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PREFACE

The XXVII Russian Particle Accelerator Conference (RuPAC 2021) was held in Alushta,
Crimea on September 26—October 2, 2021. It was co-organized by the Scientific Council of Russian
Academy of Sciences for Charged Particle Accelerators and Joint Institute for Nuclear Research
(JINR, Dubna). The year of this Conference, 2021, is notable for the JINR, the JINR celebrate its
65th anniversary.

The goal of the event was to facilitate information interchange and discussion of various as-
pects of accelerator science and technology, beam physics, new accelerator development, upgrade
of existing facilities, and use of accelerators for basic and applied research.

The scientific program covered the conventional topics: Modern trends in accelerator technology,
Colliders, Beam dynamics in accelerators and storage rings, cooling methods, new methods of
acceleration, Cyclic and linear accelerators of high intensity, Heavy ion accelerators, Synchro-
tron radiation sources and free electron lasers, Magnetic systems, power supply systems and accel-
erator vacuum systems, Superconducting technologies in accelerators, Accelerating structures and
powerful radio engineering, Control and diagnostic systems, lon sources and electron guns, Ac-
celerators for medicine and engineering applications, Problems of radiation safety at accelerators.
The RuPAC2021 was attended by about 135 participants (and 12 on-line) from 25 organizations,
both home (21) and foreign (4) labs. 9 invited talks (3 on-line), 49 contributed oral reports (9 on-
line) and 133 posters were presented at the Conference.

The Organizing Committee decided to maintain the Conference tradition of awarding the best
youth’s scientific works (for authors aged below 35, inclusive). The laureates were nominated by the
Selection Jury formed at the Conference from representatives of Russian accelerator laboratories and
chaired by Prof. Valery Telnov (BINP of SB RAS, Novosibirsk, Russia). This year, the Selection
Committee decided to award 4 full diplomas, one of which is collective. The personal contest winners
are listed alphabetically after collective ones in the table to follow.

Name Affiliation Report
The team of the Supercon-

For series reports presented at the Conference

ducting Magnets & Tech- JINR, Dubna on the production of the superconducting mag-
nology Department of nets of the NICA complex
LHEP, JINR

‘ - Peculiarities of Producing **Ca, **Ti, **Cr
Gikal Kirill JINR, Dubna Beams at the DC-280 Cyclotron
Gorelyshev Ivan JINR, Dubna NICA Stochastic Cooling System: Designing

and Modeling

NIIEFA,

Osina Yulia St. Petersburg

Cyclotron of Multicharged Ions

The success of RuPAC2021 can be attributed to the collaborative efforts of the Program and Or-
ganizing Committees, and of course, to all of the participants themselves.

Participants of the Conference from Russian accelerator centers and Universities and from
several foreign accelerator centers enjoyed fruitful discussions at oral and poster presentations
regardless to the coronavirus infection (COVID-19).

Trubnikov Grigory, Chair of the Supervisory Committee
Igor Meshkov, Chair of the Program Committee Bo-

ris Sharkov, Co-Chair of the Program Committee
Shirkov Grigory, Chair of the Organizing Committee
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DEVELOPMENT AND IMPLEMENTATION OF
BUNCH SHAPE INSTRUMENTATION FOR ION LINACS*

S. A. Gavrilov’, A. V. Feschenko, V. A. Gaidash,
Institute for Nuclear Research of the Russian Academy of Sciences, Moscow, Troitsk, Russia

Abstract

A longitudinal charge distribution in beam bunches,
so-called bunch shape, is one of the most important and
difficult to measure characteristics of a beam in ion linear
accelerators. Despite the variety of approaches only the
methods using low energy secondary electrons emitted,
when the beam passes through a thin target, found
practical application. The most common beam
instrumentation, based on this method, became Bunch
Shape Monitor (BSM) developed in INR RAS.
The monitor provides direct measurements of bunch
shape and bunch longitudinal halo, allows to carry out
such complex diagnostic procedures as longitudinal
emittance measurements, amplitude and phase setting of
accelerating fields and observation of bunch shape
evolution in time to check the overall quality of
longitudinal tuning of the accelerator.

The principle of the monitor operation, design
features, ultimate parameters and limitations are
discussed. Several modifications of the monitor with
implementation peculiarities are described as well as lots
of measurement results at different ion linacs with a
variety of beam parameters. New challenges for bunch
shape instrumentation to satisfy demands of forthcoming
linacs are also characterized.

INTRODUCTION

The main requirement for bunch shape measurements is
phase resolution. In ion linacs for typical bunch phase
duration range from several degrees to several tens of
degrees the resolution of 1° looks adequate. The
corresponding temporal resolution, for example for
350 MHz, equals to ~8 ps.

In ion beams, as opposite to electron ones, an attempt
to extract information on bunch shape through beam
electromagnetic field results in aggravation of phase
resolution due to large longitudinal extent of the particle
field. The problem can be overcome if one localizes a
longitudinal space passing through which the bunch
transmits information on its shape.

This approach can be implemented if a longitudinally
small target is inserted into the beam and some type of
radiation due to interaction of the beam with this target is
detected. Different types of radiation are used or proposed
to be used [1-5], however low energy secondary electrons
are used most extensively. The distinctive feature of these
electrons is a weak dependence of their properties both on
type and energy of primary particles, so the detectors can
be used for almost any ion beam.

* Work was awarded the Veksler Prize 2021 of RAS
1 s.gavrilov@gmail.com

Control and diagnostic systems

Among the characteristics of low energy secondary
emission, influencing the parameters of the bunch shape
monitor, one can point initial energy and angular
distributions as well as time dispersion or delay of the
emission. Time dispersion establishes a fundamental
limitation on the resolution of the detector. The value of
time dispersion for metals is estimated theoretically to be
about 107+107'* 5 [6], which is negligible from the point
of view of bunch shape measurements. The experimental
results of time dispersion measurements give not exact
value but its upper limit. It was shown that the upper limit
does not exceed (4+£2)-107% s [7].

Operation of bunch shape monitors with low energy
secondary electrons is based on coherent transformation
of a time structure of the analyzed beam into a spatial
distribution of secondary electrons through RF
modulation. The first real detectors described in [8, 9] use
RF modulation in energy or in other words a longitudinal
modulation. Another possibility is using a transverse
scanning [10]. The electrons are modulated in transverse
direction and deflected depending on their phase. Spatial
separation is obtained after a drift space.

BUNCH SHAPE MONITOR OF INR RAS
Principle of Operation

The first real BSM with transverse scanning of low
energy secondary electrons, developed and fabricated in
INR, has been described in [11, 12].

The operation principle of BSM with up-to-date design
can be described briefly with the reference to Fig. 1.

I(p) Analyzed beam

Ug .
—Ugoc + 5 sin(wt + @) + Ugeer

2
dary electrons I(z)

Secon
l :

U,

target

Signal

Figure 1: BSM scheme: 1 — tungsten wire target, 2 — inlet
collimator, 3 — RF-deflector, 4 — correcting magnet, 5 —
outlet collimator, 6 — optional bending magnet, 7 —
registration collimator, 8 — electron detector.
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The series of bunches of the beam under study crosses
the wire target 1 which is at a high negative potential
(Utarger about -10 kV). The target represents a tungsten
wire of 0.1 mm diameter. Interaction of the beam with the
target results in emission of low energy secondary
electrons. The electrons are accelerated by electrostatic
field and move almost radially away from the target.
A fraction of the electrons passes through input collimator
2 and enters RF deflector 3 operating at a frequency equal
to or multiple of the linac accelerating field frequency.
Deflection of the electrons at the exit of the RF deflector
depends on their phase with respect to deflecting field.
Downstream of the drift distance the electrons are
spatially separated and their coordinates are dependent on
phase of the deflecting field. Temporal structure of the
analyzed ion beam is initially transformed into that of
secondary electrons and then into spatial distribution of
the electrons. The intensity of the electrons at a fixed
coordinate is proportional to the intensity of the primary
beam at a fixed point along the bunch. These electrons are
separated by outlet collimator 5 and their intensity is
measured with electron detector 8. Adjusting the
deflecting field phase with respect to accelerator RF
reference, one can obtain a longitudinal distribution of
charge in the bunches of the analyzed beam.

Main Parameters

The most important characteristic of BSM is its phase
resolution. We define phase resolution by a simple

relation Ap =AZ , where Z . is the amplitude of

nz X

max
electron displacement at collimator 5 plane, n is a
harmonic number of the deflecting field with respect to
the fundamental bunch array frequency and AZ is a full
width at a half maximum of the electron beam at the
collimator 5 for zero phase duration bunches of the
analyzed beam. To decrease AZ and hence to improve
the resolution the electron beam must be focused by

additionally applying focusing potential U . to the

deflector electrodes. To steer the electron beam additional

potential difference U, is also applied between the

deflector electrodes. Evidently the size of the collimator
should not exceed AZ . Otherwise the size of the
collimator is to be used in the above formula instead of
electron beam size AZ .

The value of maximum displacement Z ,  can be both

calculated and found experimentally. As for the AZ
value, its finding is not a trivial task. To find the value of
AZ for the purpose of phase resolution evaluation both
theoretical and experimental data are used. Initially
focusing properties of the detector can be found
experimentally using thermal electrons. Heating the wire
target made of tungsten, it is possible to visually observe
the thermal electron beam on the phosphor covering the
front surface of the plates of collimator 5 through the
viewing port. The size of the focused beam of secondary
electrons can be measured by adjusting the steering

X
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voltage U for the turned off RF deflecting field. After

that computer simulations can be done to find the value of
AZ for real parameters of the low energy secondary
electrons taking into account a real spatial distribution of
the deflecting field. Sometimes instead of full width at a
half maximum a double rms size is used.

Another important characteristic is an ability of
measuring small intensities. This feature is especially
important for longitudinal halo measurements. Using a
secondary electron multiplier as an electron beam detector
8 enables the measurements to be done within 5 orders of
intensity magnitude.

The limitation of BSM use for high intensities is due to
two reasons. The first one is target heating. In case of
tungsten target before its destruction the overheating is
manifested as arising of thermal electron current. A bunch
substrate increasing within the beam pulse is observed
when bunch behaviour within the beam pulse is
measured.

The second limitation is effect of space charge of the
analysed beam.

Steer

Influence of Analyzed Beam Space Charge

All the estimations described above are done with the
assumption of a zero-intensity analysed beam, while a
space charge of the real beam can strongly influence the
secondary electrons trajectories and result in phase
resolution deterioration [13-14].

As an example, the results of simulations for ESS
proton linac for different beam currents are presented in
Fig. 2. The phase resolution is given as a function of a
longitudinal coordinate along the bunch. The bunch head
is at the left side in the figure.
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Figure 2: Space charge effect for various beam currents.
Also the energy modulation of secondary electrons by
the space charge can result in a phase reading error, when
the measured phase coordinate along the bunch does not
correspond to the real one.
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MODIFICATIONS OF BUNCH SHAPE
MONITOR

Additionally to the basic detector above described there
are three BSM modifications: BSM for H™ beams, Bunch
Length and Velocity Detector (BLVD) and Three
Dimensional Bunch Shape Monitor (3D-BSM).

BSM for H- Minus Beams

In case of H beam a fraction of the detached electrons
after interaction with the BSM target gets into the
secondary electron channel of BSM and the detected
signal represents a superposition of signals due to low
energy secondary electrons and the detached electrons.
The effect has been analyzed in [15]. The energy of the
detached electrons differs from that of low energy
secondary electrons so the two groups of the electrons can
be effectively separated. BSM for H- beam includes
additional element — bending magnet located between the
outlet collimator and the electron detector.

Bunch Length and Velocity Detector

BLVD is a BSM, which can be mechanically translated
along the beam line [16]. In this detector a time of flight
method of energy measurements is implemented. The
translation results in a shift in phase of the observed
distribution. Measuring the value of the translation and
the value of the shift one can find an average velocity of
the beam. The accuracy of bunch shape measurements for
this detector is the same as for normal BSM. Special
procedure of velocity measurement enables to decrease
systematic error to =+0.1%. Total error of velocity
measurements is typically within +(0.3+0.4)%.

Three-Dimensional Bunch Shape Monitor

3D-BSM is aimed to measure a three-dimensional
distribution of charge in bunches [17]. Due to high
strength and concentration of electric field near the wire
target the electrons move almost perpendicular to its axis
with very small displacement along the wire in the area
between the target and the input collimator. Additional
slit perpendicular to the target installed outside the beam
enables to separate the secondary electrons emitted from a
fixed coordinate along the wire. For fixed position of the
wire and fixe position of the additional slit the intensity of
the electrons passed through the slit is proportional to
beam intensity at the fixed transverse coordinate. The
phase distribution of the separated electrons is measured
in the same manner as in basic BSM. Moving the target
and the slit and each time measuring longitudinal
distribution one can obtain a three-dimensional
distribution of charge in bunches.

COMMISSIONING EXPERIENCE

The first BSM with transverse scanning of low energy
secondary electrons has been developed and built in INR
in the eighties and the first measurements has been done
in 1988 during commissioning of INR linac. Since that
time BSMs of various modifications have been developed
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and built for several accelerators (Table 1). It should be
noted that the detectors of this type have also been
developed in other laboratories [18-20].

Table 1: BSM Commissioning History

1988 INR RAS H* (20, 100 MeV) 1BSM
1993 SSC RFQ H-(2.5 MeV) 1BSM
1994 CERN LINAC3 Pb27(0.25, 4.2 MeV/u) 1BLVD
1996 CERN LINAC2 H* (50 MeV) 13D-BSM
1996 JHP RFQ H-(3 MeV) 1BLVD
1997 DESY H-(10, 30, 50 MeV) 2 BSMs + 1 BLVD
1997 INR RAS H* (160 MeV) 1BLVD
1999-2000 CERN LINAC2 H* (10, 30 MeV) 2BSMs
2003-2010 SNS ORNL H- (7.5, ~90, ~180, ~1000 MeV) 8 BSMs
20122016 CERN LINAC4 H-(3+160 MeV) 2BSMs
2012 J-PARC H-(~200 MeV) 3BSMs
2016 LANSCE H*, H- (0.75, ~70 MeV) 2 BSMs
2016 GSI-FAIR Ar%*(3.5 MeV/u) 1BSM
2019 FRIB Ar®*(20 MeV/u) 1BSM
2021 GSI-FAIR Ar¥*(1.4+7 MeV/u), H* (3+70 MeV) 2BSMs
2022 ESS H* (3.6, 90 MeV) 2BSMs
2022 MYRRHA H* (1.5, 5.9 MeV) 1BSM
MAIN BSM COMPONENTS

Typical BSM components [21] are RF and HV systems,
secondary electron detection system, control system as
well as magnetic shield and corrector.

RF System

The system includes RF deflector, RF amplifier and
phase shifter. Depending on BSM design features both
fundamental bunch array frequency and higher harmonics
are used. The deflector is combined with the electrostatic
lens thus enabling simultaneous focusing and RF-
scanning of the electrons. Typically, BSM deflectors are
RF-cavities, based on parallel wire lines with capacitive
plates. An electrical length of the deflectors is usually A/4
or A/2. To improve the uniformity of both deflecting and
focusing fields in Y-direction, thus improving a phase
resolution, the new A-type symmetric cavity has been
developed for BSM-ESS [22]. The uniformity of the field
in a zone of the electron beam passage is an order of
magnitude better for the symmetric type (Fig. 3).

, I” - ——

| A,

50
20 o 20 mm 2,

Figure 3: RF-field Ez-component distribution in YZ-plane
of A/2- and A-type BSM deflectors and photo of BSM-
ESS with the implemented A-type deflector.

Typical value of RF power required for deflector
excitation is near 10 W and ~20 W for symmetric
deflector type. Phase of the deflecting field is normally
adjusted from pulse to pulse and the most suitable are
voltage controlled electronic phase shifters.
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HYV System

The HV system is intended to supply HV potentials to
the target and electrostatic lens as well as to secondary
electron multiplier. Typical value of target potential is
—10 kV. To provide BSM tuning with thermal electrons a
filament source is foreseen at HV target potential. To
provide steering of the electrons an adjustable voltage
difference of several hundred volts must be superimposed
on focusing potential.

Electron Detection System

Secondary electron multipliers are most widely used.
In this single channel system only one phase point is
detected for a fixed phase setting hence multiple beam
pulses are required for bunch shape measurement.

The detection system of 3D-BSM uses 30-channel
electron collector thus enabling the measurement of the
whole longitudinal distribution to be done per single
beam pulse.

Control System

In principle any type of control system can be used.
However the most recent our developments are based on
LabVIEW platform with the use of National Instruments
control modules NI USB-6363 and NI-9264.

Magnetic Shield and Corrector

Often BSMs are installed in a close vicinity of
magnetic focusing elements with strong fringe fields both
static and alternating. In this case a magnetic shield must
be used to provide a non-distorted e-beam transport inside
BSM. Typical BSM shield represents a sectional jacket
made of low-carbon steel with interior surfaces covered
with a foil made of a cobalt-iron alloy with high p,.
Figure 4 shows the effect of the BSM shield on the fringe
field of a quad located close to the BSM-ESS. Better
results can be obtained if additional screens are added
upstream and downstream of BSM. In this case
the remnant fields decrease to the level less than the
Earth’s magnetic field, and their influence will be
negligible.

—without shield —jacket shield ——jacket + screens

1E+01

oo |/

N
1E01 / 1= \
1ea //-\\

1603

1E04
1 100 200 300 400

BSM X-axis, mm

Figure 4: BSM shield design and the quad By distribution.

An influence of remnant static magnetic fields inside
the standard shield as well as unavoidable misalignments
can be compensated for Z-direction by adjusting the
steering voltage Use.r and for other directions with the
help of additional magnetic corrector with superposition
of dipole and quadrupole magnetic fields [23]: the dipole
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field moves the electron beam along Y-axis and
the quadrupole field enables to adjust the tilt of the e-
beam in YZ-plane (Fig. 5).

Sweep of currents
in the correcting magnet

s,
5

12
a4 Id=-12AT
20

4 g 0
Particle position Z, mm
b)

Magnetic field amplitude (mT) from Ig=8 AT, Id=12 AT

1d=12 AT

Figure 5: (a) Magnetic corrector with fields superposition.
(b) E-beam in the plane of the outlet collimator for
different quadrupole Iq and dipole Id coil currents.

SOME EXPERIMENTAL RESULTS

Normally different phase points are measured for
different beam pulses and the signal is digitized within the
beam pulse. It is implied that bunches are reproducible
from pulse to pulse though can vary within the beam
pulses. BSM allows to observe an evolution of charge
longitudinal distribution in bunches within a beam pulse.
Figure 6 demonstrates an evolution of bunch shape
observed at the initial stage of CERN Linac-4
commissioning, when the beam loading compensation
was insufficient.

-50.0-}
2000 210.0 220.0 2300 2

Figure 6: Experimental data from CERN Linac-4.
a) A bunch shape with 1° resolution. b) Evolution of a
bunch shape during a beam pulse. ¢) DTL3 field
amplitude with the beam.

Data about evolution in time can be used as a
generalized criterion of correct operation of all accelerator
systems influencing on the longitudinal beam dynamics,
including accelerating field parameters (Fig. 7).

onnwauw N
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260,40 fiss
Phase, deg 352.2 MHz 350 s Bgg .0
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Figure 7: Behavior of bunch shape in time at the exit of
CERN Linac-4 during commissioning (left) and for
normal operation (right).
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If the measurements are done with increased gains of
secondary electron multiplier a longitudinal halo can be
observed [24,25] (Fig. 8).

Phase,deg 805 MHz 310 Phase, deg 805 MHz 320

Figure 8: Observation of bunch longitudinal halo in the
first SNS CCL: left — nominal SEM-gain, right — 160
times larger gain.

Bunch shape measurements can be used also for
restoration of longitudinal emittance (Fig. 9), setting of
accelerating field parameters, longitudinal matching etc.

Sigma.Dp' (RMS]
RM]
Sigma € [RMS)

Figure 9: Longitudinal phase ellipse at the entrance of
CERN PS Booster [26].

CONCLUSIONS

Bunch Shape Monitors being developed in INR RAS
since eighties have become a new class of precise beam
instrumentation for longitudinal beam parameters
measurements and beam dynamics studies in ion linacs.
They enable to obtain the results with the resolution
unachievable with other conventional instrumentation.
As an example Fig. 10 demonstrated the results of bunch
shape measurements made with phase probes, fast current

transformer and BSM [27].
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Figure 10: Bunch shapes of identical bunches of

3.5Mev/u Ar9+ beam in GSI cw-Linac prototype
measured with three different detectors.
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THE NICA COMPLEX INJECTION FACILITY

A. Butenko ', H. Khodzhibagiyan, S. Kostromin, I. Meshkov, A. Sidorin, E. Syresin, G. Trubnikov, A. Tuzikov, Joint
Institute for Nuclear Research, Dubna, Russia

Abstract

The Nuclotron-based Ion Collider fAcility (NICA) is un-
der construction in JINR. The NICA goals are providing of
colliding beams for studies of hot and dense strongly inter-
acting baryonic matter and spin physics. The NICA com-
plex injection facility consists of following accelerators:
Alvarez-type linac LU-20 of light ions up to 5 MeV/u;
heavy ion linac HILAC with RFQ and IH DTL sections at
energy 3.2 MeV/u; superconducting Booster synchrotron
at energy up 578 MeV/u; superconducting synchrotron Nu-
clotron at gold ion energy 3.85 GeV/u. In the nearest future
the old LU-20 will be substituted by a new light ion linac
for acceleration of 2<A/z<3 ions up to 7 MeV/u with addi-
tional two acceleration sections for protons, first [H section
for 13 MeV and the second one - superconducting for
20 MeV. The status of NICA injection facility is under dis-
cussion.

NICA INJECTION COMPLEX

The NICA accelerator complex [1,2] is constructed and
commissioned at JINR. NICA experiments shall be per-
formed in search of the mixed phase of baryonic matter and
nature of nucleon/particle spin. The new NICA accelerator
complex will permit implementing experiments in the fol-
lowing modes: with the Nuclotron ion beams extracted at
a fixed target; with colliding ion beams in the collider; with
colliding ion-proton beams; with colliding beams of polar-
ized protons and deuterons. The main elements of the
NICA complex are an injection complex, which includes a
set of ion sources and two linear accelerators, the super-
conducting acting Booster, the superconducting acting syn-
chrotron Nuclotron, a Collider composed of two supercon-
ducting rings with two beam interaction points, a Multi-
Purpose Detector (MPD) and a Spin Physics Detector
(SPD) and beam transport channels.

The injection complex [1] is divided on two injection
chains: one is used for heavy ions, other - for protons and
light ions. The light ion injection chain includes laser ion
source (LIS) and source of polarized ions (SPI), linear ac-
celerator LU-20, Nuclotron and transfer line LU-20-Nuclo-
tron. The heavy ion injection chain consists from electron
string ion source (ESIS), laser ion source, plasma ion
source, the acting Heavy lon Linac (HILAC), transfer line
HILAC-Booster, superconducting acting synchrotron
Booster, transfer line Booster-Nuclotron and acting super-
conducting synchrotron Nuclotron.

INJECTION CHAIN FOR LIGHT IONS

The linear accelerator LU-20, which is under operation
since 1974, accelerates protons and ions from few sources:
the laser source and the source of polarized ions - protons
and deuterons. SPI was constructed by JINR-INR RAS col-

Heavy ion accelerators

laboration. The beam current of polarized deuterons corre-
sponds to 2 mA. During 2009 - 2018 years completely
modernized all of the main systems of the Linac: RF power
amplifiers (SMW/pulse), drift tubes power supply (PS),
beam diagnostics, HV terminal, fore-injector, LLRF sys-
tem, synchronization system, vacuum system, PS system
of the injection line. At the LU-20 exit, the energy of ions
is 5 MeV/n. At present time, the LU-20 beam is injected
directly into the Nuclotron through transfer line Lu-20-
Nuclotron. The HV injector of linac LU-20 has been re-
placed in 2016 by RFQ (Fig. 1) [1,3] with beam matching
channels. The RFQ was constructed by JINR, ITEP of
NRC “Kurchatov Institute”, NRNU MEPHI, VNIITF col-
laboration. The new buncher constructed by ITEP of NRC
“Kurchatov Institute” was installed between RFQ and LU-
20 in 2017. Installation of new buncher permited to in-
crease the heavy ion beam current by 5 times in Nuclotron
55 run in 2018.

oy - N -

Figure 1: New fore-injector for LU-20.

The design of new Light lIon Linac (LILAc) was started
in 2017 to replace the LU-20 in NICA injection complex.
LILAc consists of three sections: warm injection section
applied for acceleration of light ions and protons up to en-
ergy 7 MeV/n [4], warm medium energy section used for
proton acceleration up to energy 13 MeV [4] and supercon-
ducting HWR sections [5], which provides proton acceler-
ation up to energy 20 MeV. The LILAC should provide
beam current of 5 emA. The construction of first light ion
section [4] at ion energy 7 MeV/n was started in 2018 by
Bevatech (Germany), it should be delivered in JINR in
2023. The next step of the LILAc project — design of a mid-
dle energy section and HWR superconducting sections.

The increased beam energy of LILAc is required for fu-
ture researches with polarized proton beams. The operating
frequency of the LILAc is equal to 162.5 MHz for first two
sections and 325 MHz for HWR section. The two super-
conducting HWRs (Fig. 2) were constructed by Russian-
Belarusian collaboration with participation of JINR,
NRNU MEPhI, INP BSU and PTI NASB.
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Figure 2: Niobium cavity inside of testing cryostat.

INJECTION CHAIN FOR HEAVY IONS

The second linear accelerator of NICA injection com-
plex— a new heavy-ion linear accelerator (Heavy Ion
Linac, HILAc) [1,6] (Fig. 3) constructed by JINR-Bev-
atech collaboration is under exploitation since 2016. It is
aimed to accelerate heavy ions injected from KRION-6T, a
superconducting electron-string heavy ion source. At the
present time KRION-6T produces 5x10% Au*'* and 2x108

209B{27* jons.

Figure 3: Heavy ion linear accelerator.

This ion source will be used at injection in Booster in
2022. Upgraded version of KRION-N with "“7Au’!" or
29Bi3%* jon intensity up 2x10° particles per pulse will be
constructed in 2022 for Collider experiments. The energy
of ions at the exit from HILAc is 3.2 MeV/n, while the
beam intensity amounts to 2x10? particles per pulse or 10
emA, repetition rate is 10 Hz. The HILAc consists of three
sections: RFQ and two IH sections. The RFQ is a 4-rod
structure operating at 100.625 MHz. The RFQ and each IH
section are powered by 140 kW and 340 kW solid state
amplifiers.

Especially for the test of the Booster [7] the plasma
source generating a single component He!* beam was cre-
ated. The efficiency of beam transportation through second
and third IH sections was 78.5% (Fig. 4). The maximal ion
“He!* beam current at HILAC entrance during first Booster
runs corresponds to project value 10 mA. During second
Booster run the “He'"and *°Fe!*" ions produced in plasma
and laser ion sources were accelerated in HILAC and in-
jected in Booster.
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Figure 4: Signals of current transformers CT: CT1 at RFQ
exit, CT2 at TH2 exit, CT2-at the middle of transfer line
HILAC-Booster, CT3 at transfer line exit.

The transfer line from HILAC to Booster (Fig. 5) [8]
consists of 2 dipole magnets, 7 quadrupole lenses, 6 stirrers
magnets, debuncher, collimator, vacuum and diagnostic
equipment. The debuncher constructed by Bevatech re-
duces relative ion momentum spread after HILAc from
5x107 to 107. The collimation diaphragm in transport
channel provides separation of ions with required charge
Y97 Au3!" from parasitic ions with another charges. The as-
sembling of transfer line was done in 2020. The achieved
efficiency of beam transportation during first Booster beam
run was of 90% at beam current at the HILAC exit of 4
mA, this value was sufficient for the first experiments [7].
The measured beam profiles (Fig. 6) is in agreement with
beam sizes obtained from channel optic simulations.
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Figure 6: Beam profiles measured by PM2 and PMS5.

The Booster [1] is a superconducting synchrotron in-
tended for accelerating heavy ions to an energy of 600
MeV/n. The magnetic structure of the Booster with a 211-
m-long circumference is mounted inside the yoke of the
Synchrophasotron magnet.

