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Present and future photon beams  

MeV 

atomic structures 

How about the quanta capable 
of resolving nuclear structure 
and allowing to manipulate 
nucleons within nucleus (γ-ray 
domain)? 
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nuclear size ~ 10 -15  - 10 -14 m  

 Relevant photon energies: ~  2 - 200 MeV  

…how to produce monochromatic beams in this energy range?  
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LCS γ-ray sources   

  FEL: Free Electron Laser 
   LCS: Laser Compton Scattering 

Achieved flux: 2×105 γ’s per sec. [~10 MeV], Litvinenko et al. 
Phys.Rev.Lett.78 (1997) 4569.           
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2013 – The Duke University HIγS facility has  
the highest γ-beam intensity in the world  ~108 γ/s  

May 2013 – my visit at Duke:  
seminars and discussions… 
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Parameters of the gamma facilities 
around the world    

How to increase the fluxes  
by several orders of magnitude? 
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Extreme Light  Infrastructure (ELI) - EU project    

Gamma beams 
with variable 
energy up to 19 
MeV and 
intensity  
 

1013 γ/s  
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Main limitation of the electron-beam 
generated gamma beams:   

Compton scattering cross section is small ~O(10-25) cm2
 

…technological brick walls  in: 

 
• ERLs (e-bunches recycled to accelerate subsequent ones)  

• High power FELs (to increase the energy of the initial light quanta)  

• High Power lasers 

• Cavities (to stack laser pulses) 

• High energy, large current and small emittance electron beams  
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  Use partially stripped ion beams as 
the light frequency converter to 
bypass the technological brick-walls 

  specific to electron beams:  
 

             ν       4γ2 ν	

                                                         γ =E/M - Lorentz factor for the ion beam 	


Alternative idea discussed in this talk: 
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A proposal of an “unconventional” use of the LHC and its 
detectors for the ep(eA) collision programme  

…can one use the LHC to produce intense photon beams?  
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Partially stripped ions as electron carriers 

Z 

e 

Pb81+(1s) 

p 

…or 

ECM~ 200 GeV 

p 
ECM~ 8.8 TeV 

•  average distance of the electron  
to the large Z nucleus  d ~ 600 fm  
(sizably higher than the range of strong  
interactions) 

• both beams have identical  bunch structure  
(timing and bunch densities), the same β * ,	

 the same beam emittance – the choice  
of collision type can be done exclusively  
by the trigger system (no read-out and  
event reconstruction adjustments necessary) 

• partially stripped ion beams can be  
considered as independent electron and  
nuclear beams as long as  
the incoming proton scatters with 
the momentum transfer q >> 300 KeV  
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Quantum optics of ultra-
relativistic atoms                

Elaser=1Ry (Z2 -Z2/n2)/2γ 
 

n=1 

n=2 

E=0 

-En =1Ry  Z2/n2 

Elaser 
 

n=1 

n=2 

E=0 

n=1 

n=2 

E=0 

c τ  
E γ-ray  

E γ-ray  =  Elaser×4γ2
 /(1+(γθ)2) 

Note:  1Ry= 13.6 eV; γL=E/M ~2740  for  Pb81+ at the LHC 

Note:  (Elaser/mbeam) ×4γ  << 1 
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Partially  
stripped 

 ions 
laser 

photons γ-rays  

Laser  

γ-ray beam  
user area  

LHC filled in with  
partially stripped  
ion beams   

• Energy of the laser photons tuned to a resonant  
 frequency of an atomic transition e.g. 1s     2s  
 
• Decay length in the LAB frame c τ ~ γ/Z4 

 below 1 mm for both Ag 45+ (2s)      Ag 45+(1s) + γ     
and Pb81+(2s)        Pb81+(1s) + γ 

Eγ  ~ 4γ2 Elaser 

The proposal: LHC as a frequency converter of O(1-10 eV) 
photons into  O(1-400 MeV) γ-rays   
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Fine tuning of E γ-ray 

