while the range in Al for the 5.9 MeV
beam is 0.25 mm with AR = 0.0093 mm. The distribution is narrower by a factor
of 9.5. Under ideal circumstances, we might thus expect 9.5 times more iow energy

antiprotons.

Fig. 2.7 shows the energy distribution of 5.9 MeV antiprotons after they pass
through a degrader adjusted to give maximum low energy antiproton yield when
the percentage of SF; in the gas cell is 60%. There are 5.1 x 10° Start signals and
10° Stop signals counted by scalers for this run. The normalized transmitted frac-
tion is about 40%. The channel numbers (thus the flight time), kinetic energies,
and the counts are indicated. Each channel represents 0.1 ns. The small bumps
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before the TOF peak may be due to the antiproton annihilation secondary or the
PPAC ringing that triggered the start counter. Because the gates of our discrim-
inators were set at 60 ns, the signals from ringing reflect the TOF events after
the 60 ns flight time. However, they do not affect the information we need, which
is the spectrum within 60 ns and after the main TOF peak. The solid line is for
a constant energy distribution of 100 counts/keV. The line fits the data well at
the energy below 500 keV indicating that the particle energy distribution is fairly
flat, and it falls when energy is near and above 500 keV. The average a.nﬁproton
yield below 500 keV is approximately 2 x 10~*/keV. Antiprotons between 20 ns
and 40 ns correspond to the kinetic energies of 8 keV down to 2 keV. Changing
the percentage of the SFg gas in gas cell 2 gives the antiproton yield between 2 to
8 keV versus the effective degrader thickness, as is plotted in Fig. 2.8. The peak
yield is 1.6(0.1) x 10~*/keV (which is a lower limit since we used 1 as the detec-
tion efficiency) when SFg in gas cell 2 is 60%, which is very close to the degrader
setting of the half intensity point for antiprotons of all energies (see Fig. 2.9). It
is approximately a factor of 8 increase compared with the previous test of 21.3
MeV beam traversing Be target (2.1(0.1) x 1073/keV/, also a lower limit). The
surface roughness could make things worse. Only 1.7 um broadening is needed to
decrease the yield by 17%. There are about 20 surfaces in the degrader foils. If each
surface contributes 0.4 ym in average (which is possible in our experiment), then
it could make such difference. We observed this effect as many fewer antiprotons

were trapped when very rough degrader surfaces were used.

Even though the proton data we have is only 10% of antiproton data, we can
still qualitatively say that the energy distribution of protons emerging from the
degrader is similar to the one for antiprotons. The low energy proton yield is
2.0(0.2) x 10~*/keV which is consistent with the antiproton yield.
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2.5 Observation of the Barkas effect with pro-
tons and antiprotons

Energy-loss and range measurements carried out to improve our understanding
of charged heavy particle penetration of matter appear to be of great interest for
basic and applied physics. Barkas and his collaborators [44] first observed the
striking difference of the energy loss processes in emulsion track studies for »+
and =~, and also for ¥* and X~. The difference in the range of heavy particles of
opposite charge under otherwise identical conditions is known as the Barkas effect.
This charge-sign-dependent effect comes from distortions of the target electron
motion or wave function during the atomic collision, so it is also referred as the
polarization effect. For a heavy particle of charge Z and velocity v passing through

-a medium of atomic number Z;, the stopping power S may be written as
S = —dE/dz = (4net/mv )N Z,Z¥(Lo + L1Z + Ly 2%) (2.13)

where N is the atom number density of the stopping element, m is the electron rest
mass, and Ly, Ly L, are functions of the particle velocity and stopping material.
Here, higher-order terms in Z are included unlike the Equation {2.3). The existence
of a Z3 term with a positive coefficient L; implies a greater range for a negative
particle than for a positive one under conditions of equal mass and equal initial
velocity. With protons and antiprotons of the same energy, observed differences in
the stopping power and range arise only from L, (higher-order terms odd in Z are
neglected here). The effect of the terms of even order in Z cancel.

Observations of the Barkas effect using positive and negative muons have been
reported [45,46]. Higher order terms in the stopping power have been accurately
measured for positive ions of H, He and Li [47]. There are many other ion ex-
periments and the available experimental data indicates a positive coefficient L,.
Theoretical investigation of Z3 correction was made first by Ashly, Ritchie and
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Brandt [48](ARB theory) and later Jackson and McCarthy [49] and by Lindhard
[50] in classical calculations. Though in general they agree well with experiments
qualitatively, current analytical resuits differ by approximately a factor of 2, and
there are even larger discrepancies arising from numerical calculations.

The range curve data obtained verified the stence of the Barkas effect for
the proton-antiproton system [10]. The points in Fig. 2.9 represent two measure-
ments of the number of transmitted projectiles versus the effective thickness of
the degrader. The left curve is for protons, the right curve is for antiprotons. The
vertical scale is proportional to the coincidence signal divided by the number of
incident projectiles, as described earlier. A small and flat pion background of =
10% (from annihilation pions striking the channel plate) was subtracted off in the
case of the antiprotons. The horizontal scale indicates the fraction of SF; in gas
cell 2 with either N; in the first gas cell (tick marks above the axis) or with SF; in
the first gas cell (tick marks below the axis). The horizontal scale thus essentia.ily
represents the thickness of the degrader. Increasing the aluminum thickness by 51
um would cover the same range covered by this scale. Alternatively, the horizontal
scale represents the relative scale corresponding to a shift of approximately 750
keV in the incident energy. The shift of the proton range curve as a funciion of

incident proton energy was used to calibrate the gas cells.

The error bars on the measured points in Fig. 2.9 represent the largest vari-
ations observed in the measured points over several hours. These variations were
observed to be correlated with beam intensity, beam steering, etc. The size of the
points themselves represent the short-term repeatability over several minutes. The
proton and antiproton curves have a similar shape, as illustrated by the identical
smooth curves sketched through the measured points, but the antiproton curve
is shifted by 150+20 keV. Several corrections and additional uncertainties must
be included. The LEAR staff measured the difference in beam energy between
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protons and antiprotons extracted from LEAR to be 13112 keV. Temperature
differences in the degraders between the proton and antiproton measurements
contribute 31+12 keV. Uncertainties in the calibrations of the first and second
gas cell contribute 430 keV and 120 keV, respectively. The net result is that the
energy lost by 5.9 MeV protons is greater by

AE = 194 + 45 keV (2.14)

than the energy lost by 5.9 MeV antiprotons. The aluminum equivalent for this
energy difference is AR = 14pm and |

AR/R =56 +1.4% (2.15)

is the equivalent fractional range difference in aluminum, the range being larger

for antiprotons.

To quote the above range difference for aluminum and to compare with theoret-
ical values, we initially model the degrader as a piece of aluminum approximately
250-pm thick. This is the sum of the equivalent Al thicknesses from Table I. The
formula given by the theory of Ashley, Ritchie, and Brandt (ABR) [48] gives a
fractional range difference of 3.2%, which is somewhat lower than our measured
value. However, Lindhard included the contributions from close collisions which
are absent in ARB theory and estimated that the Barkas effect was approximately
twice that of ARB theory [50]. To accommeodate this effect, Ritchie and Brandt [51]
adjusted their original choice of cutoff at small impact parameters to make the I,
larger. Both the Lindhard theory and the adjusted ARB theory seem to agree with
our measurement, though more precise theoretical predictions are clearly needed.
To check the simplifying model above, we use the Lindhard theory to estimate
that modeling the matter traversed by the beam as a single piece of aluminum
could cause an error as large as £20 keV, somewhat smaller than the uncertainty

from other sources. Thus we can consider AE given earlier to be the measured
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energy loss in Al, provided the quoted uncertainty is increased to +50 keV. The
reason that the Barkas effect occurs primarily in the aluminum is that until they
enter the final aluminum degrader at approximately 4 MeV, both the antiprotons

and the protons travel rapidly enough so that contributions to the Barkas effect
are small. ‘

In summary, the Barkas effect of about 6% difference in range is detected when
5.9 MeV protons and antiprotons are sent through the same aluminum degra.def
[10]. Another measurement of the Z* contribution to the stopping power using
protons and antiprotons in silicon is reported in Ref. {52].
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Chapter 3

Trapping antiprotons in an ion

trap

A small number of keV protons (Fig. 3.1) and antiprotons (Fig. 3.2) were briéﬁy
trapped during feasibility tests [7,9]. With improved apparatus and technique (5.9
MeV LEAR beam instead of 21 MeV, vacuum improvement, energy ramp tech-
nique to avoid saturation in detection system), and more .bea.m time to check the

system routinely, we are able to trap antiprotons 100 times more efficiently and

hold them indefinitely.

A simple diagram of the ion trap which consists a load endcap (the left cylin-
der), a ring (the central cylinder) and a dump endcap (the right cylinder) is shown
in Fig. 3.1(a). Antiprotons approach from the left along the magnet field direction
and are captured. They leave the trap toward the right and are detected. In a new
mode of operation, the beam from LEAR is extracted in fast extraction which
delivers a 300 ns pulse of antiprotons containing up to 3 x 10® particles. Because
3 keV particles transit the trap in less than (.5 us, only one particle would be
present in the trap in slow extraction even if the beam is continuous with a rate of
2000 kHz. The fast extraction allows many more particles within the trap during
the short pulse so that they can be trapped efficiently.
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We rely on the magnetic field to provide radial confinement. A 6 Tesla magnetic
field is used to confine antiprotons radially when their radial energy E, = mv?/2
is not too large. From the formula mv?/r. = ev, B, we have the radius of the

cyclotron motion r. = mv,/eB, or,

r. = (y/2mE,)/eB. 3.1)

The radius can also be written as

rd(mm) = 2.4 x 1072,/E(eV). (3.2)

For example, the cyclotron radius for antiproton cyclotron energy of 25 eV (ve-
locity is 7 x 10* m/sec) is 0.12 mm. It is 0.6 mm for radial energy of 0.63 keV
(or velocity of 3.5 x 10°m/sec). The trap radius is 6 mm which corresponds to a
cyclotron energy of 63 keV.

We trap the keV particles directly, without slowing them, by applying kilovolt
potentials to the trapping electrodes for axial confinement after the particles have
entered the trap. The kilovolt potentials must be applied quickly compared to the
transit time of the particles through the trap. We have been able to apply 3kV po-
tentials in about 20 ns using krytrons as described in Chapter 4 [53]. We describe
briefly the first trapping of protons and antiprotons in the next two sections. Then
the greatly improved antiproton trapping experiment will be discussed.

3.1 First direct trapping of keV protons

To investigate the trapping process, we obtained a 1 keV proton beam from a
Duo Plasmatron ion source. A water cooled Helmholtz coil provided a 2 kG field
and cylindrical trap electrodes were made of conventional 2 3/4 inch conflats and
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vacuum pipes. The trap was differentially pumped by an ion pump. The pressure
was as good as 2 X 10~® Torr when the beam was off. However, hydrogen atoms
entering the trap with the beam make the pressure worse, partly because neutral
atoms are knocked off the walls by the beam. Protons were trapped from a pulse
with instantaneous intensity of approximately 4 nA sent through the trap by sud-
denly raising the potential of the upstream electrode {7]. We held the protons for
several milliseconds during which protons oscillated for several thousands of peri-
ods, and then quickly lowered the kV potential of the down beam electrode so that
trapped protons could escape from the trap towards the channel plate detector. A
multiscaler, started when the potential was lowered accumulated a time-of-flight
spectrum of pulses from the channel plate. As shown in Fig. 3.1(b), the 1 keV pro-
tons trapped from the beam arrive at the detector first and make a distinct peak.
Soon after, a low energy proton background begins arriving, followed by heavier
background ions. These a.re. from background gas ionized by the incident proton

beam.

For a single catch of protons from the beam, approximately 102 energetic pro-
tons were {rapped. The incident beam of 4 nA means that about 10* protons were
within the trap so that approximately 1% of the available particles were trapped.
The low trapping efficiency is due in large part to the low magnetic field and to
the large spatial spread in the incident proton beam. This was greatly improved
later.