Heavy ion accelerators
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Figure 7: Booster ring inside Synchrophasatron yoke.

The main goals of the Booster are accumulation of 2-10°
Au’" ions, acceleration of heavy ions up to the energy 578
MeV/n required for effective stripping, and forming of the
required beam emittance with the electron cooling system.
The Booster has a four-fold symmetry lattice with DFO pe-
riodic cells. Each quadrant of the Booster has ten dipole
magnets, six focusing and six defocusing quadrupole
lenses, and multipole corrector magnets. All Booster dipole
magnets and quadrupole lenses were fabricated and tested
at JINR.

The Booster power supply system provides consecutive
connection of dipole magnets, quadrupole focusing and de-
focusing lenses. The main powerful source of the power
supply system forms a current of up to 12.1 kA with the
required magnetic field ramp of 1,2 T/s. Two additional
power supply sources are intended for flexible adjustment
of the Booster working point.

The beam injection system of the Booster consists of an
electrostatic septum and three electric kickers.

The Booster RF system provide 10 kV of acceleration
voltage. The operating frequency range of the stations is
from 587 kHz to 2526 kHz.

The electron cooling system has the maximal electron
energy of 60 keV.

The Booster beam extraction system consists of a mag-
netic kicker, two magnetic septa, a stripping station and a
closed orbit bump subsystem. The ions accelerated in the
Booster are extracted and transported along a magnetic
channel, and on their way, they cross a stripped target. The
channel consists of five dipole magnets, eight quadrupole
lenses, three correctors, separation septa, and diagnostic
and vacuum equipment.

The installation of the Booster cryomagnetic equipment
(Fig. 7) was started in September 2018. The first technical
Booster run was done in November-December 2020.

At the first stage the insulating vacuum volume and
beam pipe were assembled and tested. After this the cool-
ing of cryomagnetic system, commissioning of thermome-
try, quench protection systems, tuning of power supply and
HILAC-Booster beam transfer line systems were done.
Then the beam was injected into the Booster [7] on the plat-
eau of the magnetic field corresponding to the injection en-
ergy. The beam circulation was achieved without activation
of the orbit correction system.

Turn-by-turn measurements were used for the injection
optimization. The signals from two nearest BPMs and vir-
tual model of the injection section permitted to calculate
linear optics and closed orbit position in the injection point
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depending on the quadrupole settings (Fig. 8). The effi-
ciency of beam pass through injection section was
achieved at the level of about 75%.

0 15 20 25 30
N

DThetaX :74 m ,S: i Ry DThetaY
Figure 8: Turn-by-turn measurements of the linear optics
and closed orbit position in the injection point.

After the orbit correction and tuning of the injection sys-
tem the intensity of the “He!* circulating beam was in-
creased up to 7x10'° ions (Fig. 9). The charge of these ions
is equal to charge of 2x10° Au®'* ions. Life time of ions
corresponds to 1.3 s or equivalent average residual gas
pressure 2x10°8 Pa.
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Figure 9: PCT signal, beam intensity and magnetic field
time dependencies during the cycle.

The beam current transformer signal at ion acceleration
up energy of 100 MeV/n is shown in Fig. 10. The choice of
maximal ion energy was defined by the radiation safety
conditions at Booster operation without beam extraction.
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Figure 10: Beam current transformer signal at “He'* ion ac-
celeration.

During second run of the Booster in September 2021 the
beams of ions “He!'" and °Fe!'4" with mass-to-charge ratio
A/Z=4 and intensity up 4x10'% and 4x108® correspondently
were injected in to the Booster, bunched on the injection
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table of magnetic field on fifth RF harmonic, then acceler-
ated up to 65 MeV/u where recaptured with first RF har-
monic and again accelerated. The *°Fe'*" ions were accel-
erated up to project energy — 578 MeV/n (Fig. 11).
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Figure 11: Beam current transformer signal at °Fe!** ion
g g
acceleration.

The main results of the second cycle of the Booster beam
commissioning are following: the beam injection effi-
ciency with adiabatic capturing at 5 harmonic at efficiency
is higher than 95%; accelerating up to 65 MeV/u, where
recaptured with 1 RF harmonic with efficiency closed to
100%; acceleration up to project energy of 578 MeV/u with
dB/dt = 1.2 T/s; ultra-high vacuum in beam pipe (*He*' ion
life-time more than 10 s), electron cooling of ions at energy
3.2 MeV/n, beam extraction to transfer line Booster-Nu-
clotron and transportation in this transfer line with total
transfer efficiency of 70%.

The *He!" ion life (Fig. 12) during second Booster run
corresponds to 10.8 s. The equivalent residual gas pressure
is about 5x10” Pa. The relative concentration of residual
gases like CO and H,O in warm Booster sections was sev-
eral times less during second run in comparison with first
one.

16.09.2021 03:33:28
Z/A=1/4 Binj = 730 l'c

<,

Circulation of 3.2 MeV/u He'*
~10 s beam lifetime

!

Beam intensity

16 September 2021

0 - 500 1000 1500 2000 2500 3000 3500 4000 1 S
Figure 12: Beam current transformer signal at “He!* ion
energy 3.2 MeV/u.

The electron cooling of *°Fe'** ions was first time real-
ized during second Booster run. The relative momentum
spread of cooled ions is equal to 4x10. Transverse cooling
time at beam emittance reduction in e-times corresponds to
14s.
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Figure 13: Schottky noise signal at 4 harmonic of revolu-
tion frequency and ion energy 3.2 MeV/u.

The cryomagnetic and power supply systems were tested
at the design magnetic field cycle during first Booster run
(Fig. 14). The magnetic cycle has three plateaus: for injec-
tion, electron cooling and beam extraction. The achieved
ramping rate 1.2 T/s of the magnetic field corresponds to
the project value (Fig. 14). The achieved maximum mag-
netic field of 1.8 T also equal to the project value.

Maximum 1.8 T

4
K
3

&
X
§

~/Electron cooling plateau

—/Injection plateau

Fire 14: The Booster magnetic field cycle at design pa-
rameters.

The Booster beam extraction system [8] consists of a
magnetic kicker, two magnetic septa, a stripping station
and a closed orbit bump subsystem including four lattice
dipoles with five additional HTS current leads. The

Booster beam extraction system together with transfer line
Booster-Nuclotron (Fig. 15) was fabricated by BINP SB
RAS. The first beam experiments with extracted “*He!* and
%Fe!*" jon beams were performed during second Booster
beam run. The total efficiency of beam extraction from
Booster and transportation in transfer line Booster—Nuclo-
tron corresponds to about 70%.
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THE NUCLOTRON

The linear accelerator LU-20, which is under operation

The upgraded Nuclotron [9] accelerates protons, polar-
ized deuterons and ions to a maximum energy depending
of the sort of particles. The maximum ion energy corre-
sponds to 5.2 GeV/n at present time (Table 1).

Table 1: Main Parameters of Nuclotron Beams

Parameter Project Status, 2020
Max. magn. field, T 2 2 (1.7 routine)
B-field ramp, T/s 1 0.8 (0.7 routine)
particles p-U,dT  pT,dT, p-Xe
Maximum energy, 12 (p), 52(d, C),
GeV/u 3.6 AI'16+
5.8 (d) -6 (Ar™)
4.5 197Au79+
Intensity, ions/cycl 10 (p,d), d 4x101°
2%10° (2x10' routine)
(A > 100) Li>*3x10°
Co*2x10°
Ar'6T1x10°
Kr?62x103
Xet?1x10*

The polarized deuteron beams were obtained at intensity
up 2x10° ppp in Nuclotron runs 53 and 54 with SPI in
2016-2018 (Table 1). The polarized proton beams were
formed first time at intensity 10® ppp in Nuclotron 54 run
in 2017. The injection with RF adiabatic capture at effi-
ciency of 80%. was used in two last Nuclotron runs 54 and
55 in 2017 and 2018. The run 55 in 2018 was performed
with acceleration of C®*, Ar'®* and Kr?** (Fig.16) ion beams
(Table 1). The resonant stochastic extraction (RF knockout
technique) was realized in the run 55 in 2018.

i o

Figure 16: The size and beam intensity of extracted from
Nuclotron Kr?* ion beam.

The installation in the Nuclotron of the Booster beam in-
jection system and the Collider fast extraction system are
required for its operation as the main synchrotron of the
NICA complex. The kicker and Lambertson magnet (Fig.
17) should be installed for injection section in end 2021 or
in beginning 2022.
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son magnet for injec-

FEgﬁrAe 17: The Nuclotron Lambert
tion section.
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Abstract

The Nuclotron-based Ion Collider fAcility (NICA) [1-5]
is under construction in JINR. The NICA goals are provid-
ing of colliding beams for studies of hot and dense strongly
interacting baryonic matter and spin physics. The acceler-
ator facility of Collider NICA consists of following ele-
ments: acting Alvarez-type linac LU-20 of light ions at en-
ergy 5 MeV/u, constructed a new light ion linac of light
ions at energy 7 MeV/u and protons at energy 13 MeV,
new acting heavy ion linac HILAC with RFQ and IH DTL
sections at energy 3.2 MeV/u, new acting superconducting
Booster synchrotron at energy up 600 MeV/u, acting su-
perconducting synchrotron Nuclotron at gold ion energy
4.5 GeV/n and two Collider storage rings with two interac-
tion points. The status of acceleration complex NICA is un-
der discussion.

INJECTION ACCELERATOR COMPLEX
NICA FOR HEAVY ION MODE

The injection accelerator complex NICA for heavy ion
mode [2] involves following accelerators: a new heavy-ion
linear accelerator (Heavy Ion Linac, HILAC) constructed
by JINR-Bevatech collaboration is under exploitation since
2016. It will accelerate heavy ions such as "7Au’'" and
20935+ injected from KRION-6T, a superconducting elec-
tron-string heavy ion source, constructed by JINR. At pre-
sent time KRION-6T produces 8-10% Au®'* ions and 9-10%
29Bi*>* jons during three pulses of extracted beam. This
ion source will be used at injection in Booster in 2022. Up-
graded version of KRION-N with "7Au’!* or 2Bi***ion
intensity up 2.5-10° particles per pulse will be con-
structed in 2022 for Collider experiments. The energy of
ions at the exit from HILAC is 3.2 MeV/n, while the beam
intensity amounts to 2x10° particles per pulse or 10 emA,
repetition rate is 10 Hz. The HILAC consists of three sec-
tions: RFQ and two IH sections. The RFQ is a 4-rod struc-
ture operating at 100.625 MHz. The RFQ and each IH sec-
tion are powered by 140 kW and 340 kW solid state ampli-
fiers. The acceleration of '2C?** ions with mass-charge ratio
of A/Z=6, produced in laser ion source, was performed at
first HILAC tests. Especially for the test run of the Booster
the plasma source generating a single component “He!*
(A/Z =4) beam was created. The maximal ion “He'* beam
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current at HILAC entrance during first Booster runs corre-
sponds to project value 10 mA, efficiency of beam trans-
portation through second and third IH sections was 78.5%.
During second Booster run the *He!'*and 3°Fe!** ions pro-
duced in plasma and laser ion sources were accelerated in
HILAC and injected in Booster.

The transfer line from HILAC to Booster [2] (Fig. 1)
consists of 2 dipole magnets, 7 quadrupole lenses, 6 steer-
ers magnets, debuncher, collimator, vacuum and diagnos-
tic equipment. The transfer line from HILAC to Booster
was under operation since autumn 2020. The achieved ef-
ficiency of the beam transmission in HILAC — Booster
transfer line was about 90% at the beam current of 4 mA.

Figure 1: Transport channel HILAC-Booster.

The Booster [1-5] is a superconducting synchrotron in-
tended for accelerating heavy ions up to energy of
578 MeV/u. The magnetic structure of the Booster with a
211 m - long circumference is mounted in tunnel inside the
huge iron yoke of the Synchrophasotron magnet (Fig. 2).
The main goals of the Booster are accumulation of 2-10°
YIAW or 2°Bi** ions, acceleration of heavy ions up to
the energy 578 MeV/u required for effective stripping, and
forming of the required beam emittance with the electron
cooling system.

Colliders
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Figure 2: Booster ring in the tunnel inside the Synchro-
phasotron iron yoke.

The Booster operation was started in end of 2020 [6,7].
The circulated in Booster ion “He!" beam at intensity
7x10'° corresponds to equivalent project intensity 2-10°
7AW" jons. During second run in September 2021 the
beams of ions *He'* and *°Fe'*" with mass-charge ratio
A/Z=4 and intensity up 4-10'° and 4-10® correspondently
were injected in Booster, bunched on the injection table of
magnetic field on fives RF harmonic and then accelerated
up energy 65 MeV/n, where they were rebunched on first
RF harmonic and again accelerated. The °Fe!* ions were
accelerated up energy of 578 MeV/n.

The Booster beam extraction system [2] consists of a
magnetic kicker, two magnetic septa, a stripping station
and a closed orbit bump subsystem including four lattice
dipoles with five additional HTS current leads. The
Booster beam extraction system together with transfer line
Booster Nuclotron (Fig. 3) was fabricated by BINP SB
RAS. The first beam experiments with extracted “He'* and
YFe!*" jon beams were performed during second Booster
beam run.

Figure 3: The transfer line Booster — Nuclotron.

The installation in Nuclotron of beam injection system
from the Booster and fast extraction system in Collider [2]
are required for its operation as the main synchrotron of the
NICA complex. The installation of kickers and Lamberson
magnets for Nuclotron injection section is planned in au-
tumn 2021. The operation of Collider NICA injection chain
HILAC-Booster-Nuclotron is planned in December 2021-
January 2022.

The magnetic system of room-temperature transfer lines
from Nuclotron to Collider rings [2,5] was fabricated by
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French company Sigma Phi. The transfer line lattice con-
tains 27 dipoles, 28 quadrupoles, 33 steerers and set of
beam diagnostics devices. The installation of magnet is
planned to start in end of 2021. The channel magnets are
powered in pulsed mode. The power supplies of magnets
will be delivered in JINR in summer 2022.

COLLIDER RINGS

The Collider [1-5] consists of two storage rings with two
interaction points (IPs). Its main parameters (Table 1) are
as follows: the magnetic rigidity is up to 45 T-m; the resid-
ual gas pressure in the beam chamber is not high than 10~
Torr; the maximum field in dipole magnets is 1.8 T; the ki-
netic energy of gold nuclei ranges from 1 to 4.5 GeV/n; the
beam axes coincide at the interaction section (zero inter-
section angle); and the average luminosity is 10>’ cm™2 s™!
for gold ions. The rings of the Collider are identical in
shape to a racetrack — two arcs are connected by two long
straight section (109 m each). The circumference of each
ring is 503.04 m.

The dipole magnets (Fig. 4) and lenses in the arcs are
combined into 12 cells of the so-called FODO structure
separated by straight sections. The total number of the
horizontal dipole magnets in the arcs of both rings corre-
sponds to 80 and 8 vertical dipole magnets for two IP re-
gions. The magnets of both rings in the arcs are situated
one above another; their axes are separated vertically by
320 mm. Upon passing the section bringing them together,
the particle bunches along the upper and lower rings travel
along a common straight trajectory toward each other to
collide at two interaction points (IPs). The magnets in the
arcs have common yokes, but their construction permits
controlling the field in each of the rings separately.

Figure 4: Collider dipole magnet.
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Table 1: Main Parameters of the NICA Accelerator Com-

plex
Parameter Value
Ring circumference, m 503,04
Number of bunches 22
Rms bunch length, m 0.6
Beta-function in the IP, m 0.6
Betatron tunes, Qx/Qy 9.44/9.44
Ring acceptance, 40
m-mm-mrad
Longitudinal acceptance +0.01
Ion energy, GeV/n 1 3 4.5
Ion number per bunch 3.2:10% 2.9-10°3.1-10°
Rms dp/p, 1073 055 115 15
Rms emittance, 1.3/1.3 1.3/1.1 1.3/1.0
m-mm-mrad
Luminosity, cm™s™! 0.8-10% 0.8-10%7 10%
IBS growth time, sec 160 460 2000

The all arc dipole magnets were produced and tested on
a cryogenic test bench. The results of cryogenic tests are
given in Fig. 5. The measurements of magnet effective
length are illustrated by Fig. 6.

The total number of the lenses is equal to 86 in the arcs
and the straight sections and 12 lenses of final focus
sections. Single-aperture lenses are installed along final fo-
cus sections to provide that both beams are focused at the
IP.

Training of dipole magnet

Number of quenches

Magnets

Figure 5: Cryogenic training of dipole magnets.

Three power supplies are used in Collider for all dipole
magnets and quadrupole lenses. The Collider main power
supply provides consecutive connection of dipole magnets,
quadrupole focusing and defocusing lenses at maximum
current of 10.7 kA. The second power supply is used for
all lenses, and third one is intended only for D lenses. The
powers of second and third power supplies are by one or-
der less than power of main power supply. At transition
from working point 9.44 to 9.1 the power supply current is
variated in all quadrupole lenses on -300 A (except lenses
of final focuses) and on 9A for D-lenses. The length of
each pair of quadrupole lenses was optimized in straight
sections for this case. Additionally, each pair of lenses in
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straight section and each final focus lens has individual
power supply with correction current up 300A.
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Figure 6: Arc dipole magnet distribution related to their ef-
fective lengths.

Methods for cooling of charged particle beams represent
the key accelerator technologies, which are critical for
achieving the design parameters of the complex. The elec-
tron cooling system [2] for the NICA Collider at an elec-
tron energy of 2.5 MeV is intended for accumulation and
bunch formation at the ion kinetic energies in the range of
1.0-4.5 GeV/n. Construction of the electron cooling sys-
tem was started in BINP SB RAS in 2016. The assembling
of cooling system in JINR will be started in winter 2022.

Table 2: Electron Cooling Parametetrs

Parameter Value
Electron energy, MeV 0.2-2.5
Energy instability, AE/E <1-10*
Electron beam current, A 0.1-1.0
Cooling section length, m 6.0
Solenoid magnetic field, T 0.05-0.2
Field inhomogeneity, AB/B <1103

The main goal of using stochastic cooling system (SCS)
in colliding ion beam experiments in the Collider NICA is
to achieve and maintain design luminosities of 10*’cmc’!
in the beam energy range from 3 to 4.5 GeV / u. The sto-
chastic cooling system [2] of the NICA Collider must pro-
vide ion cooling of up to 3.1-10° ions in a bunch, which
corresponds to an effective number 8-10'"' of ions. To
achieve the design cooling time, an SCS with the frequency
bandwidth 0.7-3.2 GHz is necessary. The SCS is a broad-
band microwave feedback system via the beam and in the
main configuration consists of 6 channels for longitudinal,
horizontal and vertical cooling, respectively for each Col-
lider ring. In the basic configuration, the SCS consists only

Colliders
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of longitudinal cooling channels. Each channel has the fol-
lowing main components: pickup, cascade of preamplifi-
ers, signal transmission lines, electronics for control,
power amplifiers, kicker. As pickups and kickers, a ring
structure with a slot coupling is taken as the basis. The unit
cell of this structure is a ring with eight azimuthally distrib-
uted sensor loops Several rings are combined by microstrip
boards, summing the signal in each of the azimuthal direc-
tions.

Table 3: Stochastic Cooling Parametetrs

Longitudinal cooling method Filter
Passband, GHz 0.7-32
Beam distance from pickup to
183.5-191.5

kicker, m
Phase advance from pickup to

) 1340-1360
kicker, deg
Ion energy '7Au™", GeV/u 3.0
Slip-factor from pickup to
Kicker 0.0294
Revolution slip-factor 0.0362
Pickup/kicker couplin
) P pne 200/800
impedance, Q
Gain, dB 75-179
Peak power at kicker, W 3-200
Pickup/noise temperature, K 300/40

Three RF systems with 26 cavities of the acceleration ra-
dio-frequency voltage will be applied for ion accumulation
and formation of ion bunches [2,5] with the necessary pa-
rameters in the Collider. Accumulation of the beam of the
required intensity is planned to be realized in the longitu-
dinal phase space with the use of the ‘technique of barrier
RF1 voltages’ (Fig. 7) and of stochastic or electron cooling
of the particles being accumulated. The burrier bucket
technique also will be used for ion acceleration in the rings

The RF1 system generates 2 pairs of 5 kV pulses (ac-
celerating and decelerating in each pair) at the bunch rev-
olution frequency thus forming two separatrices — injection
and stack. A bunch from the Nuclotron is captured into the
injection separatrix, circulates in the ring until wo pulses
separating separatrices are switched off and the injected
bunch merges with the stack. The accumulated ions
trapped between the two barrier pulses may be accelerated,
if necessary, by £0.3 kV meander voltage generated by the
RF1 as well. The RF1 system is actually an induction ac-
celerator composed by 20 inductor sections: 15 are used to
form the barriers, 3 generate accelerating meander voltage
and 2 passive damping sections correct voltage shape. Each
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active section is driven by a pair of pulse generators. An
inductor section consists of a magnetic core made from the
amorphous magnetic alloy and glued between the two wa-
ter cooled copper plates.

&

Figure 7: Burrier bucket RF1 cavity.

When the necessary ion intensity is achieved, the beam
is bunched the RF2 system (Table 4, Fig. 8) at voltage up
to 25 kV of the 22nd harmonics of the rotation frequency
with the subsequent takeover by the RF3 system (Table 4)
of the 66th harmonics. This permits 22 short bunches to be
formed, which is necessary in order to achieve high lumi-
nosity. The maximal RF3 voltage corresponds to 125 kV.
The RF2 and RF3 systems additionally will be used for an
ion acceleration in rings from injection energy up to energy
required for Collider experiments. The RF2 and RF3 cavi-
ties are of coaxial type which makes the cavity diameter
small enough to fit in between the two Collider rings sepa-
rated by 320 mm only. In order to decrease the length down
to an acceptable value the cavity is heavily loaded by a
mushroom-like capacitor. Due to the wide operating fre-
quency range (12%) the cavity has four capacitive tuners.
The RF solid state amplifiers developed by Russian firm
TRIADA are used for RF2 and RF3 systems.

Table 4: Parameters of RF2 and RF3 Cavities

Value RF2 RF3
Harmonic 22 66
Frequency, MHz 11.484+  34.452+
12.914 38.742
Rsh,Ohms 3.12:10°  2.68-10°
Q 3900 6700
Rate of cavity frequency 14.7 25.7
variation, kHz/s
RF voltage, kV 25 125
Number of cavities per 4 8

ring
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The construction of three RF systems was started in
2016-2017 in BINP SB RAS. Two RF1 and four RF2 cav-
ities will be installed in JINR in beginning of 2022. Addi-
tional 4 RF2 and 16 RF3 cavities will be commissioned for
extension collider version in end of 2022.

Figure 8: Prototype of RF2 cavity.

The beam injection system is designed for single-turn in-
jection of heavy nuclei into Collider rings with minimal
losses. Systems’ elements are placed inside the cryostat in
straight sections located in the arch of the half-ring E of
Collider. The main elements of the beam injection system
are septum and kicker magnets, as well as a closed-orbit
bump subsystem consisting of Collider lattice dipole mag-
nets with additional current leads. Septum magnets are
used to enter the beam into the vacuum chambers of the
Collider rings. Kicker magnets are used to land the beam
onto a closed orbit. In order to weaken the requirements for
kicker magnets, the circulating beam is shifted to the
knives of the septum magnets of the injection system, for
which local closed orbit bumps are created at the beam en-
try sites in Collider. The beam injection system now is un-
der design, its fabrication and installation is planned in au-
tumn 2022.

The beam dumping from Collider is carried out by a set
of kicker and septum magnets mounted symmetrically to
the system of beam injection in the ring with the opposite
direction of particle motion. The beams are dumped in the
directions opposite to the directions of beam injection into
Collider rings. Kicker magnets throw circulating beams
into septum magnets, which complete the extraction of the
beams from the Collider rings. The beam extraction system
is designed now, its fabrication is planed in 2022, commis-
sioning of this system should be done in 2023.

The beam diagnostic system (Table 5) involves pick-up
electrodes, strip line monitor, current transformers, Q-me-
ter for tune measurements, ionization profile monitor,
Schottky pick-up electrodes, beam loss monitor. The diag-
nostic equipment is under construction; their installation is
planned in 2022.

The feedback system is used for suppression of the co-
herent transverse beam oscillations: damping of coherent
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transverse oscillations, arising from injection errors, damp-
ing of coherent transverse instabilities, excitation of coher-
ent transverse oscillations at betatron tune measurements.
The feedback system is under construction; their installa-
tion is planned in autumn 2022.

Table 5: Beam Diagnostic System

Pick-up near F lenses (X) 24
Pick-up near D lenses (Z) 24
Pick-up in straight sections (X/Z) 20

Parametric current transformer (Bergoz 1
Fast current transformer (Bergoz) 2
Betatron tune measurements (Q-meter) 1
lonization profile monitor 3
Schottky pick-up electrode 1
Strip pick-up monitor 2
Beam loss monitors (for both rings) 68

The beam collimation system in each Collider ring con-
sists of foil section for scattering of ions with the large be-
tatron amplitudes and four catchers for x and y coordinates.
This system is fabricated now; their installation is planned
in end 2022.
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LINEAR INDUCTION ACCELERATOR LIA-2 UPGRADE
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P. Logachev, D. Nikiforov, A. Petrenko, O. Pavlov, A. Pavlenko, Budker Institute of
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Abstract

X-ray facilities based on a linear induction accelerator
are designed to study of high density objects. It requires the
high-current electron beam to obtain a small spot and
bright x-ray source using a conversion target. The electrons
source in such facilities is injectors capable generate pulses
with a duration from tens of nanoseconds to several micro-
seconds and a current of several kA. The transportation and
focusing of high-current beams into diameter about 1 mm
is difficult due to the space charge phenomena. In the sim-
ilar induction accelerators (AIRIX [1], DARHT [2], FXR,
etc.), auto-emission cathodes are used to obtain high-cur-
rent electron beams. The use of a thermionic cathode, in
compared to auto-emission cathode, provides stable gener-
ation of several pulses with a time interval of several mi-
croseconds, but makes high requirements on the injector
vacuum system: not less than 107 Torr [3].

Dispenser Cathode

The cathode assembly is an integral part of any beam
source system. Elements of the cathode assembly, such as
a heater or internal components, not formally effects on the
beam dynamics. However, the uniformity of heating of the
cathode surface, is very important for the uniformity of
emission. To develop of this issue, the thermal calculations
of cathode heating system were performed in order to op-
timize the cathode assembly. In particular, the homogene-
ity of the temperature distribution along the surface of cath-
ode core was studied. This is important for high quality
beam forming.

3D-modeling was performed using COMSOL Mul-
tiphysics software platform. In simulation of heat exchange
by radiation between solids in vacuum the module "Sur-
face-to-surface radiation" was used. A 3D-model of the
cathode assembly was used as the initial geometry. All cal-
culations were made for a stationary thermal conditions.
The appearance of the modified cathode assembly is shown
in Fig. 1.

At power 2500 W, the heater temperature reaches 1500
°C, the cathode surface temperature is about 1000 °C. The
asymmetrical shape of the heater (Fig. 2) leads to an in-
crease in the local zone by 4 degrees, which is an accepta-
ble value (Fig. 3).

T d.a.starostenko@inp.nsk.su
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Figure 1: The cathode assembly.

Figure 2: The cathode model for simulate heating process
in COMSOL to estimate the temperature distribution along
the surface.
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Figure 3: Cathode surface temperature distribution in hor-
izontal section.
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Dispenser Cathode in Double-Pulse Mode

Generation of two pulses with a short time interval using
the dispenser cathode is not difficult, because there is no
plasma in the cathode region after the first pulse. As shown
in Fig. 4, both current pulses have approximately the same
shape and the first pulse does not effect on the second. The
time interval between pulses is 4 ps.

i

0. 00008

Figure 4: Double-pulse mode at 1.5 MeV, current is 1.25
kA, time delay is 4 ps.

Beam Dynamics Simulation

Currently, few different codes have been developed to
simulate high-current electron beams in accelerator. To
correctly take into account the space charge, it is necessary
to simulate with a large number of macroparticles, while
the computation time is long, even when using high-per-
formance computing technologies. A simple alternative for
simulation with macroparticles can be a code based on the
envelope equation for an axially symmetric beam with the
uniform distribution. This “K-V envelope code” was de-
veloped at the BINP SB RAS.

