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1927 Dirac predicts the anti-electron
1931 Anderson registers positrons from cosmic rays
1955 Discovery of the Antiproton at the Bevatron
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Pbar:
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W 131+ 22 “Golden Events”
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a) Degrading | Solenoid - B =3 Tesla
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Electron Cooling in ATHENA
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Y ATHENA

Accumulated positrons vs time
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PLASMA MODES DIAGNOSTICS Submitted to Phys. Rev. Lett.
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Plasma Modes Measurement during Mixing  Hidaki' s suggestion

[  No significant changes
i in e+ plasma shape due

ﬂ%
T to pbar injection

ML e gamma detector rates

[ _ consistent with hbars
T il
i e No evidence for

°r anomalous plasma
[ transport due to pbars

Fositron Plasma Aspect Ratio

D_I | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
8] B0 100 150

Time (=)
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n=1

Energy-momentum conservation requires 3" body

Cross-section [cn¥]
Rate T dependence
Final quantum state
Stability (re-ionization)
Expected rates

Radiative
1016 (1 k)
T05
n<10
high
~10s Hz

Three-body

107 (1K)

T-45-> dabilization
n>>10

low
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Operated ét 140K, 3T, small space
e Si microstrips: 2 layers ~8000 ch
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Antiproton Annihilation (example)

- into three charged particles

hits on strips (r-phi) and pads (z) , inner/outer layer
3 crystals hit by tracks

vertex reconstruction s~ 3-4 mm (curvature @ 3 T)




Event Display 3D Image of pbar annihilation

2
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V Pha Imaging: L ocaliized anniniiations

to be submitted to Phys. Rev. Lett.
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Antiprotons and electrons

\ Late times /
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Powerful plasma and loss diagnostics !
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Amoretti et al., Nature 419 (2002) 456
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Nature, September 18, 2002

advance online publication letters to nature

Production and detection of
cold antihydrogen atoms
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A theoretical underpinning of the standard model of fundamen-
tal particles and interactions is CPT invariance, which requires
that the laws of physics be invariant under the combined discrete
operations of charge conjugation, parity and time reversal.
Antimatter; the existence of which was predicted by Dirac, can
be med to test ihe CPT theorem—experimental investigations

arisons of particles with antipartides are numer-

drogen annihilation detector. All traps in the experiment are
variations on the Penning trap®, which uses an axial magnetic
field to transversely confine the charged particles, and a series of
hollow cylindrical electrodes to trap them axially (Fig. la). The
catching and mixing traps are adjacent to each other, and coaxial
with a 3T magnetic field from a superconducting solenoid. The
positron accumulator has its own magnetic system, also a solenoid,
of 0.14T. A separate cryogenic heat exchanger in the bore of the
superconducting magnet cools the catching and mixing traps to
about 15K. The ATHENA apparatus” features an open, modular
design that allows great experimental flexibility, particularly in
introducing large numbers of positrons into the apparatus—an
essential factor in the current work.

The catching trap® slows, traps, cools and accumulates antipro-
tons. To cool antiprotons, the catching trap is first loaded with
3% 10* electrons, which cool by synchrotron radiation in the 3T
magnetic field. Typically, the AD delivers 2 % 107 antiprotons
having kinetic energy 5.3 MeV and a pulse duration of 200 ns to
the experiment at 100-s intervals. The antiprotons are slowed in a
thin foil and trapped using a pulsed electric field. The antiprotons
lose energy and equilibrate with the cold electrons by Coulomb
interaction. The electrons are ejected before mixing the antiprotons
with positrons. Each AD shot results in about 3 % 107 cold anti-
protons for interaction experiments.
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GEoelden Event

Golden Event Selection

1804 @ Cold mixing Hbar
A Hot mixing aPprox. cut
160 ‘ ~500 ..
«— 131+ 22 Golden =0% efficiency
o Events Charged
£ Vertex
@

Opening Angle
(2x 511 keV Q)

-1 -0.5 0 0.5 1

Golden Events

cos( Qg

4l ~10%

o o

Tota: ~0.25%

m Very restrictive cuts: threw away >99.7% of events
m Can we make connection between Hbars and V ertices?
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g undetected Flat part isalso Hbars

/I\

Mounte Carlo

il

3T
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Hbar only

N\
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cos fl..

