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2004 Highlights

1. antiprotonic helium laser
spectroscopy:
~10 fold improvement

2. >30,000 antiprotons
@ 250 eV,
slow-extracted over a period of
10s

Multiwire detector
X-Y deflector

SC Magnet
MCP1
f |
s (o OO0 D)
= VA‘lU VAZ || VA3 MCP2
/ TMP1  TMP2 '\
MRT

30 k pbars @ 250 eV
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Energy (a.u.)

Antiprotonic
| Helium lon (2-body)

-3.0-

4. Nuclear absorption
& annihilation — 37

L : orbital quantum number
(of antiproton) R
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1.Laser Transition

® -7
—_— He*
T Antiprotonic
- Helium Atom (3-body)
yield ~3%
= lifetime ~3us

n : principal quantum number T
(of antiproton)

— Metastable states (1 ~ 1 us)
~~  Short-lived states (t < 10 ns)
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Before 2004
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Two theory calculations (/. and M) compared with experiment @
Experimental & theoretical errors ~ 100 ppb

|mp—myg|/mp
A test of CPT invariance. Note that the comparison of the p and p charge-
to-mass ratio, given in the next data block, is much better determined. &
® 7
He™
VALUE CL% DOCUMENT 1D TECN COMMENT
<1.0 x 108 Q0 1 HoRlI 03 SPEC pe— %He and pe— 3He |

e o o \We do not use the following data for averages, fits, limits, etc. ® & ®

From The Review of Particle Physics (2004)
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Antiprotonic helium

Improvements in 2004

AD Phase 1 Before 2004 2004
Natural width 0.1 - 100000 MHz - -
Collisional Shift ~ Z <1 MHz
+~ RFQD

Collision width ~ z ~1 MHz
Doppler width ~500 MHz — Split by ~1/100
Laser band width 800 Hy - <20 MHz
beaware of chirp (pulse amplified CW)
Calibration 10- Hz - ~0

(frequency comb)
Achieved precision 60 ppb 10 ppb work in progress

PRL 87 (2001) PRL 91 (2003)
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Improve laser band width and calibration

MBR-110 (CW Ti:S)

"_ Narrow-band-width CW laser

locked to the freq. comb

Frequency Comb Ca|lbratIOn Frequency lock/scan unit
with atomic clock precision

Chirp compensation /
measurement essential

(Photodiode + log amp

Ininity ‘ + digital oscilloscope)

(Pulsed Nd:YAG) ‘

Pulse amplification: narrow-
band high-power
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2004 result, preliminary

593-nm (505,222 GHz) resonance in helium3

I { PS205 (1996)
— ASACUSA (2002)
H— ASACUSA (2004)

preliminary

| theory 1 (2003)

100 MHz
theory 2 (2003)
< © e N @ @ o o o %
- -— - - — -— Al Al QAl QA (qV]
Al Al QA QA Al QA QA Al Al QA QA
N AN AN N N N N N N AN N
To) {o] [To] Lo Lo Lo Lo To) Yo [Lo] Lo
o o o o o o o o o o o
Yo} To) O [Te) Yo} Yo} Yo} Yo} To) To) Te)

Frequency (GHz)
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status of theoretical calculations

f L : |
-
o
?(no_ yet) |_._|
y HH
A
-50 0 50

(40,35)=(39,34)
(39,35)=(38,34)
(37,35)=(38,34)
(37,34)=(36,33)
(36,34)=(35,33)
(35,33)=(34,32)

(32,31)=(31,30)

(Vih =Vave )/ Vaye (PPD)

A (38,34)=(37,33)

|_._|_ (36,34)=(37,33)

HE— (36,33)=(35,32)

. (34,32)=(33,31)

i (32,31)=(31,30)
-50 0 50

(Vih =Vave )/ Vave (ppb)

s these are predictions, not postdictions

= experimental error bar < +10 ppb (not shown in the figure)

s theoretical errors have become smaller (still need to be improved)
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Expected outcome

to ~ ppb (10-fold
improvement)

a m(pbar)/m(e) may
contribute to the
fundamental constant
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a Antiproton mass measured

1836.15272

1836.15270

1836.15268

mp/me vs CODATA years
" 1~ T T
[ | 20ppb 7]
- —
L 0.46 ppb | l
2.1 ppb
L + L] —
m| | [P O T

2.8 ppb

1985 1990 1995 2000

note: alpha mass/proton mass known to 0.13 ppb
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2004 Highlights