For simulation of the beam dynamic in LIA-2 the
REDPIC [4] code and the K-V envelope code were used.
The equation of motion with space charge is:

2
r" +ksr—£—6—3= 0.
. r r . .
Here we consider a round beam with a radius » and the
uniform distribution of space charge density, P = 1;—;;/3 is
a

the generalized beam perveance, I, = 17 kA, € is the
beam emittance, k; = (%)2 is the rigidity of solenoidal

lenses, f is the particle velocity and y is the Lorentz factor.

In Fig. 5 the comparison of simulations using the K-V
envelope codes (black dotted line) and REDPIC (blue fill-
ing) is shown. Simulation in the REDPIC program was car-
ried out with uniform transverse distribution and pulse du-
ration is about 200 ns. The character time of solving with
such parameters is about 4 hours. In the K-V envelope code
(dashed line), it takes a few seconds to integrate the enve-
lope equation with longitudinal step about 1mm. The re-
sults of simulations by different codes demonstrate a good
agreement.

The LIA-2 magnetic system consists of three pulse
shielded solenoids, with length 217 mm and maximal field
up to 2 kG, and final focusing solenoidal lens with length
60 mm and maximal field 4.5 kG. The main task of mag-
netic system is beam transportation from the cathode to the
target assembly without current losses and high-quality fo-
cusing.
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Figure 5: A comparison of simulations using the K-V en-
velope code (black dotted line) and REDPIC (blue filling).
The bottom line shows the longitudinal distribution of
magnetic field.

The spherical aberration in final focusing lens doesn’t al-
low to focus large-diameter beam at the entrance of lens to
the required size of 1 mm. Spherical aberration leads to the
fact that particles with different distance from lens axis
have different focusing length (Fig. 6).

e~ AZ m-—i“‘\\

L Ly

Figure 6: Schematic representation of particle trajectories
when passing through a thin lens with spherical aberration.

For achieving of spot size less than 1 mm the beam size
at the entrance to the final focusing lens with aberration
was estimated. Consider the final focusing lens with fol-
lowing parameters in Table 1.

Table 1: Final Focusing Lens Specifications

Parameters
Length 60 mm
Aperture radius 60 mm
Magnetic fields Up to 4 kG

The results of simulation with UltraSAM code for paral-
lel round beam without space charge for different beam ra-
dius are presented at Fig. 7. Table 2 shows the values of
Armin depending on the beam size r, at the lens entrance,
obtained analytically and using simulation in the Ul-
traSAM program.
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Figure 7: Simulation of the beam trajectories at final focus-
ing lens.

Table 2: Comparison Results

UltraSAM Analytical calc.
T, mm Alppin , MM Alypin , MM
25 0.88 0.71
20 0.41 0.35
15 0.19 0.16
10 0.05 0.04

The difference between the simulation results and the an-
alytical estimation is within 20%, which can be explained
with errors in numerical simulations of small beam size in
the crossover. Nevertheless, it can be concluded that beam
radius 7, should be not above 20 mm at the entrance of
final focusing lens.

LIA-2 Magnetic System Optimization

For avoiding of the effect of spherical aberration in final
focusing lens on the focal spot size the beam size at the lens
entrance should be adjusted. The installation of additional
solenoidal lens before the final lens is the possible solu-
tions of this problem (Fig. 8).
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Figure 8: Resulting envelope and magnetic field longitudi-
nal distribution.

Simulation with K-V envelope code shows that addi-
tional lens allows varying the beam size at final focusing
lens entrance in the wide range and allows satisfying the
requirement for beam size described above.
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New Design for Diagnostics and Vacuum Cham-
ber before Conversion Target

An upgraded version of the beam transfer channel has
been developed, including a new current transformer, a
transient radiation sensor for measuring the transverse
beam profile, and an additional lens between the third and
final lenses (Fig. 9).

Figure 9: New version of the beam transfer channel.

It allows to visually observe the transverse profile and
size of beam, measure the main beam parameters, reduce
influence of spherical aberration, and simplify the adjust-
ment of magnetic system for the beam focusing in the con-
version target.

CONCLUSION

New version of cathode was manufactured and success-
fully installed in the LIA-2.

“K-V envelope code” has been developed that allows in
a few seconds to simulate the beam envelope with space
charge phenomena and spherical aberration of the final
lens.

The new transport channel with additional diagnostic el-
ements with aperture 152 mm was proposed for measuring
of transverse profile and other beam parameters.
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Abstract

The report overviews present status of the Accelerator
Complex U-70 at IHEP of NRC "Kurchatov Institute"
(Protvino). The emphasis is put on the recent activity and
upgrades implemented since the previous conference
RuPAC-2018, in a run-by-run chronological ordering.

History of the foregoing activity is recorded sequential-
ly in [1].

GENERALITIES

The entire Accelerator Complex U70 comprises four
machines — 2 linear (1100, URAL30) and 2 circular
(U1.5, U70) accelerators. Proton mode (default) employs
a cascade of URAL30-U1.5-U70, while the light-ion
(carbon) one — that of 1100-U1.5-U70.

Since the previous conference RuPAC-2018, the U70
complex operated for five runs in total. Table 2 lists their
calendar data. The second run of 2021 is being planned
for October—December of 2021.

Details of the routine operation and upgrades through
years 201821 are reported in what follows, run by run.

RUN 2018-2

The run lasted from October 01 till December 12 2018
in the two modes and with four beam energies — proton
(0.7 and 50 GeV) and carbon (250 and 456 MeV/u).

At the 1% half of proton mode, 50 GeV proton beam
was directed to applied research at the radiographic facili-
ty.

To this end, the facility was fed with the fast-extracted
bunched beam with equal bunches of 3-4-10!! ppb.(see
Fig. 1) To attain electric energy conserving operation, the
flattop length was cut short to 0.6 sec.

IR L

b e e e T

Figure 1: Fast extraction to radiographic facility. Traces
from top to bottom: envelope of RF electric field, beam
DC current; bunch peak current.

At the 2™ half of the proton mode, research activity
was focus to expand the range of the working beam in-
termediate energy in U-70 (350+1320 MeV for proton
and 250+455 MeV/u for carbon). The presence of extract-

Fvakalinin@ihep.ru
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ed beams of intermediate energies opens up new possibili-
ties for proton radiography, radiobiological studies, etc.
To this end, the U70 magnet lattice was toggled to regu-
lated power supply unit [2]. Magnetic cycle for slowing
down (from 1320 to 700 MeV) proton beam was created.
Proton bunch from U1.5 (1.8-10"! ppb) was injected in U-
70 on the injection plateau (356 Gs) then, after adjustment
RF and magnet field correction systems, was slowed
down to 0.7 GeV and circulating at extraction plateau
(230 Gs) (1.2:10" ppb). All efforts to decrease extraction
plateau field (less than 230 Gs) lead to rapid loss of all
beam intensity. Same research was repeated in carbon
mode. In this case, carbon beam was slowed down from
456 MeV/u to 250 MeV/u and circulating at extraction
plateau (250 Gs).

Closer to end of the run the regulated power supply unit
was switched to the DC mode at 455 MeV/u, the main
ring being operated as beam storage and stretcher ring at
flatbottom DC magnetic field. The beam was extracted
slowly with a stochastic extraction scheme [3] capable of
yielding 0.6 s long square-wave spills. The in-out transfer
ratio amounted 55-57%, close the top expected value of
around 68% The beam was used for applied radiobiologi-
cal and biophysical research (see Fig. 2) by teams from
four institutes listed in the 2" row of Table 1.

Figure 2: Screenshot of the Radio-Biological Workbench
work monitor.

RUN 2019-1

It was an intermediate-energy ad hoc one-month long
run dedicated to the several sequential tasks:

First, to provide more time for studies and finer tuning
of deceleration regime (455+180 MeV/u).

Second, obtain the regimes of deceleration, of circula-
tion and slow extraction of a beam of carbon nuclei two
different energies 300 and 200 MeV/u.

Third, testing new irradiation field-forming system
based on electromagnetic wobbler magnets. Testing new
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144-channel mosaic ionization chamber for spatial trans-
verse (X, y)-pattern.

All the tasks accomplished successfully (see Fig. 3,
Fig. 4).

. 5 Ci =
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Figure 3: Slow extraction of 300 MeV/u (left) and
200 MeV/u (right) carbon beam. Traces from top to bot-
tom: Beam DC current, ionization chamber in the head of
BTL#25 (left) or deflecting noise (right). feedback signal
for noise AM.

=
=
=

Figure 4: Wobbler electromagnets spiral sweep mode.
Currents (left) and Spatial transverse (x, y)-pattern (right).

After accomplished R&D tasks the beam (455 MeV/u,
3.0+4.6-10° ipp) was used for applied radiobiological and
biophysical research by teams from institutes listed in the
34 row of Table 1.

RUN 2019-2

The run went on from October 19 till November 24,
2019. The complex was engaged in two modes — proton
(50 GeV) and carbon (200+455 MeV/u) ones.

At proton mode, the 50 GeV proton beam was used for
both, applied and fundamental research.

To this end, the flattop (0.67 sec) accommodated two
sequential slots 0.150 sec and 0.52 sec.

The 1% slot was serviced by the first fast extraction at
radiographic facility (top-priority beam consumer that
called for beam intensity of 3.0+4.5-10'" ppb. Beam struc-
ture was either single-bunch or multi-bunch with an arbi-
trary orbit filling with equal bunches, on demand.), while
the 2" one — by second fast extraction at NEUTRON
facility (Fig. 5). When NEUTRON facility finished on 2"
slot beam fed SPASCHARM (BTL #14 via IT#24), VES
(BTL #4 via IT#27), (FODS (BTL #22 via CD#19) or
SVD (BTL #22 via CD#19) in parallel (Fig. 6). In their
captions and in what follows, BTL is a Beam Transfer
Line, IT is an Internal Target, CD is a bent-Crystal De-
flector, all numbered by the # of the relevant (host)
straight section (SS) in the U70 lattice. Traditionally now,
the run had ended with the 455 MeV/u carbon beam mode
for radio-biological studies. The beam (455 MeV/u and
300 MeV/u) was used for applied radiobiological and
biophysical research by teams from institutes listed in the
four row of Table 1.
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Figure 5: Sequential beam sharing at flattop with two fast
extractions. Traces from top to bottom: beam DC current;
bunch peak current, B-field ramp rate, envelope of RF
electric field.

Figure 6: Parallel beam sharing (50 GeV, 8-10'! ppp net).
Traces from top to bottom: beam DC current, spill of
secondary particles beam from IT ## 24 and 27, driving
current of the enclosing orbit bump between ## 24 and
30.

RUN 2020-1

In course of this run, U70 was again employed in two
modes — proton (50 GeV) and carbon (456 MeV/u) ones.
To meet beam user demand, proton mode of the run was
broken into 3 segments with different priorities assigned
either to fundamental or to applied fixed-target research.
These used to call for a non-compliant set of beam struc-
ture, extractions and the BTLs involved.

During first segment of proton part the azimuthally uni-
form (de-bunched) 50 GeV proton beam was used for
fundamental physics at three experimental facilities. The
top-energy slow stochastic extraction has fed the OKA
(BTL#8), SPIN (BTL#8(21)) and FODS (BTL#22 via
CD#30) facility with 3+3.5-10'! protons per a low-ripple
spill (0.45 s long) at the flattop (Fig. 7).

Figure 7: Slow stochastic extraction at the flattop. Traces
from top to bottom: phase noise, beam feedback signal for
AM-modulation of the noise, beam DC current, spill of
secondary particles beam from CD # 30.

During second segment beam used for an applied re-
search with the proton radiographic (top priority) and
NEUTRON facility, the U70 was operated in single- and
multi-bunch modes with (3—4.5) 10" ppb.

MO0BO1
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During third segment beam used for an applied research
with the proton radiographic (top priority) facility and
SPASCHARM (BTL #14 via 1T#24), VES (BTL #4 via
IT#27) and HYPERON (BTL #18 via IT#35) in parallel.

At carbon mode, the regime of deceleration and slow
extraction of a beam of carbon nuclei with an energy of
350 MeV was prepared. 256-channel mosaic ionization
chamber for spatial transverse (X, y)-pattern was tested.
After R&D session, the beam (455 MeV/u) was used for
applied radiobiological and biophysical research by teams
from institutes listed in the five row of Table 1.

RUN 2021-1

It was the first spring run since 2018. The run went on
from February 24 till April 30, 2021. The complex was
engaged in two modes — proton (50 GeV) and carbon
(200+455 MeV/u) ones.

The proton mode was similar to the RUN 2019-2. As at
RUN 2019-2, the flattop (0.67 sec) accommodated two
sequential slots 0.150 sec and 0.52 sec.

The 1% slot was serviced by the first fast extraction at
radiographic facility (top-priority), while the 2" one —
by second fast extraction at NEUTRON and SPIN (via
CD#30) facility. When NEUTRON and SPIN facility
finished on 2™ slot beam fed SPASCHARM (BTL #14
via IT#24), HYPERON (BTL #18 via IT#35), VES (BTL
#4 via IT#27) or ISTRA (BTL #4 via CD#27) in parallel.

At R&D session of carbon mode, all 6 regimes 455,
400 (new regime), 350, 300, 250 (new regime) and
200 MeV/u was prepared for applied radiobiological and
biophysical research by teams from institutes listed in the
five row of Table 1.

UPGRADING THE POWER SUPPLY
PLANT OF THE U1.5 RING MAGNET

Upgraded power supply plant of the Ul.5 ring magnet
now includes new modular electrical substation (10 kV,
30 Mw), new capacitor bank (15kV, 28 mF), a set of
non-standard electrical equipment with Automated Pro-
cess Control System (APSC). Upgraded power supply
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plant of the Ul.5 ring magnet has been working since
RUN-2020-1.

CONCLUSION

Accelerator Complex U70 at IHEP of NRC “Kurchatov
Institute” continues its routine operation for fixed-target
physics and applications and has accomplished five regu-
lar machine runs since the previous conference RuPAC-
2018, refer to Table 2.

Table 1: Engagement of the Off-Site Institutions in
Carbon-Beam Sub-Runs

Institution 2018- 2019- 2019- 2020- 2021-

2 1 2 1 1
MRRC of NMRCR, + + N N
http://mrrc.nmicr.ru
ITEB of RAS, + + + + +
web.iteb.psn.ru
IBMP.of RAS, + + + +
www.imbp.ru
FMBC of FMBA, + +
fmbafmbc.ru
JINR, www.jinr.ru +
VNIIFTI}I, . + +
www.vniiftri.ru
MEPHI, +
https://mephi.ru/
IMB of BAS, +
www.bio21.bas.bg
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Table 2: Five Runs of the U70 in Between RuPAC-2018 and -2021

Run 2018-2 2019-1 2019-2 2020-1 2021-1
Launching linac URAL30, booster | October, 01 September, 16 October, 19 October, 19 February, 24
UL.5 and U70 sequentially (I100 in
parallel with a delay)
Beam in the U70 ring since November, 06 October, 07 November, 24 | November, 21 March, 24
Fixed-target physics program with | November,12 — | - November,25- | November,26- March, 29 —
extracted top-energy beams (either | 20, December, 2, December, 15, April, 12,
of protons or of carbon nuclei) 9 days 8 days 20 days 45 day
No. of multiple beam users (of | 4 (4) 4(4) 11 (6) 12(8) 10(9)
which the 1% priority ones)
MD sessions and R&D on beam and | 19 13 6 18 12
accelerator physics, days
Light-ion acceleration program, | November,21— October,07-27, December, December, 16— April, 13-30,
intermediate energy only Decem- 20% days 03-12, 9% 30, 14 days 17%: day

ber,12,17% days days
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STATUS OF THE HIAF ACCELERATOR FACILITY IN CHINA*

L. J. Mao, J. C. Yang', D. Q. Gao, Y. He, G. D. Shen, L. N. Sheng, L. T. Sun, Z. Xu, Y. Q. Yang,
Y. J. Yuan and HIAF project team, IMP CAS, Lanzhou, China

Abstract

The High Intensity heavy-ion Accelerator Facility
(HIAF) is under constructed at IMP in China. The HIAF
main feature is to provide high intensity heavy ion beam
pulse. A rapid acceleration in the booster synchrotron ring
(BRing) with the ramping rate of 12 T/s is used. The chal-
lenges are related to the systems injector, RF cavities,
power supplies, vacuum, magnets, etc. Works on key pro-
totypes of the HIAF accelerator are ongoing at IMP. In this
paper, an overview of the status and perspective of the
HIAF project is reported.

INTRODUCTION

The High Intensity heavy-ion Accelerator Facility
(HIAF) is a new accelerator under construction at the Insti-
tute of Modern Physics (IMP) in China [1]. It is designed
to provide intense primary heavy ion beams for nuclear and

BRing

O ) LN =

atomic physics. The facility consists mainly of a supercon-
ducting electron-cyclotron-resonance (SECR) ion source,
a continuous wave (CW) superconducting ion linac
(iLinac), a booster synchrotron (BRing) and a high preci-
sion spectrometer ring (SRing). A fragment separator
(HFRYS) is also used as a beam line to connect BRing and
SRing. Six experimental terminals will be built in phase-I
at HIAF. The layout of the HIAF accelerator was shown in
Fig. 1. The main parameters are listed in Table 1.

The construction of the HIAF project was started offi-
cially in December 23, 2018. Up to now, roughly 50% of
civil construction is finished. The first component of SECR
is planned to equip in the tunnel in the middle of 2022. The
first beam will be accelerated at BRing in the middle of
2025. A Day-one experiment is proposed before the end of
2025. Abrieftime schedule of HIAF construction is shown
in Fig. 2.

® Experimental terminals
Low energy nuclear structure terminal
Multi-function terminal
High energy fragment separator HFRS
High precision spectrometer ring SRing
Radioactive isotope beam terminal
High energy density physics terminal

S BTNty

Figure 1: Layout of the HIAF project.

Table 1: Main Parameters of the HIAF Accelerators

SECR iLinac BRing HFRS SRing
Length / circumference (m) - 114 569 192 277
Final energy of U (MeV/u) 0.014 (U*) 17 (U*5) 835 (U*) 800 (U°?") 800 (U°?")
Max. magnetic rigidity (Tm) - - 34 25 15
Max. beam intensity of U 50 ppA (UB) 28 puA (UP)  10'ppp (U3 10"ppp (U?2)
. fast ramping  Momentum-res- DC or deceler-
Operation mode be CWorpulse  1)7/s 3Hz)  olution 1100 ation
1 0
Emittance or  Acceptance 5/5 200100, 0.5% +30mrad(H)/£15  40/40, 1.5%,

(H/V, ©-mm-mrad, dp/p)

mrad(V), £2%  normal mode

Currently, most of the prototypes related to the HIAF
technical challenges have being manufactured or tested. In

* Work supported by the National Development and Reform Commission,
China
T yangjch@impcas.ac.cn.
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this paper, the status and perspectives of the HIAF project
are presented. The developments and test results of hard-
ware are reported.
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2000 [ 2000 [ 2021 |
Civil construction
Electric power, cooling water, compressed air,

network, cryogenic, supporting system, etc.

202 | 2023 | 2024 | 2025

SECR installation

ECR design & fabrication P
and commissioning

Day
One
exp.

iLinac installation and
commissioning
BRing installation &
commissioning
HFRS & SRing installation &
commissioning
I Terminals i

Linac design & fabrication

Prototypes of PS, RF cavity, chamber,

fabrication
gnets, etc.

Figure 2: Time schedule of the HIAF construction.

ION SOURCE

Pulsed 50 ppA (~1 ms) U3** ion beam from SECR is re-
quired in the HIAF project, which is 5 times higher than
the present records of the 3™ generation ECR ion source. It
can only be met by sources operating at higher magnetic
field and microwave frequency. SECR incorporates with a
Nb3Sn high field superconducting magnet and a quasi-op-
tical 45 GHz gyrotron microwave system, as shown in Fig.
3. The main parameters are listed in Table 2. The biggest
challenge lies in the design and fabrication of the NbsSn
magnet. A promising cold mass design has been completed
by a collaboration with LBNL, as shown in Fig. 3. Up to
now, a 1/2 cold-mass prototypes related to critical technol-
ogies have be fabricated and tested. The full-sized cold-
mass completion is scheduled in 2020 [2].

Table2: Typical Parameters of SECR

Specs. Unit SECR
Frequency GHz 45
RF power kW 20
Chamber ID Mm >0140
Mirror fields T >6.4/3.2
Brad T >3.2
Bmax in conductor T 11.8
Magnet coils - NbsSn
Cooling capacity at 4.2 K W >10

Figure 3: the 4™ generation ion source SECR,

The microwave power transmission coupling and ECR
heating are critical issues. Based on the present ion source
SECRAL-2 at IMP, a study with a 45 GHz gyrotron micro-
wave system by GYCOM Ltd was reported [3]. The trans-
mission lines combined quasi-optical mirror and wave
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guide mode converter are manufactured. The 45 GHz mi-
crowave power at TEo1 mode has been fed into SECRAL-
2 and got the first stable 45 GHz ECR plasma and Xenon
beam.

LINAC INJECTOR

The iLinac is used as the injector of BRing and the main
accelerator for the low energy nuclear structure terminal.
That’s why a CW superconducting linac is proposed in
HIAF. Two types of accelerating structures in 17 cryomod-
ules are used to achieve the energy of 17 MeV/u for U*>*
ion beam. The first 6 cryomodules with QWRO007 cavities
is used to accelerate U*** ions to 5.4 MeV/u. The rest cry-
omodules are installed with HWRO15 cavities. These cav-
ities will be made based on the experience of the CiADS
project. A layout of iLinac is shown in Fig. 4. LEBT, RFQ
and MEBT locate between SECR and iLinac.

Figure 4: 3-D view of iLinac. SECR locates on left .side.
The physical design has been finished.

BOOSTER SYNCHROTRON

BRing is the key component of the HIAF project. It is
designed with a maximum magnetic rigidity of 34 Tm,
which is intended for the storage of U**" ions to an intensity
of 2x10!" particles with the energy of 835 MeV/u. The
BRing lattice and its beta function and dispersion function
is shown in Fig. 5. The ionization processes with residual
gas particles is the main issue with respect to potential
beam loss. Therefore, the lattice design is to localize the
beam loss at certain positions to install collimators. It has
a three-folding symmetry lattice with DBA (double bend
achromat) structure. BRing offers a transverse acceptance
0f200 / 100 ©=-mm-mrad to overcome space charge limits
of high intensity beams. It is operated below the transition
energy to avoid beam loss by transition-energy crossing

Figure 5: Bring lattice structure and its beta function and
dispersion function (one cell).

The present currents reached from the high current
source and linac need no stacking by the electron cooling.
To obtain a high average beam intensity and avoid space
charge limits, transverse phase space painting (4-D) is im-
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plemented for beam accumulation and a rapid ramping cy-
cle is used to reduce the integral ionization cross section.
Related prototypes as tilted electrostatic septum, ceramic-
lined thin-wall vacuum chamber, fast-cycling power sup-
ply and magnetic alloy (MA) acceleration cavities are de-
veloped for BRing.

Transverse Phase Space Painting Injection

In the 4-D painting injection scheme, the closed orbit is
moved with the horizontal and vertical injection bumps as
functions of time. Unlike the injection using charge ex-
change implemented in proton machine (SNS, J-PARC), a
tilted corner septum is used for both transverse phase
places simultaneously injection in BRing. Low-loss and
low phase space dilution are basic requirements. Injection
begins with both horizontal and vertical bump close to the
centroid of injection beam, and then gradually move away
from it. Both the horizontal and vertical emittance are
painted from small to large [5]. Figure 6 shows the particle
invariant distribution at the end of injection and its evolu-
tion up to 1000 turns. The simulation is performed with
U ions at the injection energy of 17 MeV/u. The total
emittance and momentum spread of iLinac beam are 5
7m-mm-mrad and +0.2%, respectively. The space charge ef-
fect is included in the simulation. Due to a small gap be-
tween the closed orbit and the injection point, the injection
efficiency is small at the beginning. A “hollow” beam in
horizontal and vertical phase space is obtained after the in-
jection. However, such a beam profile is susceptible to
transverse coupling due to space charge forces in simula-
tion. Finally, the particle emittance reaches a Gaussian-
like distribution in both phase spaces.

150 turn IG::

" naecas w
. 100 turn ' v |
e - o |

H

- &8 & E B E

Figure 7: Corner septum cross section and its field map.

A corner electrostatic septum is used to deflect the injec-
tion beam to the closed orbit, as shown in Fig. 7. The sep-
tum wire with the thickness of 0.1 mm is tilted by 40° to
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combine the horizontal and vertical injection. To reduce
beam loss on the wire, a U-like shape anode is designed.
The anode together with two auxiliary electrodes are used
to optimize the electric field for injection beam. The field
homogeneity better than 5% is achieved in the injection re-
gion.

Fast Ramping

Since the cross sections of ionization are decreasing sig-
nificantly with ion energies, the integral cross section can
be kept very small with a fast ramping rate. Rapid acceler-
ating was proposed and tested at SIS18 in 2005, shown an
optimistic result for minimum beam loss and dynamic vac-
uum effect. In BRing, a ramping rate of 12T/s is needed for
optimising the space charge limits and collimators. There-
fore, a dipole power supply with a rate of 38 kA/s and max-
imum current of 4 kA is desired. One power supply can be
used for 4 dipoles connected in series and 12 groups are
needed in BRing. A full-energy storage technology isde-
veloped to reduce its power consumption. The analytic
modelling optimal control with kinetic inductance fine
turning method is used in the control system, to improve
the precision of current ramping. A prototype was already
tested at IMP. The maximum current of 5.1 kA was ob-
tained in a solenoid load with the ramping rate of 40 kA/s,
as shown in Fig. 8. The output current average tracking er-
ror is around 5x10*, which meets the requirements of
BRing. Next, the prototype will be tested with BRing di-
poles, to study its properties in operation.

swof T T T wikaR
—T
4000 27A 13
< 1" 2
2 3000 | W
-0 -
E 2000 = @
-1
RRE 2
1000 +2.7/5100 40000A/s L
=+5.294E-4 0 +100ppm  -2.28A 3
SR -
Py I . , . . 4
.00 005 010 0.15 020 025 0.30
HE (s)

Figure 8: current curve of fast ramping power supply.

High accelerating voltage up to 240 kV is used in the fast
ramping of BRing, which will be provided by new M A ac-
celeration cavities. The quality factor (Q value) is set at
0.45 to cover a wide frequency range of 0.3 to 2 MHz. A
typical acceleration process of 7®Kr'®* is shown in Fig. 9.
There are four stages. The first capture stage is used to cap-
ture the coasting beam after 4-D multi-turn painting injec-
tion. Usually two or even more bunches are obtained in the
first capture stage, since a high harmonic should be used at
such low injection energies. At the acceleration stage, the
maximum ramping rate is 12 T/s, corresponding to the
maximum RF voltage of 240 kV. At the de-bunching stage,
the RF voltage decreases to zero rapidly, a coasting beam
is obtained again in BRing. Two extraction schemes are de-
signed in BRing. The slow extraction mode starts at the end
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of de-bunching. In the fast extraction mode, additional sec-
ond capture stage is needed, to make only one bunch in
BRing. the extraction starts at the end of the second capture

0.45
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Figure 9: Corner septum cross section and its field map.

The fast ramping of the magnets induces eddy currents
in the vacuum chamber wall, which could make a distor-
tion of magnetic field. Ceramic-lined thin-wall vacuum
chamber is a good solution to reduce the eddy current ef-
fect. A stainless steel with the thickness of 0.3 mm is used
for the BRing vacuum chamber. To withstand the atmos-
pheric pressure, the thin wall vacuum chamber is supported
by ceramic rings inside. The ceramic rings are made by yt-
trium stabilized zirconia, which has very good mechanical
strength and toughness. the ceramic rings are coated with a
1 pm Au film to reduce the beam impedance and the de-
sorption rate of the ceramic surface. Compared to the sim-
ilar chamber with reinforced ribs, the gap size of the dipole
decreases significantly. A prototype of 3 m length dipole
chamber has been tested, as shown in Fig. 10. The pressure
is about 1.07x10” Pa, which basically meets the BRing re-
quirement.