3.2 First capture of antiprotons in an ion trap

As an important step to demonstrate the feasibility of loading and storing
antiprotons in the trap, we set up a simple system in LEAR and demonstrated
capturing antiprotons in an ion trap [9]. The outline of the trap electrodes, the
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scintillator and the magnetic field is Fig. 3.2(a). The slowest antiprotons leaving
the degrader are confined in 2 dimensions to field lines of the 6 T superconducting
magnet and are so guided through the series of 3 trap electrodes. As the antipro-
tons enter the trap, a first ring-shaped trap electrode ( the entrance endcap) and a
main ring electrode are both at 0 volts. A third cylindrical electrode (exit endcap)
is at —3 kV so that negative particles with energy less than 3 keV turn around
on their magnetic field lines and head back towards the entrance of the trap. Ap-
proximately 300 ns later, before the antiprotons can escape through the entrance,
the potential of the entrance endcap is suddenly lowered to —3 kV, catching them
within the trap. The potential is switched in 20 ns with a krytron circuit developed
for this purpose and is applied to the trap electrodes via an unterminated coaxial

transmission line {53].

After antiprotons are held for sometime between 1 ms and 10 minutes, the
potential of the exit endcap is switched from —3 kV to 0 volts in 20 ns [53], re-
leasing the antiprotons from the trap. The fast releasing of particles allows the
most sensitive detection, but results in saturation of the detection system when
too many particles are released from the trap. The antiprotons leave the trap along
respective magnetic field lmes and annihilate at a beam stop well beyond the trap.
The high energy charged pions which are released are detected in a 1 cm thick
scintillator outside the vacuum system. A multiscaler started when the potential
1s switched records the number of detected annihilations over the next 6 us in
time bins of 0.4 us. Time-of-flight spectrum of detected pions from antiproton
annihilation is shown in Fig. 3.2(b). The antiprotons were held 100 s in the trap
and then released from the trap at time t = 0. The spectrum includes 31 events
which corresponds to 41 trapped particles when the detector efficiency of 0.75 is
included. A second multiscaler records the pion counts over a wider time range
with less resolution to monitor backgrounds. These numbers are lower limits since

the detection electronics was clearly saturated.
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3.3 Experimental layout for trapping antipro-
tons in the improved system with a 5.9 MeV

antiproton beam

Fig. 3.3 shows the apparatus for trapping antiprotons from LEAR with 5.9
MeV incident energy. It consists of the degrader system described in Chapter 2,
a 5.9 Tesla superconducting solenoid, scintillator counters for antiproton annihi-
lation detection, a high vacuum enclosure for the open-end cylindrical trap [54],
the cryogenic system for the solenoid, the irap, electronics control for performing

experiment, and the data acquisition system.

The 5.9 Tesla superconducting solenoid with 10 cm (diameter) bore is made
by Nalorac Cryogenics Corporation. The bore can be at room temperature or at
77 K. The solenoid is wound of single strand NbTi wire. Drift rate in the magnetic
field is less than 1 part in 10%/hr. The field homogeneity can be shimmed better
than 1 part in 10° over a 1 cm diameter sphere. A special configuration of su-
perconducting solenoid winding makes the superconducting system self-shielding
against fluctuations in the ambient field [55]. The maximum shielding factor is 156
_ for a uniform perturbation [56]. There are two cooling reservoirs for the magnet
cryostat. The liquid helium dewar volume is 47 liters with a hold time typically
more than 3 months. That is a boil-off rate of order 20 ml/hr. The liquid nitrogen
main reservoir has a volume of 92 liters. The boil-off rate is less than 200 mi/hr so
that the hold time iz more than two weeks. The 100 cm bore allows the access of
the trap system and housing for detectors and degraders. An gﬁ\xi].iary dewar with

a liquid nitrogen reservoir is under the magnet to allow the room temperature bore
to be cooled o 77 K. |
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A high vacuum enclosure (trap can) at the center of the solenoid houses the
ion trap. A Ti window separates the magnet bore vacuum and the trap can vac-
uum. Up to 3 amplifiers have been mounted in the space between trap can and the
LHe dewar. The amplifier will be described in Chapter 5. The liquid helium dewar
has a volume of 4 litres and provides heat sink more than 5 days before a LHe
refill is required. Electronic wires and cables exit the vacuum system via electrical
feedthrough at the top of the magnet bore.

3.4 Scintillator detectors and the detection effi-
ciency

There are six flat (1 cm thick) plastic scintillators (each with an active area of
0.76 m x 0.43 m) swrrounding the solenoid dewar. The side view of a scintillator is
shown in Fig. 3.3. The front view of one scintillator is shown in Fig. 3.4(a). The top
view of the configuration of six scintillators is shown in Fig. 3.4(b). Antiproton-
proton annihilation produces 2.9 charged pions in average [57]. Light generated by
the charged pions go through light guides and hit the photo-cathodes of the pho-
tomultipliers (Hamamatsu phototube R2238). The gain is approximately 6 x 10°
at a bias potential of 4+1300 V. The bias potential is off during the intense 300 ns
antiproton pulses to protect photomultipliers which otherwise take many seconds
to recover. A reed relay described in Chapter 4 turns the potential back on. It
reaches 1.3 kV after 0.7 sec, due to the power supply current limit and RC con-
stant in the phototube circuit. The quantity A, defined as the percentage of solid
angle subtended to the position in trap axis by scintillators over 4x, as a function
of height is shown in Fig. 3.4(c). The solid angle of scintillator coverage to the trap

center is A = 70% of 4w and it varies very slow near the trap center. The solid
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angle is only 1% smaller at the point 10 cm away from the trap center along the

axial axis,

The detection efficiency of the scintillators is measured in slow extraction mode.
For each antiproton coming from LEAR which is detected in the PPAC detectors,
we measure the probability that the scintillators detect the annihilation. PPAC
counters monitor the incident beam flux. The coincidence signals of PPAC and
scintillators in 1 us time window divided by the PPAC signals gives the efficiency.
The efficiency of 70 + 2% was measured when the 6 T magnetic field was absent.
Correction due to 10% antiprotons struck on molybdenum grid which supports the
mylar window in the PPAC detector is about +1.3%. Thus the efficiency is 714+2%
when the magnetic field is off. It is consistent to the pion multiplicity (average of
2.9 charged pions per antiproton annihilation [57]) and the solid angle subtended.
Based on the pion decay channels, and the solid angle covered by scintillators, the
detection efficiency is estimated to be below 88%. The energy loss of the pions
decreases the efficiency to around 80%. The observed efficiency (71%) indicates
the photomultipliers and the detection electronics have an average efficiency of
90%.

The magnetic field only has very small effect to relativistic pions. However, the
presence of the magnetic field would decrease the gain of the photomultipliers and
thus the detection efficiency. In the Fig. 3.5, the coincidence signals of PPAC and
scintillators divided by the PPAC, 0%, versus the scintillator counting rate are
plotted when the 6 T magnetic field is on and off. The detection efficiency of the
scintillators is obtained by extrapolating the counting rates to zero. The slopes
" are due to the antiproton annihilations detected by scitillators but wndetected by
PPAC since the PPAC has lower detection efficiency at the bias potential used in
the experiment, and also due to the background signals from scintillator signals.
The efficiency is 46 £ 3% when the 6 T is on. The correction due to the Mo grid
is 0.9%. Therefore, the efficiency for the scintillators detection of an annihilation
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event in the trap is measured to be 47 £ 3%.

3.5 Multiple scatterings

As antiprotons pass through a medium they are deflected by many small-angle
nuclear elastic scatterings or multiple scatterings. A parallel beam of particles
penetrating degrader spreads out into a cone by multiple Coulomb scattering. The
distribution of deflection angle 8 for particles passing through foils is approximately
Gaussian {27]

F(6)d = (1/2x6)exp[-67/263)d2 (33)

with the characteristic angle 8,. The relative number of particles entering a cone
of half angle 8, is 39%. As shown in Fig. 3.6, the material that causes the mul-
tiple scattering in our trapping experiment is labeled and the angle 6y for each
layer is indicated. The 5.9 MeV antiprofons penetrating a 10 um thick Ti foil have
8y = 0.7°. The 6 for the beam going through the material before the final Al foil
(in the trapping experiment, the 117 um Al foil is moved back about 20 cm) is
approximately 2° = 0.035 radians. The displacement (L) after particles traveling
L = 20 cm is 0.7 cm. Particles hitting the centre of the first Ti foil of the degrader
will have a spot size with a diameter of 1.4 cm (which is slightly larger than the
trap diameter) on the Al foil with 39% of the beam. This corresponds to a diameter
- of approximately 0.5 mm at PPAC detectors. In this configuration, the first Ti foil
is located very close to the solenoid center so that the scattering due to this foil
does not dominate the overall multiple scattering effect. However, if the first Ti foil
is 1 m below the final degrader (Al), only about 12 % of particles from the beam
could enter the trap without considering scattering effects from other degraders.
To minimize the distance, we have our extension of LEAR beamline protrudes up
into the bore of the superconducting solenoid as mentioned in Chapter 2.
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3.6 Electronics

During fast extraction, up to 3x108 antiprotons are ejected from LEAR in one
pulse with a duration of 300 ns. The potential bias on PPACs is reduced to much
lower voltage, typically 100 V, to avoid secondary particles causing sparks. This
potential corresponds to a reduced field strength of 13 V/cm/torr. The electrons
(and ions) produced by aniiprotons in the isobutane gas are proportional to the
incident particle numbers, and are collected with the aid of the electric field. Sim-
ilar to the detection scheme discussed in Chapter 2, signals from 10 channels are
amplified by a factor of 10. They are attenuated by a factor of 2 or 20 and fed into
an integrating ADC. In Fig. 3.7(a), electronics for one channel of PPACs is shown.
A storage scope for one central PPAC channel is used to measure the beam time
structure. It will be mentioned again in the timing system. The computer read
out from the ADC channels shown in Fig. 3.7(b) shows the beam profile during
fast extraction. The higher column in each channel corresponds to an attenuation
of 2. The lower one is with 20. The spot size on the PPAC detectors is about 3
mmx3 mm which is mainly due to the beam size. The additional spread due to
the multiple scattering is relatively small (0.5 mm) as discussed in Section 3.5.

The high voltage (HV) ramp is achieved by using low voltage ramp gen-
erator controlling a KEPCO (OPS 5000) high voltage power supply (Fig. 3.8).
Resistors are chosen so that a low voltage ramp generator has a linear ramp out-
put voltage from —5 V to 0 V produces a linear high voltage ramp from —3 kV
to 0 V. Typically we used a 90 ms ramp for this experiment which is a rate of
31 V/ms. However, this rate can be (and was) easily adjusted to make it up to
100 times faster or 10 times slower. The high voltage ramp output is connected to
" the exit electrode of the long trap. A resistor divider is used to monitor the HV
ramp with a scope. The divided signal is also sent to a waveform digitizer (Lecroy
2256A) and recorded in a computer together with a multiscaler spectrum of the
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pions from antiprotons which escape the trap as the well depth is lowered.

The timing sequence and block diagram for the timing electronics
are shown in Fig. 3.9 and Fig. 3.10. The timing sequence for trapping antiprotons
is triggered by a LEAR warning pulse 2 us before the beam arrives. This warning
pulse starts a programmable digital delay/pulse generator (SRS Model DG 535)
which has multiple outputs of TTL and NIM signals. One output signal trig-
gers the antiproton load pulser to rapidly apply —3 keV to the degrader to trap
particles at a selected time after antiprotons pass through the PPACs. The iime
difference t;, between the antiproton pulse and the leading edge of the load pulser
is measured by a storage scope. The width of the beam pulse (typically 300 ns)
reflecting the adjustable LEAR kicker length is also measured by the same scope.
The beam profile is recorded by the ADC channels (Fig. 3.7). The exit electrode
is at —3 kV potential initially. A potential well for negative particles is formed
once the load electrode is switched on. After a preset time (the trapping fime or
hold time), the function generator sent out a pulse to trigger the HV ramp while
at mean time another pulse starts the Joerger multiscaler for counting antiproton

annihilations when particles leak out the trap because the well depth is reduced
by the ramp.

