
 

 

  

 

 

  

 

   

 

  

 

   

 

 

  

 

   

 

  

 

  

  

  

 

  

  

 

    

 

 

 

   

 

 

  

   

 

 

 

 

 

 

 

  

 

 

 

 

  

 

   

    

    

 

 

 

  

 

  

 

____________________________________________ 

ELECTRON COOLING APPLICATION FOR HADRON THERAPY 
V. A. Vostrikov†, V. B. Reva, V. V. Parkhomchuk 

Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia 

and Novosibirsk State University, 630090 Novosibirsk, Russia 

Abstract 
The project of synchrotron for hadron therapy with elec-

tron cooling is developing in the Budker Institute of Nu-

clear Physics. The main goal of the project is design of the 

effective and low cost hadron therapy facility. The electron 

cooling is applied for an ion beam accumulation, cooling 

and preparation for slow extraction. The high quality 

cooled ion beam with an extreme small emittance and en-

ergy spread allows significantly decrease the synchrotron 

and beam transfer lines apertures. Moreover, the electron 

cooling can be applied for accumulation of short-lived ra-

dioactive isotopes that can be used for online visualization 

of treatment. 

INTRODUCTION 
Cancer is now the origin of death in one out of every four 

lives. Overcoming this scourge is a common goal for all of 

humanity. The common treatment for cancer includes sur-

gery, chemotherapy and radiation therapy. The radiation 

therapy is one of the effective methods for cancer treatment 

and is prescribed to more than 50% of all patients. It is 

based on delivering high doses of ionizing radiation to lo-

calized tumours in the body. The goal is to destroy all the 

tumour cells with acceptable damage effects to the sur-

rounding normal tissue, which is unavoidably irradiated. 

Photons are used for most patients treated with a conven-

tional radiotherapy. They deposit most of energy upstream 

of the tumour in healthy tissue. Special irradiation system 

from many directions and intensity modulation are used to 

increase the ratio of tumour to healthy tissue dose. The con-

ventional therapy by photons is relatively inexpensive and 

wide world use. 

Beams of protons and ions offer important advantages 

over conventional radiotherapy. The protons and ions 

power does not decrease exponentially with penetration in 

the body. Instead, they deposit more energy as they slow 

down, culminating in a Bragg peak. The depth at which the 

peak occurs can be operated by the value of particles en-

ergy are given by the accelerator. The proton and ion beams 

have little lateral scattering and can be precisely controlled. 

Therefore, the beam energy can be delivered accurately to 

the treatment volume without seriously damage of sur-

rounding tissues or adjacent critical organs. 

The hadron beam therapy has been shown to be effective 

in such cases as relatively large tumours of the esophagus 

and lung, liver, prostate and rectum, tumours of the head 

and neck, and eye. 

For physical as well as for biological reasons, the light 

ions yield better clinical results than protons. Light ions, 

such as carbon, have a higher RBE than protons and pro-

vided treatment that is more effective for certain, deep-

seated tumours that are often radio-resistant. 

The clinical success of carbon therapy at the NIRS, 

Chiba, Japan and GSI, Darmstadt, Germany has led to the 

establishment of 10 more carbon ion therapy centres in Ja-

pan, Germany, Italy, Austria and China [1-3]. Several other 

centres are planned or are under construction in Europe and 

Asia. However, the high capital and operating costs limit 

the wide application of ion therapy. The development of 

robust, effective, and low costs ion therapy system is a par-

amount task to increase the availability of treatment to the 

patients. 

ELECTRON COOLING APPLICATION 
The idea of electron cooling was proposed and devel-

oped at BINP [4]. The electron and ion beams are con-

verged inside the cooling section and during the particles 

co-moving the heat energy transfers from ions to electrons. 

Thus, the electron cooling reduces the spread in the longi-

tudinal and transverse ion velocities, which means a de-

crease in the momentum spread and transverse emittance 

of the ion beam. Now, the low energy electron cooling is a 

routine and effective technique wide used in the high en-

ergy and nuclear physics. In particular, electron coolers are 

installed at the leading centres were methods of ion therapy 

was developed and continues to develop [5, 6]. However, 

at developing of standard design for ion therapy facility the 

electron cooling technology was not in demand. Usually, 

this is argued that the electron cooling is expensive and 

very complex equipment, redundant for therapy facility. 

The main goal of present article is the demonstration that 

electron cooling application helps design robust and not 

expensive medical accelerator. 

The accumulated at BINP experience allows transferring 

the electron cooling technology to the application field. 

