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1)   Low energy anti-hydrogen atoms (    ) 
 

  ground state hyperfine splitting in the field free region 
  high Rydberg atoms 

 

2) 　Low energy antiproton beams , positron beams 
  charged particle confinement, trap based beams 
   rotating electric field, nondestructive measurement 
  (for atomic physics, beam physics and plasma physics)         

 

3)   Experimental scheme to produce      beam        
  low energy     beam and e+ plasma 
  mixing antiprotons and positrons in the cusp trap 
   for the production of      beam  

 

4)   For the hyperfine spectroscopy of  
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Why matter dominates antimatter in the universe ?	



Brief history 

1996 : Very high energy antihydrogen atoms at Low Energy Antiproton Ring (LEAR) 
 Phys. Lett. B 368 (1996) 251 

1998 : Atomic Spectroscopy And Collisions Using Slow Antiprotons (ASACUSA) 
1999 : Antiproton Decelerator (AD) in operation 
2002 : Low energy antihydrogen atoms synthesized in nested Penning traps 

 Nature 419 (2002) 456 (ATHENA),  Phys. Rev. Lett. 89 (2002) 213401 (ATRAP) 
2005 : Low energy (100~1000eV) antiproton beams from MUSASHI 

 Phys. Rev. Lett. 94 (2005) 023401 (ASACUSA_MUSASHI) 
2010 : Trapped antihydrogen in Ioffe-Pritchard trap 

 Nature 468 (2010) 673 (ALPHA) 
           Low energy antihydrogen atoms synthesized in a Cusp trap 

 Phys. Rev. Lett. 105 (2010) 243401 (ASACUSA_MUSASHI) 
2012 : Hyperfine transitions in trapped antihydrogen atoms in 1T (Δν/ν~ 4x10-3) 

 Nature 483 (2012) 439 (ALPHA) 
2014 : Low energy antihydrogen atoms detected at field free region 

 Nature Communications 5 (2014) 3089 (ASACUSA_MUSASHI) 

Our purpose is to measure the hyperfine transition in a field free region	



Low energy (anti-)hydrogen atoms (level diagrum) 

experiments (Hz)	 Δνexp /ν	 |νtheory-νexp |/ν	
ν1S-2S	 2,466,061,413,187,103(46)	 1.7 x 10-14

	 1 x 10-11
	

νHFS	 1,420,405,751.768(1)	 6.3 x 10-13
	 (3.5+0.9) x 10-6
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Schematic of the experimental setup 

Rabi-type atomic beam spectroscopy with magnetic field gradient 	



Low energy anti-hydrogen atoms (How?) 

A low temperature, high density positron plasma is favorable  
for the effective production of anti-hydrogen atoms	

radiative recombination :	

three body recombination :	

collisions with Ps :	 −+→+ eHPsp

2/1, −+
+∝+→+ TnhHep eσν

2/92, −+++
+∝+→++ TneHeep eσ

Although the cross section is large, positronium life time is too short.	

When the positron density is low, this process is important	

Due to the strong dependence on the density and temperature of e+, 
three body recombination is the dominant process at ~108cm-3, ~10K	

[4] M. E. Glinsky and T. M. O’Neil, Phys. Fluids B 3 (1991) 1279.	



How to produce       (Low energy antiproton beam) 

 In Antiproton Decelerator (AD) at CERN, unique low energy antiproton 
(   ) beams of 5.6 MeV have been delivered for physics experiments. Furthermore, 
the RFQ decelerator (RFQD) dedicated for Atomic Spectroscopy And Collisions 
Using Slow Antiprotons (ASACUSA) collaboration enables the use of 100 keV 
pulsed    beams for experiments.  What is more, Mono-energetic Ultra Slow 
Antiproton Source for High-precision Investigations (MUSASHI) in ASACUSA 
can produce pbar beams with the energy of 100 to 1000 eV. Since the successful 
extraction of 250 eV    beams reported in 2005, continuous improvements on beam 
quality and equipments have been conducted. 
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LINAC2     50MeV proton 
à PSB     1GeV proton 
à PS  26 GeV/c  1013  proton 
à Production target for AD 

[10] N. Kuroda, H. A. Torii, K. Y. Franzen, et al., Phys. Rev. Lett. 94, 023401 (2005). 



