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Abstract In this paper, the Atomki Accelerator Centre (AAC, Debrecen, Hungary) incor-
porating several small-sized particle accelerators is reviewed. The energy range of our accel-
erators for proton beam is between 50 eV and 20 MeV. The technical and personnel organi-
zation of AAC is presented together with the rules of beamtime requests and usage. Three
of our accelerators (Cyclotron, ECRIS, Tandetron) are described in detail with their techni-
cal descriptions and with the main application fields. As an example for highlights, a series
of unique low-energy ion–sample irradiations and post-treatments are shown which, by our
hopes and plans, form a bridge between physics and biology.

1 Introduction

1.1 History

The Institute for Nuclear Research (Atomki, Debrecen, Hungary) [1] was founded in 1954.
Throughout its 66 years history, significant part of scientific research and the published results
were achieved based on our particle accelerators. The development of accelerators started
in the late 60s with the designing and building of two Van de Graaff accelerators. In the
subsequent decades, the developments continued, but gradually the later accelerators were
already purchased from professional factories.

Between 1970 and 2009, the accelerators belonged to that departments which developed
and/or used the given accelerator. In order to reinforce and concentrate the infrastructure
backbone of Atomki, a new division was established in 2009: the Atomki Accelerator Centre
(AAC) [2]. The new division has numerous advantages. The staff of AAC (physicists, engi-
neers and operators, cca 15 persons) can be re-distributed or even concentrated to a given task
or to a given accelerator. The operators can work at more than one accelerator, they can help
and teach each other. The maintenance of the accelerators can be organized optimally, the
necessary operational and spare tools (vacuum technics, power supplies, radiation safety, etc.)
are always available somewhere within the AAC. The distribution of the beamtime among
different accelerators is much more optimal and equal. Technically, the accelerators offer
the possibility of selecting ions with various charge states, energies and beam intensities.
By today, the AAC became a strong and permanent organizational unit of Atomki, it is well
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known for our present and future partners. The AAC got into several domestic and European
scientific databases.

1.2 Beams and beamtimes

Table 1 summarizes the main features of our main past and present ion accelerators. The
proton energy ranges are in the 6th column. The maximal kinetic energy for other particles
is the product of the charge and the achievable high voltage. For example, the highest charge
state the ECR ion has delivered so far is 30 (gold beam). Setting the highest available platform
(accelerating) potential to 30 kV than the total kinetic energy of this beam is 900 keV. More
technical details on the accelerators are in [3] and in [4].

The distribution and supplying of beamtime are carried out by strict rules. Twice a year
(usually in December and in June), the users may apply for beamtime for the next half-
year. Users can be our researchers (internal users) or external ones, too. In the past 10
years, the ratio of external users (domestic and foreign together) was around 30%. In this
way, our accelerators are open-access devices. An application for beamtime can be done
by filling out an on-line data-sheet in the homepage of the institute [5]. In the same place,
there is a detailed Beam Request Rule documentation containing detailed description of the
accelerators and the cost of beamtime. The Program Advisory Committee (PAC) judges
the requests twice a year and makes a proposal for the director. The director comes to the
final decision on the allowed beamtimes (hours) and on the price of one hour for each
requesting user. This decision is sent to the users and also published in the intranet. Then,
the users can allocate the necessary/allowed days for their research by an on-line system
which is part of our corresponding software (Zimbra). The allocation is confirmed by the
chief engineer of the given accelerator. The chief engineers of the two largest accelerators
(Cyclotron and Tandetron) are in continuous contact in order to distribute the beamtime and
the staff optimally and equally throughout the half-year, especially pay attention to the long,
continuous irradiations (usually from Monday morning till Friday evening) which needs the
optimal day-and-night distribution of the operator staff. The daily and monthly beamtime
usage can be also followed on the homepage of AAC. In Fig. 1, the delivered beamtime hours
are shown in recent years. The Tandetron started its operation in 2015. The last year of the
VdG-5 was 2019. In 2018, the building of the full beamline system limited the beamtime at
the Tandetron.