Figure 10: ceramic-lined thin-wall vacuum chamber for
BRing dipole (left) and the ceramic rings inside.

SPECTROMETER RING

SRing is designed as a multi-function experimental stor-
age ring, which can be operated in three modes. Firstly, it
will be used as an isochronous mass spectrometer (IMS
mode) with two TOF detectors for short-lived neutron-rich
nuclei. Secondly, it is used to collect and cool long-lived
rare isotopes for nuclear experiments, or accumulate and
extract highly-charged stable ions for high energy density
physics (normal mode). Thirdly, it can be used to store H-
like, He-like or other special charge state ions for internal
target experiments (target mode). lons can be decelerated
to tens MeV in this mode. Details are available in [6].

A 450 keV magnetized DC electron cooler is used to
boost the luminosity of internal target experiments, and
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proposed to accumulate isotopes with stochastic cooling
and barrier bucket system [7]. The cooler is designed based
on changes of the 300 keV cooler at IMP, which was made
by BINP in 2004 [8]. An 8.0 m cooling section is used with
the longitudinal magnetic field of 0.15 T. A pan-cake sole-
noid is easy to have high precise magnetic field with the
homogeneity better than 10, but the correct coils will pro-
duce transverse components at edges. Figure 11 shows that
the coils of the cooling section, the gun and the collector
have been tested at IMP.

(b) ©
Figure 11: the coils, the gun and the collector for 450 keV
cooler.

FRAGMENT SEPARATOR

The High energy Fragment Separator (HFRS) is an in-
flight separator at relativistic energy. The schematic layout
is shown in Fig. 12. A primary beam from BRing hits the
target at PF0O. The rare isotopes produced by projectile
fragmentation or fission will be collected and purified by
the HFRS with the Bp-AE-Bp method. The magnetic rigid-
ity up to 25 Tm can be operated in HFRS. The large ac-
ceptance including the angular acceptances £30 mrad (H) /
+15 mrad (V) and the momentum acceptance +2% pro-
vides a high collecting efficiency. A two-stage structure is
used in HFRS design. The pre-separator is used to dump
the primary beams and undesired fragments. The main sep-
arator is used to identify the rare isotopes. Details of the
HFRS design can be found in [9]. Currently, the target is
under-construction at workshop. A prototype of CCT coils
is tested at IMP. Figure 13 shows the photos of CCT coils.

Figure 12: 3-D view of HFRS (a part).

Heavy ion accelerators



27™ Russ. Part. Accel. Conf.
ISBN: 978-3-95450-240-0

Figure 1: rototyr;é of CCT coil.
CONCLUSION

The HIAF project is the biggest heavy ion accelerator
project under-construction in China. There are several
challenges related to the ion source, the linac, the RF cavi-
ties, the power supplies and so on. In past few years, the
HIAF project team have developed several prototypes and
obtained test results. The HIAF construction will be benefit
on these works. The commissioning of the accelerator
complex is planned in 2025.
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Abstract

VEPP-2000 is the only electron-positron collider operat-
ing with a round beam that permits to increase the limit
of beam-beam effects. VEPP-2000 is the compact collider
with circumference of 24.39 m which has record design lu-
minosity of 1 x 1032cm™2s~! per bunch at energy up to

1 GeV and record achieved luminosity of 5 x 103! cm™

at energy of 500 MeV, magnetic fields in superconducting
solenoids is 13T and 2.4 T in the bending magnets. Col-
lider complex experimental program of 2019-2021 was fo-
cused on several energy ranges. Energy range was (180—
300) MeV in the second half of 2019, in the first half of
2020 we worked in (935-970) MeV, in the first half of 2021
that was (970-1003.5)MeV. Data taking was carried out
by CMD-3 and SND detectors, the operation efficiency is
compared with previous runs. Luminosity was limited by
beam-beam effects. 2021 year was clouded by vacuum ac-
cident and subsequent intensive degassing using beam syn-

chrotron radiation.

INTRODUCTION

We present in this paper an overview of VEPP-2000
electron-positron collider, operation chronology and statis-
tics. In spite of problems connected with some vacuum
accident and also with Anti COVID measures, luminos-
ity records at operation energy ranges have been achieved.
Data taking was also successful comparable to previous
years level. This factor was provided by using several instru-
ments for increasing peak luminosity such as Beam-shaker
and lattice optimization. The analysis of operation time for
data taking by collider detectors have been done and some
solution for increasing the rate of collecting integral lumi-

2

S

nosity are in plans and have already been implementing.

VEPP-2000 OVERVIEW

VEPP-2000 is a compact electron-positron single rind

-1

collider [1] equipped with electron-positron booster ring [2]

(Fig. 1) operating at bunch energy range (160-1000MeV).
Booster is feeded with particles by BINP Injection com-

* The reported study was partly funded by RFBR, project number 20-32-

90217
T tim94max @ gmail.com
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plex [3] at 430 MeV energy (until recently it was 390 MeV).
Table 1 shows main parameters of the collider.

Figure 1: VEPP-2000 complex layout.

Table 1: VEPP-2000 Design Main Parameters at E= 1 GeV

Parameter Value
Circumference, C 24.39m
Energy range, £ 160-1000MeV
Number of bunches Ix1
Number of particles per bunch, N 1 x 10"
Betatron functions at IP, ﬂ;’y 8.5cm
Betatron tunes, vy y 4.1;2.1
Beam emittance, €y 1.4 %107 mrad
Beam-beam parameters, &y ; 0.1
Luminosity, L 1 x10%2cm™2s7!

Round Beam Concept

Uniqueness and feature of VEPP-2000 collider is realiza-
tion of Round Beam Concept [4, 5]. This factor allowed
VEPP-2000 to have high luminosity and to make particles’
dynamic one-dimensional although still non-linear. The
concept applies several requirements to collider lattice:

* Head-on collisions (zero crossing angle)

* Small and equal B functions at IP ( B = 5 ).

* Equal beam emittances ( &x = &y ).

* Equal fractional parts of betatron tunes ( vx = vy ).

Colliders
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Experimental Program

Collider hosts two particle detectors, Spherical Neutral
Detector (SND) and Cryogenic Magnetic Detector (CMD-
3), placed into dispersion-free low-beta straights. Both de-
tectors deals with measurement of cross section of annihi-
lation of electron-positron pairs into hadrons, each detector
has special experimental program [6, 7].

SND:

¢ Measurements of w, p and ¢ (782,770 and 1020 MeV)

* Looking for e*e™ — 1 (547.853 = 0.024 MeV)

CMD-3:

* Birth nucleon-antinucleon pairs ete™ — NN

* Processes: ete” — ', ete” — 10, ete” — D*0

Luminosity integral depending on bunch energy is de-
picted on Fig. 2.

Beam energy, MeV

Figure 2: Luminosity integral for all the time.

OPERATION CHRONOLOGY

Run usually continues from 1% of September to 1t of July
of the next year. In the “turning on” period of VEPP-2000
collider complex the power, control and beam diagnostic
systems are tuned, soft is upgraded and operating mode of
BINP Injection Complex is set up for work with two collid-
ers (VEPP-2000 and VEPP-4 [8]). In the “luminosity” pe-
riod bunches permanently (in perfect case) circulate in col-
lider and data taking by detectors is carried out. Lets look at
two operating run chronology separately. Hereinafter anal-
ysis is carried out using CMD-3 data.

2019-2020 Run
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Figure 3: Chronology 2019-2020.

This operation run started at September 2019 and, after a
month of tuning, collider has been operating for data taking
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by detectors ("luminosity") at low bunch energy range (180—
300 MeV per bunch) from mid October to mid December.
After that and further technical shut down in beginning of
March the collider continued operation at high energy range
(935-970MeV per bunch) before shut down in connection
with Anti COVID measure (see Fig. 3).

In addition to routine data taking, during this run several
days were spent on serving the synchrotron radiation (SR)
material science experiments at the BEP storage ring. The
experiments are dedicated the sudy of in-vacuum properties
(desorption, secondary electron emission) of the vacuum
chamber wall covering under the SR treatment for HL-LHC
research and development program [9]. In this regime BEP
operates exclusively as SR source being unable to supply
beams to VEPP-2000 collider.

2020-2021 Run
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Figure 4: Chronology 2020-2021.

This run started in mid February 2020. In turning on pro-
cess vacuum accident took place: hole in the vacuum cham-
ber of BEP-VEPP positron transfer line has been burnt
by arc discharge inside pre-injection pulse magnet. It re-
sulted in collider vacuum volume depressurization. After
pumping out beam lifetime was dramatically limited by gas
photo stimulated desorption from vacuum volume surface
[10]. Degassing (vacuum scrabbing by intensive beam syn-
chrotron radiation) was required for decreasing coefficient
of the desorption (see Fig. 4).

This process took almost month (beam energy was
700 MeV and dose achieved was 87 A h) and after that data
taking was continued at previous run final energy point
970 MeV.

LUMINOSITY TIME STATISTICS

If we look at the statistics of operating in the “luminos-
ity” mode we met similar pictures. In 2019-2020 and 2020—
2021 runs VEPP-2000 operated 2530 and 1440 hours for lu-
minosity respectively, and the distribution of operating and
dead time is depicted on Figs. 5 and 6.

“Smooth operation” work looks like the Fig. 7: BEP
stores beams without interruption and almost constant in-
tensity bunches circulate in VEPP-2000.

“Liquid He refill” corresponds to the replenishment of
liquid helium (LHe) in four superconducting solenoids’
cryostats. This process now is impossible without an access
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Luminosity mode, 2019-2020 run
Liquid He refill
14,3%
Systems repair
12,8%

Smooth work
56,1¢ Machine tuning energy shift

Other

Figure 5: Luminosity mode, 2019-2020 run.

Luminosity mode, 2020-2021 run
Liquid He refill

Systems repair

10,0%

Smooth work Machine tuning and elj_ergy

Other
10.2%

Figure 6: Luminosity mode, 2020-2021 run.

053400

Figure 7: Smooth work.

to experimental hall that means beams abort and interrup-
tion of regular operation thus affecting the daily luminosity
integral rate. This daily stop takes from 1 to 4 hours every
morning, depending on logistics.

“Systems repair” is for time spent for removal of malfunc-
tions of various accelerator complex subsystems. To miti-
gate this factor the modernization program is developed, for
example for power supplies, and being implemented gradu-
ally.

“Machine tuning and energy” is the optimization ma-
chine lattice for luminosity and beam dynamics, and chang-
ing beam energy according to experimental program.

“Other” reasons of dead time is due to problems outside
of VEPP-2000 complex. For example: Injection complex
tuning, instabilities of water station work, power interrup-
tion. Also including here are quenches in solenoids:

* 5 times at 2019-2020 run

* 7 times at 2020-2021 run
Quenches occurred mostly at high bunch energies due to
failed injection when beam dump took place. Quenches in
the some solenoid usually resulted in almost total evapora-
tion LHe from its cryostat. For reducing this factor which
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again demanded time-consuming LHe refill testing of the
quench-protection system were carried out and stabilization
measure of it was took.

According to the diagrams we can make rough estimation
of operation and dead time due to main significant reasons:
see Table 2.

Table 2: Smooth Luminosity Operation and Dead Time

Work Persent
Smooth work 60
Liquid helium 15
System repair 12
Machine tuning and energy shift 8

For decreasing dead time some ways potentially are avail-
able.

INCREASING OPERATION EFFICIENCY

Project “Helium Outside”

To save data taking time there is an expensive concept of
placing liquid helium volume inside the experimental hall
which will be connected with solenoids cryostats and its in-
put will be located outside the hall. Thus helium refill will
take place without complex operation interruption saving
about 15 % operation time. The concept is under consider-
ation and its advisability is estimated now.

Systems Upgrade

During all the VEPP-2000 complex lifetime both the soft-
ware and hardware is upgraded gradually. For example new
300 A/20 V power supplies for all the collider quadrupole
magnets are developed by BINP lab and in production now
at BINP workshop. Four of them have been already in-
stalled and operates reliably. The power supplies for reg-
ular pulsed quadrupole magnets for transfer line between
BEP and VEPP-2000 rings are planned to be changed in or-
der to increase the beam injection stability. The prototype
of pulse power supply developed for NICA project by BINP
will be used for series production.

Machine Tuning and Beam Diagnostic Improve-
ment

Machine Tuning Process of tuning collider lattice is
realized by analysis of response matrix singular value de-
composition (SVD) using data from 16 CCD-cameras and
4 electrostatic BMPs [11]. This process is needed when
change of energy point takes place and now it takes much
time. In plans there are:

* development more automated methods for doing lat-

tice and orbit correction

* revealing diagnostic optics defects

* more close investigation of non-linear effects (includ-

ing beam-beam) influencing the dynamic aperture

Colliders
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Beam Diagnostic Improvement For better under-
standing beam injection processes and for studying beam
dynamics and also beam-beam effects new optical diagnos-
tic system based on beam synchrotron radiation detection is
developed. The system includes avalanche photodiode ar-
ray with low relaxation time [12] as sensible element that
provides turn-by-turn measurements of one-dimensional
section of beam transfer profile. Prototype of this system
was tested with different scales of beam image and differ-
ent conditions: at stationary beam circulation and synchro-
nized with kicks of variable amplitude. Combination of two
described orthogonal arrays is planned to be installed at the
single VEPP-2000 SR output in order to carry out measure-
ments in horizontal and vertical planes simultaneously.

Figure 8: View of test application.

Test software application was developed for visualization
measurements (Fig. 8). This soft can parse output file of
signals from 16 arrays’ photodiode during 2730 turns and
makes graphs. Illustrating at the graphs are:

* Color two-dimentional diogram of turns history

* Oscillograms of center and weight of Gaussian distri-

bution fit and also modulated signal from one of the 16
diodes

* Spectra of these oscillograms

* Profiles and their fit at several turns

Typical transverse VEPP-2000 beam size is 0.6—1.7 mm
(standard deviation o~ of Gaussian distribution) depending
on operation energy and other factors. Thus optical table
(Fig. 9) with wide movement range was designed allowing
beam image to be scaled from 8 to 20 o for full o range.
This factor provide ability of changing balance either to
have high resolution or to observe high amplitude oscilla-
tion.

Current status of the optical table is under development.

BEAM-BASED POSITIONING TESTS

For example, mentioned above SVD method was applied
to beam-based positioning tests of solenoids. VEPP-2000
solenoids consists of three different superconducting coils.
The misalignment of solenoids not only provides the closed
orbit distortions but also is harmful for dynamic aperture
reduction due to strong nonlinear fringe fields.
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Figure 9: Optical table.

In the recent paper [13] the test study of solenoids po-
sitioning reconstruction procedure based on a circulating
beam orbit responses was presented. Test measurement re-
veal that coils are effectively misaligned to each other, even
inner and outer coils in the single solenoid. By now there is
no clear explanation of this phenomena since huge shifts
can be hardly tolerated by mechanical assembly. It also
couldn’t be explained with winding inaccuracy since the
coils consists of thousands turns. At the same time, this ob-
servation probably can shed the light on confusion of early
magnets alignment attempts at the commissioning stage.

ACHIEVED LUMINOSITY

During discussed above experimental runs VEPP-2000
peak luminosity record breaking have been done in both op-
eration energy ranges.

1x1032

o

1000

200 200 600

MeV

Beam energy,

Figure 10: Peak luminosity. Red points correspond 2010—
2013 run, orange points correspond 2017-2018 run after
injection chain upgrade [14].

Dashed trend lines at the graph (Fig. 10) show two cal-
culated luminosity dependencies on bunch energy. Short
dashed line corresponds fixed S-function at IP (8*), long
dashed line corresponds variable §* when its value was in-
creased in such a way that bunch size takes as more aperture
as possible.

Luminosity at low energy is limited by IBS (intra-beam
scattering), small DA and low beam lifetime and also flip-
flop effect which has threshold character depending on
beam intensity. This device is a square pulse generator
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which applies amplified signals to additional kicker plates
for shaking bunches increasing effectively emittance and
suppressing flip-flop effect [15].

At high energy record values have been achieved only by
precise lattice tuning.

The highest luminosity Lm,x = 5X 103 cm=2s7!
in the VEPP-2000 history has been achieved at en-
ergy of 550MeV in 2017-2018 run and at 950 MeV
in 2019-2020 run (Fig. 10), while the design value is
Lproj = 1 X 1032 cm~2s7L,
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Figure 11: Total luminosity integral.

In spite of challenges and difficulties the luminosity
integral comparable to previous runs has been collected
(Fig. 11). It is worth noting that rates of data collection
were higher (Fig. 12).

70

2010/11
— 201112
— 2012113
— 2016/17
2017/18
2018/19
— 2019/20
— 2020/21

Luminosity integral, pb*

Jan Mar

Time of the year

Figure 12: Data taking dynamics.

The total luminosity integral collected by each detector
at VEPP-2000 achieved the value of 350 pb~! with a target
of 1fb~! foreseen for physical program completion.
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I. B. Nikolaev, O. N. Okunev, E. A. Simonov, A. G. Shamov, S. V. Sinyatkin, E. V. Starostina,

C. Yu. Todyshev, V. N. Zhilich, A. A. Zhukov, A. N. Zhuravlev,
Budker Institute of Nuclear Physics SB RAS, Novosibirsk, Russia

Abstract

From 2018 HEP experiments at the VEPP-4M collider
with the KEDR detector were carried out in the high en-
ergy range (higher than 2 GeV). VEPP-4M is an electron
positron collider in the beam energy range from 1 to
6 GeV. KEDR is the universal magnetic detector with
6 kGs longitudinal field and the particle tagging system
for selection of gamma-gamma interaction. The paper
discusses recent experimental activity of the VEPP-4M:
the hadron cross section measurement from 2.3 to
3.5 GeV, Y(1S) meson searching, gamma-gamma physics
luminosity run, synchrotron radiation, etc. Also the beam
energy measurement by the resonance depolarization
method using the laser polarimeter has been presented.

INTRODUCTION

The multipurpose accelerator complex VEPP-4 [1] is
used for high energy physics (HEP) experiments at elec-
tron positron collider VEPP-4M with KEDR detector [2],
experiments with synchrotron radiation (SR) at VEPP-3
and VEPP-4M [3], nuclear physics experiments at Deu-
teron facility [4], experiments with extracted hard gamma
beams (~ 0.1+3 GeV) at Test Beam Facility for detector
physics [5] and accelerator physics researches. The
VEPP-4 facility is shown schematically on Fig. 1. On the
figure SR is experimental halls for synchrotron radiation
researches and ROKK-1M is an experimental hall for the
Test Beam Facility and the laser polarimeter.

The VEPP-3 is storage ring with 74 m length and beam
energy from 400 MeV to 2 GeV. It has its own experi-
mental program and is used also for the particle accelera-
tion and the particle polarization for VEPP-4M. The
transport channel from VEPP-3 to VEPP-4M is pulse
with 1.9 GeV maximum energy.

The VEPP-4M ring is a racetrack of 366 m length with
single magnetic turn for electron and positron beams. The
beam energy range is from 0.9 to 6.0 GeV. Four vertical
bumps by 4 electrostatic plates in each allow circulating
of 2 electron and 2 positron bunches. The beams are col-
lided in main interaction point after the injection and the
acceleration. For radiation beam control 2 Robinson gra-
dient wigglers two dipole 3-pole wigglers at 2 T are used.
The vertical digital feedback suppresses single-bunch
instability and the analog RF feedback suppresses the
multibunch longitudinal instability. All this allows in-
creasing the beam currents and the beam lifetime at low
energies and obtaining threshold currents for the beam-
beam.
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Figure 1: VEPP-4 layout.

The maximum acceleration rate is 20 MeV/s. RF sys-
tem has 5 cavities and operates at 180 MHz frequency
(222 harmonic number) and 4.5 MV maximal voltage.

Parameters of VEPP-4M for different energies are giv-
en in Table 1. The red colour marks out nearest goals.

Table 1: Parameters of VEPP-4M for Different Energies

Energy 2.3 3.5 4.75 GeV
Betatron tunes 8.54/7.57

Nat. chroms —14/-20

Comp. factor 0.0168

Hor. emit. 42 100 180 nm-rad
Energy spread 3.7 6.5 7.5 10
Bunch length 4 cm
Beam 2x2 2x2 1x1—-2x2

Bunch current 6 9—12 9—12 mA
Luminosity 0.5 12520 0514 10 cm?s?!

HIGH ENERGY PHYSICS EXPERIMENT

Since 2018 KEDR experimental program in the high
energy range of VEPP-4M was started. It requires the
beam acceleration in the collider. The beam injection and
the acceleration take during 30 minutes and the luminosi-
ty time is 2 hours.

Hadron Cross Section scan from 2.3 to 3.5 GeV

The first goal of the KEDR physical program was
measurement of the hadron cross section (R-scan) from
2.3 to 3.5 GeV in 17 points. The total luminosity integral
is 13.7 pb’!l. The beam energy measurement is not re-
quired. The beam energy stability in each point is 5 MeV.

The R values are critical in various precision tests of
the Standard Model. The energy region 4.6+7 GeV, where
KEDR data has been collected, gives small contribution
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to the anomalous magnetic moment of the muon, it is of
about 1%. At the same time this energy range provides
10% into the hadronic contribution to the running the
electromagnetic coupling constant a(M2) and the corre-
sponding contribution of the uncertainty is about 15%. In
addition, when considering the energy region above 5.2
GeV and up to upsilon resonances, theoretical calcula-
tions based on pQCD are usually used. New measure-
ments of KEDR will allow the use of experimental data
up to 7 GeV.

Gamma-Gamma Physics

In 2021 the luminosity run for gamma-gamma phys-
ics [2] was started. For the experiment the particle tagging
system (TS) of the KEDR is used. It allows registration of
the scattered electron positron pair after two photons
interaction. The final focus quadrupoles and two special
bending magnets of the collider form the focusing mag-
netic spectrometer. The scattered electrons or positrons
with the energy loss from 0.02 to 0.6 of the beam energy
are registered by one of the four modules of the TS. The
module consists of six double layers of the drift tubes and
the two-coordinate GEM detector in front of them.

For the first stage we plan to collect 50+100 pb™' at the
energy range 3.5+4.7 GeV. It provides (a) the measure-
ment of the total cross section for the process gamma-
gamma — hadrons within the invariant mass range 1+4
GeV and study physical characteristics of events (multi-
plicity, spectra, etc) and (b) study exclusive gamma-
gamma processes at low invariant masses (<1 GeV)
which are approachless for B-factories due to the trigger
conditions. Based on the results of the first stage we will
evaluate the possibility for the larger luminosity integral
and further gamma-gamma investigations. In particular,
the study of charmed resonances mc, %02, ¢ (25), etc.

At present time the luminosity is collected at 3.5 GeV
where we hope will be achieved the maximum luminosity
of VEPP-4M (higher that 2-103! cm™2's™"). Now the max-
imum peak luminosity is 1.2-103' cm2-s7!, the integral
luminosity is 177 nb™! per 12 hours and 1.4 pb™!' per a
week. The total recorded luminosity integral is 10 pb .

Y(1S)-Meson

In June 2021 the luminosity run at 4.75 GeV for search-
ing Y(1S) meson has been made. Unfortunately the beam
energy calibration in this range was unsuccessful due to
the spin resonance. Using the main dipole field control
using NMR technique Y(1S) meson was founded in dur-
ing 12 hours with 42 nb™! luminosity integral in 8 points
in 10 MeV energy range. After the position of the peak
has been determined 190 nb™!' in 10 points has been col-
lected. The final results is shown on Fig. 2 where E is
the collider magnetic system energy or magnetic rigidity
which is calculated by the control system. Knowing the
rest mass of Y(1S) from PDG, the energy offset was fit-
ted.

The main goal of the experiment is to demonstrate the
possibility of operation of the collider and detector at this
energy. Also background conditions have been inspected.
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The beam energy spread was checked in this experiment.
The energy position of Y(1S) meson is marker for the
laser polarimeter tuning and the radiation polarization
obtaining at this energy.
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Figure 2: The Y(1S) scan.

SYNCHROTRON RADIATION

For SR experiments special runs are organized [3].
Normally, 25% of complex operation time is dedicated for
SR and 75% for HEP. During SR runs experiments are
performed simultaneously at VEPP-3 (1.2 or 2.0 GeV)
and VEPP-4M (1.9 2.5 and 4.5 GeV). For experiments
with hard X-rays [6] on VEPP-4M at 4.5 GeV 9-pole
1.9 T hybrid wiggler is used [7]. In standard operation
mode, two 10 mA electron bunches separated by half of
the turn or 610 ns are used. Multi-bunch operation mode
is available with full loading (up to 23 bunches separated
by 50 ns).

LASER POLARIMETER

An experiment on Upsilon-meson mass measurement
requires beam energy calibration by resonance depolariza-
tion method with beam polarization determination. We
developed a laser polarimeter based on the Compton
scattering [8]. Circularly polarized (with the help of the
Pockels cell and the A/4 phase plate) photons from the
527-nm Nd:YLF laser are scattered at the polarized elec-
tron beam with a 2-kHz repetition rate and detected
through the 12 mm thick lead converter by the GEM two-
coordinate detector. Pockels cell toggles left-right laser
beam polarization for each laser pulse. In order to deter-
ine electron beam polarization we apply join fit to the left
and right two-dimentional distributions of registered pho-
tons using Compton differential cross section convoluted
with angular spread of electron momentum (Fig. 3).
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Figure 3: The result of the two-dimentional join fit to the
left and right distributions of the scattered photons. The
vertical (Y) projection shows Compton back scattering
asymmetry due to vertical polarization of electron beam
appearance

The energy calibration by resonance depolarization
method at the energy 4.1 GeV (Fig. 4) shows highest
possible electron beam polarization (93%) according to
Sokolov-Ternov theory. Obtaining polarization at the
4.7 GeV (Y(1S)-meson energy) which is our main goal is
difficult due to depolarizing spin-betatron resonances. In
order to increase accuracy of polarization/energy meas-
urement we are developing new water-cooling copper
mirror. This mirror will result in better laser focusing on
electron bunch thus Compton scattering rate will increase.
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Figure 4: The beam energy calibration at 4.1 GeV.

UPGRADE

For operation at high energy main subsystems has been
upgraded (RF system, beam and optical diagnostics, con-
trol and protection system, engineering infrastructure,
etc).

Currently, the maximum operation energy is 4.75 GeV.
It is limited by the arc elements power supply (PS) sys-
tem. To increase maximum energy of the VEPP-4M col-
lider up to 6 GeV a new 10 kA 70 V thyristor PS is in-
stalled to feed 66 main magnets connected in series. PS
has output current stability of better than 0.01% at the
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maximum current. Now this PS is in commissioning
stage.

One of troubles limiting the beam current is low power
of the high voltage generators of the electrostatic system.
There is a photocurrent from electrostatic plates due to
synchrotron radiation. The photocurrent and the voltage
between electrostatic plates increase with increasing the
beam energy. At energies above 3 GeV the power of the
generators isn’t enough and the voltage drops down and
the beam is lost. Three years ago four new generators (30
kV 10 mA) were installed in Insertion N (see Fig. I).
Now others generator has been made and now they are
commissioning.

CONCLUSION

HEP experiments at VEPP-4V collider with KEDR de-
tector at energy high range are continued. The hadron
cross section from 2.3 to 3.5 GeV beam energy has been
finished. The luminosity run for gamma-gamma physics
at 3.5 GeV using the particle tagging system is continu-
ing. Preliminary searching of Y(1S) meson at 4.75 GeV
has been finished successfully. It demonstrates a possibil-
ity of the collider and the detector performance at high
energy. Development of resonant depolarization technique
using laser polarimeter system for absolute energy cali-
bration at energies higher than 3 GeV is continued. Radi-
ate polarization and depolarization of electron beam at 4.1
GeV has been obtained. Synchrotron radiation runs have
been performed periodically. Various subsystems are
being upgraded to allow experiments at maximum energy.
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Abstract

VEPP-5 Injection Complex (IC) supplies VEPP-2000 and
VEPP-4 colliders at Budker Institute of Nuclear Physics
(BINP, Russia) with high energy electron and positron beams.
Since 2016 the IC has shown the ability to support operation
of both colliders routinely with maximum positron storage
rate of 1.7 - 10'° e+/s. Stable operation at the energy of
430 MeV has been reached. Research on further improve-
ments on the IC performance is carried out. In particular
control system was improved, additional beam diagnostics
systems were developed, monitoring of RF system was up-
graded. In this paper, the latest achieved IC performance,
operational results and prospects are presented.

