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Outline
• ɂɫɬɨɪɢɹ ɪɚɡɪɚɛɨɬɤɢ ɩɟɪɟɡɚɪɹɞɧɨɣ ɢɧɠɟɤɰɢɢ 

ɜ ɂəɎ.
• ɂɫɬɨɪɢɹ ɨɫɜɨɟɧɢɹ ɩɟɪɟɡɚɪɹɞɧɨɣ ɢɧɠɟɤɰɢɢ ɜ 

ɦɢɪɟ.
• Ɉɛɧɚɪɭɠɟɧɢɟ ɷɥɟɤɬɪɨɧ ɩɪɨɬɨɧɧɨɣ 

ɧɟɭɫɬɨɱɢɜɨɫɬɢ (electron cloud effect).

• Ɉɛɴɹɫɧɟɧɢɟ ɢ ɩɨɞɚɜɥɟɧɢɟ ɟ-ɪ 
ɧɟɭɫɬɨɣɱɢɜɨɫɬɢ.

• ɇɚɤɨɩɥɟɧɢɟ ɩɭɱɤɚ ɫ ɢɧɬɟɧɫɢɜɧɨɫɬɶɸ ɜɵɲɟ 
ɩɪɟɞɟɥɚ ɩɨ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɦɭ ɡɚɪɹɞɭ.



Ваɠɧɟɣшɢɟ ɞɨɫɬɢɠɟɧɢя
Ʉ ɱɢɫɥɭ ɨɫɧɨɜɧɵɯ ɞɨɫɬɢɠɟɧɢɣ ɂəɎ ɜ ɧɚɭɤɟ ɢ ɬɟɯɧɢɤɟ ɨɬɧɨɫɹɬɫɹ:
ȼ ɨɛɥɚɫɬɢ ɮɢɡɢɤɢ ɢ ɬɟɯɧɨɥɨɝɢɢ ɭɫɤɨɪɢɬɟɥɟɣ:

ɢɡɨɛɪɟɬɟɧɢɟ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɚɹ ɩɪɨɜɟɪɤɚ ɦɟɬɨɞɚ ɩɟɪɟɡɚɪɹɞɧɨɣ 
ɢɧɠɟɤɰɢɢ, ɩɪɢɦɟɧɹɟɦɨɝɨ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɧɚ ɜɫɟɯ ɤɪɭɩɧɵɯ ɩɪɨɬɨɧɧɵɯ 
ɭɫɤɨɪɢɬɟɥɹɯ, (1960-1965 ɝɝ.);
Ɉɬɤɪɵɬɢɟ ɷɮɮɟɤɬɚ ɰɟɡɢɪɨɜɚɧɢɹ-ɡɧɚɱɢɬɟɥɶɧɨɝɨ ɩɨɜɵɲɟɧɢɹ ɷɦɢɫɫɢɢ 
ɨɬɪɢɰɚɬɟɥɶɧɵɯ ɢɨɧɨɜ ɩɪɢ ɞɨɛɚɜɥɟɧɢɢ ɜ ɪɚɡɪɹɞ ɜɟɳɟɫɬɜ ɫ ɦɚɥɵɦ 
ɩɨɬɟɧɰɢɚɥɨɦ ɢɨɧɢɡɚɰɢɢ, ɬɚɤɢɯ ɤɚɤ ɰɟɡɢɣ. Ɋɚɡɪɚɛɨɬɤɚ ɩɨɜɟɪɯɧɨɫɬɧɨ 
ɩɥɚɡɦɟɧɧɵɯ ɢɫɬɨɱɧɢɤɨɜ ɨɬɪɢɰɚɬɟɥɶɧɵɯ ɢɨɧɨɜ ɫ ɰɟɡɢɪɨɜɚɧɢɟɦ ɫ 
ɪɟɤɨɪɞɧɵɦɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ, ɢɫɩɨɥɶɡɭɟɦɵɦɢ ɧɚ ɜɫɟɯ ɩɪɨɬɨɧɧɵɯ 
ɭɫɤɨɪɢɬɟɥɹɯ.

ȼ ɨɛɥɚɫɬɢ ɮɢɡɢɤɢ ɩɥаɡɦы ɢ ɬɟɪɦɨяɞɟɪɧɨɝɨ ɫɢɧɬɟɡа:

ɪɚɡɪɚɛɨɬɤɚ ɩɨɜɟɪɯɧɨɫɬɧɨ-ɩɥɚɡɦɟɧɧɵɯ ɜɵɫɨɤɨɢɧɬɟɧɫɢɜɧɵɯ ɢɫɬɨɱɧɢɤɨɜ 
ɨɬɪɢɰɚɬɟɥɶɧɵɯ ɢɨɧɨɜ, ɩɨɥɭɱɢɜɲɢɯ ɲɢɪɨɤɨɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɜɨ ɜɫɟɦ 
ɦɢɪɟ, (1969-1981 ɝɝ.);
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Charge exchange injection was developed in 1960-1965 in INP,                 

Novosibirsk, Russia



First project of proton/antiproton collider 

VAPP-4, in the Novosibirsk INP (BINP) 

• Development of charge-exchange injection (and negative ion 
sources) for high brightness proton beam production. First 
observation and damping of e-p instability.

• Development of Proton/ Antiproton conversion with lithium lens.

• Development of electron cooling for high brightness proton and 
antiproton beam production. 

• Production of space charge neutralized proton beam with intensity 
above space charge limit. Inductance Linac, Inertial Fusion, Neutron 
Generators.

• History of ZGS 500MeV Booster. 
www.ipd.anl.gov/anlpubs/2006/05/56304.pdf

• Martin Reiser, Theory and Design of charged particle beam, second 
edition.

http://www.ipd.anl.gov/anlpubs/2006/05/56304.pdf


History of Surface Plasma Sources 

Development (J.Peters)

BDD, G.Budker, G.Dimov, V. Dudnikov

Charge-Exchange Injection ,A. E. 22,5 (1966)



History of Charge Exchange Injection
(Rees, ISIS , ICFA Workshop)

1.   1951            Alvarez, LBL (H-) ; 

1956            Moon, Birmingham Un. (H+2)

2.   1962-66       Budker, Dimov, Dudnikov, Novosibirsk ; 

first  achievements; discovery of e-p instability. IPM

3.   1968-70       Ron Martin, ANL ; 50 MeV injection at ZGS

4.   1972            Jim Simpson, ANL ; 50-200 MeV, 30 Hz booster

5.   1975-76   Ron Martin et al, ANL ; 6 1012 ppp

6.   1977            Rauchas et al, ANL ; IPNS 50-500 MeV, 30 Hz

7.   1978            Johnson R, et al, FNAL ; 0.2-8 GeV, 15 Hz booster

8.   1982             Barton et al, BNL ; 0.2-29 GeV, AGS

9.   1984             First very high intensity rings ; PSR and ISIS

10. 1980,85,88   IHEP, KEK booster, DESY III (HERA)

11. 1985-90        EHF, AHF and KAON design studies. SSC

12. 1992             AGS 1.2 GeV booster injector

13. 2006             SNS 1.4 MW sources

14. 2016             CERN booster, IFVEE



INP PSR for bunched beam accumulation by 

charge exchange injection

1- Fist stripper; 2-main 

stripper Pulsed supersonic

jet; 3-gas pumping;

4-pickup integral;

5- accelerating drift tube;

6-gas luminescent profile 

Monitor; 7-Residual gas

current monitor;8-residual

gas IPM; 9-BPM; 

10-transformer Current 

monitor; 11-FC;

12- deflector for 

Suppression transverse 

instability by negative

Feedback.

Small Radius- High beam density. Revolution 5.3 MHz. 1MeV, 0.5 mA, 1 ms.

•G. I. Budker, G. I. Dimov, and V. G. Dudnikov. EXPERIMENTS ON PRODUCING INTENSIVE BEAMS BY MEANS OF THE 

METHOD OF CHARGE-EXCHANGE INJECTION PROTON, Sov. Atomic Energy,  1966.



General view of INP PSR with charge exchange 

injection, 1965



G.I. Dimov and V, G. Dudnikov, CROSS SECTIONS FOR STRIPPING OF-1-

MEV NEGATIVE HYDROGEN IONS IN CERTAIN GASES, Zhur. Tekh. Fiz, 

36, (1966) 1239; Sov. Phys. -Tech. Phys. 11, 919 (1967).