3.7 Experimenté.l results of trapping study of in-
cident 5.9 MeV antiprotons

In the antiproton trapping experiment, pulses of 5.9 MeV antiprotons leave
LEAR beam line upwards through various material (see Table 2.1 and Fig. 3.6)
and ﬁna.lly pass through a Ti vacuum window into the trap can, a complete sealed
vacuum enclosure which is cooled to 4.2 K. The trap electrodes and the potential
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along the axis of the trap are shown in Fig. 3.11. The ion trap inside consists
of an aluminum plate at the bottom which is our load electrode connected with
the load pulser, a series of copper cylinders above which can be separately biased
to shape the trapping well, and a copper cylinder (or a plate) at the top as our
exit electrode attached to the HV ramp. The antiprotons are at approximately 3.7
MeV before they enter the trap by passing through the aluminum plate and their
energy can be tuned slightly by adjusting the contents of the gas cells to maximize
the number of antiprotons {10} which emerge from this degrader after being slowed
below 3 keV, as described in Chapter 2.

Secondary electrons liberated from the degrader by antiprotons are eliminated
by biasing the degrader at +5 V or higher with respect to the first cylinder at the
bottom. If this is not done, we end up with a trap filled with electrons after the
intense antiproton pulse arrives. Similar to the experiments of first capture of pro-
tons and antiprotons, the cylinders between load and exit electrodes are grounded
(or at a potential much less compared with 3 kV). The upper exit electrode is
biased at ~3 kV to turn around antiprotons with kinetic energies (along the beam
axis) below 3 keV. After the pulse of antiprotons is within the electrodes of the
long trap, the potential of the Al degrader is quickly switched to —3 kV, complet-
ing the ion trap and confining the particles.

After a preset hold time, the potential of the upper electrode is ramped through
0 V. If the antiproton energy is not too low, the period of the axial oscillation along
the magnetic field is very short compared to the 90 ms ramp. For example, oscil-
lation period is about 20 us for 1 eV antiprotons while the ramp time from -1 V
to 0 V is 22 us. Here the trap length L = 16 cm is used. The oscillation period
in the long trap is approximately: t(ns) = 44L({cm)/ \/mj. Therefore almost
all the particles in the trap satisfy this condition. Antiprotons with energies ex-
ceeding the ramp voltage leak out the trap and their annihilation signals detected
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Figure 3.11: (a) Trap electrodes. (b) The potential along the axis of the trap.
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by scintillators are recorded in a multiscaler which starts counting when the HV
ramp starts. The multiscaler spectrum makes a direct measure of the axial energy.

Fig. 3.12, shows a spectrum of released antiprotons from the long cylindri-
cal trap after being held for 100 sec. Antiproton annihilations are plotted as a
function of the high-voltage endcap potential which ramps down with a rate of
31 V/ms. Approximately 6x10* counts are detected by scintillators which means
about 1.3 x 10° antiprotons had been trapped for 100 sec. The average energy of
those antiprotons is 854 eV. The spectrum peaks at low energies and falls off at
higher kinetic energies as the antiproton energy approaches the 3 keV well depth.
The low energy peak is only present for the most intense bursts of antiprotons
from LEAR. It seems to be due to electron cooling by secondary electrons liber-
ated from the degrader when the most intense pulses of antiprotons from LEAR
hit it. Approximately 500 counts in one single channel at low energy peak which
corresponds to an average energy distribution of 1 annihilation count for every 10
meV energy window. Here we used the energy resolution of 6.1 V/channel. Even
when we just count the flat part of the spectrum, there are 200 counts or 400
antiprotons/channel. Then the average particle distribution is 1 antiproton per 15

meV,

The scintillator detection shows that the double hits (when two scintillators
detecting the same antiproton annihilation event) to single hit ratio is 0.36 which
was reproducibly measured. Using the number of antiprotons measured to leave
LEAR (3 x 10%), we trap antiprotons from LEAR with an efficiency of 4 x 10~ or
1.4x10~4/keV. It is very close to our degrader test result of 1.6x10~*/keV which is
a lower limit of the antiproton yield. Trapping efficiency can vary a lot depending
on LEAR beam tuning (such as beam focusing and steering, pulse width, shape
and timing), and our experimental setting (such as the amount of degrader and
the quality of the degl‘ader, and load timing). Less trapped antiprotons by a factor
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of 10 is more typical when the LEAR beam is not optimally tuned.

The number of antiprotons with axial energies less than 3 keV captured in the
long trﬁp, normalized to the number of antiprotons in the pulse (PPAC signals)
from which these were trapped, is plotted as a function of the gas mixture (Fig.
3.13). The hold time for each trial (represented by a point in the plot) was 10 sec.
The width (FWHM) of the curve is equivalent to 33% of $F; change in gas cell
2. In energy it is 0.17 MeV (or 12 zm in Al thickness) which is 23% of the total
degrader tuning range by gas cells. The gas mixture corresponding to maximum

trapping efficiency is reproducible.

With the gas mixture optimized and an antiproton hold time of 10 sec, we plot
the trapping efficiency versus the time between when the antiproton pulse enters
the trap and the high-voltage potential is switched on by the load pulser Fig. 3.14.
The time structure of the antiproton pulse is shown in Fig. 3.14(a). The flat top
is 200 ns. The width is typically 300 ns with a 100 ns rise time. An arrow marks
the beam entering trap. Relative trapping efficiency versus the load pulser timing
i, (see also Fig. 3.9) is plotted in Fig. 3.14(b). When the potential is switched on
too early and most antiprotons are not in the trap yet, the trapping efficiency is
very low. As we delay the load pulser trigger to allow more particles to enter the
trap, trapping efficiency rises rapidly. As expected, a peak appears right after the
whole pulse of beam entered the trap. If the high-voltage switching time is further
delayed, particles with higher energy turned around by —3 kV at the upper elec-
trode have time to hit the degrader, causing the drop of the efficiency to the right.
For a 16 cm long trap, the period is 430 ns for 3 keV antiprotons, and it is 730 ns
for 1 keV particles. Particles with lower energy will take longer time in the trap
so that the trapping efficiency is not critically dependent upon the timing,.

In one trial, antiprotons were captured and held in the long cylindrical trap for
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64 hours (2.7 days). There were 3933 annihilation counts (representing 8368 an-
tiprotons) recorded in the spectrum (Fig. 3.15). Based on the PPAC signal for this
trial and the calibration of trapped antiprotons per unit PPAC signal, we estimate
the initial number of trapped particles are less than 2.8x10%. Thus a lifetime in
the long trap of greater than 54 hours is established if we assume that the particles
decay exponentially. The average energy of the particles is 0.8 keV, similar to the
energy spectrum after shorter hold time.

Although the energetic antiprotons initially loaded into the long trap remained
for days, the containment time for low energy antiprotons was significantly shorter.
Within several hundred seconds low energy antiprotons were already lost from the
long trap. The lifetime for approximately 107 electrons in the long trap was mea-
sured to be only 5 to 10 seconds, though much longer storage times were observed
for shorter sections. One might expect that a long cylindrical trap would be unsta-
ble for low energy particles as the potentials applied to the end plates are exponen-
tially screened from the interior, leaving only a homogeneous magnetic field inside.
Since no preferred axis is indicated, the particles can be moved across the field
lines by stray potentials within the electrodes. An electron storage time inversely
proportional to the length squared for similar traps has been observed in plasma
physics experiments [58]. This functional dependence has not been explained, but
the proportionality constant increased when stray potentials were minimized and
axial symmetry was maximized. Qur observed lifetime also decreases with trap
length. The containment time for low energy particles are greatly improved when
we use gold plated short electrodes to produce a; high quality electric quadrupole
potential (see Chapter 5 and Chapter 6).

We have demonstrated that up to 1.3 x 10° antiprotons from a single LEAR
pulse were stored in the ion trap. The trapping efficiency is more than 4 x 10™%.
The kinetic energies of trapped antiprotons are between 0 €V to 3 keV. Further
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slowing and cooling are realized by collisions between electrons and antiprotons
within the ion trap. This will be discussed in Chapter 5 where the width of the
energy spectrum is squeezed and narrowed drastically.
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Chapter 4

High-voltage switching for
in-flight capture of keV

antiprotons in an ion trap

The in-flight capture of keV antiprotons in an ion trap requires that the —3kV
potentials on electrodes of a trap near 4.2 K be switched on and off with switching
times less than 20 ns. These rapidly switched potentials are applied via trans-
mission lines which are not terminated at the trap, in order to avoid an unac-
ceptable heat load on the helium Dewar. Simple high-voltage switching circuits
are constructed using krytrons and reed relays [53]. A krytron provides the rapid
switching and stays on just long enough for a reed relay to kick in and maintain

the switched state indefinitely.

Fig. 4.1 is a simplified diagram of the trap electrodes and the idealized high-
voltage switches which are used. In practice, the switch symbols S and S3 rep-
resent electronic circuits (discussed below) which are capable of switching times
less than 20 ns. A pulse of antiprotons travels along the axis of the three cylinder
electrodes from the left. A strong homogeneous magnetic field is directed along
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this axis over the whole length of the electrodes. This magnetic field confines the
charged particles in the two transverse dimensions to a field line. As the antipro-
tons approach, the high-voltage switches are set as shown in the figure. The left
cylinder (load endcap) and the central cylinder (ring) are thus grounded while the
right cylinder (dump endcap) is at —3kV. As antiprotons with kinetic energies
below 3keV approach the negative dump endcap, they turn around on their mag-
netic field lines and head back toward the entrance of the trap. Approximately
300ns later, before the particles can escape through the entrance, the load switch
S, is closed, lowering the potential of the entrance endcap suddenly to —3kV and
trapping particles within the trap. The antiprotons are held as long as desired by
opening switch Sz. Then, the dump switch is closed to quickly raise the potential
on the exit endcap from —3kV to OV, releasing the antiprotons from the trap. The
antiprotons leave the trap toward the right and are detected.

A crucial feature of the high-voltage switching is the transmission lines which
connect the switching circuits to the trap elecirodes. One function of the transmis-
sion line is to thermally isolate the switching units at room temperature from the
trap electrodes which are cooled to near 4.2 K. This is easily accomplished with a
small diameter 50-§ coaxial cable of adequate length, made of stainless steel and
Teflon. Also, the Transmission lines are not resistively terminated at the trap end.

Thus, there is no heat generated at the cold end of the transmission lines.

The capacitance to ground of each endcap electrode is very small, of the order
of 20 pF or less. For the time scales we are interested in, switching times less than
20ns, the trap end of each transmission line is thus essentially open. The theory of
open transmission lines is well known [59). Consider the load switch first, operating
at negative potential —V = —3kV. With an open switch S; and a closed S;, asin
Fig. 4.1, the 470-kQ} resistor pulls the potential of the load endcap to ground po-
tential. the 0.02-uF capacitor is, meanwhile, charged up to —Vp through the 35-MQ
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isolation resistor. When the switch S, is closed, the switch end of the transmission
line immediately goes to —V,/2 because the voltage across the capacitor is divided
across the 50-Q resistor and the effective 50-§2 impedance of the transmission line.
This line appears to be of infinite length until enough time has elapsed for the dis-
turbance to travel to the trap, refiect off the essentially open end of the line, and
return to the switch end of the transmission line. However, the potential —V5/2 is
doubled back to —Vp at the trap in order that the boundary conditions for an open
end transmission line be satisfied. One transmission line transit time 7 after the
switch S, is closed, the potential at the trap electrode thus suddenly changes from
0 to —Vp. At 27, the reflected wave returns to the switch end of the transmission
line so that the potential at this switch end changes from —Vp/2 to —Vo. For a
long cable, we dearly observe this step pattern. The 50-Q resistor terminates the
wave traveling back from the trap so that no further reflection occurs. On a much
longer time scale, the 0.02-uF capacitor discharges through the 470-kQ resistor
with a time constant of @ ms. This is adequate time for switch 52, a reed relay in
practice, to be opened in order to stop the decay in the potential. If this is done
quickly enough, the load endcap potential will remain near —Vh indefinitely.

Analogous arguments pertain to the more simple dump switch on the right of
Fig. 4.1. When the switch is closed, the dump endcap potential changes from —Vj
to 0 at one cable transit time  later. No second switch is needed. When the dump
switch is opened, the dump endcap capacitance to ground and the cable capaci-
tance is slowly charged up through the 27-MS isolation resistor. For the cable we

used, this time constant was typically 7 ms. A slow linear ramp used for dumping
was discussed in Chapter 3.