INTRODUCTION

Since 2016 the IC [1,2] has supplying the VEPP-2000 [3]
and VEPP-4 [4] facilities with high energy electron and
positron beams. The layout of BINP colliders together with
IC is shown in Fig. 1.

VEPP-4M

Linear
Accelerators

\
Damping \
Ring
\ N

\

VEPP/—ZODO

VEPP-5 Injection Complex and
Beam Transportation Channels

Figure 1: Layout of BINP accelerator facilities.

The IC consists of electron and positron S-band linacs
with achieved energies of 280 MeV and 430 MeV, respec-
tively, and the damping ring (DR) alternately storing both
electron and positron beams. Then beams are transported
to users via the set of K-500 beam transfer lines. Main IC
parameters are presented in Table 1.

During the 2020/2021 run malfunction of positron
solenoid reduced the positron storage rate, however by proper
tuning the beam orbit and optimizing the regime-switching
procedures positron storage rate of 0.9 - 100 e+/s was
reached.

* yu.i.maltseva@inp.nsk.su

Colliders

Table 1: Main IC Parameters

Parameter Value
Linac energy e-, e+ (reached) 280, 430 MeV
Linac RF frequency 2855.5 MHz
Energy spread e-, e+ +1%, £3%
Linac repetition rate up to 12.5 Hz
Extr. repetition rate upto 1 Hz

2.3-107° rad-cm
0.5-107° rad-cm

Design horizontal emittance
Design vertical emittance

DR energy (design) 510 MeV
DR RF frequency 11.94 MHz
DR circumference 274 m
DR design current 30 mA
e+ storage rate (reached) 1.7-10 /s
Damping time @510MeV (h/v/1) 11/18/12 ms

In terms of beam charge and injection repetition rate,
VEPP-2000 collider imposes strict requirements on the IC
performance. It requires constant beam injection due to
small beam lifetime of 500 s. In order to achieve the desired
luminosity a new portion of 10'° particles at least every 50 s
has to be injected into the main ring. To meet these require-
ments switching between electron and positron beams in the
IC was minimized up to 5 s by tuning both linacs to achieve
equal energy for electron and positron beams, while keeping
the DR operation mode to be constant. K-500 transfer line
magnets and power supplies limit minimal switching time
between the particle types to at least 30 s.

Due to small conversion efficiency for positron produc-
tion, positron storage rate and extraction from the DR are the
main concern. Considering achieved positron storage rate of
0.9 - 10'0 e+/s and transfer losses of up to 50-60 %, remain-
ing time of 20 s to supply 10! particles into VEPP-2000
main ring is sufficient. Thus, the IC meets the VEPP-2000
requirements. However, further improvement on the IC per-
formance are essential for its reliable operation.

The IC has four operating modes: electron or positron pro-
duction for VEPP-2000 or VEPP-4. The switching between
these modes is automated with simple asynchronous state
machine, 12 transitions between K-500 modes in order to
reliably remagnetize its elements are utilized. Currently the
IC is able to automatically supply the VEPP-2000 with all
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types of particles, but switching to VEPP-4 is still performed
by operator request. More detailed description on operation
modes can be found in paper [5].

PERFORMANCE 2020/2021
Reliability

During 2020/2021 run the IC was operated for over 7000
hrs with 50/50% user’s ratio. Maintenance work took 10 %
of the operation time, most of the system failures were caused
by outdated electronics of the klystron modulators. The
amount of failures due to magnetic system power supplies
was decreased by their partial replacement: 9 of 500 A and 8
of 1000 A power supplies have been replaced in 2019/2020.

More delicate and accurate linac tuning has allowed us
to reach energy beam of 430 MeV. Previously reached en-
ergy was 390 MeV. Energy increase leads to better injection
efficiency in the DR and increase beam life time at the in-
jection in VEPP-3. Positron solenoid malfunction reduced
maximum achieved positron storage rate by the factor of 2.

New Electron Gun Cathode

In 2019/2020 a new cathode assembly with pulse current
of 7.25 A and pulse duration of 7.3 ns was installed. Previous
cathode had 5 A pulses with 3 ns duration. In the begin-
ning of 2020 cathode heater current was reduced in order
to extend cathode lifetime. Then in the middle of 2020 gun
grid modulator was replaced with one with shorter pulses,
and now gun provides about 1.5 - 10'! electrons per pulse
as shown in Fig. 2.
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Figure 2: Cathode performance in 2020/2021 run.
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Positron Solenoid Malfunction

In October 2019 positron solenoid was damaged resulting
in decreasing the IC productivity by the factor of 2. And
single e+ injection value in the DR equals to 0.8 - 10°. The
solenoid can only be replaced as a whole unit including
conversion system and the 1st e+ RF section. New solenoid
design with no gaps between coils, hence better field quality,
is under development. Designed magnetic field is shown in
Fig. 3. Mechanical design and construction of the solenoid
is planned for 2021/2022 run.
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Figure 3: Designed magnetic field profile of a new positron
solenoid.

IMPROVEMENTS

In order to provide better IC performance and operation
stability several significant improvements of the IC systems
were performed and further improvements are under consid-
eration.

Beam Loss Monitor System

Fiber-based beam loss diagnostics system was developed
and two beam loss monitors were installed at the DR ex-
traction channels to both user directions (see Fig. 4). They
allow online monitoring of beam loss distributions along the
K-500 transfer lines. Devices are fully integrated in the IC
control system and used in a routine operation [6, 7].
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Figure 4: Beam loss monitor layout.
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Linac RF Monitoring System

For simultaneous monitoring all main points of the linac
RF system, 10 new ADC250x4 assembled in one VME64
crate with L-timer [8, 9] were developed at BINP and in-
stalled. Measurement point layout of RF signal is shown
in Fig. 5. L-timer was adapted to operate with the IC mas-
ter generator and synchronization system as clock and start
signals and read all ADC signals simultaneously. The RF
monitoring system is fully integrated into the IC software.
More automatic data preprocessing is now under considera-
tion.

Sub-harmonic
Electron gun — .
E funcher Conversion system

Electron linac, 300 MeV

z o ~ ;f—
Ca-e) 0 .
| _Bositron linac, SOOJB‘;’IeV : L.r_ja
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-
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’\\ S

SLAC klystrons 5045
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Figure 5: Measurement point layout of linac RF system.

Control System

The IC software is based on CXv4 framework [10], control
software set is constantly improved [11]. The recent changes
are the following:

e Many base framework improvements were imple-

mented;

* Server-side device/channel bridging, used to easily in-

terface beam user control systems;

¢ EPICS and TANGO client modules for CX;

* Improved Python bindings for CX client libraries;

* Improved CX-connected Qt widgets set;

* Improved database tools for machine configuration,

configuration files generation;

* Improved machine state snapshot storage and manipu-

lation programs;

¢ Improved automatic and data preprocessing software;

* Developed a software set for the DR optic measure-

ments and studies;

* Developed few data preprocessing services and opera-

tors front-end applications.

Full automatic operation with VEPP-2000 is performed.
Switching to VEPP-4 is still performed by operator request,
but full automatic operation with both colliders is under
development.

Injection Efficiency

Several programs for measurement and correction of the
DR parameters were developed. They allow orbit correc-
tion, betetron tune and optics measurements. Injection ef-
ficiency study was performed using new software for tune
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control [12]. Tune scan was performed and optimal working
point for the DR was determined, as shown in Fig. 6.

Better injection

~ Current tunes
Figure 6: Amount of captured positrons in the DR vs tunes.

Beam Diagnostics for Injection Channels

To improve injection efficiency in the DR, we propose to
use additional beam diagnostics in both injection channels:

6 and 3 BPMs for the e+ and e- channels, respectively [13].

Layout of proposed BPMs is shown in Fig. 7. New set of
BPMs should decrease additional losses related to trajectory
or optics mismatch.
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Figure 7: Layout of proposed BPMs for the DR injection
channels.

CONCLUSION

Over the past five years, the IC successfully has been
supplying both BINP colliders simultaneously. Maximum
positron storage rate of 1.7 - 10'% e+/s was achieved prior to
positron solenoid malfunction. Stable IC operation at the
energy of 430 MeV has been reached. New 10 A electron
gun was installed. Positron solenoid replacement is planned
for 2021/2022 run. Significant improvements on beam loss
monitor system, RF monitoring system, control system were
performed. Further IC performance and operation stability
improvements are under consideration.
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Abstract

The NICA Collider is a new superconducting facility that
has two storage rings, each of about 503 m in circumference,
which is under construction at the Joint Institute for Nuclear
Research, Dubna, Russia. The influence of the fringe fields
and misalignments of the lattice magnets, the field imper-
fections and natural chromaticity should be corrected by
the magnetic field correction system. The layout and tech-
nical specification of the magnetic field correction system,
the main parameters, arrangements and the field calcula-
tions and measurement results of the corrector magnets are
presented. The results of dynamic aperture calculation at
working energies are shown.

INTRODUCTION

NICA (Nuclotron-based Ion Collider fAcility) is a new
accelerator complex currently under construction at the Joint
Institute for Nuclear Research, Dubna, Russia. One of the
main goals of the NICA project is experimental studies
of dense nuclear (baryonic) matter [1]. Two arcs and two
straight sections with two interaction points compose the
Collider lattice [2]. The FODO optics with 12 periods is
chosen for the arc structure. The twin-aperture supercon-
ducting dipoles and quadrupoles with the distance between
beams 320 mm [3] are used in FODO cells (see Fig. 1). The
correction system includes 124 corrector magnets for each
beam (46 in arcs and 16 in straight sections) and 8 corrector
magnets combined for 2 beams (in interaction point regions),
in total 132 corrector magnets.
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Figure 1: FODO-cell of the NICA Collider.

MAGNETIC FIELD CORRECTION
SYSTEM

Corrector magnets are installed in each module of the
quadrupole magnet (see Fig. 1, MC) except for special cor-
rector magnets in straight sections of the Collider. As it
was shown in [4], the designed lattice structure and the mag-
netic field correction system of the NICA Collider are made

* shandov @jinr.ru
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it possible to reach the design parameters. In addition, a
dynamic aperture (DA) 8 -9 o was reached. The main limita-
tion of the dynamic aperture is the effect of the fringe fields
(FF) of quadrupole magnets (see Fig. 2). At the present
time, a tuning mode for compensation of the betatron tune
coupling, ring chromaticity and fringe fields influence have
been found. The current state of the results of calculating
the beam dynamics for the NICA Collider was carried out
in [5].

Random and systematic errors should be compensated by
the correction system. The field imperfections, the deviation
of magnetic field integrals, the influence of the FF and mis-
alignments of lattice magnets are the sources of systematic
errors. In addition, the natural chromaticity and betatron
tune coupling are should be compensated too. The main
aims for the magnetic field correction system are presented
in Table 1. More details can be found in [6].

Table 1: Goals of the Correction System

Field Type Correction Field
Goal Strength
Normal dipole Hor. orbit 0.15T
Skew dipole Vert. orbit 0.15T
Normal quadrupole  Betatron tune 3T/m
Skew quadrupole Motion coupl. 3T/m
Normal sextupole Ring chrom. 175 T/m?
Normal octupole DA correction 1300 T/m3
Normal dodecapole DA correction 125000 T/m>
CORRECTOR MAGNETS

The design of the corrector magnets is based on the Nu-
clotron corrector magnets. In general, these are supercon-
ducting magnets with sector coils and an iron yoke (see
Fig. 3). The cooling of the superconducting coils is carried
out by an inner cooling cylinder (see Fig. 3, 1). The position-
ing and electrical insulation of the superconducting coils are
carried out with spacer cylinders (see Fig. 3, 2). Structurally,
the corrector magnets are separated in 10 groups according
to the type of the installed coils. The design of the magnet,
the main characteristics and the results of 2D FEM field
calculation were presented in [6].

The DA value is reduced to 6 -7 ¢ based on the results
of 3D FEM field calculation of final focusing quadrupole
magnets, in particular, by the integral value of the allowed
harmonics Bs. For this reason, a special dodecapole cor-
rector magnet has been developed. The superconducting
coil with a cooling spacer is mounted directly on the surface
of the beam pipe in the centre of the central final focusing

TUBO2
a

©=2d Content from this work may be used under the terms of the CC BY 4.0 licence (© 2021). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



©=2d Content from this work may be used under the terms of the CC BY 4.0 licence (© 2021). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

27™ Russ. Part. Accel. Conf.
ISBN: 978-3-95450-240-0

RuPAC2021, Alushta, Crimea
ISSN: 2673-5539

JACoW Publishing
doi:10.18429/JACoW-RuPAC2021-TUBO?

Figure 2: FMA results from the DA calculation (in normalized betatron amplitudes): no FF (left), including FF (center),

including FF and correction (right).

quadrupole magnet. An iron yoke is not provided for this
type of the corrector magnets.

Figure 3: The cross-section view of the corrector magnet:
(1) cooling cylinder, (2) spacer cylinder, (3) coils, (4) iron
yoke.

The production of the corrector magnets has been orga-
nized in the SCM&T Department of LHEP, JINR, Dubna,
Russia [7]. At this time, 68.9 % of the corrector magnets
have been produced. The procedure of magnetic measure-
ments was carried out for each magnet at an operating tem-
perature of =4.6 K. The Hall probe is installed on the sur-
face (R=46 mm) of the magnetic measurement system for
quadrupole magnets in the centre of the corrector magnet
(see Fig. 4) [6].

Table 2: Magnetic Measurement Results ®,..; = 46 mm)

Harmonica Measurement 2D FEM

Dipole (By) 0.1270 0.1390

Sextupole (B,) 0.0970 0.0957

Octupole (B,) 0.0189 0.0212
TUBO2

Figure 4: Magnetic measurement probe for quadrupole mag-
nets: (1) probe, (2) Hall sensor, (3) quadrupole magnet, (4)
corrector magnet.

The functional relationship of the radial component of the
magnetic field from the angular position B,.(8) from the Hall
probe (three measurements and the mean value) and from the
2D FEM calculation for the fifth group of corrector magnets
are shown in Figure 5 and Table 2. Individual power supplies
and operating currents of the coils were used according to the
technical specification. As it can be seen, a correlation was
observed between the measured and the calculated results.
It should be emphasized, that the offset of the the axis of

Beam dynamics in accelerators
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Figure 5: Radial component of the magnetic field vs. angular
position.

the magnetic measurement probe to the magnetic axis and
the difference between the designed and actual turns in the
coils are the main sources of discrepancy between the 2D
FEM calculation and the measurement results. Thus, based
on the data of magnetic measurements, the offset between
the corrector and quadrupole magnet axes can be calculated.

At present time, 100 % of the dipole (including reserves)
and 34.8 % of the quadrupole magnets for the NICA Collider
have passed the magnetic measurement procedure [8]. The
search for a tuning mode of the magnetic field correction
system based on these data is made our plans.

CONCLUSION

At the moment, the development of the NICA Collider
magnetic field correction system has been completed. This
system of the NICA Collider allows to reach the design
parameters. The random and systematic errors should be
compensated by the correction system. The development
and serial production of the Collider corrector magnets has
been started at JINR. The analytical and 2D FEM calcu-
lations were performed in the magnet centre. The FEM
calculation tacking into account all sources of systematic
errors, the 3D analytical and FEM models are made our
plans. Magnetic measurements were carried out for 68.9 %
of the Collider corrector magnets with a system based on
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the Hall probe. The experience of establishing the Booster
corrector was taken into account when developing the design
and technology of the collider correctors.
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METHOD AND SYSTEMATIC ERRORS FOR SEARCHING FOR THE
ELECTRIC DIPOLE MOMENT OF CHARGED PARTICLE USING
A STORAGE RING

Y. Senichev, A. Aksentyev, A. Melnikov, Institute for Nuclear Research of Russian Academy
of Sciences, Moscow 117312, Russia

Abstract

One of possible arguments for CP-invariant violation is
the existence of non-vanishing electric dipole moments
(EDM) of elementary particles [1]. To search for the EDM
the BNL proposed to construct a special ring implementing
the frozen spin mode in order to detect the EDM signal.
Since systematic errors determine the sensitivity of a
method, this article analyses some major methods pro-
posed for searching for the EDM from the point of view of
this problem. The frequency domain method (FDM) pro-
posed by the authors does not require a special accelerator
for deuterons and requires spin precession frequency meas-
urements only. The method has four features: the total spin
precession frequency due both to the electric and the mag-
netic dipole moments in an imperfect ring in the longitudi-
nal-vertical plane is measured at an absolute statistic error
value of ~107 rad/sec in one ring filling; the ring elements
position remain unchanged when changing the beam circu-
lation direction from clockwise (CW) to counter-clockwise
(CCW); calibration of the effective Lorentz factor by
means of spin precession frequency measurements in the
horizontal plane is carried out alternately in each CW and
CCW procedure; the approximate relationship between the
spin precession frequency components is set to exclude
them from mixing to the expected EDM signal at a statisti-
cal sensitivity level approaching 10%° ¢ cm. The FDM
solves the problem of systematic errors, and can be applied
in the NICA facility.

ORIGINAL IDEA

The idea of searching for electric dipole moment of the
proton and deuteron using polarized beams in a storage
ring is based on “the frozen spin” method and was origi-
nally proposed at Brookhaven National Laboratory (BNL)
[2]. The concept of the “frozen spin” lattice consists of de-
flectors with electric and magnetic fields incorporated in
one element, in which the spin vector of the reference par-
ticle is always orientated along the momentum. This is
clearly evident from the Thomas—Bargmann—Michel—-
Telegdi equation:

dS g g
o S X ('dem + Qedm):
- E E
Omam = miy{(yG +1) - (v6+:5) %} (1)

- - - E _
Qedm=%<ﬁXB+;>, ng_ 5
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where G is the anomalous magnetic moment, g is the gy-
romagnetic ratio, 2,4, is the spin precession frequency
due to the magnetic dipole moment (hereinafter referred to
as MDM precession), 2,4, 1S the spin precession fre-
quency due to the electrical dipole moment (hereinafter re-
ferred to as EDM precession), and 7 is the dimensionless
coefficient defined in (1) by the relation d = neh/4mc.
The advantages of purely electrostatic machines are espe-
cially evident at the “magic” energy, when:
G —1/(Vhag —1) =0, @)
and the spin vector initially oriented in the longitudinal
direction rotates in the horizontal plane with the same fre-
quency as the momentum 2,,, i.e., Qg — 42, = 0.

In the case of deuterons with G = —0.142 the only pos-
sible method is a storage ring with both electric and mag-
netic fields [3]. This can be done by applying a radial elec-
tric field E, to balance the vertical magnetic field B, con-
tribution to .andm, as shown in Eq. (1):

__ GBcPy?
T 1-Ggp2y?

~ GB,chy>. (3)

Thus, for both protons and deuterons there is a general
idea of how to construct a ring, but this is realized with the
help of different types of deflectors.

METODS OF EDM MEASUREMENT

for searching for the EDM are determined by the success
of solving the problem of systematic errors. From this point
of view, there are currently three promising methods of
searching for the electric dipole moment of protons and
deuterons: BNL “frozen spin” method [2], Koop’s “spin
wheel” method [3] and Frequency Domain method (FDM)
[4]. Basically, their difference is delineated by how the
problem of systematic errors is solved.

BNL “Frozen Spin” Metod

First, we will consider the “frozen spin” method [2]. In
common case the orientation of the spin in 3D space is de-
termined by three frequency projections of spin precession
due to magnetic dipole moment (2., 2, 2, and electric di-
pole moment 2,4, :

2 = [Qeqm + 0,)% + 022 + 0Z. 4)
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The main idea of the “frozen” spin concept is to create
such a configuration of external fields that in an ideal ac-
celerator without imperfection of elements of the storage
ring the spin orientation changes only due to the presence
of the electric dipole moment gy, thatis at ,,0,, 2, K
Degmwe have 2 = (,,;,,. However, in a non-ideal storage
ring with imperfection, when (2,. # 0, 0, #0,0,#0, the
spin changes in accordance with:

S,

02,0,\2 (0,40 2
\/( e ) +( Qedm) sinfa+ ¢),a=0-t (5

In BNL method the deviation of the spin vector in the
vertical plane is measured, that is, the amplitude of the

changing part of the signal S,,. Expecting it at the level of

Sy = 10~°rad after t ~ 1000 sec and assuming that it is
necessary to correct all misalignments to such a magnitude
1,,0,,0, << 0,4, that is the contribution will be deter-
mined only by the EDM signal. However, each of the re-
sidual frequencies £, 2,, {2, plays its own negative role as
a systematic error. The most important factor determining
systematic errors is the presence of errors in the installation
of the elements (imperfections) of the ring, which leads to
the appearance of vertical E,, and radial B, components of
the electric and magnetic fields, respectively. They both
change the spin components in the vertical plane, in which
the EDM signal is expected, and create the systematic er-
rors that imitate the EDM signal. Even if we assume that
the vertical component of the Lorentz force averaged over
the ring F, is equal to exactly zero due to the ideal adjust-
ment of fields in elements of the ring to provide the stable
motion [5],

F,=e(vB, ~E,) =0, (6)
we would still observe a non-zero rotation of the spin in the
vertical plane, that is to say the “fake EDM” signal. As-
suming that n number of arbitrary elements of length L are
installed on the ring with the rms vertical error (§h) and
that the condition (6) for them is fulfilled, one computes
the standard deviation of the MDM spin precession fre-
quency in the vertical plane defined by the radial axis:

e G+1 (By)

(0 mam) = Ty

(7)
where (B,) is the rms value of the radial magnetic field. In
the given case (2, 4 and £2, are the same. The value of
the radial component of the field (B,.) = B, - (§h)/L is thus
determined by (a) the slope of the magnet in the transverse
plane defined by the longitudinal axis and (b) the vertical
component of the magnetic field B,,. If we assume a realis-
tic rms value of the installation error of an arbitrary magnet
(6h)=100y, the spin precession frequency in the vertical
plane will be on the order of <-Qr,mdm> ~100 rad/sec when
the size of the magnets is L =1 m and the total number of
elements on the ring is n = 100. To solve this problem in
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the BNL method it was suggested the procedure of inject-
ing two beams in the ring in two opposite directions, clock-
wise (CW) and counter-clockwise (CCW) [5]. If in the CW
direction the deviations of the spin-vector from the hori-
zontal plane due to the MDM and the EDM add up, then
they subtract in the case of the CCW circulating beam.
Adding the CW and CCW results together, the EDM can
be separated from a systematic error arising due to the
MDM. However, in the case of a deuteron ring, the mag-
netic component of the Lorentz force depends on the direc-
tion of motion, which therefore means that the polarity of
the magnetic field needs to be changed when the direction
of injection is different. This is a fundamental problem for
the implementation of the CW-CCW procedure in the deu-
teron case.

Another unresolved problem from our point of view is
the so-called geometric phase effect. If the frequencies
2,,0,, 0, (see 4,5) in all three planes are of equal order of
magnitude and close in value, but not equal to zero, then
the invariant spin axis is completely undefined, that is, in
each element of ring the spin rotates around the most pro-
nounced axis with an indefinite amplitude. The effect of
mixing the frequencies with the frequency of the EDM oc-
curs, which, despite the use of two beams moving in oppo-
site directions clockwise CW and counter clockwise CCW,
eliminates the certainty of the measurements. This effect is
called the “geometric phase” and it remains unresolved in
the BNL method. Eq. (1)].

Koop’s “Spin Wheel” Metod

Now we need to discuss the idea of Koop’s “spin wheel”
method. This method uses a transverse magnetic field in-
stead of the CW-CCW procedure, causing the spin-vector
to rotate in the vertical plane perpendicular to it first in the
clockwise and then the counter-clockwise direction. Quot-
ing I. Koop, we can formulate the basic concept of the
“spin wheel” method. The idea of the method is to apply a
relatively strong radial magnetic field B, to provide for
rapid spin rotation in the vertical plane, say about 0.1+1 Hz
instead of 107 Hz, as in the frozen spin scenario. If one
controls the accompanied beam orbit splitting with a re-
quired accuracy, then it is possible to extract the EDM con-
tribution to a measured spin precession rate just comparing
runs with a positive (z1) — (z2) = +A and negative (z1) —
(z2) = —A orbit separation. Measuring the spin precession
frequency 2, (+A)in the vertical plane one obtains

0, = BUDHCD

at 'Qr = 'Qr,mdm i QBX (8)

0 (£0) = Qo + 2,) J 1+ (22 + 02)/@eam + 2,)

The author makes an estimate of the contribution of the
average radial magnetic field at a level of 1073 Gauss,
which produces a mimic effect comparable with the EDM
at the level d = 1072% e:cm. According to D. Kawall, the
accompanying beam orbit splitting is on the order of
10712m. Here the author supposes two things: (1) that they
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can measure the average value of the orbit with an accuracy
of 1072 m using SQUIDs and (2) that the MDM spin pre-
cession frequency is completely determined by the average
orbit, hence 2,(+A) = 02,(—A). We disagree with as-
sumption (1) on the grounds that such an orbit displace-
ment measurement accuracy has never been shown exper-
imentally, and we believe assumption (2) to be wrong be-
cause the spin precession frequency of a bunched beam in
the presence of an RF field depends on the beam orbit
length, but not the average orbit shift A. Besides, it is not
clear how one can eliminate the contribution from the
MDM frequency 2M%™arising due to imperfections. As-
suming {2,, 2, << 05 we get

Dx(+8)+02,(-4)
X : X — 'Qedm _l__Q;ndm5

9)
but not 2,4,,. This is only possible if 27°4™ = 0. This con-

clusion is obvious, since two terms 27¢™ and Qg are
aligned with the EDM.

FREQUENCY DOMAIN METHOD

In FDM [4] only spin precession frequency measure-
ments are involved and at an accuracy that already has been
experimentally verified [6]. The method is based on four
fundamental features: the total spin precession frequency
due to the electric and magnetic dipole moments in an im-
perfect ring in a vertical plane is measured at an absolute
statistic error value of ~1077 rad/sec for one ring filling; a
position of the ring elements is unchanged from clockwise
(CW) to counter-clockwise (CCW) procedures; the cali-
bration of the effective Lorentz factor using the spin pre-
cession frequency measurement in the horizontal plane is
carried out alternately in each CW and CCW procedure;
the approximate relationship between the frequencies of
the spin in different planes is set to exclude them from mix-
ing to the vertical frequency of the expected EDM signal
at a statistical sensitivity level approaching 1072° ¢ cm. The
total spin precession frequency in the vertical plane is
measured with a clockwise direction of the beam (1, =

08 im + Qoqm and compared with counterclockwise
measurements Qccy = —28mm + Qeam. The sum of the

frequencies of these two signals Q.5 = (2cw + 2ccw)/
24 (05 — QLY 1) /2 allows one to identify the fre-
quency of the EDM signal, which in turn converts into the
EDM value. However, given an accuracy of the EDM
measurement it is completely determined how exactly the
condition 2557, = QW .., must be fulfilled after chang-
ing the polarity of the magnetic field. We must therefore
reformulate the global problem regarding how to restore
the conditions for the equal contribution of the MDM spin
frequency. Studying the spin-orbital dynamics of the beam,
we introduced a fundamental parameter, the effective Lo-
rentz factor y.pr = s + B2y, - 46,4, which determines the

spin precession in 3D space [4,7]:

45,, = -2 F%(a1—§§+“%)+(%jﬁ} (10)

¢4 y2ao-1 ¥s
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where A6,4is the deviation of the equilibrium level (aver-
age value) of momentum due to the orbit increasing in
length in the transverse plane (4L /L) and due to synchro-
tron oscillation with amplitude §,,, @y, a;are the zero and
first order momentum compaction factors, while y; is the
Lorentz factor of the synchronous particle. Using y,ff, we
can assert: two particles are assumed to be the same, or,
equivalently, the beams are identical in terms of spin be-
haviour if they have the same effective Lorentz factor av-
eraged over all particles in the beam. This ensures it is no
longer necessary to obtain a coincidence of trajectories, but
instead only requires the condition of equality y,ss for the
CW and CCW beams. In this regard, before changing the
polarity, we must calibrate the effective Lorentz factor.
Calibration of the effective Lorentz factor is done via
measuring spin precession in the horizontal plane where
we have no contribution from ,4,,. For that purpose, a
special transverse spin rotator Wien filter is used in order
to suppress the spin precession in the vertical plane without
beam trajectory perturbation together with a small detuning
of the beam energy from the magic value. This procedure
allows one to change the direction of the invariant spin axis
from horizontal to vertical. Using the fact that vy is an
injective function of y.sf, it follows that there exists a
unique value, y.sf at which the polarization vector is fro-
zen with respect to the beam’s momentum vector in the
horizontal plane, i.e., v¢ = 0 in the rest frame. Since the
tilt of the spin precession axis is the same for the CW and
the CCW beams, vCCWli:’r%qu e — O o = 0. Af-
s

ter calibrating the effective Lorentz factor, we turn off the
Wien filter transferring the invariant spin precession axis
from horizontal to vertical position and measure Qg =
‘Qg,%dm + Qedm .