G.I. Dimov, A.A Ivanov and G.V. Roslyakov, Nucl. Fusion, 15, 551 (1975).

Ɉɩɬɢɦɢɡаɰɢя ɤɨɧɜɟɪɫɢɢ ɢɨɧɨɜ ɇ- ɜ ɧɟɣɬɪаɥы 
ɧа ɝаɡɨɜыɯ ɢ ɩɥаɡɦɟɧɧыɯ ɦɢшɟɧяɯ



Charge exchange injection was developed (1965) with using 

of Ehlers type H- source in high voltage terminal of Van de 

Graf accelerator (1 mA, 1.5 MeV) in high pressure gas tank.

Work of Technicien Petr Juravlev was important for SPS 

success



Proton beam accumulation for different 

injection current (0.1-0.5 mA)

Injected beam

Circulating beam,

Low injection current

Start saturation

Strong saturation



Coherent synchrotron oscillations 

in INP PSR

Orbital current- (a),

and the amplitude

of coherent phase 

oscillations - (b). 

The scale along the 

horizontal is 500  

µsec/cm.

A certain increase in the proton loss during accumulation process is connected 

not only with scattering on the jet, but also with the generation of synchrotron

oscillations as a result of a reduction in the effective jet thickness along the 

radius. In order to reduce the effective thickness of the jet and its decay along 

the radius (as a result of circumvention), the protons were brought to the orbit 

with a vertical angular deflection of up to 0.135 rad. A capture efficiency of 75-

85% was secured in this case. All the subsequent experiments were performed 

mainly by using a vertical injection angle of 0.1-0.135 rad.



Evolution of bunches profiles in INP PSR

1- 0.05 ms(100 turns);

2- 0.4 ms(1000 turns);

3- 0.8 ms (3000 turns);

4- 2.8 ms, before start 

Transverse instability.

Bunches period 188 ns

Coasting beam injection



Beam bunch evolution during accumulation

• Azimuthal proton distribution in

bunches,(a) and (b) t = 700 µsec; c) 

t1 = 800 µsec, t2=1200 µsec.

• Azimuthal proton distribution 

(a) (b) 

• and the drift tube voltage (ɫ, d) 

with the second harmonic of 

the accelerating field for 

different ratios of harmonics.



Beam intensity dependence on 

parameters

Dependence of number of 

accumulated protons on the 

frequency of the RF voltage (a), 

on the magnetic field (b), 

and on the amplitude of the RF 

voltage for constant injection energy

Δr=ro[e(Vo+ΔV)/πn(1-n)W]^1/2

ΔV=f eN Δz/ro Δr

Intensity limitation by longitudinal space charge effect.

Separatrice Δ r extending by longitudinal RF space charge



Residual gas ionization beam current & 

profile monitors (ICM,IPM),1965.



Residual gas luminescent beam profile 

monitor, INP, 1965

1- magnetic pole; 

2- proton beam;

3- moving collimator

4- light guide;

5-photomultiplier;

6-vacuum chamber



Beam profiles evolution during accumulation



ȼ 70 ɝɨɞɵ Ʌɚɜɪɟɧɬɶɟɜ ɜɨɟɜɚɥ ɫ Ȼɭɞɤɟɪɨɦ ɩɪɨɬɢɜ ɟɝɨ ɩɨɥɢɬɢɤɢ ɪɚɫɲɢɪɟɧɢɹ ɂəɎ. 
Ȼɭɞɤɟɪ ɢɫɤɚɥ ɢɫɬɨɱɧɢɤɢ ɮɢɧɚɧɫɢɪɨɜɚɧɢɹ. ȼ 1967 Ɉɧ ɩɪɟɞɥɨɠɢɥ ɢɫɩɨɥɶɡɨɜɚɬɶ ɩɭɱɤɢ 
ɧɟɣɬɪɚɥɨɜ ɜ ɤɨɫɦɨɫɟ ɞɥɹ ɢɧɫɩɟɤɬɢɪɨɜɚɧɢɹ ɫɩɭɬɧɢɤɨɜ. Ɉɧ ɡɚɤɥɸɱɢɥ ɞɨɝɨɜɨɪ ɧɚ 2 
Ɇɪɭɛ ɫ ɮɢɪɦɨɣ Ʉɨɪɨɥɟɜɚ ɧɚ ɪɚɡɪɚɛɨɬɤɭ ɢɫɬɨɱɧɢɤɚ ɇ- ɧɚ 10 ɦȺ. Ȼɵɥɨ ɨɪɝɚɧɢɡɨɜɚɧɨ 3 
ɝɪɭɩɩɵ ɞɥɹ ɪɚɡɪɚɛɨɬɤɢ ɢɨɧɧɵɯ ɢɫɬɨɱɧɢɤɨɜ. Ƚɪɭɩɩɚ Ɋɨɫɥɹɤɨɜɚ ɡɚɧɢɦɚɥɚɫɶ 
ɪɚɡɪɚɛɨɬɤɨɣ ɩɟɪɟɡɚɪɹɞɧɵɯ ɢɫɬɨɱɧɢɤɨɜ. Ƚɪɭɩɩɚ Ⱦɢɦɨɜɚ ɡɚɧɢɦɚɥɚɫɶ ɪɚɡɪɚɛɨɬɤɨɣ 
ɪɚɫɩɵɥɢɬɟɥɶɧɵɯ ɢɫɬɨɱɧɢɤɨɜ. Ɇɵ ɫ ɘɪɨɣ Ȼɟɥɶɱɟɧɤɨ ɡɚɧɢɦɚɥɢɫɶ ɩɥɚɡɦɟɧɧɵɦɢ 
ɢɫɬɨɱɧɢɤɚɦɢ. Ʉ ɤɨɧɰɭ ɫɪɨɤɚ ɞɨɝɨɜɨɪɚ ɜɫɟ ɨɬɱɚɹɥɢɫɶ ɩɨɥɭɱɢɬɶ ɧɭɠɧɵɟ ɩɚɪɚɦɟɬɪɵ ɢ 
ɭɲɥɢ ɜ ɨɬɩɭɫɤ. ɘɪɚ ɭɟɯɚɥ ɜ ɫɬɪɨɣ ɨɬɪɹɞ ɧɚ Ʉɨɥɵɦɭ ɫɬɪɨɢɬɶ Ȼɢɥɢɛɢɧɫɤɭɸ Ⱥɗɋ ɢ ɜɡɹɥ 
ɫ ɫɨɛɨɣ ɧɚɲɟɝɨ ɥɚɛɨɪɚɧɬɚ.