The fast high-voltage switching is done with KN22 krytron tubes. These small
and versatile tubes are well known for other applications, see EG&G Data Sheets
K5500C-2 (1984), K5503B-3 (1981), K5502B-3 (1984), and Ref[60]. A krytron is
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filled with hydrogen gas and normally offers a very large resistance between the
anode and cathode. A small discharge is maintained continuously between the ex-
tra keep alive electrode and the cathode to prepare the tube for firing. When a
voltage spike of greater than 750 V, with a rise time less than 1 pus, is applied
between the grid and cathode, the tube discharges and the résistance between the
anode and cathode becomes very low. When the discharge current falls below 10
mA for longer than 100 us, the discharge stops.

The actual high-voltage switching circuits used to capture antiprotons in flight
are shown in Fig. 4.2. Analogous circuits for proton capture are shown in Fig. 4.3.
The krytron in Fig. 4.2(a) is the switch 5) of Fig. 4.1. The reed relay is switch
S,. The reed relay we used opened with a switching time and jitter of order 1
ps. The closing time delay and jitter was much worse but was not important for
these circuits. The measured waveform shown to the right of each circuit indicates
the ideal behavior of the potential at the essentially open end of the transmission
line at a trap endcap. The measured waveforms closely approximate these wave-
forms in each case. The dashed waveform in Fig. 4.2(a) and 4.3(a) indicate the
consequence of leaving the reed relay closed. Several extra resistors are added to
the antiproton load switch to ensure that the anode remains more positive than
the grid and cathode to keep the anode remains more positive than the grid and
cathode to keep the krytron from back firing. This slightly changes the potentials
applied to the load endcap from —V; and 0, but not a significant amount with the
values chosen.

Each switched potential is monitored at the switching units with identical ca-
pacitive monitors, as shown. The properties of such a monitor are well known[59],
even though at first glance it may seem strange that the oscilloscope input
impedance must be high. This is done so that the scope end of the monitor cable
is virtually an open circuif. The capacitive divider divides the high voltage —V4
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down to a reasonable level which can be handled on most scopes
Vi = —VoCh/(C1 + Cy) = —Vp/200, _ (4.1)

where C; =5 pF and C; = 1000 pF. On time scales short compared to the transit
time in the monitor cable 7, the potential at the switch end of the monitor cable
is Vin/2. When the disturbance gets to the open end of the transmission line at
time 7 , the open circuit boundary condition forces the doubling of the potential
so that V,, is actually measured at the scope. For tiﬁzes larger than 27, both ends
of the monttor cable are at V,,. The 50-8 resistor terminates the refiected wave
so that there are no further reflections. We have verified that the monitor works
reliably out to the very large times at which the 1000-pF capacitor is discharged

through the scope input resistance, at a time of approximately 1 ms in our case.

Figure 4.4 shows the reed relay control circuit used for load circuits. This is not
at all critical but works very well with the relay (DRVT-10-658 reed relay ordered
from Newark Electronics) aﬁd solenoid (The Guardian Electronic Series 200 relay
solenoid). The reed relay circuit is located far enough (approximately 1.5 m above)
from the center of the superconducting solenoid so that the magnetic field from the
superconducting solenoid does not interfere with the solenoid operation. Figure 4.4
also shows the krytron trigger circuit which is used in each of the four switching
circuits. The diode driver on the left converts the rising edge of TTL pulse into
a light pulse sent into an optical fiber, which isolates the control circuit from the
floating trigger circuit. The infrared emitting diode MFOET1, detector MFOD72,
and low-loss micron plastic fiber optics cable (such as Arthur Cat. No.276-228)
for high voltage isolation are used. The MFOE71 diode has a peak wavelength of
820 nm at a forward current of 100 mA. The optical rise and fall time are 25 ns.
The MFOD72 detector has a turn-on time of 0.01 ms as specified in Archer Cat.
No.276-225. The battery powered trigger circuit uses a fast 1:40 transformer to
generate the high voltage spike needed to trigger the krytron. The delay time from
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TTL input to the high-voltage switching is approximately 500 ns at Vo=3 kV.
For the load circuits shown, a TTL falling edge was applied to the input of the
reed relay driver at the same time as a rising TTL edge was applied to the diode
driver. The high voltage was then applied to the load endcap with a switching
time of less than 20 ns and yet remained applied as long as the input to the reed
relay driver remained low.

A possible improvement is to use a krytron KN22B which is rated at 8 kV or o
use two KN22 krytrons in series to double the switching potential. Similar circuits
could also be constructed with a thyratron.
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Figure 4.1: Simplified outline of the Penning trap electrodes and the idealized
high-voltage switches used to capture antiprotons in flight.
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Figure 4.2: Circuit used to capture antiprotons in flight.
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Chapter 5

Slowing and cooling of stored

antiprotons in an ion trap

The task of slowing and cooling antiprotons 6 orders of magnitude in energy
within an ion trap, from keV to meV, is accomplished by electron cooling which
was first proposed in Ref. [4,61]. Electrons preloaded in a harmonic potential well
cool via synchrotron radiation with a time constant 0.1 sec to thermal equilibrium
at 4.2 K {corresponding kT = 0.36 meV). Antiprotons repeatedly pass through
the electron cloud and collide with electrons until they fall into the harmonic
potential well where the electrons reside. Within the well, antiprotons continue
dissipating energies to electrons until thermal equilibrium is achieved between the
antiproton and the electron clouds. Since the difference in the centrifugal barriers
for antiprotons and electrons is approximately 2 K which is less than the thermal
temperature 4.2 K, the centrifugal separation should not be a problem. This is
the first demonstration of electron cooling in an ion trap. Since electron cooling
is a nonresonant process, it can cool and slow antiprotons in a wide energy range
without bandwidth limitation in contrast to resistor cooling and stochastic cooling.
The cooling time of the order of seconds is much faster than any other techrique
[62]. Electron-antiproton collisions in the ion trap do not cause annihilations. Once
antiprotons are confined in the harmonic potential well, resistor damping can be
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also effective but slower than electron cooling. General discussions on the other
antiproton cooling mechanisms can be found in Ref.[62].

5.1 Theory of electron cooling

In the degrader, antiprotons colliding with bound electrons cause dramatic en-
ergy loss as demonstrated in Chapter 2 where most of the 5.9 MeV antiproton
kinetic energy is quickly transferred to the excitation and ionization energy of the
initially bound electrons. In a metal target such as Al, the electron density is as
high as 7.8x10%/cm®. A 5.9 MeV antiproton stops in Al in less than 20 ps at
depth of about 0.25 mm. Collisions with a dense electron cloud confined in an ion
trap would similarly slow antiprotons, but less rapidly.

A study of two species plasma (for example, an electron-proton gas) approach-
ing thermodynamic equilibrium via collisions [63] was applied to an ion trap [62].
It is similar in some respects to the cooling of energetic particle beams using a
collinear electron beam matched in velocity [64] and to the sympathetic cooling
of one ion species by another in an .ion trap [65]. If we assume electrons and
protons both have Maxwellian veiocity distributions, but with different kinetic
temperatures T, and T,, the proton temperature will evolve with the following
rate equation:

dT,/dt = (T, — T.)/t. (51)

where t., the time constant for equilibration of the temperatures, is given by
t. = [3m;mc®[8(27)"*n et LI{(kT,/myc?) + (kT./ me?)P/2. (5.2)

Values of L for an electron-proton gas are given in Ref.[63]. However, there are
only a finite number of electrons in the trap and T, is not a constant. An additional
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rate equation for 7, is given [62]
dT./dt = [N,(T, - T.)/Net] - (T. — 4.2)/t, (53)

where N, and N, are the total number of protons and electrons sharing the same
volume, and i, is the time constant for electrons energy loss due to synchrotron
radiation and resistor damping. The rate equations were solved numerically for an
electron density of 107 /em?, t. = 0.1 sec, and an initial proton energy of 1 keV.
The electron cooling times are of order 1 sec for different ratios of electrons and
protons, N./N, = 10%,103,10* (Ref. [62]). (Note that we use E = kT /2 while E =
LT was used in Ref. [62]). "

The experimental conditions differed in several respects. The electron density
is approximately 10°/cm?®. For the duty cycle D = 1, Fig. 5.1(a) shows the electron
cooling processes for different ratios (10, 102, 10%) of electrons to protons. The duty
cycle that antiprotons interact with the electron cloud is about 3%, which causes
the electron cooling time much longer. The ¢, in Eqs. (5.1) and (5.3) should be
replaced by t./D to include the duty cycle factor. Fig. 5.1(b) shows the electron
cooling processes for D = 3%. The cooling time is approximately 11 sec for D = 3%
and N./N, = 150 (compared to 2 sec for D = 1). It is obvious that cooling times can
not be linearly scaled. This is due to the large increase in the electron temperature,
10 times higher for D = 1 than for D = 0.03, which makes the cooling time longer.
The time required to cool antiprotons from 1 keV to 100 K is plotted (Fig. 5.2)
versus the electron density. There is an obvious inverse dependence on electron
density for D = 0.03. This is less obvious for D = 1 due to the large increase in
the electron temperature. |

The calculation here and in Ref. [62] do not include the strong magnetic field
used in the experiments. The calculation of electron cooling seems also valid for
the presence of a strong magnetic field under the assumption that the axial and
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radial electron temperatures are equilibrated in the trap.

5.2 Experimental setup for antiproton slowing

and cooling studies

The experimental setup for antiproton slowing and cooling studies is in Fig.
5.3. A field emission point (FEP) providing a primary electron beam in the trap is
mounted above the upper cylinder. A series of rings form a long (13 cm) cylindrical
trap which is shorter than the trap used in the antiproton trapping experiment
(see Fig. 3.10) due to the relocation of the field emission point. Endcap electrodes
can be at high negative potential for holding antiprotons within or at low pos-
itive potential so that antiprotons may escape and annihilate. The RCL circuit
and FET amplifier on the uﬁper compensation electrode detect a signal which is
related to the number of electrons [66] when electrons are loaded in the harmonic
potential well. To vary the well depth in the harmonic potential region or change
its sign, we can expel the antiprotons and the electrons out. An antiproton annihi-
lation detection system similar to the measurement of HV ramp antiproton energy

spectrum (Chapter 3) is used.

5.2.1 Cylindrical open-endcap ion trap and ion motions

The cylindrical open-endcap ion trap is used for trapping electrons which are
counted and monitored by RF techniques. It consists of a ring, two compensation
and two open-ended endcap electfodee as shown in Fig. 5.4. The detailed calcula-
tion of its electrostatics is in Ref. [54]. The radius of the cylinder is pg = 0.600 cm.
The length of the compensation electrode is z; = 0.489 cm. The length from center
of the ring to the edge of the endcap is zp = 0.586 cm. Gaps between the electrodes
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are 0.018 cm. The ring is at V; potential and the compensation potential V. =0.88
Vo. The endcaps are grounded.

The electric potential V near the center of an ion trap can be expanded in
Legendre polyndmia.ls,
V=(-%/2) Ci(r/d)* Picosh) ’ (5.4)
k=0
where d is the characteristic length defined as d® = (22 + p&/2)/2. All Cropaa =0
due to reflection symmetry across the z = 0 plane. Terms with Cj=cvern depend on
compensation potential V, and trap geometry. Cp represents the trap DC poten-
tial. The next lowest-order term, C; term, gives the needed harmonic quadrupole
potential for axial confinement,

- Ver = —VoCar?t Py(cos0) [ (2d%) = —VoCa(2® - p*/2)/(2d%) (5.5)

The trap used for precision mass measurement has C; = 0.5449, and d = 0.512
cm. The potential energy for an antiproton of charge q = —e is

Uz, p) = qV = eVaCal2® — p*/2)/2d" = (1.042* — 0.520%) x 1072V (5.6)

where z and p are in mm. For a single particle, its axial energy depends on axial
position in a simple form E = z%eV; x 10~%. For example, the particle axial energy
is 0.7 eV if its amplitude is 1 mm when the potential on the ring is 70 V. A particle
wiil experience a harmonic well in axial direction while sitting on a potential hill
in the radial direction. The corresponding axial frequency is given by

Wk = CreVp/(md?). : (6.7)

Existing higher order terms represent anharmonicity and they should be elimi-
nated. As long as the particles are not far from the center of the trap, higher order
terms diminish as k becomes larger. By adjusting the compensation potential, the

anharmonic C; term can be tuned out to zero. A special choice of trap radius
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Figure 5.4: The cylindrical open-endcap ion trap (From Ref. {54]).
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Po/ 7o can minimize the axial frequency (or C;) dependency on the compensation
adjustment. In the ideal case, C; is independent of V; and the trap with this fea-
ture is called an orthogonalized trap [67). The higher order anharmonic Cg term
can also be eliminated in principle at z./z = 0.835. In practice, a nonzero C; is
expected due to the machining imperfections. Consequently, a harmonic potential
~ can be realized in the center of the cylindrical compensated orthogonalized ion
trap with open-ended endcap electrodes. The deviations from a harmonic poten-
tial due to trap machining and construction are unavoidable and their effects upon
our precision measurement must be taken into account. The real trap used here is
more complicated. The ring electrode is split into 4 identical segments and each
compensation electrode is cut into 2 pieces along the z axis allowing various RF

drives and detections to control and monitor the particles.