The ion therapy is the most favourable application. The ion 

beam energy range required for the cancer therapy is fully 

overlapped by the standard design of the BINP electron 

cooler (Fig. 1). This base design demonstrates the effective 

and robust long time operation at GSI (Darmstadt), IMP

(Lanzhou) and LEIR (CERN) with success [7,8].

The cooled high intensity ion beam with extreme small 

energy spread and transverse emittance is a superior thera-

peutic instrument allowing irradiate tumour with high ac-

curacy. Certainly, the size of beam spot on the tumour is 

determined primary by multiple scattering and fluctuations 

of ionization losses during the path in depth of tissues. 

Nevertheless, the electron cooling eliminates the beam spot 

† e-mail: V.A.Vostrikov@inp.nsk.su 

 broadening due to the inherent beam emittance and energy 

spread. 
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Figure 1: Layout of EC-300. 1 -electron gun, 2 - accelera-

tion tube, 3 - ion beam vacuum chamber, 4 - cooling sec-

tion, 5 - collector, 6 - high voltage generator. 

The electron cooling allows accumulating the beam with 

high intensity that is important for increasing of the patient 

throughput. The suppression of beam losses due to space 

charge and IBS decreases influence of the radiation to the 

accelerator components and provides more safety of the 

treatment. 

However, the insertion of electron cooler into the ion 

medical synchrotron with traditional design does not al-

lows to fully revealing all possibilities. The most effective 

way is design the ion accelerator built around the key ele-

ment - electron cooler. 

The optimal structure for synchrotron with electron cool-

ing has a racetrack mirror-symmetry lattice with achro-

matic arcs and long straight sections. One straight section 

is occupied by electron cooler. The set of quadrupole mag-

nets should provide flat and equal betatron functions of 

high enough value, to achieve the optimal cooling decre-

ments. In the opposite straight section the RF resonator, in-

jection and extraction elements are installed. 

In addition, the lattice shall include equipment for a 

transverse coupling compensation, caused by the cooling 

solenoid. The longitudinal magnetic field in the main cool-

ing solenoid is constant for all range of the ion beam ener-

gies. Thereby at injection energy, the coupling influence is 

significant. The effective and compact solution is based on 

the application of sqew quadrupoles that ramping in syn-

chronization with the beam energy. 

Clear that the circumference of the synchrotron with 

electron cooling will be larger than for machine with tradi-

tional design. This circumstance contradicts the current 

trend towards the compaction of medical accelerators. 

Nevertheless, the resulting increasing in the synchrotron 

dimensions is insignificant especially in comparison with 

the area occupied by the total facility. 

The small emittance of ion beam gives the possibility to 

decrease the apertures of synchrotron and HEBT elements 

significantly. It leads to decrease the weight, power con-

sumption and cost of the synchrotron and the beam transfer 

lines. To be fair, it should be noted that the energy con-

sumption of the electron cooler partially hides the positive 

effect. The most suitable would be the application of super-

conducting technologies in the implementation of the elec-

tron cooler magnetic system. 

The advantages of small beam size are most evident at 

the design of a superconducting rotating ion gantry and 

beam scanning system. Application of the helium free mag-

nets with maximum field about 4 T and small aperture 

about 15 mm allows design the compact rotating ion gantry 

with low weight. The small aperture of bend magnets leads 

to decrease the stored energy. The cooled beam using re-

duces the thermal load of the magnet assembly caused by 

particle losses. 

The decrease of scanning magnets aperture gives possi-

bility to increase the scanning rate. This seems important 

to reduce the total time of treatment and can be effective at 

irradiating of movable organs. 

The minimum beam emittance at cooling is depends on 

the beam intensity and energy. At injection energy the 

beam emittance limited by the space charge phenomena, at 

extraction energy by IBS. For minimizing of synchrotron 

apertures, the injection energy of carbon beam with the in-

tensity 1010 particles per pulse should be increased up to 20 

MeV/u. For these purposes, the fast cycling booster in 

combination with the low energy injector (for example 

electrostatic tandem) can be applied. High repetition rate 

of booster allows accumulating and cooling the high inten-

sity beam at the main synchrotron. The total cost of booster 

and injector is comparable with cost of the traditional ion 

linear accelerator with energy 6-7 MeV/u. This scheme is 

flexible and can be used for the production of different 

types of ions. 