ə ɩɪɨɞɨɥɠɚɥ ɪɚɛɨɬɚɬɶ ɨɞɢɧ. Ɇɵ ɪɚɛɨɬɚɥɢ ɫ ɩɥɚɧɨɬɪɨɧɨɦ, ɢɡ ɤɨɬɨɪɨɝɨ ɩɨɥɭɱɚɥɨɫɶ ɞɨ 
5 ɦȺ ɢɨɧɨɜ ɇ-, ɩɪɢ ɬɨɤɟ ɪɚɡɪɹɞɚ 100 Ⱥ, ɧɚɩɪɹɠɟɧɢɢ 600 ȼ.
1 ɢɸɥɹ 1971 ɝɨɞɚ ɹ ɡɚɤɪɟɩɢɥ ɬɚɛɥɟɬɤɭ ɯɪɨɦɚɬɚ ɰɟɡɢɹ ɫ 1 ɦɝ ɰɟɡɢɹ ɢ ɜɤɥɸɱɢɥ ɪɚɡɪɹɞ. 
ɗɦɢɫɫɢɨɧɧɚɹ ɳɟɥɶ ɛɵɥɚ ɡɚɷɤɪɚɧɢɪɨɜɚɧɚ ɢ ɧɚ ɤɨɥɥɟɤɬɨɪɟ ɪɟɝɢɫɬɪɢɪɨɜɚɥɫɹ ɬɨɤ ɢɨɧɨɜ 
1.5 ɦȺ ɉɨɫɥɟ ɧɟɫɤɨɥɤɢɯ ɦɢɧɭɬ ɪɚɛɨɬɵ ɜ ɤɨɧɰɟ ɢɦɩɭɥɶɫɚ ɩɨɹɜɢɥɫɹ ɜɵɛɪɨɫ ɬɨɤɚ ɞɨ 3 
ɦȺ, ɉɨɫɥɟ ɨɩɬɢɦɢɡɚɰɢɢ ɩɨɞɚɱɢ ɝɚɡɚ ɬɨɤ ɜ ɤɨɧɰɟ ɢɦɩɭɥɶɫɚ ɭɜɟɥɢɱɢɥɫɹ ɞɨ 4 ɦȺ, ɧɨ 
ɱɟɪɟɡ 20 ɦɢɧɭɬ ɜɵɛɪɨɫ ɬɨɤɚ ɢɫɱɟɡ ɢ ɬɨɤ ɧɚ ɤɨɥɥɟɤɬɨɪ ɫɬɚɥ ɫɧɨɜɚ 1 ɦȺ. Ɋɟɲɢɜ, ɱɬɨ 
ɜɵɛɪɨɫ ɬɨɤɚ ɫɜɹɡɚɧ ɫ ɜɵɞɟɥɟɧɢɟɦ ɰɟɡɢɹ, ɹ ɩɨɦɟɫɬɢɥ ɧɟɫɤɨɥɶɤɨ ɬɚɛɥɟɬɨɤ ɧɚ ɤɚɬɨɞ, 
ɤɨɬɨɪɵɣ ɝɪɟɥɫɹ ɫɢɥɶɧɟɟ, ɢ ɡɚɤɪɵɥ ɢɯ ɧɢɤɟɥɟɜɨɣ ɫɟɬɤɨɣ. ȼ ɷɬɨɣ ɤɨɧɮɢɝɭɪɚɰɢɢ ɬɨɤ ɧɚ 
ɤɨɥɥɟɤɬɨɪ ɛɵɫɬɪɨ ɭɜɟɥɢɱɢɥɫɹ ɞɨ 12 ɦȺ ɚ ɩɨɫɥɟ ɨɩɬɢɦɢɡɚɰɢɢ ɩɨɞɚɱɢ ɝɚɡɚ ɢ ɪɚɡɪɹɞɚ 
ɩɨɥɭɱɢɥɫɹ ɩɪɹɦɨɭɝɨɥɶɧɵɣ ɢɦɩɭɥɶɫ 15 ɦȺ. ɇɚɩɪɹɠɟɧɢɟ ɪɚɡɪɹɞɚ ɩɨɧɢɡɢɥɨɫɶ ɫ 600 ȼ 
ɞɨ 100 ȼ.



ɉɨ ɞɨɝɨɜɨɪɭ ɫ ɐɄȻ ɭɫɩɟɲɧɨ ɨɬɱɢɬɚɥɢɫɶ ɢ ɡɚɤɥɸɱɢɥɢ ɧɨɜɵɟ ɞɨɝɨɜɨɪɚ ɩɨ 5 
Ɇɪɭɛ ɧɚ ɢɡɝɨɬɨɜɥɟɧɢɟ ɉɉɂ ɞɥɹ ɥɢɧɟɣɧɨɝɨ ɭɫɤɨɪɢɬɟɥɹ ɦɟɡɨɧɧɨɣ ɮɛɪɢɤɢ 
ɂəɂ ɢ ɞɥɹ ɂȼɎɗ.(ȼ ɷɬɨ ɜɪɟɦɹ ɞɟɜɹɬɢɷɬɚɠɤɚ ɧɚ -216 ɤɜɚɪɬɢɪ ɫɬɨɢɥɚ 1 
Ɇɪɭɛ)
Ɍɨɝɞɚ ɪɟɡɭɥɶɬɚɬɵ ɫ ɰɟɡɢɪɨɜɚɧɢɟɦ ɩɪɢɡɧɚɥɢ ɫɟɤɪɟɬɧɵɦɢ ɢ ɩɭɛɥɢɤɨɜɚɬɶ ɧɟ 
ɪɚɡɪɟɲɢɥɢ. ɇɨ ɜ ɂəɎ ɫɬɚɥɨ ɧɚɜɟɞɵɜɚɬɶɫɹ ɦɧɨɝɨ ɞɟɥɟɝɚɰɢɣ ɢɡ ɋɨɸɡɚ 
(ɐɄȻ, ɇɂɂɗɎȺ, ɂɇɊ, ɂɎȼɗ) ɢ ɢɡ ɋɒȺ. Ȼɭɞɤɟɪ ɪɚɡɪɟɲɚɥ ɩɨɤɚɡɵɜɚɬɶ ɉɉɂ 
ɜɵɫɨɤɨɩɨɫɬɚɜɥɟɧɧɦ ɜɢɡɢɬɟɪɚɦ ɢɡ ɋɒȺ ɤɚɤ ɨɛɴɟɤɬɵ ɞɥɹ ɬɨɪɝɨɜ.
ȼ ɩɟɱɚɬɢ (ɞɨ ɧɚɲɢɯ ɩɭɛɥɢɤɚɰɢɣ) ɩɨɹɜɢɥɢɫɶ ɩɭɛɥɢɤɚɰɢɢ ɜ ɤɨɬɨɪɵɯ 
ɝɨɜɨɪɢɥɨɫɶ ɱɬɨ ɜɵɯɨɞ ɨɬɪɢɰɚɬɟɥɶɧɵɯ ɢɨɧɨɜ ɦɨɠɧɨ ɭɜɟɥɢɱɢɬɶ ɞɨɛɚɜɥɟɧɢɟɦ 
ɰɟɡɢɹ ɜ ɪɚɡɪɹɞ.

IEEE TRANSACTIONS ON NUCLEAR SCIENCE Volume: NS20 Issue: 

3 Pages: 136-141 DOI: 10.1109/TNS.1973.4327065 Published: 1973

”SOME ADVANCES IN NEGATIVE ION TECHNOLOGY”, By Kenneth H. Purser
During the past two decades, the advances which have been made in the 

techniques of negative ion production have been truly spectacular both in terms 

of intensity and the available species. For example, while in 1955 negative ions 

of the hydrogen isotopes were produced at submicroampere intensities, today 

22 mA beams of negative hydrogen have been reported [2] and it is rumored 

that Dimov and his collaborators at Novosibirsk have seen 200 milliampere 
peak pulse intensity during pulsed H- operations. ɇɚ ɫɚɦɨɦ ɞɟɥɟ ɤ ɬɨɦɭ 
ɜɪɟɦɟɧɢ ɦɵ ɢɦɟɥɢ ɩɭɱɨɤ ɢɨɧɨɜ ɇ- ɫ ɬɨɤɨɦ 0.9 Ⱥ.



Ʉɨɩɢɹ ɫɬɪɚɧɢɰɵ ɢɡ ɪɚɛɨɱɟɝɨ ɠɭɪɧɚɥɚ ɡɚ 1 ɢɸɥɹ 1971 ɝɨɞɚ ɫ ɨɩɢɫɚɧɢɟɦ 
ɷɜɨɥɸɰɢɢ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɩɭɱɤɚ ɨɬɪɢɰɚɬɟɥɶɧɵɯ ɢɨɧɨɜ ɩɪɢ ɞɨɛɚɜɥɟɧɢɢ 
ɰɟɡɢɹ ɜ ɪɚɡɪɹɞ 



• Cesiation effect, a significant enhancement of negative ion 
emission from gas discharges (from 1.5 mA to 15 mA) with 
decrease of co-extracted electron current below negative 
ion current was observed for the first time by location into 
discharge chamber a compound with one milligram of 
cesium on July 1, 1971 (7/1/71) in Institute of Nuclear 
Physics, Novosibirsk, Russia (Now BINP). 

• This result was not published because was recognised as 

a “top secret” without permeation for publication. After 
strong effort of Gennadii Dimov it was permeated only 

application for patent (Author sertificat): Vadim Dudnikov, 

“The Method for Negative Ion Production”, SU patent, 
C1.H013/04, No 411542, Appl. 3/10/72.



Invention formula:

• “Method of negative ion production comprising 
admixture into the discharge a substance with a 
low ionization potential, such as cesium”.