A particle of charge e and mass m is confined in a harmonic jon trap (i.e. a
Penning trap) by applying a uniform magnetostatic field B parallel to the z axis for
radial confinement and an electrostatic quadrapole potential for axial confinement.
The electric potential that is a function of the cylindrical coordinates z and pis
given by the Equation (5.5). The particle will harmonically oscillate along the z
axis due to the axial electric field and travels in a circular cyclotron motion with
frequency w, = eB/mc. However, this cyclotron motion is slightly modified by
the repulsive radial component of the electric field. The modification results in an
additional magnetron motion characterized by frequency w,, (see Fig. 5.5). The
particle motion is described by the relation:

2(t) = Ascos(w,t +6,), (5.8)
and
2(t) + iy(t) = [op e CmiHom) . p femiuittle), (5.9)
where w, = \/CzTo/md?: is the axial frequency, and
Wi = wef2 = \f(w2[4) ~ (w2/2) (5.10)

89



- Figure 5.5: An antiproton radial motions in an ion trap (from Ref. [68]).



is the magnetron frequency, and

W, = wef2 + /(w34 — (W2/2) (5.11)

is the modified cyclotron frequency. Then the cyclotron frequency is given as

We = W), + Wm, (5.12)

where wy, = w?/%!. The center-of-mass motions for a cloud of ions are character-
ized by the same three frequencies and they are directly detected by our detection
system discussed in the next section.

5.2.2 Preamplifier for the detection of ions and resistor
damping

RF preamplifiers for particle resonant detection at a frequency range from 1
to 90 MHz, working at LHe temperature in 6 T field, are constructed. A GaAs
field effect transistor (FET) MGF1100 (Mitsubichi Electronic) dual-gate n-channel
Schottky gate type, is used. The dual gate configuration minimizes the Miller effect,
an undesirable feedback between input and output of the FET that can degrade
the high frequency performance of the device [69]. The electronic circuit is shown
in Fig. 5.6. The first gate (G1) and the second gate (G2) of the FET are DC biased
with RC filters. The source (S) is grounded and the drain (D) is biased at V4. The
signal from the RCL circuit goes to G1, then is amplified and goes through an
impedance matching m-network to the next stage which has an ihput impedance
of 50 Q. The power gain is approximately 10° while the voltage gain is around one.
The FET drain current is operated around 1 mA to keep the Lie boil-off low.
Heat transferred to the liquid helium bath is 3 mW for V4 = 3 volts.

The amplifier is enclosed in a cylindrical copper cavity, 3.6 cm in diameter and
8.6 cm tall. A copper plate and a PC board with copper cladding on both sides
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Figure 5.6: Dual-gate GaAs FET amplifier circuit.
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separates it into two parts. The upper section (3.3 cm high) has the FET circuit
in a vertical square PC board (3 cmx 3 cm). The cylindrical cavity below is 5 cm
high with a diameter of 3.6 cm. It forms a resonator when it contains an inductor
which can tune away the trap capacitance at the desired resonance frequency to
achieve a pure resistive impedance. Helical resonators are discussed in Ref. [70,71].
A helical resonator for frequency at 30 to 90 MHz consists of 6 to 3 turns of silver
plated copper wire with diameter of about 2 mm. For low frequencies, 1 to 3 MHz,
the inductor wires are enamelled wire with more than 100 furns. The capacitance
C in Fig. 5.6 includes the effective distributed capacitance, the capacitance of the
feedthrough, and the contribution from the trap electrodes. The resistive loss in
the LC circuit is inversely proportional to an effective resistance R in parallel with
the LC at the resonant frequency. It is desirable to keep the distributed capaci-

tance to a minimum and to keep the inductance high for best performance.

The Johnson noise RMS voltage for a resistor R at temperature T is, Vays =
VAERT B, where B is the bandwidth, and k is the Boltzmann constant. We use
Q, the quality factor of the parallel-resonant circuit, as a measure of resistive loss.
Q value is

Q= flAf, (5.13)
where f is the center frequency of the noise resonance, and Af is the FWHM of
noise signal in power, or half-power bandwidth, which corresponds to a width at"
70% of the amplitude in RMS voltage scale. The peak of RMS voltage across the
LCR circuit corresponds to the Johnson noise. A noise resonance at 68 MHz, for
a FET preamplifier at LHe temperature, is shown in Fig. 5.7(2). It has a Q value
of 500. The relations of Q with R, C, and L can be expressed as:

Q = R/wL = RCw (5.14)

The higher the Q of the civcuit, the higher the parallel impedance R at the resonant
frequency.
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As the particle oscillates in the trap axially and radially the image current Iina
flows and dissipate energy through a resistor R between an electrode and ground.
The potential signal V, = IindR can be detected by a preamplifier. The induced cur-
rent by axial motion, observable in the compensation electrode, is I, = k.ew,z/22,
where k, is a constant of order one related to the trap geometry,z is the amplitude
of the particle axial oscillation. For the trap we are using, k, is calculated to be
0.8994 [54]. It is smaller (0.3346) when the detection is the from the endcap elec-

trode.

Since the circular motion can be viewed as two superimposed harmonic oscil-
lators, an induced current on one segment of the ring electrode is in similar form
I, = keewepe/2po. For a fixed geometry and motion frequencies, it is understand-
able that a large amplitude of oscillation would bring a large signal. In reality,
because capacitance exists between each pair of electrodes, a pure resistance can
only be achieved when an inductor tunes away the capacitance at a certain reso-
nant frequency. The kinetic energy of the particle coupled to the resistor decreases
until the particle is in thermal equilibrium. The power is dissipated in the resis-
tor gmaating heat. As an example for axial motion, energy loss in the effective
resistance R damps the particle motion with a damping time constant given by
[72]

7 = (m{R)(2z0/ck.)? (5.15)
where e and m are the charge and mass of the particle. Because the time constant
is proportional to the mass, resistor damping is 3 orders of magnitude more effec-
tive for an electron than for a antiproion when other conditions are equal. For a
typical value of R = 10°%}, the time constant for an electron is approximately 0.1
sec while it is 100 sec for an antiproton. The cooling of a cloud of particies can
not be faster than a single one due to internal degrees of freedom of the axial and

cyclotron motion [62].
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Figure 5.7: (a) Typical noise resonance for the LCR circuit at LHe temperature.
(b) Modified signal when large electron cloud is present. The spacing of the two
peaks of 1 MHz indicates that 6 x 10° electrons are in the trap.
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The effective radio-frequency circuit used to damp and detect the ion motion
can be represented as shown {73] in Fig. 5.8. An osciilating particle with charge e
induces a current I through the resistor R when an inductor is used to tune out the
trap capacitance. V, is the Johnson noise from the resistor which is proportional to
the square root of R, VR. V, is the input voltage signal detected by a preamplifier.
The particle motion can be driven by the oscillatory potential Vp continuously or
just for a short period then switched off. The Johnson noise is “shorted out” on

resonance [66].

The number of electrons can be counted from axial detection [66]. The linewidth
of a single particle is given by Af, = 1/(2#7). The noise from the center of the
spectrum is shorted for particles oscillating at the frequency f = 1 J2x/LC in
the trap. Two resonant peaks are formed as in Fig. 5.7(b) for large numbers of
electrons when the width between two peaks A fy >> Af, the width of the noise
resonance. The position of the peaks corresponds to the parallel resonances formed
when the reactive impedance of the electrons is equal and opposite to the reactive
impedance of the external tank circuit [66]. In this case the numbers of electrons
is given by

N = (AfW/BR)AS. (5.16)

In Fig. 5.7(b), the numbers of electrons N is approximately 6 x 10° for Afy =~ 1
MHz, Af; =~ 1.2 Hz, and Af =2 135 kHz. The electron density will be discussed in

seciion 5.3.

5.2.3 Selectively ejecting electrons and antiprotons

The trapping potential is switched from V5 to a low voltage between 0 to 4

V in approximately 5 ms and stays there for approximately 0.6 sec, then goes
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Figure 5.8: Detection and resistor damping of ion motion (from Ref. [73]).
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back to the initial potential. This is a called potential dip. The ratio of electron
number to antiproton number can be changed by the dip process combined with
RF drive on the electron frequencies v, and v; + ¥m. The low voltage linear ramp
can eject the trapped particles and the antiproton number can be measured by
this destructive method. The low voltage dip/ramp circuit is shown in Fig. 5.9(a).
When the TTL signal controlled relay switch S; is at position A and C, the normal
ring potential V, and the compensation potential V, are applied to the trap. The
TTL signal controlled relay switch S; can be chosen to connect the dip potential
Viip or the ramp potential Viemp. When 5y is switched to position B and D, the
Viip is applied to the trap electrodes. i S; is also switched from position F to E
when S; is switching, the low voltage ramp is applied to the trap electrodes. After
0.6 sec, the trap potentials are back to Vb and V, when S, is reset to position A
and C. The resistors are used to keep V, = .88V} for the harmonic potential well.
A typical potential dip waveform on the ring electrode is shown in Fig. 5.9(b). A
typical potential ramp waveform on the ring electrode is shown in Fig. 5.9(c). The
ring potential V; first drops to 10 V, then ramps down to below —3 V in 560 ms
with a linear ramp rate of 30.3 mV/ms The potential well depth (at the center of
the trap) has a ramp rate of 23.5 meV/ms.

Just like the detection syétem for the HV ramp in the long trap described in
Chapter 3, another identical multiscaler is triggered and starts counting the an-
tiproton annihilations when the harmonic potential well changes. Particles with
energies exceeding the well leak out and their annihilations are detected as an en-
ergy spectrum. As an example, Fig. 5.10 shows the energy spectrum of antiprotons
released from the harmonic trap with a linear ramp. It has 190 counts of antipro-
ton annihilations (representing 400 antiprotons) and a width of 5 meV. Actually
the width is approximately equal to the time resolution of 1 channel per 0.2 ms in
the Joerger multiscaler.
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5.3 Electron cooling studies

A large and dense electron cloud is needed for rapid cooling and slowing of the
antiprotons. A beam of energetic electrons from the field-emission point strikes
the degrader and causes the release and later the jonization of neutral atoms. The
stripped electrons as well as the secondary electrons emitted directly from the
degrader surface are confined in the harmonic potential well. The electron density
can be estimated in a simple model where the electron cloud forms a sphere and
the Coulomb repulsion balances the axial electrostatic field. In the harmonic trap
used here, this gives an electron density n, = 3.5 x 10°Vo/ em?. It is 108 /cm?® for
the applied potential V3 = 30 V. The diameter for a cloud of 6x10° electrons given
by this simple model is approximately 0.5 cm.

The electron cloud is an ununeutralized electron plasma. Its Debye length is
1.4 x 103 cm which is much smaller than the cloud size. The electron plasma
frequency is 92 MHz for Vo = 30 V (it is 140 MHz at 70 V). The parameter
T = €?/akT = 0.2 (a = 2x10~2 cm is the particle spacing) is much smaller than 2
which is required to form a liquid plasma [74].

