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The Question 

+ - 

How could I possibly work in Denmark  
and not want to know the answer to this?  
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Motivations in Brief 

• Tests of fundamental symmetries by applying precision atomic 
physics techniques to anti-atoms: 

• CPT violation? 
• Lorentz invariance violation? 
        Physics beyond the Standard Model? 

• (Anti)-Gravity - no current experimental effort in ALPHA, but 
success in ALPHA suggests possibilities for long-term work – 
see Makoto’s talk tomorrow 

The initial physics goal of ALPHA was to TRAP antihydrogen atoms, 
so that they can be studied in detail. 
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The dream - Antihydrogen Spectroscopy 

1s-2s two-photon spectroscopy  

•  Doppler effect cancels 
•  High precision in matter sector 
•  test of CPT theorem 

“Hänsch Plot” 

If antihydrogen can be trapped, any type 
of spectroscopic measurement can be 

contemplated 

f(1S-2S) = 2 466 061 102 474 851(34) Hz  -  Hänsch group 
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€ 

  CERN (LEAR-PS210): Baur et al., 1996, gas–jet experiment in LEAR 

  Fermilab (E862): Blanford et al., 1998, gas-jet experiment at FNAL Accumulator 
  

€ 

p + Xe− > H + e− + Xe

  

€ 

p + H− > H + e− + H

  

€ 

γ = 2.3

  

€ 

γ = 9.5

11 atoms observed 

57 atoms observed 

  CERN (AD-1): Amoretti et al., Sept. 2002 

ATHENA produces and observes first cold 
(< eV) antihydrogen atoms by mixing cold 
antiprotons and positrons in a Penning trap.  

~50000 atoms produced 

  CERN (AD-2): Gabrielse et al., Oct. 2002 

~170000 atoms produced 

M. Amoretti et al., 
Nature 419, 456 
(3 Oct 2002) 

A Brief History of Antihydrogen 

ATRAP confirms observation of 
antihydrogen atoms, indirect detection. 

  CERN (LEAR-TRAP Collaboration): pioneering work on trapping, cooling 
of antiprotons; proton/antiproton mass comparison  
(to 1996, LEAR closed) 
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€ 

  CERN closes AD for 1.5 years because of LHC construction: November 2004 
(ATHENA dissolved and ATRAP I finishes operation) 

  ALPHA proposed (former ATHENA groups + new partners): January 2005 

A Brief History of Antihydrogen II 

  ALPHA approved by CERN: June 2005 

  AD restarts, ALPHA operational: June 2006 

  First ALPHA PRL: January 2007 

 ALPHA first to trap antihydrogen: November 2010 

 ALPHA confines antihydrogen for 1000 s:  June 2011 
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The CERN AD 

Simon van der Meer 
1925-2011 
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How do you make antihydrogen? : ATHENA 2002 

Positron Accumulator

Antihydrogen
Detector
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Capture Trap Mixing Trap
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Si strip
detectors
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Antiproton Accumulation &
Mixing with positrons

e+3 T superconducting solenoid
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ATHENA Detector 
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131± 22 Golden 
Events!
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Cold 
Mix 

Hot 
Mix 

Amoretti et al., Nature 419 (2002) 456 
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ALPHA Strategy (from 2005) 

• Produce cold antihydrogen at the minimum of a minimum-B trap 

• Get rid of the remaining charged particles 

• Shut off the atom trap as quickly as possible 

• Detect the antiproton annihilation from released antihydrogen with a position sensitive 
annihilation detector 

• Use event topology to reject cosmic rays 
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Why is this difficult? 