• There is big difference between “surface production” and 
“surface plasma production”, because without plasma it is 
possible to have only microAmpers of negative ions as in 

sputtering type (Middleton) sources.

• Further development of SPS was conducted by  
Belchenko, Dimov, Dudnikov in INP and many teams 
in many laboratories.





`

• First International publication  was permeated in 1974 
when H- beam current was increased up to 0.9 A : 

BELCHENKO Y.I., DIMOV G.I., DUDNIKOV V.G.,  “POWEFUL 
INJECTOR OF NEUTRAL S WITH SURFACE PLASMA 
SOURCE OF NEGATIVE  IONS”, NUCLEAR 
FUSION Volume: 14 Issue: 1 Pages: 113-114 , 1974 

• Before this publication it “was ringing, that in Dimov’s Lab. 
was produced 200 mA of H- by admixture of Cs into the gas 
discharge”. It was several publications in 1973-74 with 
statement “intensity of negative ion beams can be 
increased by injection of cesium into discharge” without 
any references but successful cesiation was not repeated 
at this time.



• Development of high brightness H- sources was stimulated by 

first success of high current proton beam accumulation with 

using a charge-exchange injection [1] and supported by interest 

of “Star War” [2]. 
• A recent circumstance was the reason of difficulties and long 

delay of first publications, but nonofficial communication was 

relative fast. 

• [1] G. Budker, G. Dimov, V. Dudnikov, Sov. Atomic. Energy, 22, 

348, 1967; Proc. Int. Symp. on Electron and Positron Storage 

Ring, France, Sakley,1966, rep. VIII, 6.1 (1966).    

• [2] C. Robinson, Aviation Week&Space Tech., p.42, Oct., 1978; 

• Rev. Mod. Phys., 59(3), Part II (1987).



History of Surface Plasma 

Source  development

(J.Peters, RSI, v.71, 2000)

Invention formula:

“Method of negative ion production 
comprising admixture into the 

discharge a substance with a low 

ionization potential, such as cesium”.

Cesiation patent

V. Dudnikov. The Method for Negative Ion 

Production, SU Author Certificate, C1.H013/04, 

No. 411542, Application filed at 10 Mar., 1972,

granted 21 Sept,1973.
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First version of Planotron (Plain Magnetron) SPS, INP, 1971, 

Beam current up to 230 mA, 1.5x10 mm2 , J=1.5 A/cm2 with Cs



Фɨɬɨɝɪаɮɢя ɩɟɪɜɨɝɨ ɩɥаɧɨɬɪɨɧа



Design of SPS with Penning Discharge 



CSPS with Penning discharge

All metal and ceramic. Can be heated to 1000C for activation.



Discharge voltage

Discharge current

Extraction voltage

Extraction current

H- current after

magnetic analyzer

Noiseless operation

100 Hz

Tested for 300 hs of

continuous 

operation with H-

Current>100mA



ȼ 1968 Ɋ. Ɇɚɪɬɢɧ ɩɨɫɟɬɢɥ ɂəɎ ɢ ɨɡɧɚɤɨɦɢɥɫɹ ɫ ɪɚɡɪɚɛɨɬɤɚɦɢ ɩɨ 
ɩɟɪɟɡɚɪɹɞɧɨɣ ɢɧɠɟɤɰɢɢ. Ɉɧ ɪɟɲɢɥ, ɱɬɨ ɩɟɪɟɡɚɪɹɞɧɚɹ ɢɧɠɟɤɰɢɹ ɩɨɡɜɨɥɢɬ 
Ⱥɪɝɨɧɧɫɤɨɦɭ ɫɢɧɯɪɨɬɪɨɧɭ ɫ ɧɭɥɟɜɵɦ ɝɪɚɞɢɟɧɬɨɦ (ZGS), ɞɢɪɟɤɬɨɪɨɦ 
ɤɨɬɨɪɨɝɨ ɨɧ ɛɵɥ, ɤɨɧɤɭɪɢɪɨɜɚɬɶ ɩɨ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɫ Alternation Gradient 

Synchrotron (AGS,ȺȽɋ) ɜ Brookhaven National Laboratory (ȻɇɅ). 
ȼ 1969 ɝɨɞɭ ɩɟɪɟɡɚɪɹɞɧɚɹ ɢɧɠɟɤɰɢɹ ɛɵɥɚ ɭɫɩɟɲɧɨ ɨɩɪɨɛɨɜɚɧɚ ɧɚ 
ɩɪɨɬɨɧɧɨɦ ɫɢɧɯɪɨɬɪɨɧɟ ZGS ɜ ɋɒȺ ɧɚ ɷɧɟɪɝɢɸ 12 Ƚɷȼ ɩɪɢ ɷɧɟɪɝɢɢ 
ɢɧɠɟɤɰɢɢ 50 Ɇɷȼ. ɉɪɨɬɨɧɵ ɡɚɯɜɚɬɵɜɚɥɢɫɶ ɧɚ ɨɪɛɢɬɭ ɩɪɢ ɩɟɪɟɡɚɪɹɞɤɟ 
ɢɨɧɨɜ ɇ- ɜ ɦɢɲɟɧɢ ɢɡ ɬɨɧɤɨɣ ɨɪɝɚɧɢɱɟɫɤɨɣ ɩɥёɧɤe. 

ɉɨ ɩɪɟɞɥɨɠɟɧɢɸ Ɋ. Ɇɚɪɬɢɧɚ ɛɵɥɚ ɨɬɪɚɛɨɬɚɧɚ ɩɟɪɟɡɚɪɹɞɧɚɹ ɢɧɠɟɤɰɢɹ 
ɩɪɨɬɨɧɨɜ ɜ ɛɭɫɬɟɪ ɞɥɹ ɫɢɧɯɪɨɬɪɨɧɚ ZGS. 

ȼ 1971 ɬɨɞɭ ɛɵɥɚ ɨɫɭɳɟɫɬɜɥɟɧɚ ɩɟɪɟɡɚɪɹɞɧɚɹ ɢɧɠɟɤɰɢɹ ɩɪɨɬɨɧɨɜ ɜ 
ɫɢɧɯɪɨɬɪɨɧ ɧɚ 200 Ɇɟȼ – ɩɪɨɬɨɬɢɩ ɛɭɫɬɟɪɚ ɞɥɹ ZGS [84]. Ȼɭɫɬɟɪ ɫ 1977 
ɝɨɞɚ ɜ ɬɟɱɟɧɢɢ ɦɧɨɝɢɯ ɥɟɬ ɫɥɭɠɢɥ ɢɧɬɟɧɫɢɜɧɵɦ ɢɦɩɭɥɶɫɧɵɦ ɧɟɣɬɪɨɧɧɵɦ 
ɝɟɧɟɪɚɬɨɪɨɦ.
R. Martin, Proc. VIII Internat. Conf. on High Energy accel. CERN, p. 540 

(1971).

I.D. Simpson, IEEE Trans. Nucl. Sci., NS-20, No3, 198 (1973).

J. Simpson, R. Martin, R. Kustom,History of the ZGS 500 MeV 

booste,http://inspirehep.net/record/1322000

http://inspirehep.net/author/profile/Simpson%2C J.?recid=1322000&ln=en
http://inspirehep.net/author/profile/Martin%2C R.?recid=1322000&ln=en
http://inspirehep.net/author/profile/Kustom%2C R.?recid=1322000&ln=en