1.3 Accelerator Centre

Exams are regularly organized for the operator staff. Each operator has to pass exams in
the following subjects: vacuum theory, vacuum practice, radiation safety, labor safety. Then,
other exams for the given accelerator are required: accelerator theory (basics, principles),
accelerator operation. The interest of the exam board (whose members are usually the AAC
Head and two accelerator engineers) is to teach and to positively motivate the operators. That
is why, in case of an unsatisfactory result, a second exam is required and hold within a couple
of weeks. Presently, all of the operators can operate one accelerator professionally (Cyclotron
or Tandetron) and some of them can serve as assisting operator at another accelerator.

The 1 MeV VdG-1 accelerator (see Table 1) was built as a test-bench before designing and
building the 5 MeV VdG-5. Surprisingly, this small test-accelerator is still operational and in
the subsequent years its high-voltage system will be upgraded. The 5 MeV VdG-5 accelerator
served excellently between 1971 and 2019. In 2019, its technical condition went down (and
even the building incorporating the accelerator was in a bad state) and by the appearance of

123



Eur. Phys. J. Plus         (2021) 136:247 Page 3 of 13   247 

Ta
bl
e
1

T
he

ac
ce

le
ra

to
rs

of
A

to
m

ki

A
cc

el
er

at
or

St
ar

t(
ye

ar
)

St
at

us
B

ea
m

lin
es

Pa
rt

ic
le

ch
oi

ce
E

ne
rg

y
ra

ng
e

(p
ro

to
n)

C
ha

rg
e

V
dG

-1
19

70
h,

o,
u

1
H

,D
,H

e
0.

1–
1

M
eV

1

V
dG

-5
19

71
h,

s
4

H
,D

,H
e,

C
,N

,O
,N

e
0.

6–
5

M
eV

1

C
yc

lo
tr

on
19

85
p,

o
9

H
,D

,H
e

2–
18

M
eV

1,
2

E
C

R
IS

19
96

h,
o

2
Fr

om
H

to
X

e
an

d
m

ol
ec

ul
es

50
eV

–3
0

ke
V

1–
30

A
M

S
20

11
p,

x
1

N
eg

at
iv

e
C

20
0

ke
V

1

Ta
nd

et
ro

n
20

15
p,

o
9

H
,H

e,
C

,O
,S

,e
tc

.
0.

2–
4

M
eV

1,
2

V
dG

:V
an

de
G

ra
af

f
el

ec
tr

os
ta

tic
ac

ce
le

ra
to

r,
E

C
R

IS
:E

le
ct

ro
n

C
yc

lo
tr

on
R

es
on

an
ce

(E
C

R
)

Io
n

So
ur

ce
,A

M
S:

A
cc

el
er

at
or

M
as

s
Sp

ec
tr

om
et

er
.h

:h
om

em
ad

e,
o:

op
er

at
io

na
l,

u:
up

gr
ad

e
in

pr
og

re
ss

,s
:s

ta
lle

d,
p:

pu
rc

ha
se

d,
x:

th
e

A
M

S
is

lo
ca

te
d

in
th

e
te

rr
ito

ry
of

ou
r

in
st

itu
te

an
d

ow
ne

d
jo

in
tly

by
A

to
m

ki
an

d
by

a
sp

in
-o

ff
co

m
pa

ny

123



  247 Page 4 of 13 Eur. Phys. J. Plus         (2021) 136:247 

Fig. 1 Delivered beamtimes (hours) by some of the Atomki accelerators in recent years

the Tandetron the users gradually moved from the VdG-5 to the Tandetron. Finally, at the
beginning of 2020 we made the decision to stop VdG-5. Some technical details of the VdG-1
and VdG-5 accelerators can be found in the AAC homepage [2]. The fix-voltage (200 kV)
AMS accelerator [6] is located in the territory of our institute, owned jointly by Atomki and
by a spin-off company and operated by the latter one.