The energy of the gamma beam can be tuned by selecting the ion (Z), its storage 
energy (γ-factor), the atomic level (n), and the laser light wavelength (Elaser)  

 
Example1:  
Pb81+ ion at the top LHC energy , n=2, EFEL=12.2 eV,  
Eγ-ray (max) = 366 MeV 

Example2:  
Argon laser Elaser=3.53 eV, Ag45+ ion, γ=2925, n=2, 
Eγ-ray (max) = 121 MeV 

Example3:  
ThomX laser λ=1030 nm, Ca20+ ion, γ=2460, n=2, 
Eγ-ray (max) = 20 MeV 
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Fluxes:  
    The Rayleigh resonant cross section for partially stripped ions is higher by a 

factor  (λres/re)2 than the Thompson cross-section for electrons (re = 3 x 10-15 m) 
     
    gain in the γ-flux of the order of ~ 107 for the same 

intensity of  the laser light (even if one assumes that only a  small 
fraction of the laser light of 10-3 can be absorbed resonantly (beam divergence, 
momentum spread, Γatomic  ) 

  
Beam rigidity: 
Ions bunches are “undisturbed” by the light emission. Electron bunches are.  
… partial remedy: e-beam is recycled to accelerate succeeding beam (ERL)  
 

 

The comparison of the   
“LHC-frequency converter” and LCS  

sources               
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Energy tunability:   
Four  dimensional flexibility of the “LHC-converter” (Elaser(FEL), γ,Zion,n.). Easy to  
optimize for  a required narrow band of the γ-beam energy over a large E γ-ray  
domain. For the ERL sources two parameter tuning. 
 
Beam divergence:  
Excellent: Below 0.3 mrad for both sources 
 
Polarizability 
Flexible setting. Reflect, in both cases the polarization of the laser light  
 
Technological challenges  
For maximal energies  “LHC frequency converter” must be driven by a <100 nm FEL photons.  
For lower energies standard 100-1000 nm lasers (e.g. CAN lasers) + FP cavities  are sufficient 

The comparison of the   
“LHC-frequency converter” and LCS  sources 
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Basic question: 

Can one produce, accelerate 
and store partially striped ions  

at the LHC?  
(my studies presented  in: M.W. Krasny, CERN seminar 22.06.2004,  and  
M.W. Krasny, Nuclear Instruments and Methods  A540 (2005) 222.) 
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Lead acceleration at CERN 
 present stripping sequence 

208Pb28+ 

From ECR 

208Pb54+ 
 

208Pb82+ 

 

To SPS 
and LHC 

…leave 1(2) K-shell electrons in the 
last stripping stage (PS/SPS transfer) 

Utmost care needed not to loose 
them during the acceleration, storage 
and beam collision. 
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 Survival of partially stripped ions:  
 the LHC lattice 

LHC-Dipole 

? 
Or… 

B=8.4 Tesla 

LHC-Frame  

  E ~ 1011 V/cm 

Ion rest-frame 

Z+ 

e- 

Lorentz  
Transformation 

 The electric field, E, “seen” by the ion is larger than the field holding an 

electron in a hydrogen atom! 
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Binding energy of Rydberg-like atoms Ionization of  Rydberg-like atoms 

low-Z ions cannot survive! 
  

E=1Ry  Z2/n2 

n=1 

n=2 

nmax 

E=0 

n=k 

Z 

Pb80+ 

k=10 nmax 

 Survival of partially stripped ions:  
   the LHC lattice 
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Survival of bunches of partially 
stripped ions:  temperatures 

  Longitudinal temperature:               kT|| = mionc2β2( σ(p)/p) 2  

  Transverse  temperature:                 kTh,v= mionc2β2(εΝ/<σh,v>)2	


                   εN is the normalized emittance  

                 <σh,v> is the average horizontal (vertical) beam size: <σh,v
2>= ε h,v R/Q,  

                 Q – horizontal and vertical tune and R – radius of the machine 

   Temperatures of the LHC bunches: k T||  ~ 2 keV, kTh,v~ 1 MeV (at the LHC     

                                                             injection energy and growing with ~ γ) 

Kinetic energy of the transverse thermal motion larger than binding energy  
of the electron on the K-shell, even for the highest Z ions !!! 
 