Another important problem, the “geometric phase” (GP)
error, is the accumulation of spin rotation in the vertical
y—z plane caused by non-commuting rotations in the hori-
zontal x—z and transverse vertical x—y planes. Formulated
in the frequency domain language, it is a result of a lack of
a definite direction of the spin precession axis. Our goal in
minimizing the GP effect is to make the 2,4, contribution

to 2= ((Qegm + 2,)% + 0% + .(23)1/2 much larger than
that of 2,, and £2,. That is, we have to fulfil the requirement
2 2
(-Qedm + -Qr)z > %ﬂy_‘;ﬂz
restriction occurs at the values of (2,, and (2,, which should
have less of an effect on the total frequency (2 than the
EDM: 2%
20,
of 50 to 100 rad/sec, it follows that making £2,, and 22,. <
10-3 rad/sec is sufficient to minimize the GP error to be-
low the 2,4, value. Note that the solution of the GP prob-
lem does not require knowledge of the precise values of £2,,
and {2, they just have to be small.
Thus, FDM has significant advantages over the two meth-
ods discussed above: the method is based on measuring the
spin precession frequency and the problems of the geomet-
ric phase and the transition from CW to CCW are solved.

. According to this equation, the

< ,qm. Since we expect the (2, in the range
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Abstract

The high voltage electron cooling system for the NICA
collider is now under development in the Budker Institute
of Nuclear Physics (Russia). The aim of the cooler is to
increase ion beams intensity during accumulation and to

decrease both longitudinal and transverse emittances of

colliding beams during experiment in order to increase lu-

minosity. Status of its development and results of tests of

the cooler elements are described in the article.

INTRODUCTION

The NICA project is aimed to provide experiments with
highly compressed baryonic matter with the help of collid-
ing ion beams. In order to achieve project luminosity it is
planned to use electron and stochastic cooling, which will
help both during accumulation (to increase beam intensity)
and during experiment (to compensate beam’s emittance
grow due to beam-beam effects, intra-beam scattering etc.).

Budker INP has big experience in production of electron
cooling systems for different energies and now it develops
project of high voltage electron cooling system (HV ECS)
for the NICA. In Fig. 1 a 3-D model of the ECS is shown.
Its design is based on design of HV electron cooler for
COSY, produced by BINP [1]. The system consists of two
almost independent coolers, which cool both colliding
beams. Each cooler consists of high voltage system (which
is placed in high pressure vessel, filled with SFe, and which
contains electron gun, electron collector, electrostatic tubes
and HV power supplies), cooling section and transport
channels (consisting of linear and bend magnets). Electron
beam, emitted by cathode in electron gun, is accelerated by
electrostatic tube to working energy. After that, it moves
through transport cannel to the cooling section, where it in-
teracts with ion beam. After the cooling section it moves
back (through another transport channel) to high voltage
system where it is decelerated and absorbed by collector
surface. Such not standard scheme of ECS with whole high
voltage system in one vessel is usual for high energy elec-
tron coolers and besides the COSY cooler it was realized
on 4.3 MeV Fermilab electron cooler of the Recycler ring
[2].

On whole trajectory from gun to collector electron beam
moves in longitudinal magnetic field, which provides
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transverse focusing of the beam. In the cooling section lon-
gitudinal field provides, so-called, “fast” (or magnetized)
electron cooling [3].

Figure 1: 3D model of the electron cooling system for
NICA collider. 1 — high-voltage vessels, 2 — cooling sec-
tion, 3 — vertical bend, 4 — horizontal bends, 5 — linear sec-
tions, 6 — toroid magnet, 7 — supports, 8 — cable channels.

HIGH VOLTAGE SYSTEM

The HV system of the cooler (Fig. 2) generally consists
of HV column and HV terminal on its top. The column con-
sists of 42 identical sections (Fig. 3). Each section contains
2 HV power supplies (up to 30 kV), connected in series,
magnetic coils for longitudinal field, power supplies for
coils and control electronics. The sections are separated
from each other with insulating (plastic) supports. Section
height is 48 mm, period is 64 mm. Connection of every
section with control computer is realized with the help of
wireless interface ZigBee. All sections are powered with
the help of cascade transformer [4]. For this purpose each
section of the transformer has small winding.

Two electrostatic tubes are installed in magnetic coils for
beam acceleration and deceleration.

Methods of cooling, new methods of acceleration
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In the centre of the column there is a special middle sec-
tion of about 30 cm height, which contains magnetic ele-
ments and does not contains HV power sources. This sec-
tion was added for diagnostic reasons (with BPMs) and for
additional vacuum pumping.

High voltage terminal contains electron gun, collector,
two solenoids (for gun and collector) and control electron-
ics. The terminal is powered by upper winding of the cas-
cade transformer.

2

Figure 2: High voltage system of the electron cooler for
NICA collider. 1 — pressure vessel, 2 — bottom flange, 3 —
high voltage column, 4 — high voltage terminal, 5 — elec-
tron gun solenoid, 6 — electron collector solenoid, 7 — col-
lector, 8 — middle section, 9 — side flange.

Figure 3: High-voltage section. 1 — electrostatic tube, 2 —
magnetic coil, 3 — electronics unit, 4 — sections of cascade
transformers, 5 — insulating supports, 6 — external ring, 7 —
oil tubes.

Methods of cooling, new methods of acceleration

RuPAC2021, Alushta, Crimea
ISSN: 2673-5539

JACoW Publishing
doi:10.18429/JACoW-RuPAC2021-TUBO4

In the COSY cooler one transformer was used for pow-
ering both column (consisting of 33 sections) and terminal.
But efficiency of power transfer by cascade transformer de-
creases with increase of number of sections and, from ex-
perience, achieved during operation with the cooler, it look,
that COSY variant is close to limits. In the NICA cooler it
was decided to use 2 transformers in parallel: one for col-
umn and one for terminal.

CASCADE TRANSFORMER

The transformer consists of alternating ceramic and
metal rings (Fig. 4). Inside the metal ring there is a mag-
netic circuit with two high-voltage sectioned windings and
one winding under the potential of the magnetic circuit to
power HV section. One high-voltage winding serves to
transfer power to the next stage up, the other winding for
connection with the lower section of the transformer.

The design of the cascade transformer is similar to the
design of the COSY transformer, however, some changes
have been made to improve its performance and simplify
the manufacturing process. In particular, the primary and
secondary windings are divided into 4 groups of 8 turns,
instead of 2 groups of 14 turns. The metal rings are pro-
duced of aluminium instead of copper-covered stainless
steel. Under the windings, directly on the core, a ring of
thin fiberglass with a copper coating is placed to set the
potential to the core.

To test the new design of the transformer, a 3-section
prototype was made. According to the results of measure-
ments, the parameters of the transformer are similar to pa-
rameters of the transformer of the COSY cooler. After the
tests production of the transformer was started. Fig. 4 (c)
shows first transformer after assembling.

ifif

:
S
:
1
N
N
\
\
N
§
N
|

A,

i

Figure 4: Cascade transformer production: a) transformer
prototype during assembling, b) assembled prototype dur-
ing tests, c) cascade transformer of the cooler.
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“GUN-COLLECTOR” TEST BENCH

Since ion beam diameter in the NICA is small, it was
decided to decrease cathode diameter from 3 cm (as it was
in previous coolers, produced by BINP) to 1 cm. For this
purpose a new gun was constructed and special test bench
was built for its testing (Fig. 5). The main magnetic ele-
ment of the test bench is straight solenoid. Vacuum cham-
ber with gun and collector is installed along solenoid’s
axis. For beam measurement the vacuum chamber contains
special diagnostic node with wire profile monitor and BPM
inside. The monitor provides measurements both electrical
signal and optical (due to wire heating by electron beam).

Figure 5: “Gun-collector” test bench (left) and diagnostic
node of the test bench (right). 1 — electron gun, 2 — electron
collector, 3 —solenoid, 4 — vacuum chamber, 5 — diagnostic
node, 6 — wire support of the monitor, 7 — electric feed-
troughs for the monitor, 8 — tube for vacuum window, 9 —
BPM.

From electron cooling theory one can obtain, that cool-
ing rate is inversely proportional to ion velocity to the 3-rd
power [3]. As result, particles with smaller betatron ampli-
tudes are cooled faster, then those with higher amplitudes.
This can result is appearance of overcooled centre of ion
beam.

According to [5], the controllability of electron current
density profile is essential to prevent instability develop-
ment in ion beams caused by overcooling of beam centre.
By increasing electron emission from the cathode edges us-
ing the control electrode, the emission from the centre of
the cathode can be suppressed by the space charge electri-
cal field. In this case, the electron beam becomes “hollow”.
The cooling rate for ions with small amplitudes of betatron
oscillations decreases; therefore, the ion beam cools more
evenly.

Because of this, one of the most important goal of the
test bench is testing the ability to vary the beam profile. On
Fig. 6 first results of beam profiles measurements for dif-
ferent regimes of gun work are shown (the measurements
are made from electrical signal). One can see, that the gun
provides effective control of the beam. The results gener-
ally prove calculation results [6].
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Figure 6: Beam profiles for different regimes of gun work.

CONCLUSION

Budker INP is actively developing project of the high
voltage electron cooling system for the NICA collider. The
most part of the design stage is passed and many elements
of the cooler are already produced. At the same time, pro-
totypes of some critical elements are produced and tested.
Some prototypes (such as electron gun), are still being
tested.
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Abstract

The new linac for light ion beam injection is under de-
velopment at MEPhI. Such linac was proposed for accel-
eration of 7.5 MeV/nucleon ion beam with
A/Z=1-3.5 and current up to 5 mA for proton and 0.4 pmA
for light ions. The linac general layout will include two
types of ion sources: ECR ion source for proton and He
ions and laser ion source for ions form Li to O. Following
the LEBT ions will be bunched and accelerated to the
final energy using RFQ section and 14 IH-cavities. These
IH-cavities will be identical (divided into two groups) and
independently phased. All cavities will operate on
81.25 MHz. Results of the beam dynamics simulations
and the cavities design will be presented in the report.

INTRODUCTION

Starting 2018 the new ion synchrotron complex is un-
der development at RENC-VNIIEF, Sarov. New complex
will include booster and storage rings, two injectors LUI
(protons and light ions) and LU2 (heavy ions, designing
at NRC Kurchatov Institute - ITEP) and many experi-
mental channels. MEPhI is duty for LUI linac which will
accelerate ions from protons to oxygen up to energy of
7.5 MeV/nucleon with mass-to charge ratio 4/Z<3.5.

LUI linac will include two types of ion sources: ECR
for protons and He beam and laser ion source for ions
from Li to O. Both types of ion sources will be doubled to
growth the reliability of the linac operation. All accelerat-
ing and bunching cavities will operate on the same fre-
quency of 81.25 MHz. The low energy beam transport
channel (LEBT) will be complex to compose beams from
four ion sources. LEBT also will include buncher Bl for
beams pre-bunching before the RFQ and first beam diag-
nostics devices block. RFQ will bunch and accelerate
beam up to 820 keV/nucleon and should to provide the
beam capturing coefficient not less than 90 % for all types
of ions. Following RFQ section and medium energy
transport line MEBT1 two groups of short 5-gaps inde-
pendently feeded IH-cavities will be placed. The geomet-
ric velocity B will be constant for the group of cavities to
reduce the linac cost. As it was shown due to the beam
dynamics simulation it will be enough to have two groups

Beam dynamics in accelerators

of cavities with B;=0.057 and 0.099 (six and eight cavities
for the first and the second groups correspondently) to
achieve the final beam energy of 7.5 MeV/nucleon. The
second buncher B2 will be added to MEBT1 to control
the bunch length and to chop the bunch tail. Two groups
of cavities will also separated by short transport line
MEBT?2 includes one reserve buncher B3.

After acceleration the beam should be rotated at the an-
gle ~40 degrees at the high-energy transport line (HEBT).
After junction with the direct HEBT of LU2 the beam
will start to prepare for injection into the storage ring.
Note that it is planned to inject the continuous beam into
the booster ring and we should to use a debuncher in
HEBT for this aim

Finally, we will have 19 accelerating and bunching cav-
ities for LUl in total, they will operating on the same
frequency of 81.25 MHz. The linac total length is about
40 m (without HEBT). All cavities will feed by solid state
amplifiers.

ION SOURCES

As it was noted above LU1 linac will include four ion
sources: two ECR and two laser ion sources. The key
difficulty for the ECR design is the aim to generate both
protons and He?" ions in the same source and to have the
necessary beam intensity. The operating frequency of
2450 MHz was choused for ECR due to availability of
magnetrons and successful experience of its operation at
MEPhHI [1]. The magnet system for ECR was chosen
basing on solid state magnets with mechanical motion of
the sextupole trap and end rings. The simulation shows
that the necessary p" and He?" beam intensity will be
achieved.

New laser ion source will be also designed basing on
the old prototype operation experience. The laser ion
source operates at MEPhI more that 30 years. It is used to
generate different ion beams having single chatge state-
and it was used to test the proposed technical solutions
and to verify our analytical estimations for multi-charged
beams. Unfortunately, the ion source is now equipped by
low power (<450 mlJ) laser, that prevents to generate
multi-charged ions because this energy is lower that the
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ionization potential for the second electron. New plasma
chamber was also designed to operate with different types
of targets in the same session, Fig. 1. Two step motors
will provide both “slow-step” motion of the target to
replace the injured point and to change the target to the
different material. Such design gives us the possibility to
operate with eight targets.

Figure 1: Discharge chamber for new laser ion (form Li to
0) source.

RFQ SECTION

The RFQ section will be used both for beam bunching
and following acceleration up to energy of 820
keV/nucleon. It was shown that the current transmission
coefficient can be increased up to 95-97 % for all types of
ions by means of short low field pre-buncher installed
before RFQ, Fig. 2. The beam dynamics simulation was
done using BEAMDULAC-RFQ code designed at MEPhI
[2-6]. The pre-buncher using also provides two times
lower output energy spectrum.

The four-vane RFQ cavity with magnetic coupling
windows [7] was proposed for LUI. Such type of the
cavity has compact design, it is comparatively simple for
tuning and such linac was successfully designed, con-
structed and operated as the for-injector of the JINR Nu-
clotron-NICA complex [8-9]. The design of the RFQ
cavity is shown in Fig. 3. The total length of the cavity is
about 5 m. 12 plungers will be used for the operating
frequency tuning, this number is enough to shift the fre-
quency at the wide band of £300 kHz. The RF design of
the RFQ cavity will be discussed more detail in [10-11].
All necessary simulations of the cavity are close to finish
and we plan to start the manufacturing of one cavity sec-
tor next year.

IH-CAVITIES

The beam dynamics for the regular part of LUl was
studied by the combination of analytical methods and
numerical simulation as it was proposed in [12-14]. As
known the synchronism condition violates for such sys-
tem of cavities with constant geometrical velocity and
more accurate treatment of the phase slipping is necessary
to achieve correct results of the beam dynamics simula-
tion. The beam dynamics simulation shows that the regu-
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lar part of the linac will consists of two groups of IH-
cavities with geometrical velocities Bg=0.057 (six 5-gap
cavities) and 0.099 (eight 5-gap cavities) to achieve the
final energy of 7.5 MeV/nucleon. Results of the beam
dynamics simulation are shown in Figs. 4 and 5. Fig. 4
illustrates the slipping factor inside the groups of cavities.
Longitudinal and transverse phase spaces before the first
cavity, after cavities No. 6 and No. 14 are shown in Fig. 5.
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Figure 2: Beam dynamics simulation results for LU1
RFQ: A/Z=1, I=10 mA (at left), A/Z =2.0, [=1 MA (at
center), A/Z=3.5, I=1 MmA; all simulation were done with
pre-buncher before RFQ; it are shown (top-to-bottom):
longitudinal emittance, transverse emittances and the
beam cross-section; all parameters are plotted by red
color for the front-end of the RFQ and by blue color for
the output.

Figure 3: RFQ cavity design.

Further electrodynamics, thermal and mechanical simu-
lations of IH-cavities were done and we start to prepare
the construction of the full-scale model of first group
cavity. The model of the cavity is shown in Fig. 6, it in-
cludes all necessary elements as well as vacuum and RF
ports, plungers, vacuum valves, etc. Note that all mechan-
ical tuning elements are placed inside of the cavity.

Beam dynamics in accelerators



27™ Russ. Part. Accel. Conf.
ISBN: 978-3-95450-240-0

05— ek
ons  0oh oar opE oo a o1 nrz
hata

Figure 4: Slipping factor for the regular part of LU, it
includes 14 TH-cavities divided into two groups
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Figure 5: Beam dynamics simulation results for the regu-
lar part of LUI; longitudinal and transverse phase spaces
are shown before the first cavity, after cavities No. 6 and
No. 14.

BEAM TRANSPORT CHANNELS

LU1 will include four main beam transport channels
(LEBT, MEBT1, MEBT2, HEBT) and 12 short channels
between IH-cavities (with quadrupole doublets). The
beam dynamics simulation for the transport channels
shows that we can use one type of pulse quadrupoles for
all channels and the maximal necessary gradient will be
not higher than 22 T/m. The pulse regime provides us the
low operation power and gives us possibility to use lenses
without water cooling of coils. Channels will also include
five dipoles, three in LEBT to join beams generated by
four ion sources and two in HEBT. Please find the infor-
mation about beamlines and magnets in [15].
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Figure 6: [H-cavity design.

VACUUM, CONTROL, DTIAGNOSTICS

LU1 will be equipped by all necessary systems as well
as vacuum, power, diagnostics, control, mechanic sup-
ports, etc. The vacuum system for LUI is discussed in
[16]. The control system of the new VNIIEF synchrotron
complex is planned to build using high-level platform
TANGO, but local control system for LUl will be much
more simple and will include data server and control
server as well as control racks for all linac systems. Beam
diagnostics is now a key point for successful accelerator
commissioning and operation. It is planned that LU1 will
include four main diagnostics blocks located in LEBT,
MEBT1, MEBT2 and HEBT. We plan to use slit grids,
paper port and Allison scanner to control the beam emit-
tance and a bunch shape monitor also (all these compo-
nents will be developed at INP RAS). Also we plan to use
~15 beam position monitors and ~18 current transformers
to control the current parameters along the linac.

CONCLUSION

New injector LUl is now under development for
VNIIEF synchrotron complex under R&D. Such linac
will accelerate light ions from protons to oxygen up to
energy of 7.5 MeV/nucleon. Main features of LUl were
discussed in the paper as well as the beam dynamics sim-
ulation results. Cavities (RFQ, IH type and bunchers)
preliminary design is close to finish today and we hope
that tests of RFQ and IH-cavity prototypes will start next
year.
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Abstract

The Kurchatov synchrotron radiation source goes on to
operate in the range of synchrotron radiation from VUV
up to hard X-ray. An electron current achieves 120 mA at
2.5 GeV, up to 12 experimental stations may function
simultaneously. Improvement of the facility according
Federal Program of KSRS modernization is in progress.
Two 3 Tesla superconducting wigglers have been installed
at main ring at 2019. They were tested with small electron
beam current at 2020-2021. Wigglers' influence on beam
parameters is much closed to calculated value. Vacuum
system has been upgraded at 2020. In 2021 control
system will be completely modified. Manufacturing of
third 181 MHz RF generator, new preliminary
amplification cascades and new waveguides for all three
generators continues in Budker Institute (Novosibirsk).
Preparation of great modernization of the whole facility
according Federal Program for science infrastructure
development has been started.

INTRODUCTION

A 2.5 GeV electron storage ring Siberia-2 is a main
source of synchrotron radiation (SR) at Kurchatov
Synchrotron Radiation Source (KSRS) facility. A
magnetic structure of Siberia-2 provides 98 nm-rad
horizontal emittance of an electron beam, electron current
achieves 150 mA. At present Federal KSRS
modernization program (below — Program 1) is in
progress, it was prolonged till 2022. Within the scope of
Program 1 a third 181 MHz RF generator was
manufactured in addition to two existing generators of
Siberia-2. Besides 2 new identical superconducting
wigglers (SCW) with 3 Tesla maximal magnetic field
were put in operation during 2019 — 2021. They were
tested with small electron beam. In 2019 — 2020 a
modernization of vacuum system was completed, now
control system modernization is close to completion.

At 2020 a preparing to deep KSRS modernization has
been started according to Federal Program for Scientific
Infrastructure Development (below — Program 2). As a
result of Program 2 all KSRS accelerators must be
replaced to new ones. New main 2.5 GeV KSRS ring
should have horizontal emittance less than 3 nm-rad and
top-up injection from booster synchrotron. Only RF
system, SCWs and SR beamlines will be retained from
old KSRS equipment. Because of Program 2 appearance
some items were cancelled from Programl.

SR sources and FELs

OPERATIONAL STATISTICS

As a rule Siberia-2 operates for SR users during 9
months per year. It functions during 3 or 4 weeks in
around-the-clock mode from Monday to Saturday. Then
one week of preventive maintenance and machine tuning
follows. Usually there is one beam storing per day.
Storing of 150 mA takes approximately one hour, then
energy ramping occurs for 3 minutes with 2 - 3 % loss of
current. Then beam current slowly decreases down to 40
— 50 mA so new storing is needed. Beam lifetime at 2.5
GeV depends on vacuum level and beam integral
accumulated from the moment of last vacuum chamber
violation.

As a result of KSRS development a stable facility
operation was achieved during last several years (see
Table 1, values for 2021 correspond to first half of the
year.). But prominent decrease of these values occurred in
2020. Mostly it was caused by coronavirus pandemic
which lead to KSRS shutdown at April-May and
December. A long summer break for vacuum system
modernization was one more reason. Finally initial plan
for duration of users’ work was completed only by 55%
(in comparison with 100 — 110% during previous 4
years). Activity of SR users also was lower for the same
reasons. But in 2021 all values became close to normal
ones.

Table 1: Statistics of Siberia-2 Operation for Iast 4 Years

Parameter 2018 2019 2020 2021
Time for users 3035 2728 1202 1706
hours ’
Beam current 227.1  200.1 88.8 105.0
integral, A-hours
Average number /-4 74 5.6 10.6
of stations in use

74.8 73.4 73.9 61.5

Average current,
mA

FEDERAL KSRS MODERNIZATION
PROGRAM (PROGRAM 1)

KSRS modernization according Program 1 should not
change overall scheme of the facility, all magnetic
elements are the same. The facility still consists of two
storage rings (Siberia-1 and Siberia-2), linac and two
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transport lines. Realization of Program 1 has been longed
till the end of 2022. Some points of Program 1 are
described below.

RF System

RF system modernization includes: manufacturing of
third RF generators for Siberia-2 and modernization of
preliminary amplification cascades of two existing RF
generators; manufacturing of low and high voltage supply
racks; racks with control equipment; new waveguides. All
three RF generators will be identical. All new parts of RF
system were produced in Budker Institute of Nuclear
Physics (BINP, Novosibirsk). They will be sent to
Kurchatov Institute at the end of 2021. An assembling of
RF equipment is included to Program 2 as well as
production of supplying and cooling service lines and
electricity supply system.

Vacuum System

KSRS vacuum system has got a lot of new equipment.
15 new pneumatic-drive vacuum valves were installed at
Siberia-2, one as minimum for every straight section, two
for injection section and for sections with
superconducting wigglers. Now there is a possibility to
produce repair of the chamber only at separate regions.
Before it only RF cavities could be isolated. Four valves
were installed at beam transport lines. Siberia-2 has got
21 new BPMs in addition to 24 old ones. Five new BPMs
mounted on transport line from Siberia-1 to Siberia-2
instead of four BPMs with old design. Most of ion pumps
were replaced at Siberia-2, titanium evaporation units
were updated in all ion pumps. Also modernization
includes new vacuum meters, bells, mass-spectrometers,
new aluminum vacuum chambers for Siberia-2 straight
sections.

Two new superconducting wigglers SCW2 and SCW3
(2 or 3 means a number of Siberia-2 superperiod) were
installed in 2019 summer. Additional photon absorber
was added to SCW straight section in order to protect
wiggler vacuum chamber from synchrotron radiation
from previous bending magnet. At the same time part of
vacuum chambers near old wiggler SCW1 was replaced
in order to increase vertical aperture for SR beam from
SCWI1. All other works were made in 2020. An
outgassing of Siberia-2 vacuum chamber was done after
all; electron current value and beam lifetime sufficient for
SR users were achieved at November of 2020.

New Superconducting Wigglers

BINP  produced for KSRS two identical
superconducting wigglers in 2019 [1]. Maximal magnetic
field of SCW equals 3 Tesla with 48 mm period.
Wiggler’s magnet consists of 54 poles: 50 central poles
with nominal field 3 T and 4 side poles. SCWs were
transported to KSRS and tested outside Siberia-2
shielding. Nominal field was achieved successfully. After
that wigglers were installed on Siberia-2. View on SCW3
is presented on Fig. 1. Simultaneously special
technological area was constructed for installing of
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wiggler’s equipment (power supplies, compressors, water
cooling systems and computers). The area is situated at
the level of the shielding roof inside the ring. Tracks for
helium flexlines, feeding and control cables, from the
technologi&al area to wigglers were also mounted.

W L

Figure 1: New 3 Tesla wiggler on Siberia-2 (SCW3).

At the beginning of 2020 SCW3 was tested with 3 T
with electron beam, two wigglers were tested
simultaneously in 2021 after assembling of all supplying
equipment. Electron current didn’t exceed 4 mA. Larger
current is not possible yet, because there are not adequate
photon absorbers in SCW’s beamlines. Absorbers inside
Siberia-2 vacuum chamber are not dedicated for great SR
power density from wigglers. The power density can
achieve 1000 W/mrad in the center of SR beam for 100
mA electron current at 2.5 GeV. Total emitted SR power
will be 4.2 kW 1in this case.

Wigglers strongly effects on beam dynamics in the
machine. They cause vertical betatron tune shift, changes
in betatron functions, horizontal emittance, power losses
per turn and energy spread in the beam. In order to
minimize wigglers’ influence SCW are installed in
dispersion-free straight section with small vertical
betatron function.

Figure 2 presents dependence of betatron tune shifts on
magnetic field in SCWs during its separate operation.
Then they are work together a total betatron tune shift is
coincide with sum of individual values with good
accuracy. A dependence of vertical betatron tune shift on
SCW field is close to quadratic one. It corresponds to
theory if vertical betatron function in the center of SCW
equals 0.75 m (SCW2) and 0.8 m (SCW3).

The wigglers cause closed orbit distortion at all
machine azimuths. Maximal horizontal orbit distortion
(60 microns at 3 T in both SCW5s) is relatively small in
comparison with beam size. Besides it can be decreased
by changing proportions of supplying currents. Vertical
orbit distortion achieved 450 microns at 3 T in both
wigglers. It means discrepancy between physical and
magnetic axes of the wigglers. Vertical shift of magnetic
axe is equal to 2 — 2.5 mm. It is rather big value in
comparison with vertical aperture of SCW’s vacuum
chamber (10 mm). However such orbit distortion can be
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corrected by dipole correctors of the ring. Besides
correction of the wiggler’s vertical position may be done.
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Figure 2: Dependence of betatron tune shifts dQX
(horizontal plane) and dQZ (vertical plane) on wiggler’s
field during separate operation of SCW2 and SCW3.