• Keep in mind: 1eV of kinetic energy is about 12000 K 
• The antiprotons are captured at 5 keV 
• Typical spacecharge energies of plasmas are a few eV 
• The trap for neutral antihydrogen is 0.5 K deep 

One-component plasmas in equilibrium rotate at a constant 
angular frequency. The velocities associated with this rotation 
are of just as much concern as thermal velocities, as far as 
trapping is concerned.   Not obvious that high positron number 
and density desirable - sometimes less is more. 
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ALPHA Apparatus -antihydrogen trapping 

Successor to ATHENA 
Flexible magnetic design: catch antiprotons at 3 T; mix with positrons at 1 T to allow deeper neutral trap depth 
Octupole transverse field for minimum perturbation of trapped charged plasmas (antiprotons and positrons) 
Silicon vertex detector a la ATHENA (2007/2008) 
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The ALPHA Approach: higher-order multipole 

quadrupole 

octupole 
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Octupole Fabrication at BNL 

• Magnets wound directly on 
 vacuum chamber (1.25 mm wall) 
• No metals in support  
 structure: epoxy/fiber 
• High SC/copper ratio cable 
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QPS and Rapid Shutdown 
• Hardware patterned after G. Ganetis – IGBT switch to dump resistors 
• Signal conditioning hardware from CERN LHC test chain 
• Home-made FPGA QPS 
• Taps on magnets, vapor cooled leads, and SC leads 
• Magnets quench when shutting down – have survived several 103 cycles of this 



Antimatter and Gravitation  9 October, 2011                     J.S. Hangst - Aarhus University 

ALPHA Silicon Vertex Detector 

3-layer, double-sided modules 
Detect antiproton anihilation (not e+) 
Fabricated by U. Liverpool 



Antimatter and Gravitation  9 October, 2011                     J.S. Hangst - Aarhus University 

Topology 

… not much going on here 

Typical antiproton annihilation Typical cosmic ray 
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• 30000 antiprotons at 360 K 
• 2 M positrons at 70 K 
• Inject antiprotons autoresonantly 
• Mix for 1 s 
• Eject trapped charged particles 
• Pulsed fields to clear any mirror-
trapped pbars 
• Fast shutdown of trap magnets (9 ms) 
• Look for annihilating pbar from hbar 
• Was it really a neutral? Compare to 
simulations 

The Experiment -2009 

Trap antihydrogen in magnetic minimum trap 
Trap depth ~ 0.5 K 
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2009 Data 

In 212 trials, six events consistent with trapped antihydrogen and inconsistent 
 with mirror trapping simulations – but more experimental work needed. 

PLB article deals with pbar identification, cosmic background, and mirror trapping  
physics 
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• 30000 antiprotons at 200 K 
• 2 M positrons at 40 K, evaporatively 
cooled 
• Inject antiprotons autoresonantly 
• Mix for 1 s 
• Eject trapped charged particles 
• Pulsed fields to clear any mirror-
trapped pbars 
• Fast shutdown of trap magnets (9 ms) 
• Look for annihilating pbar from hbar 
• Was it really a neutral? Apply bias 
electric fields during shutdown. 

The Experiment -2010 

Trap antihydrogen in magnetic minimum trap 
Trap depth ~ 0.5 K 

New control experiment – heated positrons (ATHENA) 
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The Result 

HBAR simulation 

left bias 
right bias 
no bias 

PBAR simulations 

1 event with heated positrons 
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Conclusion from 2010 Run 

38 annihilations in 335 attempts 

Total background 1.4±1.4 events, including cosmic of 0.46±0.01 events – heated positrons 

Bias fields prove that the annihilations are not mirror trapped pbars 

Trapped antihydrogen for at least 172 ms. 
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Trapped Antihydrogen 

Published online in Nature, 17 November 2010 

Physics Breakthrough of the Year, 2010 Physics World (UK) 

One of the top ten physics stories of 2010 - American Institute of Physics 

Most clicked-on story on Nature website for all of 2010 
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"The very fact of a proof-of-
principle demonstration of wall-
free confinement of even a small 

number of antimatter atoms has an 
intrinsic philosophical value." 
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TOTAL SAMPLE – 2010 – you can tweak 38 