ȼ 1978 ɝɨɞɭ ɩɟɪɟɡɚɪɹɞɧɚɹ ɢɧɠɟɤɰɢɹ ɛɵɥɚ ɨɫɜɨɟɧɚ ɧɚ ɛɭɫɬɟɪɟ Fermi National 

Accelerator Laboratory (ɎɇȺɅ) ɩɪɢ ɷɧɟɪɝɢɢ ɢɧɠɟɤɰɢɢ 200 Ɇɷȼ. 
ȼ 1982 ɝɨɞɭ ɫɢɧɯɪɨɬɪɨɧ AGS ɜ ȻɇɅ ɛɵɥ ɩɟɪɟɜɟɞɟɧ ɧɚ ɩɟɪɟɡɚɪɹɞɧɭɸ 
ɢɧɠɟɤɰɢɸ. 
ȼ 1984 ɝɨɞɭ ɩɟɪɟɡɚɪɹɞɧɚɹ ɢɧɠɟɤɰɢɹ ɛɵɥɚ ɨɫɭɳɟɫɬɜɥɟɧɚ ɜ ɫɢɧɯɪɨɬɪɨɧ ISIS ɜ 
Ruthrford Appleton Laboratory (ɊȺɅ) ɜ Ⱥɧɝɥɢɢ 
ɢ ɧɚ ɧɚɤɨɩɢɬɟɥɟ ɩɪɬɨɧɨɜ ɜ Ʌɨɫ Ⱥɥɚɦɨɫɫɤɨɣ ɇɚɰɢɨɧɚɥɶɧɨɣ Ʌɚɛɨɪɚɬɨɪɢɢ 
(ɅȺɇɅ). 
ȼ 1980-84 ɩɟɪɟɡɚɪɹɞɧɚɹ ɢɧɠɟɤɰɢɹ ɛɵɥɚ ɨɫɜɨɟɧɚ ɜ Ʌɚɛɨɪɚɬɨɪɢɢ ɮɢɡɢɤɢ 
ɜɵɫɨɤɢɯ ɷɧɟɪɝɢɣ (ɄȿɄ) ɜ əɩɨɧɢɢ, 
ɜ Duche Electron Synchrotron (DESY,ȾɗɁɂ) ɜ Ƚɟɪɦɚɧɢɢ. 
ɉɟɪɟɡɚɪɹɞɧɚɹ ɢɧɠɟɤɰɢɹ ɢɫɩɨɥɶɡɭɟɬɫɹ ɧɚ ɧɚɤɨɩɢɬɟɥɟ  CELSIUS (ɍɩɫɚɥɚ, 
ɒɜɟɰɢɹ), 
ɜ ɧɚɤɨɩɢɬɟɥɟ COSY (ɢɫɫɥɟɞɨɜɚɬɟɥɶɫɤɢɣ ɰɟɧɬɪ ɘɥɢɯ, Ƚɟɪɦɚɧɢɹ). 
ɉɟɪɟɡɚɪɹɞɧɚɹ ɢɧɠɟɤɰɢɹ ɛɵɥɚ ɢɫɩɨɥɶɡɨɜɚɧɚ ɜ ɫɢɧɯɪɨɬɪɨɧɟ ɂɧɫɬɢɬɭɬɚ 
ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɢ ɬɟɨɪɟɬɢɱɟɫɤɨɣ ɮɢɡɢɤɢ ɞɥɹ ɧɚɤɨɩɥɟɧɢɹ ɢɨɧɨɜ ɭɝɥɟɪɨɞɚ
ȼ 2006 ɡɚɪɚɛɨɬɚɥ ɋɇɂ ɜ ɈɊɇɅ ɫ ɩɟɪɟɡɚɪɹɞɧɨɣ ɢɧɠɟɤɰɢɟ 50 ɦȺ, 1 Ƚɷȼ ɇ- ɜ 
ɧɚɤɨɩɢɬɟɥɶ ɞɨ 50 Ⱥ, 50 Ƚȼɬ.
ɋɟɣɱɚɫ ɝɨɬɨɜɢɬɫɹ ɩɟɪɟɯɨɞ ɧɚ ɩɟɪɟɡɚɪɹɞɧɭɸ ɢɧɠɟɤɰɢɸ ɜ ɛɭɫɬɟɪɟ 

ȿɜɪɨɩɟɣɫɤɨɝɨ ɰɟɧɬɪɚ Ɏɢɡɢɤɢ ɜɵɫɨɤɢɯ ɷɧɟɪɝɢɣ (ɐȿɊɇ) ɜ ɒɜɟɣɰɚɪɢɢ 
ɢ ɜ ɛɭɫɬɟɪɟ ɂɧɫɬɢɬɭɬɚ ɮɢɡɢɤɢ ɜɵɫɨɤɢɯ ɷɧɟɪɝɢɣ (ɂɎȼɗ)  ɜ ɉɪɨɬɜɢɧɨ, Ɋɨɫɫɢɹ 



ɉɟɪɟɡɚɪɹɞɧɚɹ ɢɧɠɟɤɰɢɹ ɢɫɩɨɥɶɡɭɟɬɫɹ ɞɥɹ ɢɧɠɟɤɰɢɢ 
ɩɨɥɹɪɢɡɨɜɚɧɧɵɯ ɢɨɧɨɜ ɇ- ɜ ɛɭɫɬɟɪ AGS, RHIC d BNL.

ɂɫɩɨɥɶɡɨɜɚɥɚɫɶ ɞɥɹ ɢɧɠɟɤɰɢɢ ɩɨɥɹɪɢɡɨɜɚɧɧɵɯ ɢɨɧɨɜ ɇ- ɜ 
ɛɭɫɬɟɪ ɧɚɤɨɩɢɬɟɥɹ Indiana University

ȼɨɡɦɨɠɧɨ ɩɨɥɭɱɟɧɢɟ ɩɨɥɹɪɢɡɨɜɚɧɧɵɯ
ɨɬɪɢɰɚɬɟɥɶɧɵɯ ɢɨɧɨɜ. Ⱦɥɹ ɷɬɨɝɨ ɩɨ 

ɩɪɟɞɥɨɠɟɧɢɸ Ⱦɭɞɧɢɤɨɜɚ ɫɬɪɭɹ ɩɥɨɬɧɨɣ
ɩɥɚɡɦɵ ɤɨɧɜɟɪɬɢɪɭɟɬɫɹ ɜ ɨɬɪɢɰɚɬɟɥɶɧɵɟ
ɢɨɧɵ ɧɚ ɰɟɡɢɪɨɜɚɧɧɨɦ ɩɨɜɟɪɯɧɨɫɬɧɨ-

ɩɥɚɡɦɟɧɧɨɦ ɢɨɧɢɡɚɬɨɪɟ ɢ ɡɚɬɟɦ ɨɫɭɳɟɫɬɜɥɹɟɬɫɹ ɪɟɡɨɧɚɧɫɧɚɹ 
ɩɟɪɟɡɚɪɹɞɤɚ ɩɨɥɹɪɢɡɨɜɚɧɧɵɯ ɚɬɨɦɨɜ ɧɚ ɫɬɪɭɟ ɨɬɪɢɰɚɬɟɥɶɧɵɯ 
ɢɨɧɨɜ. ɉɨɥɨɠɢɬɟɥɶɧɵɟ ɢɨɧɵ ɝɟɧɟɪɢɪɭɸɬɫɹ ɞɭɝɨɜɵɦ ɪɚɡɪɹɞɨɦ ɫ 
ɯɨɥɨɞɧɵɦ ɤɚɬɨɞɨɦ ɜ ɞɢɚɮɪɚɝɦɢɪɨɜɚɧɧɨɦ ɤɚɧɚɥɟ ɢ 
ɬɪɚɧɫɩɨɪɬɢɪɭɸɬɫɹ ɦɚɝɧɢɬɧɵɦ ɩɨɥɟɦ ɧɚ ɤɨɧɭɫɧɭɸ ɩɨɜɟɪɯɧɨɫɬɶ 
ɤɨɧɜɟɪɬɨɪɚ, ɝɞɟ ɩɪɟɨɛɪɚɡɭɸɬɫɹ ɜ ɚɬɨɦɵ. Ⱥɬɨɦɵ ɤɨɧɜɟɪɬɢɪɭɸɬɫɹ 
ɜ ɢɨɧɵ ɇ- ɧɚ ɰɢɥɢɧɞɜɨɱɟɫɤɨɣ ɰɟɡɢɪɨɜɚɧɧɨɣ ɩɨɜɟɪɯɧɨɫɬɢ 
ɩɨɜɟɪɯɧɨɫɬɧɨ- ɩɥɚɡɦɟɧɧɨɝɨ ɤɨɧɜɟɪɬɨɪɚ ɢ ɩɟɪɟɡɚɪɹɠɚɸɬ ɜ 
ɨɬɪɢɰɚɬɟɥɶɧɵɟ ɢɨɧɵ ɩɨɥɹɪɢɡɨɜɚɧɧɵɟ ɚɬɨɦɵ ɞɟɣɬɟɪɢɹ. 
Ɉɛɪɚɡɨɜɚɜɲɢɟɫɹ ɩɨɥɹɪɢɡɨɜɚɧɧɵɟ ɢɨɧɵ D- ɜɵɬɹɝɢɜɚɸɬɫɹ 
ɦɧɨɝɨɚɩɟɪɬɭɪɧɨɣ ɫɟɬɨɱɧɨɣ ɫɢɫɬɟɦɨɣ ɮɨɪɦɢɪɨɜɚɧɢɹ ɢ 
ɨɬɞɟɥɹɸɬɫɹ ɩɨɜɨɪɨɬɧɵɦ ɦɚɝɧɢɬɨɦ ɨɬ ɧɟɩɨɥɹɪɢɡɨɜɚɧɧɵɯ ɢɨɧɨɜ 
ɇ-.



