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Crystalline Beam Study with Andy Sessler 



§ Introduction – remembering Andy as our mentor, role model, 
colleague, and friend 

§ Crystalline beam in storage rings 
§ Condensed matter methods for the beam rest frame 
§ Towards ultra low temperature 
§ Summary 
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Andy Sessler in Muir Woods, California, 1993 
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§ Low (i.e. à zero) emittance frontier of particle beams 
§ Highest possible beam density 
§ Extremely high luminosity colliders (e.g. for rare isotopes) 
§ Rich fundamental physics of a new state of matter 

What Are Crystalline Beams Good For? 
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§ 1979: Novosibirsk group saw anomaly in e-cooled proton beam  
• Dementiev, Dikansky, Medvedko, Parkhomchuk, D.V.Pestrikov, Skrinsky …   

§ 1984: Parkhomchuk conceived the concept of crystalline beams  
§ 1985: Schiffer, Rahman, Hasse et al started theoretical study with the molecular 

dynamics method and laser cooling experiments 
•  Kienle, Habs, Hasse, Avilov, Hofmann, Hangst, Poulsen … 

§ 1987: Diedrich et al; Gilbert et al; Walther … experimental observation of Coulomb 
crystals in various kinds of traps 

§ 1992: Wei, Li, Okamoto, Sessler obtained conditions for crystallization, 
maintenance, and cooling in actual storage rings 

§ More current works:  
•  TSR and ASTRID groups on experimental laser cooling 
• Okamoto et al on theoretical study of 3-D laser cooling 
• GSI group (Steck et al 1996) observed 1-D ordering in ESR beam 
• CRYRING (Danared et al 2002) 1-D ordering observed 
• Noda, Ikegami, et al on S-LSR: 1-D ordering and dispersion-free ring 
• Meshkov, Katayama, Moehl et al on colliding 1D strings for rare ions 
• Colliding crystals and storage ring lattice with high/imaginary transition energy 
•  Further work with traps including at PALLAS and at Hiroshima University 

A Brief History 

J. Wei, X.-P. Li, H. Okamoto, COOL'15, THZAUD01, JLab , Slide 5 



NAP-M and Electron Cooling 
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G.I. Budker, Atomnaya Energiya 22 
(1967) 346;  
A.N. Skrinsky, V.V. Parkhomchuk, 
Sov. J. Part. Nucl. 12 (1981) 223 



NAP-M Observation, 1980 
Anomaly in the Proton Storage Ring with Electron Cooling 
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E.N.Dementiev, N.S. Dikansky, 
A.S. Medvedko, V.V. Parkhomchuk 
and D.V.Pestrikov, Zh. Tekh. Fiz. 
50 (1980) 1717; 
V.V. Parkhomchuk, Proc. 
Workshop on Electron Cooling and 
Related Applications, KfK 3846 
(1984) 71  



D'Artagnan et les Trois Mousquetaires  
in the NAP-M control room, Russia, 1975 
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V. Parkhomchuk, A. Skrinsky, I. Meshkov, and N. Dikansky  



Electron Cooling Team at BINP, 1976 
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I. Meshkov, B. Sukhina, D. Pestrikov, V. Ponomarenko, 
V. Parkhomchuk, N. Dikansky 



§ Gilbert, Bollinger, Wineland: Nature, Vol. 357, 28 May 1992 

Coulomb Crystals Observed in Traps 
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§ Stationary 24Mg+ ions 
§ Table top trap 
§ Multi-layer structure observed 
§ Structure in agreement with 

classical prediction 

RFQ Ring Schematic Layout 
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31st Workshop of the INFN Eloisatron Project on Crystalline 
Beams and Related Issues, Erice, Italy, 1995  
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J. Wei, A.G. Ruggiero, A.M. Sessler, J. Hangst, and J. Schiffer 



§ Equations of motion in tensor form 

• Covariant differentiation 

§ EOM in the laboratory frame 
 
 
• Time track of a circulating reference 

particle 

• Transformation of variables 

§ EOM in the rotating beam rest frame 

General Relativity Derivation of EOM 
To Rigorously Adopt Condensed Matter Methods 
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Beam Rest-frame Hamiltonian 
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§ The storage ring is alternating-gradient (AG) focusing operating below 
the transition energy 

•  In the negative-mass regime there exists no ground state; the Hamiltonian is 
not bounded 

• Criterion of stable kinematic motion under Coulomb interaction when 
particles are subject to bending in a storage ring 

Condition 1: Ground State Existence 
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§ From 1-D string, to 2-D zig-zag, to 3-D multi-shell helices 

Crystalline Beam Structures 

J. Wei, X.-P. Li, H. Okamoto, COOL'15, THZAUD01, JLab , Slide 16 



Trajectory of A Crystalline Beam Particle 
In a Storage Ring of 10 FODO Cells 
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Vibrational Phonon Spectrum 
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§ The bare transverse phase advances per lattice period need to be less 
than 90° 