1. antiprotonic helium laser ¢ )
spectroscopy: s
~10 fold improvement

Multiwire detector
] X-Y deflector
2. >30,000 antiprotons SC Magnet
@ 250 eV, f M(llm
slow-extracted over a period of - o e OO 00D
10 s 0 j= VAT U VA2 UVAC% MCP2
/ TMP1  TMP2 '\
MRT
30 k pbars @ 250 eV
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Ultra-slow beam production scheme %

GV1 Gv2 GV3

[y 1MCP1
From e —

; Eﬂ]leDIEIJDDIEEDI
RFQD : VAT vAz VA3 |
CatCh, Degrader foil H MRT extractor electrodes MCP2
COOI’ GV1 closed 200
compress, GV2 closed
GV3 closed
extract 100

SC Magnet

250

a compression of pbar GV1 opened

GV2 closed

cloud in the trap (rotating 6va closed
RF for 100~400 s)

150

annihilation counts

200

GV1 opened
= 30,000 pbars (250 eV) GV2 opened
. GV3 closed 100
delivered to the target
pOSition GV1 opened 0
GV2 opened “ W
i GV3 opened ‘ ‘
a pu|se width ~10 s ~100 0 100 200 300

position (cm)
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Efficiency

#ofpbars | o vl fraction note
AD 3x 107
30%
RFQD 9 x 10°
— 20% per AD shot
Isolation foil 6 X 106
5%
Captured 1.5 x 106
6 4% compression time
Cooled 1.2x 10 1 6 100-400 s
. o
5
Extracted 5x10 1o every 3-5 AD
Delivered 3 X 105 shots
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Part 2

FUTURE
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Spectroscopy | Antiprotonic helium atoms antiproton mass << 10'9
Part I: (=) <ok magnetic moment < 10°>
Continuation
of the
approved
ASACUSA
programme o lonization & atom Use ultra-slow antiprotons
Collision ; .
formation cross section extracted from the trap
Spectroscopy | Antihydrogen ground-state Sensitivity to CPTV
(CPT) hyperfine splitting higher than the K° system
Part II:
Extending
ASACUSA
programme Extend the LEAR
L antiproton-nucleus cross | measurements to much lower
Collision . .
section energies, relevant to
fundamental cosmology




Antiprotonic helium atoms & ions

(eV)
E
T
b
©
IS
I
@
N
+
BN‘"
E\l

= antiprotonic helium atom:
2-photon spectroscopy to eliminate sof / w?
the Doppler width (to reach <<1 ppb) T

Level energy

& antiprotonic helium ion —
free from theoretical errors or / — % 5 He'

& antiprotonic helium atom microwave
spectroscopy: improve antiproton
magnetic moment
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HFS — magnetic moment

— Widmann et al., F—=L-1/2
r [ ) L™ PRL 89 (2002)
: 4oL
Vare
£ ¢l U =L
< v
% I | ASACUSA 2004 1
[i preliminary ‘ T J++ =L+1
v
FraL+1/2 TH o -1
-5 0 5 ‘ electron spin

ntiproton spin
Frequency (GHz) T antip pi

& HFS measurement, 726-nm laser + 13GHz microwave, so far limited by laser
& with the new laser, accuracy improvement possible
a antiproton y known only to 0.3%, ASACUSA 2001 was 1.6%

® |n 2006 we will measure antiproton p to << 0.1%
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Spectroscopy | Antiprotonic helium atoms antiproton mass << 10'9
Part I (CPT) & ions magnetic moment < 10°
Continuation
of the
approved
ASACUSA
programme - lonization & atom Use ultra-slow antiprotons
Collision : .
formation cross section extracted from the trap
Spectroscopy | Antihydrogen ground-state Sensitivity to CPTV
(CPT) hyperfine splitting higher than the K° system
Part II:
Extending
ASACUSA
programme Extend the LEAR
- antiproton-nucleus cross | measurements to much lower
Collision . .
section energies, relevant to
fundamental cosmology

lonization, antiprotonic atom formation

- )

so far deferred, waiting for the phase-3 beam development

Single lonization of He by Antiproton Impact

pA Formation (FMD)