MOTIVATION

• Important feature of SNS at ORNL is very powerful, short (~1 µs) pulse   

of protons used for neutron pulse generation.

• Outstanding recent achievement is   40 A (40 GW) P beam in the 

compressing ring (1.4 MW of average power).

• This ~ 10^3 times power compressing is produced by charge exchange 

injection with using of accelerated H- ion beam.

• Increasing the ion beam current and/or the beam duty factor are 

normally the most cost-effective solutions for increasing the production 

rate of accelerator facilities. Advanced H- ion sources are necessary for  

reliable realization of charge exchange injection.

• Advanced conversion of H- to H+ (stripping) is necessary for reliable 

operation of charge exchange injection.

• Pulsed beam power can be increased up to 100GW with improved H-

ion source, improved H- stripping, suppression of e-p instability.



Transverse instability in the INP PSR, 

bunched beam (1965)



Diagram of feedback system for e-p 

instability damping ( bunched beam)



Transverse instability of bunched beam in

INP PSR (1965)



Transverse instability of bunched beam with a 

high RF voltage

1-ring pickup, peuk bunch

intensity ;

2-radial loss monitor.

Beam was deflected after 

Instability loss.

Two peaks structure of 

beam after instability loss.

Only central part of the

beam was lost



PSR for beam accumulation with inductive acceleration

1-first stripper; 

2-magnet pole n=0.6;

3-hollow copper torus 

with inductance current; 

4-main stripper; 

5-accelerating gap;

6-ring pickup; 7-BPMs;

8-Res.gas IPM;

9-vacuum chamber.

FC; quartz screens;

Retarding electron and 

ion collectors/

spectrometers .



e-p instability with a low threshold in INP PSR

1-beam current, N>7e9p

2-beam potential, slow 

Accumulation of electrons

10mcs, and fast loss 1mcs.

3-retarding electron collector;

4,5-ion collector, ionizing 

Current Monitor;

6,7-ion Collectors Beam 

potential monitor;

8,9- negative mass Instability.

Injection:

Coasting beam, 1MeV, 0.1mA

R=42 cm.



Instability of coasting beam in AG PSR, 1967

1- beam current

monitor; 

2-vertical proton

loss monitor; 

3- radial proton loss;

4-detected signal of

vertical BPM.

20 mcs/div.



e-p instability of coasting beam in the INP 

PSR (1967)



. ȼ ɷɬɢɯ ɷɤɫɩɟɪɢɦɟɧɬɚɯ ɜɩɟɪɜɵɟ ɧɚɛɥɸɞɚɥɚɥɚɫɶ, ɛɵɥɚ ɢɫɫɥɟɞɨɜɚɧɚ, ɨɛɴɹɫɧɟɧɚ 
ɢ ɩɨɞɚɜɥɟɧɚ ɨɛɪɚɬɧɨɣ ɫɜɹɡɶɸ ɷɥɟɤɬɪɨɧ-ɩɪɨɬɨɧɧɚɹ ɧɟɭɫɬɨɣɱɢɜɨɫɬɶ (electron 

cloud effect), ɥɢɦɢɬɢɪɭɸɳɚɹ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɩɭɱɤɨɜ ɜ ɦɟɡɨɧɧɵɯ ɮɚɛɪɢɤɚɯ ɢ ɜ 
ɞɪɭɝɢɯ ɛɨɥɶɲɢɯ ɭɫɤɨɪɢɬɟɥɹɯ ɢ ɧɚɤɨɩɢɬɟɥɹɯ. ɇɚɤɨɩɥɟɧɧɵɣ ɩɭɱɨɤ ɠɢɜɟɬ 1-5 ɦɫ 
ɡɚɬɟɦ ɪɚɫɤɚɱɢɜɚɸɬɫɹ ɛɟɬɚɬɪɨɧɧɵɟ ɤɨɥɟɛɚɧɢɹ ɢ ɩɭɱɨɤ ɫɛɪɚɫɵɜɚɟɬɫɹ  ɫ ɨɪɛɢɬɵ 
ɡɚ ɧɟɫɤɨɥɶɤɨ ɞɟɫɹɬɤɨɜ ɨɛɨɪɨɬɨɜ. Ɋɚɡɜɢɬɢɟ ɷɬɨɣ ɧɟɭɫɬɨɣɱɢɜɨɫɬɢ ɛɵɥɨ 
ɨɛɴɹɫɧɟɧɨ ɧɚ ɨɫɧɨɜɟ ɬɟɨɪɢɢ, ɪɚɡɜɢɬɨɣ Ȼ. ɑɢɪɢɤɨɜɵɦ ɞɥɹ ɨɛɴɹɫɧɟɧɢɹ 
ɧɟɭɫɬɨɣɱɢɜɨɫɬɢ ɷɥɟɤɬɪɨɧɧɨɝɨ ɩɭɱɤɚ, ɤɨɦɩɟɧɫɢɪɨɜɚɧɧɨɝɨ ɢɨɧɚɦɢ . 
ɂɫɫɥɟɞɨɜɚɧɢɟ ɤɨɥɥɟɤɬɢɜɧɵɯ ɷɮɮɟɤɬɨɜ ɜ ɰɢɪɤɭɥɢɪɭɸɳɢɯ ɩɭɱɤɚɯ ɫ ɩɪɟɞɟɥɶɧɨɣ 
ɩɨ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɦɭ ɡɚɪɹɞɭ ɢɧɬɟɧɫɢɜɧɨɫɬɶɸ ɜ ɫɨɱɟɬɚɧɢɢ ɫ ɩɟɪɟɡɚɪɹɞɧɨɣ 
ɢɧɠɟɤɰɢɟɣ ɩɨɡɜɨɥɢɥɨ ɫɨɡɞɚɬɶ ɬɚɤɨɟ «ɫɭɩɟɪɧɟɪɚɜɧɨɜɟɫɧɨɟ» ɨɛɪɚɡɨɜɚɧɢɟ, ɤɚɤ 
ɰɢɪɤɭɥɢɪɭɸɳɢɣ ɩɪɨɬɨɧɧɵɣ ɩɭɱɨɤ, ɤɨɦɩɟɧɫɢɪɨɜɚɧɧɵɣ ɷɥɟɤɬɪɨɧɧɵɦ ɝɚɡɨɦ, 
ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɤɨɬɨɪɨɝɨ, ɩɨɱɬɢ ɧɚ ɩɨɪɹɞɨɤ ɛɨɥɶɲɟ ɩɪɟɞɟɥɚ ɩɨ 
ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɦɭ ɡɚɪɹɞɭ.
Ȼ. ȼ. ɑɢɪɢɤɨɜ, “ɍɫɬɨɣɱɢɜɨɫɬɶ ɱɚɫɬɢɱɧɨ ɤɨɦɩɟɧɫɢɪɨɜɚɧɧɨɝɨ ɩɭɱɤɚ ɷɥɟɤɬɪɨɧɨɜ”, 
Ⱥɬɨɦɧɚɹ ɗɧɟɪɝɢɹ, 36, 1239 (1966).
ɘ.ɂ. Ȼɟɥɶɱɟɧɤɨ, Ƚ.ɂ. Ȼɭɞɤɟɪ. Ƚ.ɂ. Ⱦɢɦɨɜ, ȼ.Ƚ. Ⱦɭɞɧɢɤɨɜ ɢ ɞɪ. «Ɋɚɛɨɬɵ ɩɨ 
ɫɢɥɶɧɬɨɱɧɵɦ ɩɪɨɬɨɧɧɵɦ ɩɭɱɤɚɦ ɜ ɇɨɜɨɫɢɛɢɪɫɤɟ», Ɍɪɭɞɵ Ɇɟɠɞɭɧɚɪɨɞɧɨɣ 
ɤɨɧɮɟɪɟɧɰɢɢ ɩɨ ɭɫɤɨɪɢɬɟɥɹɦ, ɉɪɨɬɜɢɧɨ, 1977; ɉɪɟɩɪɢɧɬ ɂəɎ 77-59, 

ɇɨɜɨɫɢɛɢɪɫɤ, (1977). http://inspirehep.net/record/127164/files/HEACC77_I_291-

298.pdf

M. Reiser, “Theory and Design of Charged Particle Beams”, Wiley-VCH Verlag, 

second edition, (2009).  