                                     …Can ions survive intra-beam scattering??? 
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Survival of bunches of partially 
stripped ions: collision frequency 

 
Mean free path of a partially stripped ion in the bunch (approximation of 
non-interacting gas):   

cτ = cγ/(σρΔv) 
                  For :  σ = π (10 rion)2 ,  
                           Δv – dispersion of Maxwell velocity of ions,  
                           ρ - ion bunch density (bunch rest frame) averaged  
                           over the ring circumference   (< β >)  

τ ∼ 43 sec       …at the LHC injection energy  
Ions  will be eventually lost due to intra-beam scattering … unless one   
finds a method of stabilizing bunch temperatures below the equivalent  
ionization temperature… 
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Intra-beam collisions 

        Intra-beam scattering at temperatures:  E1 – E n max  <  kT  <   E1  - E2  

        Intra-beam scattering at temperatures:   kT  >   E1    

        Intra-beam scattering at temperatures:   kT  <   E1  - E2  

Elastic  
scattering 

Atomic 
excitation followed by  

      +  photon  

 hνk  =   E1  - Ek  

Atomic 
ionization electron 

Stripped ion 
followed by a beam particle loss!   
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Recipes for accelerating  partially 
stripped ions  in high density bunches 

                     

 

-En= 1Ry  Z2/n2 

nmax 

(semi classical 
approach) 

       E1  - E2  

       E1  - E3  

         E1  - Enmax  

        E1    

γ	


kT     

Ionization temperatures 

Excitation temperatures 

isothermal heat evaporation  
by atomic de-excitation photons 

 
adiabatic boiling of  
the bunches (unless 
quickly cooled  
at the top energy) 
 

 
Fully stripped  

ions 
 

2. Isothermal heat evaporation:            τ << t(γ2)– t(γ1) 

γ2 γ1 

Two recipes: 
 

1.External cooling of overheated bunches : τ >> t(γ2)– t(γ1) 

       E  = 0 
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Isothermal heat evaporation    

E kin /(E1– E2 ) 

Maxwell distribution 

 kT  <<   E1  - E2  

 kT  >   E1  - E2  

atomic 
excitation 

and 
de-excitation 

Ein(1)  

Ein(2)  

Eout(1)  

Eout(2)  

hν	


in(1)  in(2)  out(1)  out(2)  
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Numerical example: 
A model:  
 
accelerating of bunches of partially stripped ions in an accelerator specified in 
terms of the following parameters: Nions/bunch = 107; εN = 1.5 x 10-6 m, 
σ(p)/p = 10-4; <β>circumference = 67 m; σexcit = 10-18 cm2 at T = 1 MeV ;   
bunch-length = 7.5 cm (the standard parameters for fully stripped lead ions at 
the LHC – note a simplification of the full acceleration chain and an “educated  
guess” of the atomic excitation cross section) 
 
Temperatures at insertions to SPS and LHC:  
 
      kTh,v(γ = γPS=6) = 36 KeV ,  kTh,v(γ = γ SPS=166) = 1000 KeV  
 
Critical acceleration phase for isothermal heat evaporation:  
 
At  γ1 ~ 10  the bunch temperature approaches the value of  (E1-E2)/k=69 keV 

 
Acceleration speed at the critical acceleration phase allowing for isothermal heat  
evaporation : 
                                 d γ/dt   ~ 0.8/minute  
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        Can all that be experimentally verified? 
Ion striping sequence  BNL         

Partially stripped gold ions Au 77+ 

(two electrons left) were already  
accelerated and stored  
at Brookhaven National 
Laboratory at the energy of  
11.6 GeV/nucleon)   
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Can all that be experimentally verified?   