1.0
N 24 T T T T T T T T T 1
TDDFT/OEP-SIC: Tong et al (03)
\CTMC BGM-RESP-2: Keim et al (03) o
BGM-RESP-1: Kirchner et al (01) &
\ MEAOCCT: Igarashi et al (00) CUO 20 __.
0.8 \ MEAOCC2: Lee, Tseng and Lin (00)
MEHC: Bent Krstic and Schultz (98)
M MFIM : Reading, Ford, et al (97) ‘5 g O HE v K r
FIM : N CDW-EIS: Fainstein (94) T
— RS CTMC: Schultz (89)
‘< no cut A L .% 6 <> Xe
= 06 L AN = i
i) MEAOCC] / P 0 \
© TDDFT/OEP-SIC |
5 Py ¢\ 12
2] ~ “y R
» MEAOCC2 / N \ .
a 04 L // \\ 9 8
= #77 Teuts \"
S BGM-HESFL - cowers Ny
7 ~ BGM-RESP-2
sy N\
P - 7 RN 4
o2 7 - / e -
27 - \ iy % 4 -,
MEHC \ 5 e 5
k Upper limit (2a) exp. 2004 hesiallopw 1 L 2
0
| - — — 1 2 3 4 6 6 7 8 9 10N
Energy [keV] Eld:) (au)

at the end of 2004, this point at 10 keV was added using

the trap-extracted beam
- only upper limit, due to lack of time
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ready to run in 2006

Ultra slow
p beam

hydrogen & helium ionization
cross section
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— L %

antiprotonic atom
formation cross section

GasJet ~__
~

~

7 = .
o 2
T
I hﬂ

Spectroscopy | Antiprotonic helium atoms antiproton mass << 10'9
Part I (CPT) & ions magnetic moment < 10°
Continuation
of the
approved
ASACUSA
programme - lonization & atom Use ultra-slow antiprotons
Collision ; .
formation cross section extracted from the trap
Spectroscopy | Antihydrogen ground-state Sensitivity to CPTV
(CPT) hyperfine splitting higher than the K° system
Part Il:
Extending
ASACUSA
programme Extend the LEAR
- antiproton-nucleus cross | measurements to much lower
Collision P — .
section energies, relevant to
fundamental cosmology




pbar-nucleus cross sections at low energies | ag

why A=3 & A=20 no anomaly
O 4 Similar? @higher energy

3 E(MeV)

|

4000

a Use ASACUSA low energy
beams to study
systematics of pbar- 2000 |
nucleus cross sections

3000

Gonn(Mb)

a Relevance for fundamental

1000

cosmology 90T

800

T>70 keV - annihilation Zgg I
before nucleosynthesis,

T<3 keV after 00T

nucleosynthesis s Jirﬁp
SOIIII4IOIIII5I0IIII€»I0IIII7IOIIII80II
Pus(MeV/c)
why A=2 & A=4
%ann less than A=17?
y THE UNIVERSITY OF TOKYO Ryugo S. Hayano

Measurement strategy

Fast valve (10 ms, @ ~1.5 cm)

\ Solid target ( or gaseous target) Beam monitor
V Target tank
& |ow-pressure gas target with a = —
= ——®
fast valve
= reconstruct (and count) Jm
annihilation vertices using a T

Scintillating Fiber Tracker

= ~10 events per shot

~15m

= slightly modified setup can be _
used in the <1.5 keV energy g
region (ultra-slow beam from =
the trap)
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Spectroscopy | Antiprotonic helium atoms antiproton mass << 10'9
Part I (CPT) & ions magnetic moment < 10°
Continuation
of the
approved
ASACUSA
programme . lonization & atom Use ultra-slow antiprotons
Collision : :
formation cross section extracted from the trap
Spectroscopy | Antihydrogen ground-state Sensitivity to CPTV
(CPT) hyperfine splitting higher than the K° system
Part Il:
Extending
ASACUSA
programme Extend the LEAR
- antiproton-nucleus cross | measurements to much lower
Collision . .
section energies, relevant to
fundamental cosmology

3
e

antiproton and positron
Trap / Recombination

R

(%

|

Sextupole |

g

Microwave
Cavity

]

Sextupole I

M

Antihydrogen
Detector

CPTV and LV
terms in the SME
(Kostelecky et al.)

hydrogen
B field

VHFS ~ 1.4 GHz

use atomic-beam
(no trapping)

b s antihydrogen

(i’)/MDM —

me —

a,y* — byysy"”

_ l e )73 . e
2HWO' + ic,

yYEDY +id;, ysy* D"

¢ =0.
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CPTV in the SME framework

(iy*Dy — me —layy* — by ysy"

— %waa"“’ + icy,y*D" + id;,,75y“D”)l/f = 0.

s The CPTV parameters (a & b) of the SME (Kostelecky et al.) are
dimensionful

= Within SME, dm/m comparison of CPTV sensitivity is not meaningful;
must compare energy (frequency)