Two-stream instability, historical remarks

• Beam instability due to electrons were first observed 

with coasting proton beam and long proton bunches at 

the Novosibirsk INP(1965),  the CERN ISR(1971), and  

the Los Alamos PSR(1986).

• Recently two-stream instability was observed in almost 

all storage rings with high beam intensity. 



Two-stream instability

• Beam interaction with elements of accelerator and secondary 
plasma can be the reason for instabilities, causing limited 
beam performance. 

• Improving of vacuum chamber design and reducing of 
impedance by orders of magnitude relative with earlier 
accelerators increases threshold intensity for impedance 
instability.

• Two-stream effects (beam interaction with a secondary 
plasma) become a new limitation on the beam intensity and 
brightness. Electron and Antiproton beams are perturbed by 
accumulated positive ions. Proton and positron beams may 
be affected by electrons or negative ions generated by the 
beam. These secondary particles can induce very fast and 
strong instabilities. These instabilities become more severe in 
accelerators and storage rings operating with high current and 
small bunch spacing



This instability is a problem for heavy ion inertial fusion, 

but ion beam with higher current density can be more      

stable.

Instability can be a reason of fast pressure rise include 
electron stimulated gas desorption, ion desorption, and beam 
loss/halo scraping. Beam induced pressure rise had limited 
beam intensity in CERN ISR and LEAR. Currently, it is a 
limiting factor in RHIC, AGS Booster, and GSI SIS. It is a 
relevant issue at SPS, LANL PSR, and B-factories. For 
projects under construction and planning, such as SNS, LHC, 
LEIR, GSI upgrade, and heavy ion inertial fusion, it is also of 
concern. 



History of e-p instability (e-cloud) observation

From F. Zimmermann report

Was presented in Cambridge PAC67 but only INP was identified as e-p instability

FAST TRANSVERSE 

INSTABILITY AND 

ELECTRON CLOUD

MEASUREMENTS IN 

FERMILAB RECYCLER

J. Eldred, et al. 2014.

A new transverse instability is 

observed that may limit the

proton intensity in the 

Fermilab Recycler.



INP Novosibirsk, 1965, bunched beam 

‘first observation of an e- driven instability? 

coherent betatron oscillations & beam loss

with bunched proton beam; threshold ~1-1.5x1010, 

circumference 2.5 m, stabilized by feedback

(G. Budker, G. Dimov, V. Dudnikov, 1965).

F. Zimmermann

other INP PSR 1967:

coasting

beam instability

suppressed by

increasing beam

current;

fast accumulation of

secondary plasma

is essential for

stabilization;

1.8x1012 in 6 m

V. Dudnikov, PAC2001



extensive system of electrostatic clearing electrodes

ISR, coasting proton beam,  ~1972
(R. Calder, E. Fischer, O. Grobner, E. Jones)

excitation of nonlinear

resonances; gradual

beam blow up similar

to multiple scattering

beam induced signal

from a pick up showing

coupled e-p oscillation;

beam current is 12 A and

beam energy 26 GeV

2x10-11 Torr,

3.5% neutralization,

DQ=0.015



PSR instability, 1988
(D. Neuffer et al, R. Macek et al.)

beam loss on time scale 

of 10-100 ms above 

threshold  bunch charge 

of 1.5x1013, 

circumference 90 m,

transverse oscillations

at 100 MHz frequency

beam current and vertical oscillations;

hor. scale is 200 ms/div.



e-p instability of coasting beam in LA PSR,1986



Pickup signals and electron current in LA 

PSR

R.Macek, LANL



Electron signal and proton loss in LA 

PSR

R.Macek, LANL



AGS Booster, 1998/99

(M. Blaskiewicz)

coasting beam

vertical instability

growth time ~3 ms

~100 MHz 

downward shift as 

instability progresses

beam current [A]

500 ms-500 ms

5

y power density

0.2 GHz

time



KEKB e+ beam blow up, 2000
(H. Fukuma, et al.)

threshold of fast

vertical blow up

slow growth

below threshold?

beam current

IP spot size



Pulsed SNS US Patent 3,860,828, 1975 



• The ring accumulates the ion beam.

stripper

• The stripper foil converts the negative H¯ 
ions into protons and merges them with the 
protons already in the ring!

• Accumulating up to 1060  turns 
brings the ion beam current from 
tens of mAmps in the LINAC to              
tens of Amps in the ring before it is 

dumped onto the target.

Beam 
accumulation 
requires a polarity 
change. We need 

negative ions!

The SNS Accumulator Ring
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Models of two-stream instability

• The beam- induces electron cloud buildup and development of 

two-stream e-p instability is one of major concern for all projects 

with high beam intensity and brightness [1,2]. 

• In the discussing models of e-p instability, transverse beam 

oscillations is excited by relative coherent oscillation of beam 

particles (protons, ions, electrons) and compensating particles 

(electrons,ions) [3,4,5].

• For instability a bounce frequency of electron’s oscillation in 
potential of proton’s beam should be close to any mode of 
betatron frequency of beam in the laboratory frame.

1.  http://wwwslap.cern.ch/collective/electron-cloud/.

2. http://conference.kek.jp/two-stream/.

3. G.I.Budker, Sov.Atomic Energy, 5,9,(1956).

4. B.V. Chirikov, Sov.Atomic.Energy,19(3),239,(1965).

5. M.Giovannozzi, E.Metral, G.Metral, G.Rumolo,and F. Zimmerman , Phys.Rev. ST-

Accel. Beams,6,010101,(2003). 

http://wwwslap.cern.ch/collective/electron-cloud/
http://conference.kek.jp/two-stream/


Memo from: Bruno Zotter
www.aps.anl.gov/conferences/icfa/twoo-stream/

• Subject: Summary of my own conclusions of the 
workshop

• 1) Go on with your plans to coat the most sensitive 
locations in the PSR (Al stripper chamber, sections with 
ceramics and with high losses) with Ti nitride - make 
sure that the deposition technique avoids rapid flaking 
off;

• 2) If this is not sufficiently successful, install a transverse 
feedback system based on the wide-band split cylinder 
pickups - Dudnikov showed an example where a simple 
feedback seemed to work fine on e-p. If the oscillations 
are kept sufficiently small by it, there may be no need for 
high power;

http://www.aps.anl.gov/conferences/icfa/twoo-stream/
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PSR for Circulating p-Beam Production

1-striping gas target; 

2-gas pulser;3-FC; 

4-Q screen;         

5,6-moving targets; 

7-ion collectors;     

8-current monitor; 

9-BPM;10-Q pick 

ups; 11-magnetic 

BPM; 12-beam loss 

monitor;13-detector 

of secondary 

particles density;   

14-inductor core; 

15-gas pulsers;     

16-gas leaks.

Proton Energy -1 MeV; injection-up to 8 mA; bending radius-42 cm; magnetic 

field-3.5 kG;index-n=0.2-0.7; St. sections-106 cm;aperture-4x6 cm; revolution-

1.86 MHz; circulating current up to 1 A is up to 9 time greater than a space charge 

limit.



Vacuum control

• Stripping target- high dense supersonic 

hydrogen jet (density up to e19 mol/cm3, 

target e17 mol/cm2 , ~1ms)

• Vacuum e-5 Torr

• Fast, open ion gauges 

• Fast compact gas valves, opening of 0.1 

ms.