5.3.1 Antiproton-electron collisions and energy loss

Antiprotons moving through the cold electron cloud lose energy by antiproton-
electron collisions. Eventually, the antiprotons fall into the harmonic potential well
and form a new boﬁnd state after their initial kinetic energies are transferred to
the electrons. We denote Ny as the number of hot antiprotons remaining in the
long trap. The number of cooled antiprotons N, which fall into the harmonic well
by electron cooling is measured by decreasing the potential of the harmonic well
crossing 0 V as shown in Fig. 5.9. The total number of trapped antiprotons is
N = Nj, + N, (on the order of 104). Fig. 5.11 shows the fraction of hot antiprotons
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(N/N) and cold antiprotons (N./N) versus the cooling time. The time allowing
hot antiprotons colliding with cold electrons is increasing, the hot fraction is get-
ting smailer while the cold fraction larger. There are 4x 10° electrons (the width of
the clouds is 0.8 MHz) in the center of the harmonic trap covering a large fraction
of the diameter of the trap so that nearly 100% of the antiprotons are cooled into
the harmonic well for cooling times exceeding 100 seconds. Generally, the scatter-
ing of the points are small. The observed fluctuations are larger if we normalize
to the initial PPAC signals which are proportional to the number of antiprotons
delivered by LEAR. This is due to the missteering of the beam since the PPAC.
signals are not exactly proportional to the total numbers of trapped antiprotons

under such condition.

The fraction of antiprotons cooling into the harmonic potential well for various
numbers of electrons in the trap versus cooling time is shown in Fig. 5.12. The
curves are included to aid the eye. Up to 95% of the antiprotons trapped in the
long trap fall into the harmonic well after 100 sec. The time constant for the cool-
ing process is about 10 sec when 4 x 10° electrons are preloaded in the ion trap,
which is in good agreement with. our estimate in Sec. 5.1. Thus a rapid cooling
and slowing of antiprotons are achieved. As the number of electrons is reduced,
electron cooling is less effective because the interaction region with antiprotons are
smaller. Many factors limit a more quantitative comparison with Spitzer’s theory.
Beside the magnetic field mentioned in Sec. 5.1, there may be a difference between
electron-proton collisions and electron-antiproton collisions since we have observed
such difference in the proton and antiproton range measurements (see Section 2.5).
Energies in radial motion are not measured here. Electrons heated by antiprotons
with axial energy above 3 keV (antiprotons which are not trapped) contribute a
larger electron temperature and a longer cooling time. The particle distribution
for both electrons and antiprotons is not a Maxwell-Boltzmann distribution.
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Figure 5.11: Fraction of hot antiprotons and cold antiprotons versus the cooling
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Figure 5.12: Fraction of antiprotons falling into the harmonic potential well for

different numbers of electrons in the trap versus cooling time. The curves are
included to aid the eye.
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5.3.2 Low energy antiproton ramp spectrum

The width of the low energy antiproton ramp spectrum is due to the space
charge of the antiproton cloud. In the trap we use, a crude estimate approximately
given by

E = 0.069N* meV. (5.17)

In Fig, 5.13, we have three examples of the number of antiprotons detected escap-
ing the harmonic well as a function of the well depth. The well depth is reduced
linearly in time at the rates indicated in the insets. Electrons used for cooling are
still in the trap (a) and most have been removed for (b). In {c), the number of
antiprotons has been reduced as well. It is not surprising to see low energy tails in
all the energy spectra because some particles can be very cold. The high energy
tail only becomes obvious when large number (millions) of particles are present
as seen in {a). In the example (a) where 14,000 antiprotons annihilation counts
(or 3x10* antiprotons) are detected, the depth of the harmonic well is decreased
from 23 eV to below 0 eV at a rate of 23.5 meV/ms, with each channel 1 ms. The
zero crossing is hard to locate precisely since stray potentials within the electrodes
are expected to shift the well depth by as much as 30 meV. The observed width
is 84 meV (the energy width of 66 meV is estimated using Eq. (5.17)). In the
example (b), the width is 37 meV for 1.6x10* antiprotons (the width of 44 meV
is estimated), with each channel 0.2 ms, after most of the electrons are resonantly
ejected from the trap. If in addition we reduce the number of antiprotons in the
trap to approximately 850 (6 meV is estimated) or 400 (4 meV is expected), the
observed width decreases to only 9 meV (Fig. 5.13(c)) or 5 meV (Fig. 5.10). The
observed energy width agrees with the Eq. (5.17) very well. Because there is a
broad shoulder at left side of the peak in (a), the width can not be compared

directly with the spectra without this shoulder. The electron spectrum is not mea-
sured.
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Figure 5.13: Low voltage dump spectrums.
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The energy spectrum can change depending on the R¥ drive strength and fre-
quency (how close it is to resonance) just before antiprotons are dumped. A strong
RF drive can make the high energy tail in Fig. 5.13(a) much larger and the parti-
cle distribution is also shifted to higher energy. The energy spectrum of a heated
antiproton cloud (8500 antiprotons) is shown in Fig. 5.14. Before the antiproton
dump, axial and cyclotron signals {the nondestructive resonant method will be
discussed in Chapter 7) stay hot for more than 30 minutes after the cyclotron
drive was turned off, which is an indication that there are not many electrons
in the trap. Comparing Fig. 5.14 and Fig. 5.13(b) shows the effect of the heated
antiproton cloud. The dump energy spectrum in Fig. 5.14 shows a large number
of hot particles are between 0.1 and 1 eV, that are absent in Fig. 5.13(b). There
was no strong drive during the low voltage dump. The particle energy distribution
with large high energy tail is due to the heated antiproton cloud in the trap with
a large spacial distribution.

5.3.3 Cryogenic antiprotons at 4.2 K

We have discussed that antiprotons could dissipate energy by resistor cooling.
As shown in Fig. 5.15, the detected power signal for cyclotron motion which is
proportional to the cyclotron motion center-of-mass energy versus time by resistor
damping is given. The time constant is about 20 minutes which is much longer
than the calculated cyclotron damping time (7;) for single particle of 3 minutes,
because of the additional time needed for energy transfer from internal motions to
the center-of-mass motion for a cloud of antiprotons. If the internal motions are
absent, the damping time constant for the center of mass motion for N particles is
n/N. When there are some electrons in the tfa.p with antiprotons, the damping
time can be much faster ranging from seconds to minutes. The dash line in the
ﬁg1ue represents an electron damping curve with a time constant of 1 minute. The
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Figure 5.14: The energy spectrum of a heated antiproton cloud.
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trap and its vacuum enclosure are cooled down to LHe temperature. The thermal
equilibrium temperature is presumably achieved when there is no external heat-
ing source. Both damping. mechanisms can make antiproton axial motion reach
thermal equilibrium. For trapped antiprotons in thermal equilibrium with their
surroundings, their thermal energy 3kT/2 is 0.54 meV for T = 4.2 K. Trapping
and cooling low energy antiprotons in an ion trap have been demonstrated here.
Important applications will be discussed in Chapter 6 and 7.
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Chapter 6

Antiproton lifetime and vacuum

6.1 Antiproton lifetime measurement in an ion

trap

Our direct antiproton lifetime measurement in an jon trap sets a more stringent
antiproton mean life limit than any other direct measurements or any measure-
ments searching for a specific decay mode. It also has important applications in
antiproton-gas interaction and as an extreme high vacuum measuring technique.
Antiprotons were first trapped in a long trap and then electron-cooled into the
harmonic potential well for long time storage after most electrons were ejected as
described in Chapter 5. The presence of the antiprotons in the trap was checked
daily by non-destructive resonant techniques to see the cyclotron frequency and
axial frequency signals so that the magnetic field drift during the 2 months hold
time was also monitored. The magnet is persistent when liquid helium in its de-
war is sufficient. Batteries were used to hold particles so that the occasional power
failures in the experimental area did not result in loss of antiprotons. The battery
produced a ring potential of 71.64 V. The battery for compensation electrodes had
a potential near 88% V(ring) to keep a harmonic potential well. Actually, the cy-

clotron frequency was measured when the compensation electrodes were switched
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to the power supply capable of fine tuning. Then it was switched back to the bat-

tery a few minutes later after the measurement was done.

The initial antiproton number is based on the PPAC signal which gives a very
conservative upper limit of Ny < 1559 from the load-dump calibration. After a
hold time of 58.75 days, a final particle number Ny = 924 (of these 42 could be
background counts) was measured by ejecting the antiprotons from the trap and
detecting annihilation signals in a scintillator detector. Particle loss is caused by
annihilations with residual gases in the trap, collision interactions and unexpected
heating of the magnetron motion. Thus we have Ny/No = 882/1559. This im-
mediately gives the antiproton lifetime in the trap of more than 103 days. The

measurement is the best directly measured limit.

An extremely high vacuum limit can be established by the antiproton anni-
hilation vacuum gauge. Based on the existing theories on low energy ion-atom
(molecule) interactions and studies of antimatter-matter interactions, we can es- |
tablish (Sec. 6.3) that the number density of atoms is less than 100/cm® which is
independent of the relative velocitjr. For an ideal gas at 4.2 K this would corre-

spond to a pressure less than 5 x 1077 Torr.

The long trapping time also demonstrates the stability of the trap for an an-
tiproton cloud. Strictly speaking, the magnetron motion is unstable. However, the
estimated time constant of this motion due to the radiation damping is 5 x 10'¢
years. Imperfections in the trap, the sideband heating drive for the magnetron mo-
tion and collisions with residual gas may cause instability and antiproton loss with
significantly shorter time constant. This test indicates the possibility of a portable
antiproton trap. The long lifetime of the antiprotons in an jon trap demonstrated
here shows that particle loss could be insignificant during long shipping and wait-
ing periods of several months.
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6.2 Other antiproton lifetime measurements.

6.2.1 Proton lifetime measurements

The law of baryon number conservation forbids proton and antiproton decay
while CPT theorem requires that the proton and antiproton have the same life-
time. The proton lifetime has been measured to > 1.6x10% years and this resuilt
is independent of decay mode [26]. It was done by analyzing geochemical data on
xenon isotopes in a telluride ore and investigating all the possible decay products
due to nucleon decay. A much higher limit of > 3.1x10% years [27] was given for
the partial lifetime of the assumed predominant proton decay mode (to positron
and neutral pion). This partial lifetime is a factor of 40 longer than the predicted
proton decay lower limit by the simplest grand unified theory, minimal SU(5)
[28,29].

6.2.2 Direct and indirect antiproton lifetime measure-

ments

The available antiproton lifetime measurements were made by investigating
antiprotons in a storage ring, or by measuring the branching ratio for a particular
decay mode. In a direct antiproton lifetime measurement, 240 antiprotons were
stored in the ICE storage ring at CERN for 85 hours in 1978 {30]. A lower limit of
32 hours (3.7x10~? years) was given. Because this experiment was limited by the
beam-gas interactions, a new experiment was set up for looking at an antiproton
decaying into an electron and a neutral pion for a partial lifetime measurement at
the same storage ring in 1979 [31]. A lower limit was given

7> BR x 1700 h (6.1)
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at 90% confidence level after antiprotons were stored for 10 days. Here, the branch-
ing ratio (BR) can only be given by theories (31 to 46 %) [27]. Usually the limit of
0.08 years (one month) is cited from this experiment. Recently antiprotons were
held 11 days at the CERN Antiproton Accumulator, with a particle loss rate cor-

responding to a storage lifetime of 1.4 months in the rest frame of the energetic
antiprotons [32].

Based on the cosmic-ray propagation theories, the production of secondary
antiprotons through collisions of high-energy cosmic rays with the interstellar
medium and a p/p ratio is predicted to be of the order 104 for GeV particles.
Consistency between theory and the observed cosmic-ray antiprotons and the 5/p
ratio measurement by using a balloon-borne superconducting-magnet spectrome-
ter inferred that the antiproton lifetime is at least comparable to the cosmic-ray
storage time [33] (=~ 107 years). However, this indirect argument has not been
studied carefully in any detail. Moreover, the cosmic ray storage time for antipro-

tons has not been measured to our knowledge.

6.3 Stored antiprotons as a vacuum gauge

Any residual gas in the trap would cause annihilation of trapped antiprotons.
The antiproton decay rate gives not only a lower limit on the antiproton lifetime,
but also an upper limit of the neutral atom number density and the pressure. The

antiproton cloud is a sensor to probe the density of the gas molecules and atoms
in the vacuum chamber.