-18 5

% 5m/m~10"18 of KO system = 10° Hz;

relative accuracy 10" of GS-HFS (~1 GHz x 10
already competitive

4 =105Hz) can be

note: KO (sensitive to a) and GS-HFS (sensitive to b) cannot be directly compared
the numbers above are to illustrate the order of magnitude involved
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TRANSITION FREQUENCY (Hz)
5
L1

10 1012 10
|

Yis0s 21460061 187103 brecidon
10§ 10P 10] { ;
APT(me) [T Vo ety

v experimental
values for
hydrogen

Vos0op

HF

Acerll
AP
Acprl

possible with hydrogen atomic beam T

T T T T T
10718 1020 1922 1024 GeV Approximate CPTV scale




Temperature, velocity, rate (Monte Carlo)

~ 0.0040
>

V=263 m/s
vy, = 406 m/s

T=4.2K
218K V0 Zagomis assume 50K thermal distribution
TRk I me y point source

E 0.0035

0.0030

0.0025

velocity distribution of
20 the transmitted Hbar

Velocity in cavity

dV
F\

25 m/s
VHM

sextupole beamline
optimized for

V =350 m/s
off resonance
line width Bviv=1.6x10"°
efficiency (Q and velocity fraction) e=1x1074
rate ~1/min| rate~x10@ T=4.2K
~x1/2 @ T=150 K
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Why need new Hbar production methods? |gg

= Atomic-beam geometry works best if the source is point like

= | ow temperature is desirable, but relatively high temperatures
(T=50~150K) can be tolerated initially

= Nested Penning trap

typical source size ~ 1cm3 - too large
limited access (optical & extraction), small solid angle, magnetic
incompatibility

= Two-frequency Paul trap
technically challenging, but meets our requirements

a Cusp trap
source size larger, but polarized Hbar beam can eliminate the 1st sextupole
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= RFQD

capture)

production)

& positron source

® SC Linear Paul trap (pbar

= SC two-frequency trap (Hbar

m Sextupole & 1.4GHz cavity

. Pre—amp.
Radiofrequency
Quadrupole
Decelerator B Fre-amp 1

H Amp 2
| Door
1.4-GHz flip cavity
Antiproton catching
linear Paul trap ||
== Two-tone antihydrogen

production Paul trap

Position-sensitive
silicon detector
Positron source

n / (First Point Scientific Inc.)

Sextupole magnet
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Superconducting Linear Paul Trap fg

—I=

£
S

]l
Entrance foil |
= ‘ =2
i
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Return helium

Liquid helium cooling pipe

LHC heat exchanger

Ti superfluid helium bath

Superfluid cooling

RF stems

Einzel lens

= This model will be tested using
protons

= Cooling to superfluid 1.6 K

= demonstration of resistive cooling
is essential

copper
model
(version 5)

Ryugo S. Hayano




11000 nm laser 377 nm (886 nm)

injection 7 injection

\\\\\\\\\

= two-frequency trap (3GHz to confine positrons, 2MHz for antiprotons)

& Good laser access - point-like source, opening, no Zeeman splitting, efficient
stabilization to the ground state
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Antihydrogen production in the two-tone trap %

1): Antiproton injection 2): Antiproton trapping
by 2 MHz RF field

I '//@& 250
N7 1 /

100 K cut-off

4): Positron trapping
by 3 GHz RF field

100
200 K cut-off

ul
o

RF ionization cut-off

Time until all atoms in 1s or 2s state (microsec)
o

Hbar beam

o

5 10 15 2(
Principal quantum number n

5): Antihydrogen production
and extraction

Only ground-state (or 2s) antihydrogen
are emitted
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An alternative method (cusp trap) under study

focusing sextupole
solenoid magnet

cusp trap \ \

IC

el |ie ]

T

microwave /

cavity

| B N——

™

H detector

electron
MRT emitter

7 ﬁ
7—) i D:I%[.@H[HI:IH
p from

RFQD MUSASHI Trap B
(catching & cooling of p)
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Beam Usage, 2006

Experiments discussed in Part I

Measurement Number of weeks
Spectroscopy
p He two-photon spectroscopy, p He ion (Part I, Sect. 1.1,1.2) 4
p He hyperfine splitting (Part I, Sect. 1.3) 4
Atomic collision
Tonization cross section (Part I, Sect. 2.3) 4
D A (Sec. 2.2) 3
Subtotal 15

Experiments discussed in Part II

Nuclear cross section (5 MeV beam: Part II, Sect. 2.2.1) 2
Antihydrogen GS-HFS (Part 1T, Sect. 1.1)
Paul trap commissioning 2
Cusp trap commissioning 2
Subtotal 6
Total \ 21
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