In the subsequent sections, our presently operating accelerators are shown in detail: the
MGC-20E Cyclotron, the homemade ECR Ion Source and the HVEE-made Tandetron. In
the highlights section, a series of non-conventional experiments are shown at the ECR ion
source.

2 Cyclotron

The MGC-20E Cyclotron of the center was manufactured by the Efremov Institute, Russia
and has been in service since 1985. It is a compact isochronous cyclotron being capable of
accelerating the four lightest ions, limited mainly by its internal low-power ion source. The
available beam types, energies and intensities are summarized in Table 2.

Table 2 Available cyclotron beams with maximally extracted beam intensities and the required harmonic
mode of operation of the RF-system

Particle Energy [MeV] RF harmonic mode Max. extracted current [μA]

p 2–2.6 3 20

2.6–18 1 50

d 2.3–5.2 3 20

5.2–10 1 50
3He2+ 4–8.0 3 2

8.0–27 1 8
4He2+ 3.5–10.4 3 5

10.4–20 1 20
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Fig. 2 Cyclotron vaults and beamlines

The beam transport system of the cyclotron can deliver beams into 4 different target vaults
with a total number of 9 target locations. The layout of the beam transport system is given
in Fig. 2. The unique vertical beamline to the target in the basement (No. 7) is dedicated for
radioisotope production with high beam power. The transport system is also equipped with
an analyzing magnet (for targets No. 3, 4, 5 and 5A) which can decrease the inherent energy
spread of the cyclotron beam to the level required by nuclear physics research programs.

The major subsystems of the cyclotron have been renewed and upgraded systematically.
First, the vacuum and control systems were renewed in the end of the 90s. The manual control
system was replaced by programmable logic controllers (PLC) providing computer support
for the operation. Later, the obsolete analog electronics in the NMR field stabilization system
of the analyzing magnet was replaced by a novel home-made digital unit. Lastly, a new 2×2.4
kW solid-state broadband RF driver amplifier was built and installed, replacing the original
tube-based amplifier. Since the production of the proprietary RF-tubes has been discontinued
by the manufacturer, this development was crucial to assure the long-term operation of the
machine.

The cyclotron has a broad range of utilization extending from basic research to industrial
and medical applications. Major fields are:

123



  247 Page 6 of 13 Eur. Phys. J. Plus         (2021) 136:247 

– Nuclear reactions of astrophysical relevance are studied using the activation method.
Cross sections of many reactions relevant for the astrophysical p-process as well as
of the 3He(α,γ )7Be reaction have been measured [7], which contributed to the better
understanding of the investigated stellar processes (Target No. 9).

– Super- and hyper-deformed rotational bands of several actinide nuclei are studied by
the split-pole magnetic spectrometer and the unique detectors built in Atomki [8]. The
hyper-deformed rotation bands of the 236U have been identified for the first time (Targets
No. 3, 4 and 5A).

– Thin Layer Activation of different machine parts and material samples is performed on
external beam. Stacked foils are irradiated to determine excitation functions and yields
of different charged particle-induced nuclear reactions and radioisotopes are produced
as tracers in different processes (Target No. 2A).

– Neutron physics, dosimetry research and calibration of neutron detectors are done with
quasi mono-energetic neutrons. For radiobiological and radiation hardness studies [9],
high-intensity fast neutrons of continuous energy distribution are used (Targets No. 2, 5).

– Radioisotopes are produced by irradiation and separated by radiochemical methods for
nuclear medicine in PET imaging and/or for targeted radionuclide therapy in oncology.
The home-made mini-PET camera with 52Mn and 64Cu radioisotopes are used for phe-
notyping of agricultural crops [10]. Some strong gamma emitter radioisotopes are also
used in nuclear industry to monitor the nuclear power plant for leaking such as 48V and
56Co (Targets No. 6, 7).

3 Electron cyclotron resonance ion source

The second-generation electron cyclotron resonance (ECR) Ion Source (ECRIS) has been
operating in Atomki since 1996. Instead of the usual application of such sources, this “home-
made” Atomki-ECRIS [11] does not deliver ion beams for high energy accelerators but pro-
vides versatile low-energy ion beams and plasmas for atomic physics research [12], plasma
investigations [13] and materials science [14]. A numerical code for plasma simulation is
developed by the Atomki group [15] and used by several ECR-groups throughout the world.