KSRS control System

KSRS control system provides management of more
than 2000 executive channels and 5000 measuring ones.
At present control system includes two great parts: one
part under control of CitectSCADA server (most of the
equipment), second under control of PC CANServer
(magnets and RF generator of Siberia-2 injection
complex, pulse synchronization). Second part so far uses
old CAMAC modules. Closed orbit in Siberia-2 and beam
position in transport line are also measured
independently. CANbus is preferably used to connect
hardware. Main ideas of the modernization are to
organize unified control system under management of
modern version of CitectSCADA, to proceed to Ethernet
links and optic cables for pulse synchronization. Modern
control system has to ensure stable and reliable operation
of KSRS, to increase useful beam parameters for SR
users. It should contain new subsystems and hardware
listed below:

e For vacuum system: 65 new modules BUP-M for ion
pumps control, 12 new racks in Siberia-2 hall for Ti
evaporation units and vacuum valves control.

e For RF system: new modules for all RF generators
control, measurement of RF power in waveguides
and temperature of RF cavities.

e New pulse synchronization system using optic
cables, removal of CAMAC modules.

e For magnet system: 60 new modules BUK-M for
high- and low-current power supplies control.

e New thermal stabilizing scheme for linac structure.

e Additional modules Libera Brilliance for Siberia-2
closed orbit measurement, 5 new modules Libera
Spark for trajectory measurements in electron
transport line. 7 new racks for Libera modules in
Siberia-2 hall. All these modules are manufactured
by International Technology (Slovenia).
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e New server hardware and terminal devices.

e System for integrating pulse magnets’

currents.

Also new control system has to include KSRS
subsystems that were modernized earlier:

e Control of movable SR absorbers.

e Themperature control system.

System of unified time.

Pulse magnets’ power supplies.
Wigglers’ control systems.

Electron beam current measurement.

New control system software should provide reliable
management of all KSRS subsystems, execution of
necessary operation algorithms, collecting, transporting,
representation, storing of all data, and notification about
emergency situations.

FEDERAL PROGRAM FOR SCIENTIFIC
INFRASTRUCTURE DEVELOPMENT
(PROGRAM 2)

The Program 2 has to be finished in 2027. According to
this Program all KSRS accelerators must be dismounted
and be replaced with new ones. Instead of Siberia-2 with
98 nm-rad horizontal emittance new SR source should
appear with emittance less than 3 nm-rad. A booster
synchrotron will be used as injector to new ring. Injection
is planned on working energy 2.5 GeV with 1 second
cycle. New linear accelerator with energy 200 MeV will
serve as injector for the booster synchrotron. More details
of Program 2 are presented in [2]. Part of modern KSRS
equipment will stay in new facility: RF system (after
modernization according Program 1), superconducting
wigglers, SR beamlines and part of control system
modules. After Program 2 appearance several items of
modernization were moved from Program 1 to Program 2.
Among them mounting of new RF generator and
waveguides, water cooling system, electric power supply
system should be mentioned. Because of Program 2
appearance some items of Program 1 was eliminated. For
example, modernization of high-current power supplies
was cancelled.

supply

CONCLUSION

KSRS is keeping on working effectively for SR users.
Present modernization has to provide improvement of
facility parameters. As a result of global modernization
according to Federal Program of Scientific Infrastructure
Development new bright source of synchrotron radiation
will be created.
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Abstract

Project of high-power long-pulse sub-THz to THz-band
FEL is under development based on the linac “LIU” of the
new generation forming 5 - 20 MeV /2 kA /200 ns electron
beam. The aim of this project is to achieve a record sub-
GW power level and pulse energy content up to 10 - 100 J
at the specified frequency ranges. In the present paper, re-
sults of electron-optical experiments on the formation of an
electron beam with parameters acceptable to drive the FEL
are discussed. Helical pulse undulators were elaborated for
pumping operating transverse oscillations of the beam
electrons. As a key component of the electrodynamic sys-
tem of the FEL-oscillator, the possibility of using advanced
Bragg resonators based on the coupling of propagating and
quasi-cutoff waves, which are capable to provide stable
narrow-band generation under conditions of substantial
oversize of the interaction space, is analyzed.

INTRODUCTION

Project of free-electron laser (FEL) is under develop-
ment in collaboration between BINP RAS (Novosibirsk)
and IAP RAS (Nizhny Novgorod) based on a new genera-
tion of induction linac “LIU” 5 - 20 MeV / 2 kA / 200 ns
implemented in recent years at BINP RAS [1]. The use of
such beam makes it possible to realize ultra-high power
long-pulse FEL operating from sub-THz to THz frequency
range [2]. Principal problems in realization of this genera-
tor include: (a) formation of the relativistic electron beam
(REB) with parameters acceptable for operation in the
short-wavelength ranges, (b) development of undulator for
pumping operating transverse oscillations in the beam, and
(c) elaboration of electrodynamic system that can provide
stable narrow-band oscillation regime in a strongly over-
sized interaction space.

Initial proof-of-principle experiments are planned to
start at the “LIU-5" accelerator in the 0.3 THz frequency
range, with prospects of transition to 0.6 THz range and
higher frequencies after positive results would be demon-
strated. In the paper, the design parameters of the FEL pro-
ject are discussed. Results of electron-optical experiments
on the beam formation are presented. Structural elements
of the FEL magnetic system based on helical undulator and
a guide solenoid that provides intense beam transportation
were elaborated. An electrodynamic system was proposed
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exploiting a new modification of oversized Bragg struc-
tures, so-called advanced Bragg structures, which have sig-
nificantly improved selective properties. Structures of such
type were designed with the diameter of 20 and 40 wave-
lengths for operation in specified frequency ranges.

RESULTS OF ELECTRON-OPTICAL
EXPERIMENTS AT THE LINAC “LIU”

The experimental basis for realization of the novel FEL
scheme is the “LIU-5" accelerator complex [1] comprising
a2 MeV thermionic injector and the induction accelerating
sections (total number of 8 with the acceleration of
~ 0.4 MeV each), which finally provide formation of
5 MeV beam with the current of up to 2 kA, duration of
200 ns and diameter of ~ 4 cm at the output. Beam focusing
between these sections is provided by the pulsed magnetic
lenses of ~0.2 T.

To conduct experiments on sub-THz /THz generation in
the FEL, it is necessary to perform a significant compres-
sion over the beam cross-section from the size given above
to the required diameter Dyeam ~ 5 - 7 mm and further trans-
portation of the beam along the interaction region of about
1 - 1.5 m without loss of current. Based on the existing
electron-optical system of the “LIU-5", the beam injection
into the undulator was designed using magnetic lens of the
accelerator and focusing pulsed solenoid of ~ 0.4 T. Simu-
lations of the beam dynamics in this magnetic system were
carried out using WARP code (which takes into account
the electric and magnetic fields of an intense REB) and
demonstrated possibility to compress the beam with meas-
ured emittance to the diameter needed to drive the FEL (see
Fig. 1).

Schematic of experiments on the injection of an electron
beam formed by the linac “LIU-5" into the FEL electron-
optical system and its further transportation is shown in
Fig. 1. As a result of the experiments, the required beam
compression was realized. Beam current transmission
through the vacuum channel was obtained with an effi-
ciency of about 90%, which, however, was accompanied
by reduction in the beam pulse duration to 80 - 100 ns due
to the cutting of its leading and trailing edges. Currently,
additional tuning of the accelerator and the magnetic sys-
tem is being carried out, which should allow transportation
of the compressed beam through the FEL interaction space
to be close to 100% without beam pulse shortening. In this
case, according to the simulation, energy spread in the
beam is expected to be less than 1%.

SR sources and FELs
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Figure 1: (a) Scheme of beam compression experiment:
1 - output accelerating module of the linac “LIU-57,
2 - matching pulsed magnetic lens, 3 - transient radiation
detector, 4 - dipole correctors, 5 - beam position detectors,
6 - vacuum chamber, 7 - guide solenoid and
8 - beam collector. (b) Results of simulations of the beam
dynamics in the compression system using the WARP code
(the beam envelope is shown). (c) The image
of the beam on the transient radiation detector
at the entrance of the compression system.

DESIGN OF PULSED HELICAL
UNDULATOR AND GUIDE SOLENOID

Constructing the pulsed undulators, we applied our ex-
perience accumulated in the previous FEM experiments,
which were successfully realized up to now in the millime-
ter wavelength bands in collaboration between IAP RAS
and JINR (Dubna) [3]. To improve the uniformity of the
transverse magnetic field distribution over the undulator
cross-section and increase the ratio: magnetic field ampli-
tude to current in the windings, we exploited a bifilar heli-
cal configuration composed of the four conductors (see
Fig. 2a), in which the conductors with the same current di-
rection are positioned at an azimuthal angle of ¢ ~ 60° to
each other [4]. For pumping operating bounce oscillations
in magnetically-guided REBs, undulators with adiabati-
cally up-tapered section are traditionally applied at the en-
trance. For realization of such an input (and output) section
of the undulator, an “optimized” tapered configuration was
developed, based on the simultaneous application of two
methods: (i) increasing the distance of the conductors from
the axis using a conical section, and (ii) approaching the
conductors with the currents of opposite directions in the
winding. Sample of the undulator, which implements the
proposed “optimized” profiling, is shown in Fig.2a. Re-
sults of 3D simulations demonstrate that an undulator with
such an input section provides smooth rise of the magnetic
field amplitude with no parasitic spatial “spikes”, which
was confirmed by the “cold” magnetic measurements
(Fig. 2b).

The so-called reverse guide field regime [5, 6] was cho-
sen for the FEL operation, which, according to the simula-
tion [3], possesses a low sensitivity to the initial spread of
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the REB parameters and provides a high-quality helical
beam formation in the slowly up-tapered undulator en-
trance. Simulations demonstrated that in this regime am-
plitude of “parasitic” cyclotron oscillations never exceeded

- 3% of the operating bounce oscillations acquired by the
electrons in the entire range of designed values of the guide
and the undulator fields. As the theoretical analysis shows,
these beams allow for implementation of the sub-THz/THz
FEL with relatively high electron efficiency.

DESIGN AND TESTING OF ADVANCED
BRAGG RESONATORS

One of the key problems in realization of the FEL-oscil-
lator is development of an electrodynamic system that can
provide stable narrow-band oscillation regime in a strongly
oversized interaction space. Moreover, for transportation
of intense electron beam, which is realized currently at the
“LIU-5" accelerator, the resonator diameter D should in or-
ders exceeds the radiation wavelength A when operating
from sub-THz to THz band, i.e. D/A ~ 20 to 50.

This problem can be solved using advanced Bragg struc-
tures based on coupling of the propagating and quasi-cutoff
waves. For realization of such coupling, the corrugation
period should be approximately twice as long as in “con-
ventional” structures. Involvement of a quasi-cutoff wave
in the feedback loop, similarly to gyrotrons or orotrons, re-
sults in significant purification of transverse mode spec-
trum of the resonator under the substantial oversize param-
eter and improvement of selective properties in compari-
son with the Bragg structures of “conventional” type. Thus,
FELs based on advanced Bragg resonators combine the ad-
vantages of the gyrotrons (high selectivity over the trans-
verse mode index) with those of relativistic oscillators (op-
eration at short wavelength
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Figure 2: (a) Photograph of 3D model (top) and experi-
mental prototype (bottom) of the “improved” undulator
with a period dy = 6 cm, and (b) results of 3D simulations
(left) and “cold” measurements (right) of longitudinal
structure of magnetic field at the undulator entrance.
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bands with high pulsed power level). According to the the-
oretical analysis carried out in the frame of averaged mod-
els as well as to the 3D simulations, advanced Bragg struc-
tures allow selective excitation of the operating mode at the
transverse sizes sufficient for realization of FELs up to
THz frequencies [7].

Results of 3D simulations (code CST Microwave Stu-
dio) of cylindrical advanced Bragg structures in the ranges
of 0.3 THz and 0.6 THz are shown in Fig. 3a and Fig. 4.
These structures have approximately the same diameter of
~ 20 mm acceptable for transportation of the beam formed
at the “LIU-5” accelerator. The oversize factor D/A of these
structures is about 20 and 40, respectively and their feed-
back loop is formed by two counter-propagating TE;
waves (the forward propagating wave of this type is chosen
to be an operating one) and cutoff waves of TE; and
TE 40 types. Simulations demonstrate that even with such
large transverse dimensions, novel Bragg structures pro-
vide selective reflection for the operating mode with an ef-
ficiency of ~ 80 - 90% in power. Results of “cold” electro-
dynamic tests of advanced Bragg structure carried out at
0.3 THz band coincide with the simulations and confirm
the existence of effective narrow-band reflection in the de-
signed frequency range (Fig. 3b).
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Figure 3: Results of (a) 3D simulations and (b) “cold” tests
of advanced Bragg structure having oversize factor
@/\ ~ 20 and operating at 0.3 THz band (feedback loop
TEi1 < TEi2 - cuott <> TEi1, length g =10 cm,
corrugation period d.¢= 1.05 mm and depth r,¢= 0.3 mm).
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Figure 4: Results of 3D CST simulations of advanced
Bragg structure with oversize factor D/A ~ 40 in the fre-
quency band of 0.6 THz (lua = 7.5 cM, dag = 0.5 MM,
raa= 0.3 mMm, feedback loop TE(,1 <> TEi 40-cutoft <> TE1,1).
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CONCLUSION

Summarizing, theoretical studies of electrodynamic,
magnetic, and electron-optical systems, simulations of pro-
cesses of formation of intense REBs and their interaction
with RF-waves in new high-selective electrodynamic sys-
tems allowed developing the project of powerful FEL op-
erating from sub-THz to THz bands based on the linac
“LIU”. The key components for experimental realization
of these FEL-oscillators have been designed and studied in
“cold” tests. Assembly of the installation components was
started for their full-scale tests.

It is important to underline that operability of novel com-
ponents of electron-optical (“optimized” helical undulator)
and electrodynamic (advanced Bragg structures) systems
were studied in the proof-of-principle experiment carried
out in collaboration between IAP RAS and JINR (Dubna)
based on the induction linac  “LIU-3000”
0.8 MeV /200 A /200 ns. In these experiments [8], high-
efficiency FEM-oscillator was realized at W-band, and sta-
ble narrow-band operation was demonstrated under the
transverse oversize factor D/A ~ 5. Increase in the radiation
frequency in the JINR-IAP FEM was limited by the elec-
tron beam energy at this accelerator and the achievable un-
dulator periods. Meanwhile, this FEM-oscillator can be
considered as a prototype for the FEL project, which is in
progress in the frame of BINP - IAP cooperation based on
linacs of the new generation.
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Abstract

New accelerator complex is being constructed by Joint
Institute for Nuclear Research (Dubna, Russia) in frame of
Nuclotron-based Ion Collider fAcility (NICA) project. The
NICA layout includes new Booster and existing Nuclotron
synchrotrons as parts of the heavy ion injection chain of the
NICA Collider as well as beam transport lines which are
the important link for the whole accelerator facility. De-
signs and current status of beam transfer systems in the be-
ginning part of the NICA complex, which are partially
commissioned, are presented in this paper.

INTRODUCTION

The Nuclotron-based Ion Collider fAcility (NICA) in-
cluding new accelerator complex [1, 2] is constructed in
Joint Institute for Nuclear Research (Dubna, Russia). In
frame of the NICA project the existing superconducting
synchrotron Nuclotron which is under operation since 1993
was modernized to match the project specifications [3, 4]
and the new accelerators - the heavy ion linear accelerator
(HILAC) and the superconducting Booster synchrotron [5]
— as well as systems of beam transfer between these accel-
erators had been created and commissioned in 2016-2021
[6-9].

In the paper, design and current status of creation and
commissioning of the first of connecting links of the heavy
ion injection chain of the NICA Collider - beam transfer
systems from the HILAC to the Booster - are given.

BEAM TRANSFER FROM HILAC
TO BOOSTER
31+

The beam transfer of heavy ions (Au’'* is chosen as ref-
erence ions) from the HILAC into the Booster ring at en-
ergy of 3.2 MeV/n is fulfilled by means of a beam transport
channel and devices of a beam injection system of the syn-
chrotron [10-13]. The ion-optical system of the beam
transport channel and the beam injection system provide
beam injection by several methods for accumulation of
ions in the Booster with required intensity. Main methods
of beam injection are single-turn, multi-turn (up to three
turns) and multiple injections (twice or triple injection rep-
etitions with rate of 10 Hz). Accumulation of ions is based
on betatron stacking in the horizontal phase plane of the
Booster synchrotron. To be able to inject beams by three
given methods, the beam injection system of the Booster
has a set of devices containing the electrostatic septum ESS

T tuzikov@jinr.ru
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and three electric kickers, or modules of inflector plates IP1
— IP3. The beam transport channel from HILAC to the
Booster [14] contains 2 dipole and 7 quadrupole magnets,
6 steerers, a debuncher and extended set of beam diagnos-
tics devices including Faraday cups, fast and AC current
transformers, shoe-box and button pick-ups, a phase probe,
multi-wire profile monitors (see Fig. 1). The ion-optical
system of the channel provides beam debunching and be-
tatron matching of ion beams of the target charge state with
the Booster lattice functions as well as separation and col-
limation of neighbor parasitic charge states of ions. It is de-
signed to be flexible enough to maintain required beam pa-
rameters at the channel exit for different working points of
the Booster as well as for different initial beam parameters
at the exit of the HILAC. The beam transfer systems also
have options useful to fill more compact the phase space of
the Booster by injected ions: rapid change of electric fields
inside the kickers and variation of electric fields of the sep-
tum and magnetic fields of the channel’s magnets in inter-
vals between beam injections during multiple injection.

The HILAC-Booster beam transport channel is located
in the median plane of the synchrotron and connected to
the Booster at the entrance of the electrostatic septum ESS.
The septum ESS and the kicker IP2 [15] are placed in the
1% straight section of the Booster ring (see Fig. 2) which is
under room-temperature conditions. The kickers IP1 and
IP3 are located in the vicinity of the 1% straight section and
placed inside the Booster cryostat.

EQUIPMENT

Dipole, quadrupole and steering magnets of the channel
are room-temperature. Dipoles and quadrupoles are pow-
ered in pulsed mode. Pulsed power supplies developed and
assembled at JINR provide twice-triple repetitions of
pulses to maintain multiple injection and also allow to re-
alize dynamical retuning of the channel. 2D steerers have
DC power supplies. Optional DC power supply is also used
for the dipoles to obtain high stability of magnetic fields.

The 4-gap debuncher was produced as a part of Bevatech
(Germany) project on design and creation of the HILAC.
The debuncher is integrated into the HILAC RF system.

The electrostatic septum with length of 1.9 m is a pair of
curved anode and cathode with curvature radii of 11.535 m
and 11.5 m correspondingly installed inside a vacuum box.
High voltage up to 130 kV is applied to the cathode while
the anode is grounded. HV power supply maintains capa-
bility to vary the voltage in intervals between beam injec-
tions during multiple injection in the range to 10 kV.
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Figure 1: Layout of the HILAC-Booster beam transport channel. Beam direction is from left to right.
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Figure 2: Layout of the 1% straight section of the Booster. Notation: 1D1, 1F1, 4D6, 4F6 — quadrupole lenses, FCT — fast
current transformer, PCT — parametric (DC) current transformer, IPM — ionization profile monitor, 1P1V/H, 4P6V/H —
lattice vertical/horizontal pick-ups, PI1, PI2 — additional vertical/horizontal pick-ups for beam injection tuning.

The electric kickers IP1 — IP3 are pairs of inflector plates
installed vertically inside vacuum chambers parallel to the
Booster axis. In turn the chambers of the cryogenic mod-
ules IP1 and IP3 are places inside cryostats. The IP1 and
IP3 are designed on maximum voltage up to 65 kV while
the module IP2 has maximum voltage of 50 kV. Five
pulsed power supplies [16] provide independent unipolar
charging/discharging of each of the inflector plates exclud-
ing one of the plates of the module IP1. Two modes of
power supply system operation are maintained: the single-
plateau pulse mode with charging of one plate of the kicker
only and the double-plateau pulse mode with charging of
both plates and asynchronous discharging of them which
leads to rapid jump of electric field.

COMMISSIONING AND FIRST RUNS
WITH BEAMS

At present all the beam transport channel equipment ex-
cept one multi-wire profile monitor and a collimator of ions
of parasitic charge states was manufactured and most of
them is mounted (see Fig. 3) and tested on the channel dur-
ing three stages of the channel mounting performed in
2019-2021.

Figure 3: The beginning section of the HILAC-Booster
beam transport channel.

Manufacturing of all the modules of inflector plates as
well as the electrostatic septum is also finished and the start
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configuration of the beam injection system providing the
single-turn injection of a beam is assembled on the Booster
ring in 2020. It includes the module of inflector plates IP3
with one pulsed power supply feeding the primary plate of
the module (see Fig. 4) and the electrostatic septum with
the module of inflector plates IP2 (see Fig. 5).

Figure 4: The module of inflector plates IP3 before mount-
ing into the Booster (left) and racks of power supply and
control of the IP3 near the Booster tunnel (right).

Figure 5: The electrostatic septum (left vacuum box) and
the module of inflector plates IP2 (right vacuum box).

The first ion beam in the HILAC-Booster beam transport
channel was transported during the short run of the HILAC
on December 2019 after finish of the first stage of mount-
ing when a beam had been observed in the last Faraday cup
of the channel.

The first run of the Booster was hold on December 2020.
At start of the run, after vacuum pumping of the insulating
volume and beam pipes of the Booster, the equipment of
the beam injection system had been tested and the septum
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has reached the design value of voltage 130 kV. On the IP3
the voltage of 62 kV which is close to the design one has
been also obtained.

During the run the He'* ion beam had been successfully
transported in the channel with transmission efficiency of
more than 90%, injected into the Booster ring and a beam
circulation was obtained without activation of the closed
orbit correction system of the Booster. Injection was
achieved with the tuning of the beam injection system close
to the designed one: voltage of the ESS - 74 kV vs. 72 kV,
voltage of the IP3 - 38 kV vs. 40 kV.

During the runs on December 2020 and September 2021,
tuning of a beam transmission through the final section of
the channel and the beam injection devices ESS and IP2
was resulted in transmission efficiency about 90% and then
the following methodic of fine tuning of beam injection
was tested. The main idea of the methodic is that the closed
orbit (CO) may be locally corrected (by means of steerers
located in vicinity of the 1% straight section) in order to get
intersection of the CO and a trajectory of the injecting
beam in the center of the module IP3 that allows to inject
a beam directly onto the corrected CO with minimal devi-
ations from the Booster axis. The first step is to obtain a
beam circulation during first several turns by tuning of the
Booster magnetic field, the working point and the CO cor-
rection system. Then turn-by-turn measurement of the in-
jected beam positions and angles at the septum exit during
first N turns is performed by processing signals from two
pick-ups neighbour to the 1% straight section: the pair PI1
and P12 (at present these pick-ups are not installed yet into
the Booster) or the pair 1P1 and 4P6 (which were used in
the first Booster runs). Phase coordinates of the injected
beam at the septum exit are calculated by solving the ma-
trix equations [Eq. (1)].

sep—-2 " Ml—»sep ' Xl,i

= Ml—»sep ) Xl,i

o= (M)

Xsep,i

Here X /5 /sep,i — vectors of phase coordinates of a beam
in the 1% or 2™ pick-up or the septum exit after i turn
where x; ,; and y,,; are measured beam positions in the
pick-ups; My_,sep and My, _,, — transfer matrices from the
1% pick-up to the septum exit and from the septum exit to
the 2" pick-up correspondingly.

As a result of the measurements, ellipse-shaped figures
may be plotted representing coherent oscillations of a beam
after injection (see Fig. 6) and parameters of the Booster
ring at the septum exit such as phase coordinates of CO
Xco and lattice functions 3, a, as well as betatron tunes
Q. may be evaluated by processing the set of turn-by-turn
measured phase coordinates (see [Egs. (2-4)]). Brackets ()
in [Egs. (2-3)] mean averaging over turns.

XCO = (Xsep,i )'

(—Bgtx _VZX) -

Jdet((Xsep,i_XCO)'(Xsep,i_XCO)T)

2
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Xi-1

Q, = <arctan (ﬁx + ax) — arctan (ﬁx z—f + ax)> 4)

Xi-1

The estimated parameters permits to find initial positions
(xo,x4) of the injected beam at start of the 1 turn which
are calculated by [Eq. (5)] (analogously for y).

—0, - i
@y = @, — arctan (,BX X1 + ax),
Xo = Y 2 ,Bx Ix COS Py,

, 20, .
X4 = /B—:(sm Qo — @y COS Q).

Knowing phase coordinates of both CO and the injected
beam, one can firstly tune the septum and the IP3 to shift
the initial position of the injected beam closer to the
Booster axis and then correct the orbit by local bump to
shift CO into the initial position of the injected beam. Iter-
ation of these steps permits to tune the beam injection with
minimal amplitudes of coherent oscillations.

During the run on September 2021 the beam injection
with amplitude of coherent oscillations less than 4 mm was
obtained. In Fig. 6 results of tuning of injection of Fe!'**
beam are presented.

)

Figure 6: Phase trajectories of horizontal coherent oscilla-
tions of the injected Fe'*" beam at the exit of the electro-
static septum. Red point is the calculated initial position of
the injected beam. Phase coordinates are given in mm and
mrad.

CONCLUSION

Start configuration of the HILAC-Booster beam transfer
systems has been manufactured and commissioned in
2019-2021. The first two runs of the Booster allow to test
the systems with beams of He!" and Fe!*' ions and beam
transmission from HILAC to the Booster was achieved at
level not less than 80%. Methodic of fine tuning of the
beam injection providing minimization of coherent oscil-
lations after injection has been proposed and successfully
tried out.
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Abstract

Injector of NICA accelerating facility based on the
Heavy Ion Linear Accelerator (HILAC) is aimed to inject
the heavy ions having atomic number A=200 and ratio
A/Z <6.25 produced by ESIS ion source accelerated up to
the 3.2MeV for the injection into superconducting
synchrotron (SC) Booster. The project output energy of
HILAC was verified on commissioning in 2018 using the
beams of carbon ions produced with the Laser Ion Source
and having ratio A/Z=6 that is close to the project one.
Beams of He!* ions were injected into Booster in its first
run and accelerated in 2020. In 2021 ions of Fe!**
produced with the LIS were injected and accelerated up to
200 MeV/u. Beam formation of Fe ions and perspectives
of using LIS for the production the ions with high atomic
mass A and ratio A/Z matching to HILAC input
parameters are described.

HEAVY ION LINEAR INJECTOR

Heavy ion injector of the NICA project is based on the
heavy ion linear accelerator (HILAC) and aimed to be
injector of gold ions into SC Booster synchrotron of the
NICA facility. The main features of it are presented in the
Table 1.

Table 1: Main Features of HILAC

HILAC
Species of ions At
Z/A >0.16
Input energy 17 keV/u
Output energy 3.2 MeV/u
Beam current, mA 10
Operating frequency, MHz 100.625
Beam transmission rate, % 98

The accelerator is based on 4-rod RFQ [1] and IH DTL
cavities with the KONUS accelerating structure inside
[2]. Output energy of the HILAC was verified on its
commissioning in 2015-2018 [3,4]. The beams of carbon
ions C?" having mass-to-charge ratio A/Z=6 that was close
to the project value 6.25 were accelerated. Transverse
strong focusing featured for KONUS was provided by
two doublets and two triplets. RF power supply system is
based on the solid state amplifiers: 140 kW for RFQ, two

Heavy ion accelerators

340 kW amplifiers for IH1 and IH2 and two 4 kW for
rebuncher and debuncher.

LLRF system designed and commissioned in
collaboration with ITEP [2] provided five continuous sin
input signals for RF amplifiers up to 1V amplitude.
Output RF power of the amplifier is tuned by the
amplitude of the input signals. Phase shifting between
LLRF signals is tuned with accuracy 0.1°. Level of RF
power inside each cavity was controlled by the pickups
signals monitoring.

HELIUM ION SOURCE

The beams of He" ions produced with the ion source
developed in LHEP JINR were used for the first run of SC
synchrotron Booster. For designing helium ion source the
proton ion sources described in [3,4] were taken as a
prototype. Ion source with cold magnetron cathode and
magnetic plasma compression produced ~90% of He*
ions (see Fig. 1). There are three basic space emay be
attributed to plasma generator: space of auxiliary
discharge between magnetron cathode and magnetron
anode, space of the basic discharge between magnetron
cathode and anode, and area of plasma expansion.