§ There is no linear resonance between the phonon modes of the 
crystalline structure and the machine lattice periodicity (127°condition) 

§ Linear resonance stopbands are not crossed during the entire cooling 
process as the 3-D beam density is increased (90°condition) 

Condition 2: Linear Resonance Avoidance 
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Beam Heating Due To Intrabeam Scattering 
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§ 3-D cooling to overcome the intra-beam scattering heating 
§ Horizontally “tapered” cooling force 

• Cooling force needs to conform to the dispersive nature of a crystalline 
structure 

• Particles of different momentum move with the same angular velocity, not 
the same linear velocity 

Condition 3: Tapered Cooling Force 
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Beam Ordering Studies in Europe & Japan 
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 NAP-M TSR ASTRID ESR CRYRING S-LSR 

Eu [MeV/u] 65.7 1.9 0.00417 360 7.4 7 

Circumference [m] 47.25 55.4 40 108.36 51.63 22.55 

γ 1.07 1.002 1.00000444 1.384 1.00789 1.00746  

γT  1.18 2.96 4.34 2.67 2.25 1.23 

NSP  4 2 4 6 6 6 
νx

NSP
/

νy

NSP
 0.338 / 

0.315 
1.285 / 
1.105 

0.345 / 0.33 0.383 / 
0.383 

0.383 / 
0.383 

0.27 / 0.20 0.35/0.19 

Species p 7Li+ 24Mg+ 197Au79+ 129Xe36+ p 24Mg+ 

Cooling Method EC LC LC EC EC EC LC 

ξ [µm] 4.6 4.15 21.8 12.7 11.2 4.8 3.3 

TBx ,y  / TBz  [K] 50 / 1 -- / 3 >0.1 / 0.001 13580.6 / 
<10 

27.2 / 18.1 9.05 / 1.54 20 / 0.4 

Tx,y  / Tz  13.9 / 0.28 -- / 0.75 >0.132 / 
0.00132 

1.68 / 
<0.001 

0.014 / 
0.009 

2.64 / 0.45 186 / 3.7 

N0 (anomaly) 2×10
7 -- 5.5×10

8 4000 1000 -- 
10000 

2000 -- 

N0 (1-D to 2-D) 6.0×106 1.4×107 1.1×106 7.9×106 4.7×106 2.9×106 4.6×106 

Observations Schottky 
anomaly 

Indirect 
transverse 

cooling 

Schottky 
anomaly 

1-D 
ordering 

1-D 
ordering 

1-D 
ordering 

Indirect 
transverse      
laser cooling 

 



S-LSR, Kyoto University 
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Laser	

Circumference	 22.557 m	

Superperiodicity	 6	

Ion Species	 24Mg+,   p	

Kinetic Energy	 ~ 40 keV (Mg),  7 MeV (p)	

Transition Gamma	 1.67	

Bending Curvature	 1.05 m	



Beam 1-D Ordering at S-LSR  
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T. Shirai et al, Phys. Rev. Lett. 98, 204801 (2007)  



Coulomb Crystals in an Ion Trap, Hiroshima 

J. Wei, X.-P. Li, H. Okamoto, COOL'15, THZAUD01, JLab , Slide 25 

String crystals (40Ca+)	

Multi-shell crystal	

Paul ion trap	



Andy Visiting BINP, 2002 
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G. Kulipanov, A.M. Sessler, V. Sidorov, B. Chirikov, N. Dikansky, I. Meshkov 



Andy Visiting Hiroshima University, 2006  
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H. Okamoto, A.M. Sessler and S. Adams 



Andy and Hiromi Visiting CERN, 2009 
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A. Hofmann, A.M. Sessler, E. Wilson, E. Keil, B. Zotter and D. Möhl 



Andy Sessler Symposium, Berkeley, 2003 
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J. Wei, X.-P. Li, K. Takayama and S. Yu   



Andy at PAC’05, Knoxville, 2005 
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K.J. Kim, J. Kono, A.M. Sessler, C. Vanecek, H. Okamoto 



Visiting Andy in October 2013 
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Andy Awarded 2013 Enrico Fermi Award 
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S.  Adams, B. Obama and A.M. Sessler, February 3, 2014  



§ The crystalline beam corresponds to the ultimate state of zero 
temperature and zero emittance of charged particle beams.  

§ Andy was fascinated by the rich and challenging physics and worked 
with us as his hobby for more than twenty years.  

§ The contributions range from the fundamental analytical formulation 
leading to guiding conditions of crystalline beam formation, to 
numerical methods and confirmation, and then to advising 
experimentalists in practical realization.  

§ We will always remember Andy as our mentor, role model, colleague, 
and very dear friend 

Summary 
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Andy Sessler – Mentor, Role Model 
Colleague, and Friend 
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A.M. Sessler in Muir Woods, California, USA, 1993 
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