The total kinetic beam energy can be varied between 50 eV and 900 keV depending on the
extraction voltage and on the charge state of the accelerated ion species. The cross section
drawing of the mechanical configuration of the source is presented in Fig. 3. The ion beam
is extracted from the plasma by a changeable tip puller electrode and is focused by two
electrostatic Einzel lenses.

The plasma (heated by 14 GHz microwave at several hundred watts power) is confined in
the cylindrical plasma chamber by B-minimum magnetic field. The B-field is produced by
the combined usage of hexapolar permanent magnet and two room-temperature solenoids.
The radial magnetic field measured at the plasma chamber wall is about 1.2 Tesla while the
axial magnetic peak fields along the axes of the plasma chamber are 1.26 T at the injection
side and 0.95 T at the extraction side. One of the unique features of our ion source is that
the mechanically two solenoids electrically mean three independent coils (since 2018 with
an extra pancake between the iron yokes, see Fig. 3). Therefore, it is possible to vary the
minimum field (typically 0.39 T) independently from the peak fields. In this way, the gradient
of the B-field at the resonant zone can be finely tuned. This fine-tuning significantly increased
the achievable beam currents, furthermore opens the possibility to investigate kinetic plasma
instabilities which are appearing at low gradient values [16] and nowadays is hot-topic in
plasma physics.
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Fig. 3 The cross section drawing of the Atomki-ECRIS

Due to the effective energy transfer from the microwave to the plasma electrons this
relatively old ECRIS can produce reasonably high charge state of ions. For example, fully
stripped Ne ions or He-like Ar16+ beams were generated. Proton beams and multiply charged
ions of He, C, N, O, Ne, Si, Ar, Kr, Xe are used in daily routine with high intensity. Due to the
high ionization efficiency and based on the several vaporizations technics available in Atomki
our ECRIS can produce ion beams from a variety of materials, even from solids. Au, Ag, Fe,
Ni, C60 ion beams are provided by applying the MIVOC method [17], oven and sputtering
techniques [18]. It was also proved that besides highly charged positive atomic ions, H−, O−,
OH−, O−

2 , C−, C−
60 negative ions and H+

2 , H+
3 , OH+, H2O+, H3O+, O+

2 positive molecular
ions can also be generated [19] with appropriate intensities. Negative ion beams of several
μA and positive molecular ion beams in the mA range for low-energy atomic and molecular
physics research were obtained. The ion selection of the Atomki-ECRIS can be seen in Figs. 4
and 5 showing the highest beam currents and charge states ever produced from gases and
from solids, respectively.

4 Tandetron

The new Tandetron accelerator was installed in 2014 by High Voltage Engineering Europa
B.V. [20], and was equipped in 2015 with a duoplasmatron ion source (Model 358) as well as
a 9-port switching magnet directly at the exit of the machine. In the first 3 years of operation
[4], four temporary beamlines were gradually built on the switching magnet: nuclear physics,
nuclear astrophysics, external beam, and a newly developed scanning ion nanoprobe setup.

With a subsequent financial support, we have upgraded the setup with two multicusp
ion sources (for hydrogen and helium beams, SO120 and SO130, respectively) and with a
90-degree analyzing magnet. The duoplasmatron ion source has been changed by a cesium
sputter ion source (Model 860C), that is capable to produce negative ion beams from most
of the heavy elements. We have moved the switching magnet from its temporary position to
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Fig. 4 Beam currents as function of the charge state corresponding to ion species produced from gaseous
sources

Fig. 5 Beam currents as function of the charge state corresponding to ion species produced from solids

the exit of the analyzing magnet. After that, the 9 final beamlines were designed, built and
now gradually are given to the users (see Fig. 6, Phase 2) [21].