Csl crystals g dndetected

Hbar event can have >two 511keV gs, but not all are detected (eff. ~20%)
e.g. one g from pbar->pion shower, another gfrom e* in Hbar:

can give opening angles, cos(q,) * -1
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Fit Input MC Fit Result
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Cold Mixing Hot Mixing

Cold Mixing

- Signal ~60%; background ~40%
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Hbar (MC) BG (Hot Mix)
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Pbar vertex R distribution (cm)

ATHENA

Cold Mix Data

Fit Result
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v (Preliminary

ggopening angle

Vertex XY distribution Hbar fraction in during mixing
Vertex R distribution (ave. over 180 sec)
Two geventsyield ~65+ 10 %
Charged trigger yield

~700k reconstructed vertices 2> ~400k Hbars

In 2002, ATHENA produced
~ One Million Hbars!
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Initial hbar rate
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T dependence gives information of formation mechanism
e.g. radiative vs 3-body formation
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No heating 15 meV heating

High statistics for:

1) no heating
“COLD MIXING”

2) DT: 15 = 15 meV
~175 K

3) DT: 43 = 17 meV

0 500 1000 1500 2000 2500 3000 ~5OO K

4) DT: 306 = 30

E :43 me\f!wating : E § : :306 meV:heating : meV
c ' ; : 350;_ ............... ............... ............... —3500 K
m_ _____________ ________________ ________________ _______________ _______________ _______________ “HOT MIXING”

150_ _______________ _______________ _______________ Very different
) SRR SR S T S S trigger rate
behavior
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ATHENA
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HASTempeEratlredependence

ATHENA
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RF heating of e* to switch off formation

sy ANNLNg
. Heat On —E Heat On
: o

Vertex Z position
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Heat OFF
(Hbar ON)

Heat ON
(Hbar OFF)

ATHENA

(dN/dR)/R
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Vertex radial distribution (cm)
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Trigger counts

Trigger counts

Trigger counts
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Rise time contains Physics
» Positron Plasma Cooling time

Heat On/Off every 3 sec

ATHENA

Time =Y

» Hbar formation temperature
dependence
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ATHENA
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ATHENA
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W Positron temperature evolution:

dT.
d: = t1 (T Tf'”)

Cc

& 0
T, =T expg ot T
tcﬂ

fin

B Hbar rate: fit with
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X 2xt0 O
R(t) =bkgd +norm” T, éex —:
c g
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Viiedulatren el Hpvar Predlciion

m H eat OFF:E I H[ * Fits suggests ~T"(-1) scaling
e | _— » Synch. Cooling ~ 0.4 sec
%m 3860K  Final Temp ~ 100 k

!  P.O. Fedichev

- Phys. Lett. A. 226 (1997) 289
B T-08 for stabilized Hbar from 3-

200

: | Heat OFF body recommbination
% Tinit™
i 15000k * B. Zygelman
J. Phys. B 36 (2003) L31
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B &8 &8

g

Number of vertices

Vertex Z Distribution

:

, * Detected Antihydrogen:
. ~isotropic

S strip detectors ™, T

§ Charged tracks  Someradial component
A
2.5 .I'.'fl'l'l ‘—“

‘ JA'H—' possible

| * Focused “ beam” excluded
¢, Mixing trap electrodes

ATHENA Kyoto University, May 26, 2003



75 miillion

To be submitted Phys. Rev. Lett.
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Y PET lmaging of Positron Plasma

Simulations

[ R e
Mant= 1856 Nent= 1187

|y

Hant= 28003
Waan 1= 0.88
Moan = 0.85
T = 1.13
ey = 1.12

= =

§ an1=0.874 8
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- RFQ x

— “In-beam”

— ASACUSA

_ BEC
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3 photon ionisation

Two laser ionization

Ea ‘
v v Dye Laser (243 nm):
243 nny 364 nm P =40 mW (243nm)
Ar* Laser:
243 nm P(363.8+351nm) = 700 mW

Rates depend on interaction time,

243 nm H production rate, but are small.

H must be in 1S state!

ATHENA

Kyoto University, May 26, 2003



Stimulate hbar formation from continuum

2-step process (reduces required power)

continuum->nd ; followed by nd->2p

3d: 820 nm 3d =>2p: 656 nm
Pulse 4d: 1459 nm 4d >2p: 486 nm
5d: 2279 nm 5d 22p: 434 nm

CW 11d: 11.1 mm 11d->2p: 377 nm

challenging

ATHENA Kyoto University, May 26, 2003




Charge quantization, (anti)matter neutrality

— Experimental fact (cf. anomaly cancellation)
— Put in*“ by hand” in the Standard Model

Limits on |do/q|
posi troni num N

—[e_

I,, « | 2body

Direct

atoms » pe He atom 3 body calc.
105 <6 108 ‘j— needed

@

SF6 gas
10 21

+—>

N'OI T
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Based on H, molecular beam

‘ measurement by Zorn, Hughes et al.

Force F by thefield E
F=qE+N(d E)+ /6N(M, NE)+

||||||||

Reversing the field sign, 2nd term
cancels. (39 term small)

rha  af :::rn: ;:II:::“" -""I q < 10-15 - 10-16

ATHENA Kyoto University, May 26, 2003



Atom laser with BEC at JILA, MIT

" totally visionary”
“merely very difficult”

D. Kleppner, 1992

ATHENA Kyoto University, May 26, 2003




= ATHENA

O (preliminary):
— ~1 Million
— > 100 Hz

N

[
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