The two-stage acceleration scheme with electron cooling 

allows easy production and accumulation of the short-lived 

PET isotopes (as C11, N13, and O15). The short-lived radio-

active isotopes are produced in result of interaction of ion 

beam from booster with nuclei of gaseous target. The radi-

oactive isotopes beam is injected into the main synchrotron 

for accumulation, cooling, and acceleration. The irradia-

tion of tumour by short-lived radioisotopes in the treatment 

room equipped by PET tomography gives the possibility to 

build the online therapy. The possibility to observe the ir-

radiation process in time is very promising for solving 

problem of movable tumours. As the rate production of 

PET isotopes is not so high, the treatment time for whole 

tumour will be increased. Therefore, the optimal scenario 

is the tumour marking by the radioactive labels in amount 

enough for online tracking and then irradiation the target 

volume by carbon beam. 

Also for irradiation of movable tumours, the operative 

beam energy changing by the cooling friction force can be 

used. 

EXTRACTION 
In the synchrotron with electron cooling, few extraction 

schemes can be arranged. First is the traditional resonance 

extraction. The electron cooling leads to significant de-

crease of beam losses at extraction. 
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Recombination of ions traveling through the cooling sec-

tion is another option of the slow extraction scheme. An 

extremely low relative velocity of the ions and the elec-

trons increases the recombination cross-section. Available 

and fast control of the transverse profile and current of 

electron beam allows fine adjustment of the 12C5+ ion beam 

intensity and spot size. This type of extraction provides 

high level of the patient safety from over irradiation during 

treatment (see Fig. 2). 

The small emittance and narrow momentum spread ena-

bles realize original scheme of extraction by small portions 

with the low-aperture pulsed high repetition kicker appli-

cation. This scheme was proposed and applied in the 

COSY facility [9]. 

4 
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D4 kx
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4 4 4 4 

0.0014 0.0012 0.001 8 10 6 10 4 10 2 10 0 
0.0015 kx 100 0 

50000 
initial 

after 1 msec cooling 

after 5 msec 

after shift energy for extraction 

Figure 2: Computer simulation of portion extraction. 

The circulating cooled ion beam can be split by cooling 

force with the well-controlled intensity in the portion. 

The beam is shifted close to the septum by the local dis-

tortion of orbit. The flat momentum distribution of ions is 

prepared by the fast scanning of electron beam energy 

(±1.5·10-3). After that, the electron beam energy is shifted 

to the edge of distribution. The neighbour ions cooled to 

the new energy and forming the portion of required inten-

sity. Due to nonlinearity of friction force, the most part of 

beam is not affected. After that, the beam as whole fast 

shifted by the betatron core. The formed portion of beam 

comes into the kicker aperture, kicked out over septum and 

extracted. The circulated beam is slowly shifted back as 

whole by the betatron core reverse. The system is ready to 

start the forming of new portion. The proposed repetition 

rate of portion extraction 200 Hz is in good agreement with 

simulations [10]. 

EXPERIMENTS WITH COOLING 
For demonstration of the electron cooling in action the 

results of recent experiments in CSRe (IMP, Lanzhou, 

China) and LEIR, CERN are presented [8, 10, 11]. 

At Fig. 3, the standard operation cycle of CSRe includ-

ing the accumulation with cooling at injection energy and 

next acceleration of carbon beam is shown. 

At Fig. 4, the evolution of ion beam profile in LEIR cy-

cle is presented. The cycle starts from two injections with 

cooling, and then Pb54 ion beam is accelerated from 

5 MeV/u to 71 MeV/u. 

At Fig. 5, the Schottky signal of carbon beam with en-

ergy 400 MeV/u during cooling at CSRe is presented. 

Figure 3: Beam current at single cycle: accumulation at 

CSRe with electron cooling 9.6·109 carbon ions beam on 

energy 7 MeV/u, then acceleration up to 600 MeV/u. 

Figure 4: Pb54 ion beam profile at LEIR (CERN) cycle. 

   Figure 5: Cooling of carbon beam with energy 400 MeV/u 

at CSRe (IMP, Lanzhou). 
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BINP PROJECT 
Base on the described above conception the carbon ion 

medical accelerator is developed in BINP [12, 13]. The ac-

celerator includes the tandem accelerator, the rapid cycling 

booster, and the main synchrotron with electron cooling. 

The synchrotron provides 12C6 ions beam with the average 

intensity of 1010 particles per pulse in the energy range 

from 140 MeV/u to 430 MeV/u. 

The comparison of main parameters of accelerator with 

PIMMS [14] is presented in Table 1. The main parameters 

of electron cooler for medical synchrotron are listed in Ta-

ble 2. 