     
  

 
Longstanding puzzles at BNL: 
 
- Contrary to expectations, emittance of gold beam is smaller than that for protons 
- The emittance of Au (77+) beam ejected from AGS is independent of the  
   injection scheme. 
- A drop of the normalized emittance  is directly observed  (non-conclusive due to  
      associated beam-losses).  
 
 

If the above model  is applied to acceleration of gold ions carrying two electrons  
the onset of self-cooling should be observed  already at the acceleration phase of AGS  
 
Note:  larger εN  and smaller <β>circumference  and larger Nions/bunch … 
 
                           …is there any sign temperature stabilization (drop of εN )? 

Acceleration of Au (77+) in the AGS  at BNL  
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Survival of partially stripped ions: 
Ionization losses  

•  A dominant process leading to losses of partially stripped ions is the ionization 
process in beam-beam and beam-gas collisions (note a quantum jump in magnetic 
rigidity of the beam particles)  

Ionization cross-sections Experimental cross-check 

Anholt and Becker, Phys.Rev.A36(1987) Krause et al., Phys.Rev.A63(2001) 

 
Coulomb contribution: 
σCoul = s(Zt,Zp) (Zt/Zc)2 104 [barn/electron]  
 
Transverse contribution: 
σTran= t(Zt,Zp) (Zt/Zc)2 104 ln(γ2) [barn/electron] 
 

 
Where: s(Zt,Zp), t(Zt,Zp) are slowly (logarithmically) 
varying functions of the electron carrier Zc and  
target Zt, and γ  is the Lorenz factor  
 
Note:   
- spin-flip contribution is neglected 
- coherent bunch contribution is neglected 

Pb81+(1s) ions at 158GeV/A 
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Survival of partially stripped ions:  
          beam-gas collisions 

    Collisions of  Pb81+(1s)  ions with the residual gas in the LHC beam pipe – 
how long can they survive? 

u  Calculate maximal allowed concentration of molecules to achieve the 10       
hour lifetime of the beam 

 
                          τ -1 = σ i x ρ i x c  
 
u  Compare with the estimated densities for the gas molecules in the 

interaction regions by Rossi and Hilleret:(H2 – 1.3x1012; CH4 – 1.9x1011; … 
CO2 – 2.8x1011 mol/m3) 

    Result: The safety factor varies between 30 (for the H2 molecules)  and 2 (for the CO2 molecules).  
                   Better vacuum in arcs. 
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Survival of partially stripped ions: summary 

•    Ionization process  

             -stringent requirement on the LHC vacuum (concentration of     

                CO2 is critical -  must be kept below ~6x1011 mol/m3 to achieve the Pb81+(1s)      

                beam life-time larger that 10 Hours )  

             - stringent requirements on the allowed collision schemes (partially  

               stripped high Z ions can collide only with the lightest fully stripped   

               ions: p, He, O…)  

•   “Stark effect” in the LHC superconducting dipoles  (E= 7.3 1010 V/m)  - only 
high Z ions allowed to be the electron carriers at the LHC  

  

•   Bunch temperature Tb << 1 Ry × Z2 at all the acceleration stages - 
(radiative evaporation cooling, back-up: laser cooling)  
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Disclaimer 
All the results presented below  are based on the order of magnitude,  preliminary 
estimates,  often based on the extrapolations from  the present (future) light sources 
using electron beams. The goal of such an exercise is: (1) to find out if this work is  
worth to continue and (2) to invite those interested in making a sound quantitative 
studies to join the camp at this preliminary stage.  

 

In the following I  shall often assume the scaling   allowing to increase the present 
(future) sources by a factor ~107 (a factor ~1010 coming from the ratio of cross 
sections and a factor 0.001 representing  the efficiency of selecting, from the flux of 
the laser photons,  those corresponding to the width of the excited atoms, beam 
divergence and the beam compaction factor. 