Fast, compact gas valve, 0.1ms, 0.8 kHz

1 -current feedthrough;

2 housing; 3-clamping 

screw; 4-coil; 5 magnet 

core; 6-shield; 7-screw;

8-copper insert; 9-yoke; 

10-rubber washer-

returning springs; 

11-ferromagnetic plate-

armature; 12-viton stop;

13-viton seal; 14-sealing

ring; 15-aperture; 

16-base; 17-nut. 



Photograph  of a fast, compact gas valve



Secondary Particles detector with repeller, 

INP,1967



ANL Fast collector with repeller



Inductive BPM, INP,1967



Signals and spectrum from inductive BPM



INP PSR for beam above space charge limit



Tune diagram of betatron 

frequencies of the storage 

ring: 

1-betatron frequency of 

low intensity beam 

νx=1.62; νz=0.85;

Blu-trajectory of operation 

point with variation of 

correction current;

Red- trajectory of 

operating point under the 

influence of the space 

charge.



Small Scale Proton Storage Ring for Accumulation of 

Proton Beam with Intensity Greater than Space Charge 

Limit



Beam accumulation with clearing voltage

Secondary plasma

accumulation 

suppressed by strong 

transverse electric

field. Vertical 

instability with zero

mode oscillation

was observed

(Herward instability). 



Beam accumulation with space charge 

neutralization



Spectrums of coasting beam instability in BINP PSR

(magnetic BPM)



Spectrums transverse beam instability in LA PSR

R.Macek, LANL



Proton beam accumulation with intensity above space charge limit



Proton beam accumulation with intensity grater than space 

charge limit. Dependence of injection current.



Plasma generators for space charge 

compensation

1- circulating proton beam;

2- magnetic poles;

3- filaments, electron sources;

4- grounded fine mesh; 

5- secondary emission plate with a negative 

potential.

Electrons e emitted by filaments 3 are oscillating between negative plates 5 with a 

high secondary emission for electron multiplication.

A beam density and plasma density must be high enough for selfstabilization of   

e-p instability (second threshold).

Secondary ion accumulation is important for selfstabilization of e-p instability.



Beam accumulation with a plasma generator

on
off



Superintense beam- circulating beam with 

intensity fare above a space charge limit 

(with recalculated tune shift ΔQ>1)

For uniform beam

ΔQ=-Nrp Ref / πȕ2Ȗ 3Qa(a+b)

N= ΔQ πȕ2Ȗ 3 Q a(a+b) / rpRef

For accelerators is typical ΔQ~0.1-0.3<1



Transverse e-p instability in the proton SR was self-

stabilized by increasing the beam density and 

increasing the rate of secondary particle generation 

above a threshold level. This decreases the unstable 

wavelength  below the transverse beam size a. (i.e. 

the sum of beam density nb and ion density ni are 

above a threshold level): 

(nb + ni)> 2 /2πre a2 ; (re = e2/mc2).

In high current proton rings it is possible to reach this 

“Island of stability” by fast, concentrated charge 
exchange injection without painting and enhanced 

generation of secondary plasma as it was 

demonstrated in the small scale PSR at the BINP 



Acceleration system with ExB electron drift for 

ion acceleration with a SCC

Electrons are prevented from 

overloading the induction 

acceleration system in the 

BBB by a novel ExB field trap.

Ion beam acceleration with a 

space charge compensation in 

a gap with a closed cross field 

drift of electrons (disc 

chamber).

Radial magnetic field, axial 

electric field.



Acceleration gap with a closed 

electron drift in the crossed ExB 

fields
1- ion beam; 2-insilators; 3-

electrode; 4-second electrode; 5-

external magnetic yoke; 6-internal 

magnetic yoke; 7-magnetic coils; 

8-beam pipe; 

Color coded magnetic fields 

distribution.

Z is an axis of  cylindrical symmetry



Transverse instability in FNAL Booster, DC B, 

Coasting beam. Injection 400MeV, 45 mA.



Secondary electron generation in the FERMILAB 

booster, normal acceleration



Observation of anomaly in secondary electron generation 

in the FERMILAB Booster

• Observation of secondary particles in the booster proton beam are presented in the  
Booster E-Log  at 04/06/01 .

• Reflecting plate of the Vertical Ionization Profile Monitor (VIPM) was connected to the 
1 MOhm input of oscilloscope (Channel 2).

• To channel 1 is connected a signal of proton beam Charge monitor Qb, with 
calibration of 2 E12 p/V. 

• Oscilloscope tracks of the proton beam intensity Qb (uper track) and current of 
secondary particles (electrons) Qe (bottom track) are shown in Fig. 1 in time scale 5 
ms/div (left) and 0.25 ms/ div (right).

• The voltage on MCP plate is Vmcp=-200 V.  

• It was observed strong RF signal induced by proton beam with a gap ( one long 
bunch). For intensity of proton beam Qb< 4E12 p electron current to the VIPM plate 
is low ( Qe< 0.1 V~ 1E-7 A) as corresponded to electron production by residual gas 
ionization by proton beam. 

• For higher proton beam intensity (Qb> 4E12p) the electron current to the VIPM plate 
increase significantly up to Qe=15 V~ 15 E-6 A as shown in the bottom 
oscillogramms. This current is much greater of electron current produced by simple 
residual gas ionization.  This observation present an evidence of formation of high 
density of secondary particles in high intense proton beam in the booster, as in Los 
Alamos PSR and other high intense rings.

• Intense formation of secondary particles is important for the beam behavior and 
should be taken into account in the computer simulation.



Instability in the Tevatron



Instability in Tevatron



Instability in RHIC, from PAC03



Cold emission of electrons from electrodes with dielectric films

CATHODE DEPOSITS INDUCE DISCHARGES: cold emission

POSITIVE IONS ACCUMULATION 

CREATES HIGH DIPOLE FIELD, INDUCING 

ELECTRON EXTRACTION (MALTER 

EFFECT) or sparks 

+ ++++++ +

- -

DEPOSITS



Instrumentation for observation and damping of

e-p instability
• 1. Observation of plasma (electrons) generation and correlation with an instability

development. Any insulated clearing electrodes could be used for detection of 
sufficient increase of the electron density. More sophisticated diagnostics (from ANL) 
is used for this application in the LANL PSR. These electrodes in different location 
could be used for observation of distribution of the electron generation.

• 2. For determination an importance compensating particles it is possible to use a
controlled triggering a surface breakdown by high voltage pulse on the beam pipe 
wall or initiation unipolar arc. Any high voltage feedthrough could be used for 
triggering of controlled discharge. Could this break down initiate an instability?

• 3. For suppression of plasma production could be used an improving of surface
properties around the proton beam. Cleaning of the surface from a dust and 
insulating films for decrease a probability of the arc discharge triggering. Deposition 
of the films with a low secondary emission as TiN, NEG. Transparent mesh near the 
wall could be used for decrease an efficient secondary electron emission and 
suppression of the multipactor discharge. Biased electrodes could be used for 
suppressing of the multipactor discharge, as in a high voltage RF cavity.

• 4. Diagnostics of the circulating beam oscillation by fast (magnetic) beam position 
monitors (BPM).

• 5. Local beam loss monitor with fast time resolution. Fast scintillator, pin diodes.

• 6. Transverse beam instability is sensitive to the RF voltage. Increase of the RF 
voltage is increase a delay time for instability development and smaller part of the 
beam is involved in the unstable oscillation development.

• 7. Instability sensitive to sextuple and octupole  component of magnetic field, 
chromaticity (Landau Damping), …



Electron generation and suppression

• Gas ionization by beam and by secondary electrons.

• Photoemission excited by SR.

• Secondary emission, RF multipactor,ion-electron emiss.

• Cold emission; Malter effect; Unipolar arc discharge
(explosion emission). Artificial triggering of arc.

• Suppression:

• 1-clearind electrodes; Ultra high vacuum.

• Gaps between bunches.

• Low SEY coating: TiN, NEG.

• Transverse magnetic field.

• Arc resistant material



Conclusion 

• Experimental dates from small scale rings 

can be used for verification of computer 

simulation.

• Stabilization of space charge 

compensated proton beam with a high 

intensity has been observed.

• It is useful to use low energy proton ring 

for investigation e-p instability.