Table 1: Main Parameters of Accelerator 

Parameter BINP PIMMS 
Tandem & rapid 

Injector 
cycling booster 

Injection energy 30 MeV/u 

Intensity 1010 per cycle 

Circumference 83 m 

Electron cooling EC-300 

Synchrotron bend 
36 mm 

magnet gap 

Synchrotron quad. 
70 mm 

bore diameter 

HEBT bend 
20 mm 

magnet gap 

HEBT quad. bore 
38 mm 

diameter 

Resonance, 

Extraction recombination, 

portion extraction 

Ion gantry SC rotating 

Linac 

7 Mev/u 

109 per cycle 

75 m 

-

72 mm 

170 mm 

62 mm 

80 mm 

Resonance 

-

Table 2: Main Parameters of Electron Cooler 

Parameter Value 
Electron beam energy 

Total length 

Cooling length 

Magnetic field 

Field quality 

Up to 300 KeV 

7.5 m 

4.8 m 

0.1 – 0.15 T 

10-4 

CONCLUSION 
BINP develops the hadron therapy facility based on the 

synchrotron with electron cooling. The robust design al-

lows to decrease both capital and operation costs of the fa-

cility. The electron cooling allows significantly decrease 

the apertures of synchrotron, HEBT, gantry, and scanning 

system. Application of the short lived radioactive isotopes, 

and the energy scanning can help to solve the movable tu-

mours problem. The electron cooling allows application 

different types of extraction for both raster and spot scan-

ning simultaneously. 

REFERENCES 
[1] T. Kamada et al., “Carbon ion radiotherapy in Japan”, Lan-

cet Oncol. 2015. 

[2] G. Kraft, “History of the heavy ion therapy at GSI” 
https://three.jsc.nasa.gov/artic-
les/Krafts_GSI.pdf 

[3] Hongwei Zhao, “Carbon Ion Therapy at Lanzhou”, pre-

sented at the Workshop “Ideas and technologies for a next 

generation facility for medical research and therapy with 

ions”, Archamps, June 19-21, 2018. 

[4] G. I. Budker, Soviet Atomic Energy 22(5): 438–440, 1967. 

[5] K. Noda et al., “Commissioning of electron cooler for med-

ical and other application at HIMAC”, in Proc. EPAC’ 2000, 
pp. 1259-1261. 

[6] M. Steck et al., “Beam accumulation with the SIS electron 

cooler”, Nucl. Instr. Meth., Section A, vol. 441, pp. 175-182, 

2000. 

[7] V. Parkhomchuk et al., “Commission of electron cooler EC-

300 for HIRFL-CSR”, in Proc. EPAC’04, pp. 1419-1421, 

2004. 

[8] A. Bubley et al., “Commissioning of the LEIR electron 

cooler with Pb+54 ions”, in Proc. RuPAC’06, pp. 25-27, 

2006. 

[9] J. Dietrich et al., “Fast kicker extraction at COSY-Juelich”, 

in Proc. EPAC 2000, pp. 1708-1710, 2000. 

[10] V. V. Parkhomchuk et al., “Electron cooling for the therapy 

accelerator complex”, in Proc. COOL’09, pp. 168-172, 

2009. 

[11] XiaoDong Yang et al., “Electron cooling experiments in 

CSR”, Sci. China Phys. Mech. Astron. Vol. 54 (Suppl 2), 

pp. 274-278, 2011. 

[12] E. B. Levichev et al., “Carbon ion accelerator facility for 

cancer therapy”, in Proc. RuPAC’06, pp. 363-365, 2006. 

[13] V. A. Vostrikov et al., “A project for synchrotron with elec-

tron cooling for cancer therapy”, Physics of Particles and 
Nuclei Letters, Vol. 9, No. 4–5, pp. 429-432, 2012. 

[14] P. J. Bryant et al., “Proton-Ion Medical Machine Study 

(PIMMS), 2”, CERN, Geneva, Switzerland, Rep. CERN-

PS-2010-007-DR, 2010. 

12th Workshop on Beam Cooling and Related Topics COOL2019, Novosibirsk, Russia JACoW Publishing
ISBN: 978-3-95450-218-9 ISSN: 2226-0374 doi:10.18429/JACoW-COOL2019-TUPS14

Electron Cooling
TUPS14

111

Co
nt

en
tf

ro
m

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

so
ft

he
CC

BY
3.

0
lic

en
ce

(©
20

19
).

A
ny

di
str

ib
ut

io
n

of
th

is
w

or
k

m
us

tm
ai

nt
ai

n
at

tri
bu

tio
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

ish
er

,a
nd

D
O

I.