 

I assume that the beam parameters  of the partially stripped ion  beams and the 
collision geometry with the laser beam will be set to be those for  the electron beams 
(e.g. for ThomX project) - what cannot be achieved is the same current of both 
beams and large crossing angle  (I shall come back to these  questions later on)  
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                             For HEP (beam collision mode of the LHC)   

                                      

Partially stripped ion beams at the 
LHC: Proposal’s inventory               

e 

p 

ECM < 200 GeV  
L ~ 1029 cm-2 s-1  

LHC 

LHC as a ep collider  

p 

ECM < 60 GeV  
L ~ 1032 cm-2 s-1  

γ 
LHC 

laser 

LHC as a  γp collider  
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Partially stripped ion beams at the 
LHC: Proposal’s inventory               

 γγ Higgs factory in the LHC tunnel: 63 GeV “LEP” + γ beams from the LHC)   

                                      

     63 GeV at “LEP”  with respect to the 80 GeV beam for HFiTT  (higher 
frequency photons) both to be compared to ~130 GeV beam for TLEP-
Significant reduction of the synchrotron radiation ~E4 
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                             For HEP (single beam mode of the LHC)   

                                      

Partially stripped ion beams at the 
LHC: Proposal’s inventory               

Eγ <200 MeV   

polarized e+ ( for ILC, CLIC)  

γ 

LHC 

Laser 
γ-converter 

Ne+ ~1018 1/s   
ECM < 0.1 MeV  
L ~ 1034 cm-2 s-1  

γ 

LHC 

Laser 

γ 

γγ collider (axion factory)   accumulation of  polarized e+ no longer required  

 COULD OUTPERFORM THE PRESENT PROJECTS BY 
SEVERAL ORDES OF MAGNITUDE 
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               Applications beyond HEP (single beam mode of the LHC) 

                                      

Partially stripped ion beams at the 
LHC: Proposal’s inventory               

Eγ = 5-20 MeV   

γ 

LHC 

Laser  

Nγ ~1020 1/s   

 high-flux source 
 of polarized γs 

1.  Medical applications 
2.  Tomography  
3.  Nondestructive assay and segregation of 

nuclear wastes 
4.  Photo transmutation of nuclear waste using 

resonant (γ,n) transitions  
5.  γ-ray laser?  
6.  Nuclear fusion and fission 
7.  Wakefield for plasma acceleration 
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Neutron-capture transmutation 
A à A+1 

(γ,n) photo-transmutation 
A à A-1 
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γ	
 n 

Example: (γn) transmutation of a nuclear waste 126Sn with a high life-time of 
100 00 years into 125Sn with a life-time 9.64 days  
 

… γ-transmutation not taken (so far) seriously because of lack 
of high-intensity mono-energetic γ-sources in the range 5-20 
MeV… 
 …no longer the case for the LHC gamma beams!   
Worth dedicated feasibility studies… 
 
 (below an “non-expert” attempt to make  initial, “proof of principle” steps in such studies) 

γ-ray surgery of nuclear waste               
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Giant Dipole Resonance (GDR) cross section is large – comparable 
to the neutron cross sections in the  MeV region 

γA and nA  cross-sections               
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Facts – nuclear waste                
With 145 operating reactors (2001) with a total power of 125 GW, the resulting  
electrical energy generation in Europe is of about 850 TWh per year and  
represents ~35% of the total electricity consumption of the European Union. 

 Most of the hazard from the spent fuel stems from only a few chemical 
elements - plutonium, neptunium, americium, curium, and some long-lived 
fission products such as e.g  iodine and technetium at concentration levels of 
grams per ton.  
 
Approximately 2500 tons of spent fuel are produced annually in the EU, 
containing about 25 tons of plutonium and 3.5 tons of the "minor actinides" 
neptunium, americium, and curium and 3 tons of long-lived fission products 
(the long term > 100 years radiotoxicity is dominated by the actinides). 
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Feasibility estimate                

  Transuranics in spent  
   fuel after 15 years decay.  