(300+ annihilation events) 
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Latest result: ANTIHYDROGEN STORAGE TIME  

Nature Physics, 5 June 2011 
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Release dynamics of trapped antihydrogen 

• Working assumption is that trappable hbar 
is formed  from pbars in equilibrium with the 
positron plasma  

• Energy scales:   pbars           ~200 K 
                            positrons      ~ 40 K 
                            trap depth    ~ 0.5 K 

• Much can be learned from position-
sensitive detection – listen to Makoto’s talk 
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• Published online 5 June 2011  
• First ground state antihydrogen 
• Important implications for future spectroscopy and gravitational studies, laser 
  cooling? 
• More press circus… 
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Cover of Nature Physics – July 2011 
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What’s Next?  

• Improve trapping efficiency: as high as ~1 event per attempt now 

• Continue to investigate storage lifetime: but rather boring 

• Try to interact with hbar using microwaves – focus for 2011 – first resonant 
interaction with antihydrogen; run started May 9th 

• Working on design of next-generation device (laser and microwave spectroscopy) for 
  2012 run – ALPHA 2 

• CERN will close the accelerator chain in 2013 for an indeterminate amount of time 

• CERN Research Board recently approved a new project, ELENA, to decelerate 
further, to 100 keV  
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ALPHA – present and future 
2011 Run 

• studies of trapped antihydrogen (rate, plasma 
parameter dependence, stability, etc.) 
• attempt to interact resonantly with antihydrogen: 
positron spin flip driven by microwaves 

• 2012 and beyond: a completely new device – 
ALPHA-2 

• CERN will close the accelerator chain in 2013 for an 
indeterminate amount of time 
• CERN Research Board recently approved a new 
project, ELENA, to decelerate further, to 100 keV  
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The ALPHA-2 Atom Trap 

Solenoid 

Booster 
Coils 

Solenoid Support 
Tube 

Mirror 
Coils 

Octupole 

Mirror Coil Support 
Tube 

Winding 
Form 
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Antiproton catching  
and accumulation 

Positron accumulation 

Atom trap region 

Liquid helium cooled solenoid 
Cryo-free solenoid 

ALPHA-2 : separation of functions 

access for lasers and microwaves 
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 ALPHA-2 Features 

• Modular design: separate antiproton catching region from the “atomic physics” section 

• Capable of  accumulating antiprotons whenever they are available; use them when needed – 
possible 24 hour operation with pbars even before ELENA 

• Could feed two devices – ALPHA-3?; ELENA will only require mods to one section when 
she arrives 

• Magnets again from BNL – octupole, five mirror coils, and two solenoids – in progress 

• Utilize LHC HTSC leads to minimize helium usage 

• Multiple mirror coils for Hbar manipulation, field tailoring 

• Access for multiple lasers; buildup cavity in vacuo 

• Rapid charging solenoid for microwave experiments 

• New positron source end 

• Reconfigured silicon detector; added scintillator layer, cosmic veto 
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Timing: get this built for the 2012 run 

Important to get as much experience as possible before the 2013 shutdown 

Longer term: studies of gravitation using trapped Hbar and position 
sensitive detection look feasible – early discussions about this  
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Antihydrogen Physics Summary 
• More than 20 years of effort – no physics yet… 

• Trapped neutral antimatter in 2010 – lots of fun, great relief 

• First precision spectroscopy of antihydrogen in ~ 5 years 

• I have been telling funding agencies this for ~ 15 years 

• One front-page story in the New York Times, one best-selling novel, one 
hit movie (what’s the impact factor?), physics story of the year twice 
(various outlets); live on Al Jazeera…; cover of Nature Physics  

• No matter what Dan Brown, Hollywood (or CERN, or Fermilab, etc.) 
may tell you, the trapped antimatter at CERN is at the Antiproton 
Decelerator, and has nothing at all to do with the LHC 