We expect the pressure in our vacuum container, kept at 4.2 K, to be extremely
low. The great advantage of using a cryopump is discussed in Ref. [75]. Properties
of cryogenic liquids and vapor pressure data can be found in Ref. [38]. For H,,
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the vapor pressure is 107 Torr at 4.03 K and 10~° Torr at 4.40 K. For helium
the vapor pressure is 0.1 Torr even at 1 K. However, we are not limited by these .
vapor pressures as long as those atoms and molecules do not form more than one

monolayer on the metal surface [75].

Since the predominant gases are helium and hydrogen [75] at LHe temperature,
we will first discuss the annihilation cross section of hydrogen according to the
available literature, then study the antiproton- helium interaction process from a
more general principle. The number density of the residual gas is obtained for a
given antiproton annihilation rate. The relations between the partial pressure of
He and H based on the ideal gas law and antiproton lifetime are derived.

6.3.1 Antiproton-hydrogen interaction

Proton-antihydrogen atom and proton-antihydrogen molecule annihilation
cross sections at very low energy in collisions
p+H — Pn+ef, (6.2)
and
p+H,— Pntet+(Horpteh) (6.3)
were studied by Morgan and Hughes [76]. Here, Pn is protonium. The cross sections
are the same for their charge-conjugate reactions
p+H— Pn+te, ’ (6.4)
and
p+H,— Pn+e +(Horp+e) (6-5)

The analytic form of the cross section for antiproton-hydrogen atom reaction is
given by "
o(H) = 3.60 x 10°(c/vra)mry (6.6)
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or _
o(H) = 1.80 x 10°%(y/mc?/E)}rrd (6.7)
where v,,; is the p-H relative velocity, and ro = 2.82x1071® m is electron classical

radius, E = mv?,/4 is the energy in the center-of-mass system. It is valid when E
is between 10~° and 0.1 V.

In terms of the Bohr radius ag instead of the electron classical radius, the same
result for the cross section o H) was rederived by {77] in the form

¢ = 3ra}\/Eo/E (6.8)

where ag is the Bohr radius, Eq = 27.2 eV is twice the hydrogen binding energy,
and E is the kinetic energy of the antiprotoa in the center-of-mass system. This
is valid for E less than 1 eV. A similar form can also be found in Ref. [78,79)].
For E << 1 €V, the cross section is much larger than the geometrical size of the
hydrogen atom (about a2} due to the atomic polarization.

The antiproton annihilation rate is R = nowv,.;, where n is the number density

of the gas. Since the lifetime v = 1/R, we have

n(fem?) = 1/(6madr+/Eofm) = 3.72 x 108/7(sec), (6.9)
n(/em®) = 4.3 x 10*/7{day). (6.10)

The number density of the gas is independent of the collision energy. For 7 = 103
days, the hydrogen number density is 42/cm3. Using the ideal gas law, the number
density at temperature T corresponds to the equilibrium hydrogen partial pressure

Py(Torr) = nkT = 4.45 x 107'°T(K)/(day). (6.11)

The hydrogen pressure is 1.2 x 10~'® Torr at 273 K and is 1.8x10~*7 Torr for
thermal equilibrium at 4.2 K. The distribution of the residual gas is not measured
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in this experiment. It is likely that the atoms (molecules) are not in Bolizmann

distribution.

6.3.2 Antiproton interaction with other gases

Antiproton- helium capture cross section can be understood from general prin-
ciples. When an antiproton approaches a neutral atom, the electric field of the
antiproton E(p) = —e/r? produces an induced electric dipole moment aE(p) at |
distance r. Here, « is the electric dipole polarizability of an atom describing the
response of the electron cloud to an external electric field. The long-range ion-atom

interaction energy is simply given as
U(r) = —aE¥p)/2 = —e*a/2r* (6.12)

The ion-atom capture cross section for this interaction is known as the Langevin

o =2re\Jafmd, = 2re\/a/2E (6.13)

where m, is the reduced mass of the ion-atom pair, v,y is the relative velocity,

cross section:

and E is the collision energy in center-of-mass system. The number density n =
1/(T0v,e1) is proportional to ‘/rr/a for a given 7. From Ref. [80], we have a(H) =
0.667 x 10~2cm3, o He) = 0.205 x 10~2cm?, and a H;) = 0.802 x 10-24cm?, The
reduced mass of the aatiproton-atom (or molecule) pairs are m/2 for H, 2m/3
for Hy, and 4m/5 for He, respectively. Therefore n(He) = 2.28n(H), and n(H,) =
1.05n(H). The He atom number density is 95/cm? for a lifetime of 103 days. If we
use the ideal gas law,

Pye(Torr) = 1.01 X 10~ °T(K)/7({day). (6.14)

The He pressure is 2.7 x 10~!® Torr for the density of 95 He atoms per cm? at 273
K and is 4.1 x 10~'" Torr at 4.2 K.
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We have discussed the antiproton-gas interactions without considering the pres-
ence of the electric field from the trap electrodes. The coilisions in the discussion
is only for one antiproton interacting with one atom. Here, we can show that those
effects are negligible. The pacticle kinetic energy is 0.54 meV at 4.2 K. The an-
tiproton velocity at this energy is 3.2 x 10 m/sec. The annihilation cross section
for hydrogen is 7(26ap)* and for helium is 7(19a0)?. The electric field due to the
antiproton point charge at distance 26aq is 7.8x 108 volt/m. It is much larger than
the typical field strength at the center of the trap of 10° volt/m. Therefore the
effect of the electric field from the trap electrodes is negligible. The effect of an
atom interacting with more than one antiproton at the same time is also negligi-
ble due to the low antiproton density. The average distance between antiprotons

is about 0.02 mm while the interaction distance with an atom is 26as = 107® mm.

Because the Langevin capture cross section is valid for ion-atom interaction,
one ca.n also use stripped ions as a vacuum gauge. The capture cross section is
proportional to the electric charge number Z and m . For example, when fully
stripped carbon ion interacts with a He atom with Z = 6 and the reduced mass
m, = 3 atomic mass unit (amu), the interaction rate is approximately 3.1 times
more than the antiproton-He reaction where Z = 1 and m, = 0.8 amu. Trapping
fully stripped carbon ions are much easier than trapping antiprotons which rely

on the complex accelerators. Thus it is better than using antiprotons as a vacuum

gauge.

6.3.3 Vacuum system and cryopump

The vacuum chamber that houses the ion trap is in the bore at the center of the
magnet as shown in Chapter 3. The bore has a vacuum of 10~* Torr when cooled
to liquid nitrogen temperature. The pressure is below 10~¢ Torr when the liquid
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helium dewar attached to the trap enclosure is cooled to liquid helium tempera-
ture. Since gas diffusion through cold material is eliminated, only the joints for
different parts are potential leaking locations. There are several types of seals to
sepatate the extreme high vacuum from the bore pressure. They are a glass-metal
seal, silver hard solder to seal feedthroughs with the copper, electron beam welding
to join Ti foil to Ti rings which is then to copper, and an indium-squeezing seal.
All of them worked and ensured the long lifetime of antiprotons in ion trap.

Thompson and Hanrahan [75] used a quadrapole mass analyzer to measure _
the partial pressures from 300 to 30 K and found that hydrogen and helium pres-
sures are below 10~ Torr at 30 K while other gases are frozen out near 77 K.
A completely pre-pumped sealed-off vacuum chamber cooled at 4.2 K provides an
extreme high vacuum environment by cryopumping because the outgassing within
the vacuum chamber can be eliminated by cooling the gases below the desorption

activation energy if the gases form less than one monolayer on the inner surface of
the chamber,

We can estimate the pressure. at.room temperature corresponding to a mono-
layer coverage when the apparatus is cooled to 4.2 K. The cold surface within
the vacuum chamber is about 0.1 m?. We assume each particle occupies 3Ax3A=
9%10~°m? . That means approximately 10'® particles are needed to form a mono-
layer. At room temperature for a volume of 1 litre in the chamber, 108 particles
correspond to a vacuum pressure of 10~% atm (0.01 Torr). The density of 6x10%3
particles in 22.4 litres is used here. Based on this estimate, we need to obtain 0.01
Torr before sealing at room temperature by rough pumping the chamber to reduce
the amount of hydroéen and helium so that there is no more than a monolayer cov-
erage of the surfaces at low temperature. This pressure is very easy to achieve. We
should note that there is only a small fraction of helium (5x10%) and hydrogen
(5x10-7) gas in the air at 1 atm. Even without rough pumping, helium or hydro-
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gen from the air would not be able to form a monolayer. In reality, there is much
more helium gas in the trap can before rough pumping since liquid helium and
helium gas are used in the laboratory. Therefore in practice, the vacuum chamber
is carefully pumped and leak checked, then baked to 120°C with a typical pressure
of 107¢ Torr or less. After the system cools down to room temperature, the partial
pressure reaches about 2 x 10~7 Torr for hydrogen measured by a mass analyzer
before sealing. The helium pressure is on the order of 10~? Torr as measured by
a mass analyzer. Thus, the residual atoms and molecules are far less than the
numbers needed to form a monolayer.

The He mean path length (1/no) at 4.2 K is around 3 x 10% km which is much
larger than the size of the apparatus, an indication of ultrahigh vacuum. The vac-
uum pressure reported here (< 5 x 1077 Torr at 4.2 K when the ideal gas law
is applied) is the best reported value. It is consistent with the previous vacuum

pressure measurement (< 10~ Torr at 30 K) using a quadrapole mass analyzer
[75].
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Chapter 7

Antiproton mass measurement
and other experiments in an ion

trap

7.1 Antiproton mass measurement

7.1.1 Antiproton cyclotron frequency measurement

Comparison of antiproton and proton cyclotron frequencies yields the ratio of

inertial masses [12,25]
m(p)/m(p) = 0.999 999 977(42). (7.1)

Antiprotons are cooled into the harmonic potential well by a cloud of electrons.
Then most electrons are removed from the trap by suddenly reducing the trap-
ping potential to 4 V or less while applying a strong axial drive v,(e) and axial
cooling sideband drive v;(e)+vm(e). When the antiprotons are driven very close to
their cyclotron sideband frequency v/ + vy, for a short period and enough energy
is pumped into their axial motion and cyclotron motion, the heating signals are
detected from the axial preamplifier and cyclotron preamplifier simultaneously.
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These signals are directly shown on two spectrum analyzers after further amplifi-

cation.

If too much energy is put into the system, signals are broadened. Especially
the cyclotron signal is asymmetric. While antiprotons dissipate energy via electron
cooling and resistor damping, the linewidth becomes narrower and the cyclotron
v, signai becomes more symmetric. The damping time ranges from a few seconds
to hours. We can deduce the cyclotron frequency v, from the invariance theorem
[81]

(e)? = () + (1) + (vm)? (7.2)
which has been shown to be invariant under the leading perturbations of an imper-

fect Penning trap. The magnetron frequency can be eliminated from the invariance

theorem to obtain the approximation
vem v, +vi[2;. (7.3)

The higher order terms are negligible, and will be discussed later. Antiprotons are
confined in the center of the ring which is split into 4 segments. The cyclotron
frequency drive line is connected to two ring segments. The third segmeht is used
for cyclotron frequency detection and the other provides an RF ground. The am-
plified cyclotron signal is mixed down below 100 kHz and can be observed on
a spectrum analyzer (HP 3561A Dynamic Signal Analyzer). The amplified axial
signal from the lower compensation electrode can be seen from an HP 8562A spec-
trum analyzer with a lower resolution (minimum resolution bandwidth 100 Hz).
The schematic diagram for antiproton (proton) cyclotron frequency measurement
is shown in Fig. 7.1. In our system, a 50 Hz shift in axial frequency corresponds
to 1 Hz modification to the cyclotron frequency. Typical resonant signals for the
antiproton cyclotron frequency measurement are shown in Fig. 7.2. In Fig. 7.2(a),
the antiproton cyclotron frequency . = 89 133 0831 Hz with a width of 2 Hz is
plotted. Fig. 7.2(b) shows the antiproton axial resonance. The axial frequency is
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v, = 1 907 5504100 Hz and hence the magnetron frequency v,,=20 41242 Hz is
obtained. Therefore we have v, = v + v,, = 89 153 495+2 Hz.