– The nanoprobe has been moved to the final position on the right 10-degree line of the
switching magnet.
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Fig. 6 Tandetron Laboratory layout. Note: Phase 1 and 2 are completed, phase 3 is still in planning stage

– The microprobe was the flagship beamline station of the old 5 MeV Van de Graaff
accelerator for over 20 years [22]. Now it is operated on the zero-degree port of the
Tandetron allowing much better quality ion beam (stability, beam size, etc.).

– The new RC43 analytical endstation (made by National Electrostatics Corp. [23]) has
been installed on the right 20-degree beamline. Many Ion Beam Analytical (IBA) meth-
ods will be available here: PIXE (Proton-Induced X-ray Emission), RBS (Rutherford
Backscattering Spectrometry), ERDA (Elastic Recoil Detection Analysis), IBIL (Ion
Beam-Induced Luminescence) and Channeling. The sample holder is equipped with a
5-axis goniometer, and can be heated up to 500 ◦C in situ.

– The external-beam setup was upgraded with a compact X-ray detector cluster featur-
ing three Be windowed and one thin windowed SDD (Silicon Drift Detector) made by
RaySpec Ltd [24]. The setup also includes two lasers and an optical microscope for
perfect sample positioning.

– In addition to various aspects of IBA, the Tandetron accelerator was planned to serve
several users and topics in fundamental research. The high achievable beam intensities
combined with good energy resolution and long term stability make the Tandetron accel-
erator ideal for nuclear astrophysics research. A dedicated beamline for astrophysical
experiments has thus been set up, where some key reactions of stellar hydrogen burning
processes have already been studied [25,26].

– Ions of different species and energies can mimic the effects of cosmic rays and stel-
lar wind on low temperature (10–80 K) ice mixtures. The Ice Chamber for Astro-
physics/Astrochemistry (ICA) at Atomki, a Transnational Access (TA) facility of the
EUROPLANET 2024 RI Project Consortium, is designed to investigate those irradia-
tion effects on analogues of interstellar and Solar System ices. The various beams are
produced by the Tandetron accelerator. One of its main advantages is that the multicusp
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and sputtering ion sources can be kept in standby mode simultaneously, and changing
ion species or energies takes only a short time (e.g., it takes only one hour from 1 MeV
protons to 6 MeV S2+ ions). Various TA research programs have been accepted by the
Project Consortium for the next year, the first one is already running. The major goal
of the experiments is to study space relevant ices under different ion-impact conditions
systematically, to understand the origin of the building blocks of life.

– A high-efficiency electron positron spectrometer was built at Atomki to search for a light
particle, and achieved breakthrough results [27,28]. The spectrometer has been moved
from the VdG-5 to the Tandetron accelerator and refurbished with the help of state-of-
the-art detectors and data acquisition system. It is now used there to learn more about the
properties of the famous new particle (called X17) introduced at Atomki [29].

As written above, most of the exit ports of the 9-branch switching magnet are already
occupied and used in daily/weakly routine. In principle, all beamlines (including the presently
not-used ones, as well) will be available for present and future users, both internal and external.

5 Highlight

5.1 The Atomki-ECRIS as direct implanter

It is well known that most ECR Ion Sources in the world are used as primary ion beam
injectors for post-accelerators operating mainly for particle and nuclear physics. In Atomki
however, our ECRIS operates as an independent, low-energy accelerator. One of its mis-
sions is to produce low-energy ion beams for modification and functionalization of solid
surfaces, especially surfaces of medical implants and restorations. The basic question always
is: what sample material should be irradiated by what particles for what purposes? There
are several known material “pairings” (targets-projectiles) such as zirconium–silicon in the
case of prostheses; and titanium–gold, titanium–silver and titanium–calcium for implants,
which are important for, e.g., dentists. Surface modification in other labs usually requires
a special equipment which delivers one certain type non-conventional ion beam at appro-
priate energy and dose, required for these irradiations. As another solution, during the last
decade we formed our ECR Ion Source into a multipurpose low-energy implanter for surface
modifications in wide range of projectile type, charge, energy and dose. In Sect. 3, the avail-
able particles with electrical beam intensities were shown. In terms of irradiation dose the
ECRIS of Atomki is able to provide about 1017 ions / cm2 within reasonable irradiation time
(hours) in case of low and middle-charged beams, especially from gases. We are also able to
produce plasmas from solid materials using various techniques. These techniques have been
implemented for many years partly from other groups, partly by us.