For Nγ ~1020 1/s , 100% transmutation efficiency ~1 ton  of radioactive nuclides 
can be transmuted over one year (of the order 0.2 of the  yearly  EU toxic waste 
production – worth studies).  
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Transmutation efficiency                 

 Dazhi LI , Kazuo IMASAKI , Ken HORIKAWA , Shuji MIYAMOTO , Sho AMANO & Takayasu 
MOCHIZUKI(2009) SUBARU facility, Journal of Nuclear Science and Technology, 46:8, 
831-835, DOI 10.1080/18811248.2007.9711592. 

Observed  
transmutation  
efficiency: ~5% 
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Issues which must be investigated: 
  

1.Possibility of a significant increase of the transmutation efficiency by using     
neutrons produced in the GDR process 

 

2. Number of light-ion collision points (each ion  needs to be used ~2000 
times over one LHC turn to convert 1020 eV  photons to gammas – for very 
large Z can be done over ~10 cm long collision zone – larger for smaller Z 
ions)  

 

3. The power consumption of the LHC gamma-beam production operation 
mode to produce the flux of 1020 photons at 10 MeV is ~ 170 MW (to be 
compared e.g. with the TLEP proposal which needs 300 MW). Note, each ion 
would loose of the order of 0.3% of its energy in one LHC ring turn.  
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Issues which must be investigated: 
 

4. The GDR process competes with the conversion process – only ~10% of 
photons undergo nuclear absorption, remaining ones mainly  convert into 
electron-positron pair  

  

5. Need an energy recovery scheme to use the 17 MW of dissipated heat to 
produce electrical power for the LHC cavities and a cost recovery scheme 
e.g. positron beams for CLIC.    

 

6. How to build the transmutation station(dissipated power ~17 MW) 
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Electric power for the LHC cavities-energy recovery  

neutrons 

electrons 

positrons 

B 

B 

γ-beam 

Fissionable nuclear waste – neutron multiplication 

Fissionable nuclear waste sensitive to slow neutrons 

Principal target – GDR sensitive nuclear waste 

Moderator  

vacuum  

Coolant  
inlet 

Coolant  
outlet 

High intensity electron and positron beams – cost  recovery  

Distance to the  
LHC tunnel:  
100-300m 
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Conclusions: 
  

1. There are no obvious showstoppers to produce, accelerate and store high energy 
beams of partially stripped ions in the existing HEP laboratories equipped with ion 
accelerators.  

2. Such  beams can be used as, by far,  more effective photon frequency boosters 
than the electron beams (the possible efficiency  gain of ~ a factor of up to 107 )    

3. For very high energy beams, (e.g. LHC beams) the high intensity gamma beam  
can be generated using conventional lasers and cavities.  

4. At lower energy similar energy range can be attained using the  X-ray FELs. 

5. Production of intense gamma beams could open new research and application 
domains.   

6. Using such beams for the transmutation of nuclear waste looks sufficiently 
promising to continue  detailed quantitative studies.  
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                  extra transparencies  
 
 



51 

PIE*@LHC:    
Pb81+(1s)-p example  

•  CM energy (ep collisions) = 205 GeV 

•  β at IP = 0.5 m  

•  Transverse normalized emittance = 1.5 µ m 

•  Number of ions/bunch = 108 

•  Number of protons/bunch  = 4 x 109 

•  Number of bunches  = 608 

•  Luminosity = 0.4 x 1029 cm-2 s-1 

* Parasitic Ion Electron collider 
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Technological challenges  

Need optical cavities for (100 nm -  400 nm) "
wavelength. Multilayer mirrors using high "
refraction index materials (AL2O3, HFO2, ZRO2)"
and low refraction index material (SiO2) "
deposited on silicium or sapphire. The "
roughness must be controlled to better than "
1 angstrom.Very recent technological progress: "
Mackowski- Lyon, Jena (Germany)* "

 * private communication: Fabian Zomer and Raphael Roux  
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