Proton cyclotron measurements are carried out in the same way excei)t the
polarity of the trapping potential is opposite. The electron cyclotron frequency
is obtained when a microwave drive is swept through the cyclotron which shifts
the electron axial. Thereby the mass ratios of antiproton to proton, antiproton
to electron, and proton to electron are measured. Averaging over 5 comparisons
[12}, we obtain m(p)/m(p) = 0.999 999 977. Antiproton and proton masses are in
agreement within an uncertainty of 4x10~%8. The mass ratio of proton to electron
[12] is in good agreement with a slightly more accurate m,/m. value [23].

7.1.2 Systematic analysis and results

Even though the linewidth of the observed signals can be very narrow with
a resolution of 1073, systematic effects may cause much larger shifis due to trap
imperfections, field inhomogeneity, and particle interactions. The long term drift
of the superconducting magnet must be accounted for. Small magnetic field fluc-

tuations are shielded [55] while large magnetic field shifts need special corrections.

It is necessary to examine the validity of the simple formula we have used in
the equation v, = v/ + v?/2v/. Considering the effects of misalignments of the
magnetic field to the axis of the electric quadrupole following Ref. [73]:

B = B(cosbi + sinfcosdj + sinfsingdk) (7.4)

and internal misalignments of the trap electrodes causing departure of the
quadratic terms in the electrostatic potential:

U = (1/2ymw][2* — (1/2)(=" +v*) — (1/2)e(a” — )] (7.5)
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Figure 7.1: Schematic diagram for antiproton {proton) cyclotron frequency mea-
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where ¢ is the asymmetry parameter representing the harmonic imperfections. The
fractional correction to the above electromagnetic static fields is given by

Av.fv, = (9/16)(v2 /v 8% — 2¢%/9) " (7.6)

For electrons with an axial frequency of 54 MHz and a cyclotron frequency of 164

GHz, we have
Av.fv (0 =1%e =0) =2 x 1078, (7.7)
and

Av./v.(8 = 0,c = 0.01) = —1.5 x 10™*°. (7.8)

For proton (antiproton) frequencies of », = 1.91 MHz and +/ = 89.3 MHz, the cor-
rections from Egs. (7.7) and (7.8) are 3.6 x 10~!! and —2.6 x 1012, respectively.

Thefe are many sources such as gaps in the electrodes, machining error in
electrode dimensions, and misaligned trap which can introduce trap anharmonicity.
The most significant anharmonicity is from the C; term which was introduced in
Chapter 5. The shift in the cyclotron frequency measurement is given as [73]

Avefve % (3/4)Cu(vs Vo) (pm/20)". (7.9)

It depends on the location of the particles. A large magnetron orbit will make a
big shift. For example, we have (v,/v.)* = 1.1 x 10~7 for electron and 4.6x10~* for
proton (antiproton} in our system. We take pn/z0 = 0.1, that is, p &~ 0.6 mm,
then the effects are

Av.fv. = 3.5 x 107%Cy for antiproton, {7.10)

and

Av.fv. = 1073C, for electron. (7.11)
Since Cy < 107 (it can be tuned away by adjusting the compensation potential V.
The C, given here corresponds AV, = 0.1 V), this effect only contributes a small
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shift for antiprotons which is less than 102, and is negligible for an electron. This
has been tested experimentally by searching for frequency shifts while changing
the compensation potential.

A magnetic field homogeneity of 107%/em® can be achieved in our magnet
as measured with NMR techniques without the presence of the trap. Once the
center of the magnet is surrounded by trap electrodes, the field is distorted by
the paramagnetism and diamagnetism of the trap material. The magnetizations
for Cu is — 0.05 and for MACOR is +0.78 (see Ref. [73]). The lowest order axial
component of the magnetic field can be expressed as

AB, = B,(z* — p*/2). (7.12)
This magnetic bottle causes a cyclotron frequency shift of
Av. v, = Ba(2* - p2). (7.13)

The coefficient B; is calculated to be less than 10~7/mm?2. The effect is less than

2 x 10~% for z = 0 and p,, = 0.4 mm.

For a cloud of charged particles of a single species, no frequency shifts should
be observed since only center-of-mass motions of the cloud are detected by the
preamplifiers [66]. There is no number dependency observed at the 102 level. The
possible effect from the contaminant particles are studied. For typical cloud den-
sities and compositions used, we conclude that the effect of contaminant particles

are less than 2 x 108,

Using half the observed cyclotron linewidth as the uncertainty, the fractional
standard deviation of the five measured ratios is 3.4 x 10~%, while the scatter
in the five independent sets of comparisons is only 1.4 x 10~%. We obtained the
error quoted by adding the standard deviation for the point, the scatter, and the
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systematic limit in quadrature, to obtain a standard deviation which is 4.2 x 10~®

of the mass ratio. The new mass ratio of antiproton and proton
m(p)/m(p) = 0.999 999 977(42) - (7.14)

is shown in Fig. 7.3, comparing with previous measurements. The error bar for our
measurement is 50 times smaller than the diameter of the point. The fractional
uncertainty of 4 x 10~8 is 1000 times more accurate than previous antiproton mass
measurements using exotic aioms and is the most precise test of CPT invariance

with baryons.

7.2 The gravitational mass of antimatter

The gravitational mass of the antimatter has not yet been directly measured.
So far, there is no successful quantum field theory for gravitational fields to antic-
ipate it and to explicitly establish CPT invariance. To measure the gravitational
acceleration of the antiproton by launching ultracold antiprotons up through a
1 meter long (L) vertical drift tube from a Penning trap has been proposed [82].
The plan is to use the time of flight technique similar to the reported measurement
of the electron gravitational force by Witteborn and Fairbank [83]. A cutoff time
(k.= \/21.}7) will be measured for the lowest energy antiprotons reaching a detec-
tor at the top of the drift tube, hence the gravitational acceleration g is obtained.
The cutoff time would be 0.45 sec for an initial kinetic energy of 0.1 pV which is
required o overcome the 1 m height difference if we assume g(p) = g(p). This is
a direct test of the equality of particle and antiparticle gravitational masses with
protons and antiprotons. They propose to achieve a 1% accuracy measurement of
the gravitational acceleration of antiprotons relative to the H~ ion by launching
of a total of 10° to 107 particles. However, the major difficulties arise from the
extreme weakness of the gravitational interaction. Even a single charged particle
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within 12 cm would be able to balance the gravitational force of the earth acting
on an antiproton if we assume that an antiproton has the same gravitational mass
as the proton. Since antihydrogen is less sensitive to stray electric fields, a grav-
itational measurement of antihydrogen seems more promising once it is available
[6]. The strong Coulomb repulsion between the particles as they are launched also
can cause large problerhs. Such Coulomb explosions and stray fields in our appara-
tus have limited our energy resolution to 5 meV, while the gravitational potential

energy for a proton over one meter is 10~* meV.

7.3 Antihydrogen production and antihydrogen
physics

A positron and an antiproton together will form an antihydrogen atom. If low
energy positrons and antiprotons can interact with each other in a nested trap
as discussed in Ref. [7] which consists a series of electrodes, antihydrogen would
be produced [7]. In this scheme, preloaded positrons from a positron moderator
are confined in a harmonic pbtential well with negative potentials on the ring and
compensation electrodes. By positron cooling which is analogous to the electron
cooling described in Chapter 5, antiprotons trapped in the long trap lose energy
while colliding with positrons. Since the potential well for positrons is a poten-
tial barrier for antiprotons, only antiprotons with a kinetic energy larger than the
effective barrier potential energy can interact with positrons and have a chance
of forming antihydrogen. During the antiproton slowing process the recombina-
tion rate is enhanced greatly since the reaction rate is higher when the relative
velocity between positron and antiproton is lower. Two processes would happen
naturally: radiative recombination p+ et ~— H + hv, and 3-body recombination
p+et +et — H +e*. The 3 body recombination process could give very high
production rate at low temperature (about 600 per second per antiproton for a
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positron density of 107/em? at 4.2 K) {] since the rate-temperature dependence

is T-%/? while radiative recombination is 7'-1/2.

Other proposed methods are merging a positron beam or positronium beam
with antiprotons Ps + 5 — H + ¢~ [3]. Antihydrogen physics may include preci-
sion antihydrogen spectroscopy, antihydrogen gravitational mass measurement [6],
and the formation of antihydrogen molecules. Other ideas can be found in Ref.[3].

7.4 Antideuteron

Trapping antiprotons and related studies can be naturally applied in trapping
heavier charged antinuclei such as a.n antideuteron. Conservation of baryon number
requires that antiprotons and antideuterons can only be produced along with their
particle counterparts:

p+p—ptp+Ptp, (7.15)
and

p+p—p+p+d+d. (7.16)
The initial proton energy needed to produce one antinucleus must have a net cen-
ter of mass energy of twice the nucleus mass. For antiprotons produced when fast
protons collide with protons at rest, the laboratory energy of the incident protons
must be above 5.6 GeV. Actually the Berkeley Bevatron was designed at 6 GeV
to exceed this threshold energy for antiproton production. However, if the target
proton is in a Cu-nucleus, it is a moving target because it undergoes Fermi motion.
Antiprotons can thus be produced with 3 GeV protons incident on targets con-
taining heavy elements, but with much lower production rates since only a small
fraction of collisions are head on collisions with the moving target protons. The
higher the incident proton energy, the more the antiparticle yield per proton. Due
to the proton beam energy requirement, it is much more difficult to make heavier
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antiparticles. Antideuteron was discovered in 30 GeV proton-beryilium collisions
at BNL [84]. With 30 GeV protons incident upon protons at rest, the net energy
available is 5.74 GeV which is larger than 2my =~ 4 GeV. Production of fairly large
amounts of antideuteron is feasible. The possibility of building an antideuteron
ring similar to LEAR has been discussed [85}. Many fewer antideuterons would be
accumulated compared with antiprotons since heavier particles are more difficult
to produce. Koch estimated the d/p ratio for a 26 GeV/c primary, 3.5 GeV/c sec-
ondary, in the forward direction to be 4 x 10~° d/p. This gives 200 d per pulse (10?3
p) in a storage ring. With small modifications to the present antiproton production
facility at CERN more than 10® antideuterons per day could be stored and used for
experiments [86]. If those stored antideuterons could be decelerated to the order of
10 MeV, it seems possible to trap and cool a few antideuterons in an ion trap. The
antideuteron energy loss (dE/dx) in matter is the same as for antiprotons of same
velocity. Their energy stragglings in matter are very similar. For example, the 12
MeV antideuteron straggling parameter in Al is 1.4 times that of 6 MeV antipro-
tons {37). The low energy antideuteron yield should be more than 10~*/keV for the
12 MeV beam based on the antiproton test. Therefore, 10? antideuterons per day
could be confined in an ion trap if we assume the slowing and trapping efficiency
is 10~* which has been achieved in our antiproton experiment. The particles in the
trap are suitable for the high precision antideuteron mass measurement, and thus
the antineutron mass and the binding energy in antideuteron (the binding energy

for deuteron is 2.225 MeV).

7.5 Portable antipi'oton source

The movable source of antiprotons could make antiprotons available to a new
research community normally unrelated to the accelerator physics. Portable an-
tiprotons stored in an ion trap and transferred between laboratories has been
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suggested [87]. One big concern is that a very good vacuum is needed to eliminate
antiproton loss by collisions with neutral gases. The long lifetime of the antipro-
tons in an ion trap demonstrated in this experiment shows that the particle loss
could be insignificant during long shipping and waiting periods of several months.

7.6 Summary

Summarizing, energetic antiprotons are slowed down in matter and captured
indefinitely in an ion trap. They reach thermal equilibrium with their surroundings
at 4.2 K via electron cooling or resistor damping. High precision mass comparisons
for antiproton and proton (or electron) in the tra.p- are carried out with a fractional
accuracy of 4 x 10~ which is a 1000-fold improvement in the measured antiproton
mass. Another factor of 100 improvement is sought. Trapped cryogenic antiprotons
are also suited for antiproton-atom interaction studies, anﬁhydrogen production,
antimatter gravitational mass measurements, long time stor;age and transfer. The
great success of trapping low energy antiprotons in an ion trap marks the comple-
tion of the task of confining all the stable charged elementary particles (electrons,

positrons, protons and antiprotons) and opens the way to other intriguing exper-

iments.
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