5.2 Collaboration between physicists and medical doctors

In order to use our instruments and knowledge in physics for medical purposes, our institute
has been collaborating with the Department of Biomaterials and Prosthetic Dentistry of the
University of Debrecen for a couple of years. We work together on several joint research
topics, all of them aiming the surface modification of dental restorations and implants by
low-energy ion beams. The implanting depth is usually in the upper 5–200 nm layer of the
material surface. The irradiation of the samples is followed by cell-growing on the modified
surface or by bonding strength investigations. The aim is the “functionalization” of the
medical sample for a well-developed goal, e.g., to improve the bonding strength between the
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metal and living cells, or increase the lifespan or the bacterial properties, etc. Recently, we
irradiated zirconia and titanium-oxide target materials with silicon, silver, gold and calcium
ion beams provided by the Atomki-ECRIS.

Below, we report some details on the most promising irradiations, as examples.

1. Silicon ions into ZrO2. In dentistry, it is necessary to increase the bonding strength
between various bioinert zirconia ceramics and the luting cement in order to extend the
lifetime of the restoration. Our ion source was used to implant Si ions just under the surface
of the ZrO2 on nanoscale to improve chemical bonding in between the bonding agent
and the zirconium-dioxide. The stronger a material, the higher the load at brake value.
We were able to implant Si ions in a controlled way into the upper few 10 nanometers on
the surface of zirconium ceramics through a fine metal mesh. The SRIM simulation and
the Secondary Neutral Mass Spectrometry (SNMS) measurement results were in good
agreement as shown in Fig. 7. We found that the load at brake is higher when we apply
the combination of 3 kV extraction ECRIS voltage, post-irradiated by oxygen ions and
even venting the vacuum chamber with oxygen [30].

2. Calcium and silicon ions in titanium. Similar to irradiation into zirconium, significant
changes were achieved on the surface of titanium by these irradiations. We modified the
surface of titanium not only with silicon ions but also with calcium ions. As a result of
treatments, the viability of the cells planted on titanium was increased [31].

3. Silver ions in titanium. The antibacterial effect of silver is well known in medicine. The
Ti samples in some experiments were just irradiated by Ag ions, in some other cases were
coated by Ag-evaporation (PVD) and in an experiment were treated by both methods. We
demonstrated that the formed silver nanoparticles are not cytotoxic or at least does not
decrease significantly the cell viability [32] and are still antibacterial. It is very important
that, these nanoparticles should not be released into human tissue. The best mechanical
bond between the nanoparticle and the titanium is reached by irradiating the titanium

Fig. 7 Comparison of the depth distributions of 1 keV (green curve and dots) and 3 keV (blue curve and dots)
silicon atoms calculated by SRIM and measured by SNMS
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Fig. 8 Schematic of 60 nm (upper) and 368 nm (bottom) average diameter Ag nanoparticles formed on the
titanium surface, on which cell culture was applied

surface with Ag ions (ECR beam) before creating the Ag nanoparticles (PVD+heating)
on it, as Fig. 8 shows [14].

These results indicate that the nature cannot be considered as independent, “parallel”
studies, but it is more similar to a ball where you are getting closer and closer to another field
as you get more and more deeply in that ball. We definitely continue both our ECRIS beam
developments and the application of these beams to medical purposes.

6 Summary

In the paper, the particle accelerators of Atomki were reviewed. All of our accelerators belong
to “small-sized” facilities, but their wide energy range made possible to carry out a large
number of various ion-target experiments in many fields for decades and will in the future,
as well. Recently, the most prospective research fields at AAC are: nuclear physics, nuclear
astrophysics, laboratory astrochemistry, ion beam applications and medical applications.
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