RFQD	

Production target 
à3.5GeV/c  ~5x 107 pbar  stochastic cooling 
à2 GeV/c   stochastic cooling 
à300MeV/c   stochastic cooling & electron coolling 
à100MeV/c(~5MeV) ~ 3x107 pbar pulse from AD (~100s cycle) 
à100keV  < 1x 107 pbar with RFQD 

How to produce       (Low energy antiproton beam) 
AD to RFQD 
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RFQD + MUSASHI 

RFQD MUSASHI 
B = 2.5 T f ~ 200MHz 

2MW,0.5ms 



How to produce       (Low energy antiproton beam) 
MUSASHI trap 

100keV  < 1 x 107 pbar with RFQD 
àdegrader foil   
à< 13 keV pbar confined in the trap 
à< 0.1 eV ~106 pbar    electron cooling	
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Multi-ring trap	

A harmonic potential can be produced 
in an axially long volume, which is 
necessary for the feasible e-cooling 
time of ~ 106 pbar	
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The axial resonance frequency for antiproton	
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[10] N. Kuroda, H. A. Torii, K. Y. Franzen, et al., Phys. Rev. Lett. 94, 023401 (2005). 
4 x 108 electrons for electron cooling in 40s	



How to produce       (Low energy antiproton beam) 
Tank circuit signal with 3AD shot accumulated in MUSASHI 

H

If necessary, the axial harmonic 
oscillation of trapped antiprotons 
can be monitored. 
 
After electron kick out, rotating 
electric field is applied to increase 
the antiproton beam intensity.	



Rotating electric field to control the beam intensity  

“ Steady-State Confinement of Non-neutral Plasmas by Rotating Electric Fields “ 
    X.-P. Huang, F. Anderegg, E. M. Hollmann, et al., Phys. Rev. Lett. 78 (1997) 875. 

Mg+, rp ~ 1cm, Lp ~ 10 cm, B = 4T 
resonance with rigid rotation 	



trap based beams	

Phys. Rev. Lett. 85 (2000) 1883	

B	

Phys. Plasmas 11 (2004) 2333	

Rotating electric field for trap based beams (examples) 



2 x 10  e+/ 30s,  
<1eV	

5	

How to produce       (Low energy positron) 
Positron pre-accumulator 

H

2.5 T magnetic field	

0	 500	



Transport  
efficiency  
~ 60 % ?	Pulse excitation ~ 800 G	

How to produce       (Low energy positron) 
Trajectory calculation for e+ transport section 

H



MUSASHI (    )	p
CUSP trap	

e+ pre-accumulator	

27mCi 22Na RI source	

     detector	H

How to produce 
ASACUSA-MUSASHI experimental setup in 2010 
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3 x 10  pbar 
(< 20 eV)  

5 

6 x 10   positron 
(<0.1eV, ne+~108cm-3) 

6 
CERN PS (3.5GeV/c, 5 x 10  ) 
AD (5MeV, 10  ) 
RFQD (100keV, 5 x 10  ) 
MUSASHI  
       (150eV, 5 x 10  ) 

7 
6 

5 

7 

27mCi    Na  
      (<100keV, ~109 /s) 
W moderator, N2buffer gas 
      (<3 eV, ~106 /s) 
Pre-accumulator  
      (100eV, 2 x 105 /30s) 

22 
positron 

antiproton (pbar) 
CUSP trap 

How to produce        
Specifications 
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6 x 10  e+/ 60 shot, 
 < 0.1eV 
6	

~ 100eV e+ pulse	

~ 150eV     pulse	

Cusp trap 

How to produce        
Mixing in the Cusp trap in 2010 
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w/o e+	

w/  e+	

with n > 25	H



6 x 10  e+/ 60 shot, 
 < 0.1eV 
6	

~ 100eV e+ pulse	

~ 150eV     pulse	

Cusp trap 

H produced in a grad B ! 

How to produce        
Mixing in the Cusp trap in 2010 
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w/o e+	

w/  e+	

with n > 25	H



6 x 10  e+/ 60 shot, 
 < 0.1eV 
6	

~ 100eV e+ pulse	

~ 150eV     pulse	

Cusp trap 

H produced in a grad B ! 

How to produce        
Mixing in the Cusp trap in 2010 
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w/o e+	

w/  e+	

with n > 25	H



Setup with a new e+ source in 2011 

Pre-accumulator 

Cusp trap 

B = 0.3 T 

B = 2.7 T 

> 6 x 107 positrons in the CUSP trap	

Na22 e+ source with 
solid Ne moderator	



MUSASHI(pbar) + positron source + Cusp trap in 2012 

Nature Communications 5 (2014) 3089	



Nature Communications 5 (2014) 3089	

Antihydrogen signals at FI trap in CUSP and the end detector 

“Driven Production of Cold Antihydrogen …”,  
Phys. Rev. Lett. 89 (2002) 233401	

Antihydrogen atoms (n<29) are detected  
at the end of the spectrometer line	

Production rate was improved  
with the use of RF drive	



Summary 

1)  Low energy anti-hydrogen atoms are currently investigated by 
“ALPHA”, “ASACUSA” and “ATRAP” at AD, CERN to obtain new 
physics results. (AEGIS, BASE, GBAR, …) 

2)  Non-neutral positron plasmas play crucial roles for the production of       
and their control is important for the higher production rate  

3)        atoms in quantum states below n < 29 are detected at 2.7 m 
downstream from the production point. 

4)  Although       from the Cusp trap were detected in a field free region,  
the improvements of beam quality is necessary for experiments. 
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We thank AD members at CERN 
for providing antiproton beams	