AKMT

500 ns/div cur

TOF measurements

Figure 1: TOF spectrum of the ions at the output of the
helium ion source.

LASER ION SOURCE

Laser ion source, developed as the ion source for
Alvarez linac LU-20 at the JINR Laboratory of High
energy physics in 1983, is based on a CO, laser operating
in Q-fixed mode. The radiation flux density at the target is
estimated as ~10'© W/cm? and is enough to produce light
ions having mass-to-charge ratio A/Z< 3 that is the limit
value for the acceleration in LU-20. Range of accelerated
ions provided with LIS is various enough: °Li**, "Li**,
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B*, C*, N, 0%, F’", Mg®, Si!'". Because of
degradation of RF system and problem of RF breakdowns
inside LU-20 cavity a necessity was growing up to reduce
A/Z ratio of the ions being injected into accelerator.
Direct way to do it was to increase flux density of the
focused laser radiation on the surface of the target
material in order to rise up the number if the ions in
higher charge state. For this purpose, CO, laser was
replaced with the Nd-YAG laser having pulsed energy 1.0
J and pulse duration 10 ns. The expected laser radiation
flux density at the target was estimated ~10'* W/cm? [5].
Carbon ions C3' produced with the upgraded laser ion
source were successfully injected and accelerated in SC
synchrotron Nuclotron in accelerating run with satisfied
intensity taking extra work of LU-20 RF system and
breakdown troubles off. Beams of C®" ions also passed
through injection chain successfully but were unstable for
application.

Commissioning of heavy ions injector based on HILAC
[6,7] opened possibility of acceleration the ions having
mass-to-charge ratio A/Z< 6.25 at the atomic mass value
A high enough. Test bench researches of the laser plasma
produced with the Nd-YAG laser were done to find out
the high charge states of the carbon and ferrum ions.
Presence of C® and Fe'®* ions having almost the same
ionization energy 490 eV was observed surely. Moreover,
the ions of Fe!” requiring for its appearance ionization
energy 1263 eV were observed also (see Fig. 2) [5], so
one may expect to accelerate by HILAC the beams of
ions having atomic number close to 90.

Beam matching for the RFQ input provided with the
LEBT consisting of two focusing electrodes, electrostatic
accelerating tube, two short solenoids and XY -steerer.

Figure 2: TOF spectrum of the ions at the output of the
laser ion source, white vertical line is TOF marker for
Fe'®*, lilac - SEM detector signals, blue - collected signal
at the SEM input, yellow - collected signal at the analyzer
input.
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ACCELERATION THE BEAMS OF
HELIUM AND FERRUM IONS BY HILAC
AND INJECTION INTO BOOSTER

For the first run of SC synchrotron Booster the beams
of one species He" having mass-to-charge ratio A/Z=4
were accelerated by HILAC up to injection energy 3.2
MeV/u and injected in Booster [8]. The intensity 7-10' of
the ions accumulated in the ring per one pulse of injection
and accelerated up to 100 MeV/u was achieved [9]. Beam
diagnostic system included four current transformer, three
phase probes, beam profile monitors and shoebox pickups
(see Fig. 3). Beam transmission was estimated with the
current transformers signals placed consequentially
behind RFQ, IH2 and behind second bending magnet (see
Fig. 3).

The second accelerating run of NICA Booster started
from the He" ions acceleration. lons current duration at
the ion source output was 50-60 us. Duration of the ions
current at the RFQ input was controlled by HV pulse
applied to the focusing electrode used for modulation and
tuned in range 1-30 us taking into account that one turn of
ions circulation at the injection energy takes ~8 us and
three-turn injection is projected. Transmission 50% was
observed for 7 mA beam current (see Fig. 4) at the 8 us
duration at the RFQ output. Significant beam loading took
place in three accelerating cavities of HILAC (see Fig. 5).

1.0 mA/div
5.00 ps/div

i Curent transformer 1 (~ 7 mA)

«—— Curent transformer 2 (~ 5.5 mA)

«—— Curent transformer 3 & 4 (~ 3.5 mA)

Figure 4: Current transformer signals of He" beam, 7 mA-
RFQ output, 5.5 mA-IH2 output, 3.5 mA —behind QT4

triplet.

Faraday cup 0 r...f;“r:l.‘::'erl ;.I;::I 1:3;1: Pm{,\g\ transformer 2 Faraday cup 1 Fm‘nda? Cwp? o limator Fai da‘ " . f;‘;::' .

/ | \\\\ BPM1 Steerer |‘ BPM2 PM3 | Bend BEM4 BPM ,” BPM6

. Steerer Debuncher Bendin; | Bending r
/\ — \ — J B 0 | | 7 \isget QL \"Lnu..gfz U o /1
) RFQ g 1H1 1H2 1] I d LR _
Ao e e i . ! i i )
ILli | ‘ —
i H —
1 A N
Steerer V&H, QI’M QD2 QT on Pickups 1,2,3,4,5
Figure 3: Beam diagnostic units arranged along HILAC.
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RF signals 50 mv/div

50 ps/div

Buncher

Figure 5: RF beam loading in the HILAC cavities caused
with the He" beam.

Beams of He" ions were following by acceleration of
Fe'*" ions generated with the LIS. On changing ion source
HILAC tunings had not been changed because of
identical mass-to-charge ratio A/Z=4 both for He" and
Fe!** ions. Tons Fe'** current duration ~1-2 us featured for
LIS was observed through injection chain and beam
transmission was rather less (See Fig.6). No RF loading in
HILAC cavities were detected except for a little one in
RFQ cavity.

The detected signals of RFQ, IH1 and IH2 pickups (see
Figs. 4,5) were observed synchronously to the presented
beam currents signals (see Figs. 6,7). One should
underline that all run time was spent for the Booster
tuning and injector could not been tuned accurately.

(%] A |

Figure 6: Current transformer signals of Fe'*' beam,
7 mA-RFQ output, 2.5 mA-IH2 output,1.5 mA —behind
QT4 triplet.

REF signals from cavities pickups

RFQ

Buncher

Figure 7: RF beam loading in the HILAC cavities caused
with the Fe'*" beam.

CONCLUSION

In the second accelerating run of NICA Booster
commissioning in September 2021 heavy ion injector
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based on HILAC injected the beams of ions He* and Fe!**
into Booster ring where they were accelerated up to 578
MeV/u. He" ions were provided with the developed
helium ion source with cold magnetron cathode and
magnetic plasma compression. For the first time the
beams of Fe'*" ions having mass-to-charge ratio A/Z=4
produced with the LIS could be accelerated and injected
in synchrotron ring due to the commissioned heavy ion
linear accelerator HILAC. Upgraded LIS based on a Nd-
YAG laser in tandem with HILAC make it possible to
expect the possibility to generate, accelerate and inject
into Booster the ions having atomic number A up to ~90.
Searching for the best tuning of heavy ion injector and
compensation of beam loading are needed.
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200 MeV LINAC DEVELOPMENT FOR THE SKIF LIGHT SOURCE
INJECTOR

A. Andrianov, M. Arsentyeva’, A. Barnyakov, D. Chekmenev, A. Levichev, O. Meshkov, D. Niki-
forov, O. Pavlov, 1. Pivovarov, S. Samoylov, V. Volkov
Budker Institute of Nuclear Physics SB RAS, Novosibirsk, Russia

Abstract

A new synchrotron light source SKIF of the 4th genera-
tion is construction at Budker institute of nuclear physics
(Novosibirsk, Russia). It consists of the main ring, the
booster ring and the linear accelerator. This paper presents
design of the linear accelerator which is expected to pro-
vide electron beams with the energy of 200 MeV. Construc-
tion of the linear accelerator is discussed. Description of
the linear accelerator main systems is presented.

INTRODUCTION

The SKIF light source is designed for the top-up injec-
tion to the main ring from the booster ring at the electron
energy of 3 GeV. The linear accelerator is designed based
on the injector technical requirements and BINP experi-
ence at the linac development. Electron linac with the en-
ergy of 200 MeV is similar to that of the Injection complex
VEPP-5 [1]. The booster synchrotron with the maximum
energy of 3 GeV is a modification of the synchrotron de-
signed by BINP for NSLS II [2].

In the main operation mode the SKIF storage ring will
be supplied by approximately 500 bunches with the total
current of 400 mA. There is also a possibility to work in
other modes depending on the requirements of the light
source users. Table 1 presents required parameters of the
electron beam to be obtained at the linear accelerator.

Table 1: Requirements for the Electron Beam Parameters

Parameter Value
Operating energy 200 MeV
Energy spread (RMS) 1%
Injection rate 1 Hz
Bunch period 5.6 ns
Number of bunches 55
Single bunch charge 0.3nC
Horizontal emittance at 200 MeV 150 nm

1 2 6

3 4

Figure 1 presents layout of the linear accelerator. The in-
jection rate is 1 Hz and the operating frequency of the RF
gun is 178.5 MHz while the booster and storage rings op-
erate at 357 MHz. Thus, it is supposed that a single linac
beam consisting of 55 electron bunches fills every second
separatrix and after the phase shift next bunch train fills
other separatrices. After the gun the beam passes through
the bunching channel which consists of the third harmonic
cavity, the solenoids and the preaccelerator. Three klys-
trons Canon E3730A with the peak power of 50 MW are
used as RF power sources for the preaccelerator and five
regular accelerating structures. Linac ends by the diagnos-
tic channel with the magnet spectrometer and the Faraday
cup.

ELECTRON GUN

RF gun which is an electron source for the linac has an
operating frequency 178.5 MHz and is planned to be built
on the cathode-grid assembly. Using this scheme allows
one to perform modulation of the cathode current, provid-
ing variation of the bunch charge.

Parameters of the RF gun cavity are shown in Table 2.
At the electric field amplitude on the axis of 13 MV/m it is
possible to extract electron bunches with the charge up to
1.1 nC (Fig. 2, left) while the average particle energy is
about 0.6-0.7 MeV.

Table 2: RF Gun Parameters

Parameter Value
Operating frequency 178.5 MHz
Electric field amplitude 13 MV/m
Injection rate 1 Hz
Pulse power 500 kW
Quality factor 10300

| | e | 111 S

Figure 1: Layout of the linac. 1 — electron gun, 2 — solenoids, 3 — 535 MHz buncher, 4 — preaccelerator, 5 — klystrons, 6
— regular accelerating structures, 7 — quadruple lenses, 8 — spectrometer, 9 — Faraday cup.
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Figure 2: Left — dependence of the electron average energy
on the injection phase, right — bunch charge dependence on

the injection phase.

SYSTEM OF BUNCHING AND PREAC-
CELERATION

The beam is emitted from the RF gun at the bunching
phase, for the linearization of the bunching forces the third
harmonic cavity is to be used. The bunching cavity oper-
ates at the frequency of 535 MHz with the electric field
amplitude of about 2.5 MV/m.

After the third harmonic cavity the beam is injected to
the preaccelerator which is a part of the linac regular accel-
erating structure. It consists of two wave type transformers
and accelerating cells. Due to the beam injection energy of
0.6 MeV there is no need in the optimization of first accel-
erating cells. The preaccelerator input power is 10 MW,
providing the electron energy of about 3 MeV.

System of beam bunching includes also solenoids, their
parameters are given in Table 3.

Table 3: Parameters of the Bunching Channel Solenoids

RuPAC2021, Alushta, Crimea
ISSN: 2673-5539

Magnet Qty L,mm  Bmax, kGs
Solenoids of the 5 100 0.65
bunching channel
Preaccelerator 2 250 1.0
solenoids
Matching 1 100 1.5
solenoid

MAGNET SYSTEM

Besides solenoids in the beginning of the linac, its mag-
net system includes also two-dimensional dipole correctors
of the beam trajectory. There are 8 small correctors in the
bunching channel and 6 correctors with the yoke in linac
regular part. Parameters of the dipole correctors are shown
in Table 4.

Table 4: Parameters of the Dipole Correctors

Magnet Qty L,mm  Bmax, kGs
Small 8 140 0.021
correctors

Correctors with a yoke 6 140 0.5

For the regular linac part seven quadruple lenses are pro-
vided, there is also a triplet of quadruple lenses in the diag-
nostics channel (Fig. 1). Quadruple lens parameters are
given in Table 5.
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Table 5: Parameters of the Quadruple Lenses

Magnet Qty L,mm  Gmax kGs/cm
Quadruplkenses 7 100 1.2

in the regular linac

Quadruple lenses 3 150 1.2

in the diagnostics

channel

ACCELERATING STRUCTURES

Linear accelerator includes five disk loaded regular ac-
celerating structures (Fig. 3) operating at the 2rr/3 mode
with the frequency of 2856 MHz. Accelerating structure
parameters are shown in Table 6.

Table 6: Parameters of the Accelerating Structures

Parameter Value
Operating frequency 2856 MHz
Quality factor 13000
Period 34.99 mm
Cell diameter 83.75 mm
Diaphragm thickness 6 mm
Length 293 m
Shunt impedance 51 Ohm/m
Phase velocity c
Group velocity 0.021 ¢
Filling time 0.456 mcs

Figure 3: Disk loaded waveguide accelerating structure: 1
— accelerating cell, 2 — wave type transformer, 3—junction
cell, 4 — junction diaphragm, 5 — cooling shielding.

With the input power of 40 MW in the first accelerating
structure, the beam increases its energy by about 50 MeV.
In other accelerating structures with the input power of
25 MW the beam energy gain is about 40 MeV. Corre-
sponding electric field distributions in the structures are
given in Fig. 4.

B [MVI]

Figure 4: Electric field distribution along the accelerating
structure. Left — input power of 40 MW, right — input power
of 25 MW.
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DIAGNOSTICS

Measurement of the beam current will be performed by
3 fast current transformers (FCT). Beam position control
and transverse profile registration are to be carried out by
9 fluorescent screens. Beam longitudinal profile along the
bunching channel is to be measured with the help of 3 Che-
renkov sensors. Seven beam position monitors are pro-
vided, the linac ends by the magnet spectrometer with the
Faraday cup in the radiation shielding.

WAVEGUIDE SYSTEM

Figure 5 presents the waveguide scheme for the distribu-
tion of the klystron RF power in the linac beginning. The
klystron power is divided with the help of 7 dB coupler in
the ratio 1:4 between the preaccelerator and the regular ac-
celerating structure, the couplers for the power measure-
ments are provided. There are also phase shifters for both
accelerating structure while the preaccelerator input power
is to be adjusted with the help of the attenuator. Waveguide
schemes for other accelerating structures consist of the
same elements besides the 7 dB coupler and the attenuator.

Figure 5: Waveguide system for the linac beginning. 1 —
klystron, 2 — power measurement couplers, 3 — 7 dB cou-
pler, 4 — attenuator, 5 — phase shifters, 6 — preaccelerator, 7
— accelerating structure.

BEAM DYNAMICS SIMULATIONS

Beam dynamics simulation in linear accelerator with the
described systems were performed using ASTRA [3].
There are no particles loss during the acceleration, the
beam transverse size in the linac is shown in Fig. 6. Beam
parameters and its distribution in the longitudinal phase
space are shown in Fig. 7 and Table 7, correspondingly.

WEAO03
70

RuPAC2021, Alushta, Crimea
ISSN: 2673-5539

JACoW Publishing
doi:10.18429/JACol-RuPAC2021-WEAO3

Beam Size

o 1 1 1 1
] 10 16 20

2m

Figure 6: Beam transverse size evolution in the linac.
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Table 7: Parameters of the Accelerated Beam

Parameter Value
Energy 200 MeV
Energy spread (RMS) 0.3%
Horizontal emittance 50 nm
Single bunch charge 0.3nC
CONCLUSION

The linear accelerator of electrons with the energy of
200 MeV was designed as a part of the injector for the
SKIF light source. Simulations of the beam dynamics show
parameters of the accelerated beam to meet the require-
ments.
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MAGNETIC FIELD MEASUREMENTS FOR THE NICA COLLIDER
MAGNETS AND FAIR QUADRUPOLE UNITS
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Abstract

The magnetic system of the NICA collider includes 86
quadrupole and 80 dipole twin-aperture superconducting
magnets. The serial production and testing of the dipole
magnets was completed in the summer of 2021. The tests
of the quadrupole magnets of the collider and the
quadrupole units of the FAIR project have successfully
entered the phase of serial assembly and testing at the Joint
Institute for Nuclear Research (VBLHEP JINR). One of the
important testing tasks is to measure the characteristics of
the magnetic field of magnets. The article describes the
state of magnetic measurements and the main results of
magnetic measurements of NICA collider magnets,
quadrupole units of the FAIR project, as well as plans for
measuring the following types of magnets of the NICA
project.

INTRODUCTION

NICA (Nuclotron-based Ion Collider fAcility) is a new
acceleration-storage complex[1]. It is under construction in
JINR. In parallel with the NICA project, the FAIR project
is being implemented in Darmstadt, Germany, of which the
SIS100 accelerator is a part [2]. The SIS100 accelerator
includes 166 quadrupole units of various configurations.
For quadrupole units, it is necessary to measure these
parameters of the magnetic field:

e Integral of the mainl field component (GL).

Effective length (Lefy).

Roll angle ().

Position of magnetic axis (dz, dy).
Relative harmonics up to 10%.

At the moment, 25 units have successfully passed
cryogenic tests.

Collider includes 86 quadrupole and 80 dipole twin-
aperture superconducting magnets. Manufacturing of 80
main and 6 reserve magnets is finished now. To carry out
magnetic measurements, the method of rotating harmonic
coils, described in articles [3], [4] was chosen. It is
necessary to measure the parameters of the magnetic field
such as:

Field in the center of the dipole (B1(0)).
Effective length (Lef).

Magnetic field angle ().

Relative harmonics up to 10,

T shemchuk@jinr.ru
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Dipoles were tested at the ambient and operating (4.5 K)
temperatures. Maximal operating current at operating
temperature is 10.44 kA for NICA collider and 11.5 kA for
SIS100 quadrupole units.

MAGNETIC MEASUREMENTS SYSTEMS
(MMS)

Figure 1 shows the progress of magnetic measurements.
For serial magnetic measurements, 4 stands are used, 3 for
measurements at room temperature, 1 for measurements in
cryogenic conditions. The total number of magnetometers
is 15 pcs.
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Figure 1: The progress of magnetic measurements.

For measurements of quadrupole magnets of both the
NICA and FAIR projects, in addition to the method of
rotating harmonic coils, the method of a vibrating string is
used.

MMS for NICA Collider Dipoles

During the measurements, 6 serial magnetometers (see
Fig. 2) were created to measure the collider dipole
magnets. 2 magnetometers are used in the area of warm
magnetic measurements, and 4 magnetometers on the
cryogenic stand. A detailed description of the measurement
system and design of the magnetometer is presented in [5].

The statistics of parameters of magnetic field are
presented in the results (see Fig. 7, Fig. 8, Fig. 9).
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Figure 2: Serial magnetometers for collider dipole
magnets.

Key features of magnetometers:

o The production time of 1 magnetometer: 60 days.

e Fach magnetometer is relative calibrated on a
reference magnet.

o The assembly is carried out under the control of a
control measuring machine (0.050 mm).

e The accuracy of the measuring system does not
exceed the TK tolerance.

MMS for NICA Collider Quadrupoles

At the moment, 6 serial magnetometers are taking part
in the measurements. Each magnetometer is equipped with
a hall sensor for measuring correctors, which are mounted
on a quadrupole magnet.

Figure 3 shows a stand of warm (I=100 A) magnetic
measurements. The concept of magnetometers, as well as
the control and data acquisition system, is similar to that
used in [3] and [5].

AN

Figure 3: Warm magnetic measurement stand.

The key features of the magnetometer are similar to
those for collider dipole magnets.

MMS for FAIR Quadrupole Units

The design of a magnetometer for quadrupole units is
based on the design of magnetometers for collider
quadrupoles. The main differences are:

e The production time of 1 magnetometer: 90 days.

e The magnetometer is equipped with a system for

monitoring the position of the axis of rotation.

e 4 ceramic bearings. 2 of them are double-row self-

aligning.

Figure 4 shows a 3D model of a quadrupole unit with an
installed magnetometer.

The statistics of parameters of magnetic field are
presented in the results (see Fig. 11, Fig. 12).
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Figure 4: Serial magnetometer for FAIR quadrupole units.

POLE GEOMETRY CONTROL SYSTEMS

Since the field for magnets for the NICA and FAIR
projects is formed by an iron yoke, the exact measurement
of the geometry of the poles and their mutual position is of
particular interest.

Pole Gap Measurement System for NICA
collider dipoles

The system (see Fig. 5) was developed and assembled at
JINR. It allows measuring the interpolar gap of the collider

two-aperture dipole magnets with an accuracy of no worse
than 0.005 mm.

Figure 5: PCB harmonic coils for FAIR qadrupole untit
magnetometer.

The main element of the system is 6 MicroEpsilon
capacitive sensors with a measurement range of 0 - 1.2 mm.

Thus, by measuring the geometry of the poles, it is
possible to carry out a comparative analysis of the results
of measuring the geometry of the poles and the results of
magnetic measurements.

Hyperbolic Profile Measurement System for
FAIR Quadrupole Units

The concept of the system is similar to that described
above. The measuring card contains 20 capacitive sensors,
which allow measuring the hyperbolic profile of a
quadrupole unit with an accuracy of no worse than 0.005
mm.

The main elements of the system are shown in Fig. 6.
The statistical measurement results are shown in Fig. 10.
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Figure 6: Hyperbolic profile measurement system for
FAIR quadrupole units.

RESULTS

Below are the results of magnetic measurements for
dipole and quadrupole magnets of the NICA project, as
well as measurements of the interpole gap of dipole
magnets.
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Figure 7: Relative spread of the integral of the magnetic
field for dipole magnets of the NICA project.
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Figure 9: Multipoles for dipole magnets of the NICA
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CONCLUSION

Magnetic measurements performed:

e 100 % collider dipole magnets.

e 35 % collider quadrupole magnets.

e 15 % SIS100 quadrupole units.

Total created magnetometers:

o 16 serial magnetometers of various configurations.
Measuring stands put into operation:

e 6 stands for measuring magnetic field parameters.
o 2 stands for measuring the geometry of magnets.
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FIRST EXPERIENCE OF PRODUCTION AND TESTING THE SUPERCON-
DUCTING QUADRUPOLE AND CORRECTOR MAGNETS FOR THE
SIS100 HEAVY ION ACCELERATOR OF FAIR

E. Fischer, H. Khodzhibagiyan, D. Nikiforov, V. Borisov, T. Parfylo, Y. Bespalov, D. Khramov,
B. Kondratiev, M. Petrov, A. Shemchuk, JINR, Dubna, Russia
A. Waldt, A. Bleile, GSI, Darmstadt, Germany

Abstract

The fast-cycling superconducting SIS100 heavy ion ac-
celerator is the designated working horse of the interna-
tional Facility for Antiproton and Ion Research (FAIR) un-
der construction at GSI in Darmstadt, Germany [1].

The main dipoles will ramp with 4 T/s and with a repeti-
tion frequency of 1 Hz up to a maximum magnetic field of
1.9 T. The field gradient of the main quadrupole will reach
27.77 T/m. The integral magnetic field length of the hori-
zontal/vertical steerer and of the chromaticity sextupole
corrector magnets will provide 0.403/0.41 m and 0.383 m,
respectively. The series production of the high current
quadrupoles and of the individually ramped low current
corrector magnets was started in 2020 at the JINR in Dubna
and is planned to be completed in 2023. We present the
technological challenges that must be solved from produc-
tion of the first magnets toward a stable and high-rate series
production with reliably magnet quality as well as the first
test results at operation conditions.

INTRODUCTION

The international scientific center FAIR will provide
high intensity beams of ions and antiprotons for experi-
ments in nuclear, atomic and plasma physics 0. The opera-
tion modes of the FAIR facility will facilitate four experi-
ments simultaneously. Beside the reference Uranium and
proton beams, acceleration of all other ion species is fore-
seen. The SIS100 synchrotron has a magnetic rigidity of
100 T-m. The high repetition rate of its acceleration cycles
up to 1 Hz requires fast-ramped superconducting magnets
with high dynamic heat load which must be cooled stead-
ily. The SIS100 dipole and quadrupole magnets as well as
the magnets for the NICA project [2] were designed based
on the fast-cycling super-ferric magnets for the Nuclotron
synchrotron at JINR in Dubna [3-8]. The production and
test facility [2] of SC magnets for the NICA and FAIR pro-
ject at the Laboratory of High Energy Physics of JINR was
commissioned by end of 2016. For production and testing
of the superconducting magnets a detailed quality assur-
ance system was introduced, various sets of geometrical
and magnetic measurement equipment were developed,
methodically optimized 0, 0 and the high-resolution data
analysis processing was adjusted.

THE CRYOMAGNETIC COMPONENTS

The synchrotron ring has a circumference of 1.1 km con-
sists of six sections with cryomagnetic components, bypass
lines and electrical supply systems, shown in Fig. 1. In each

Superconducting technologies in accelerators

sector there are 9 quadrupole doubled modules (QDM) of
the arc-section type, two QDM of the arc-termination type,
18 dipole modules (DPM) and 2 missing DPM. The basic
ion optic cell is 12.9 m long and built of the dipole — dipole
— defocusing quadrupole — focusing quadrupole structure
(DP — DP — QD — QF). Besides the 108 main dipoles there
are three families of quadrupoles, powered in their own
electrical circuits — F1, F2, QD.

The operation modes of the accelerator are planned to
vary in a wide parameter range of magnetic field ampli-
tude, ramp rate and repetition frequency 0.
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Figure 1: Scheme of the six sections of the synchrotron ring
with Bypass Lines, the cryogenic and electrical supply sys-
tems.

The cryomagnetic modules have 11 different types of
QDM, always containing two quadrupole units (QPU).
Two QPU are mounted on a common girder system and
combined with additional components of the vacuum sys-
tem or a collimator. A QPU is a combination of a quadru-
pole magnet with different corrector magnets or also with
a beam position monitor, mounted on the quadrupole as
one cold mass. The detailed schema of the modules and
units is given in Table 1. In this paper we present the results
for the magnet parts of units VQD, SF2B and SF1B. The
assembly with beam position monitors as well as their in-
tegration into a complete doublet configuration (here 2.5 or
1.7B) is not part of the working contract between JINR and
the GSI/FAIR company and remains in the responsibility
of the latter.
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Table 1: Quadrupole Units and Doublet Modules

Unit Configuration Doublet Configuration
Upstream _ Centre  Downstream Joined Name Short Name Quantity

QDbB -TRP- SF2 QDB-TRP-SF2 2.123 15
QDBs -TRP- SF2s QDBs-TRP-SF2s 2.13s 2
QDBb -T- SF2Mb QDBb-T-SF2Mb 24 5
QDBx -T- SF2Mx QDBx-T-SF2Mx 2.4x 1
vab -CR- SF2B VQD-CR-SF2B 25 6
BQD £ SF1H BQD-C-SF1H 1.6A 12
vab i SF1B VQD-CR-SF1B 1.78 12
BQD -C- SF2H BQD-C-SF2H 2.8C 12
BQD -CR- SF2) BQD-CR-SF2) 2.9D 12
MQDb = SF1Bb MQDb-C-SF1Bb 1.E 5
MQDi (& SF1Bi MQDi-C-SF1Bi LEi 1
Total 83

The abbreviations in Table 1 are the following: QD — De-
focusing quadrupole, F1 — Focusing quad. 1, F2 — Focusing
quad. 2, B — Beam position monitor, V — Vertical chroma-
ticity Sextupole, H — Horizontal chromaticity Sextupole, S
— Steering magnet, M — Multipole corrector magnet, J —
gamma-jump Quadrupole, C — Cryo-ion-catcher (collima-
tor), T — Drift tube, b—  modified busbars, i — injection
Y cryostat, x — extraction Y cryostat, s — Star shape cham-
ber, P — Cryo-sorption-pump, R — Roughing with cold-
warm transition (CWT).

QUADRUPOLES AND CORRECTOR
MAGNETS

All superconducting quadrupole and corrector magnets
of SIS100 were contracted to be manufactured and tested
in Dubna. The Nuclotron-type design — a cold, window-
frame iron yoke with a coil made of hollow superconduct-
ing cable — was chosen for the SIS100 magnets. For the
low current corrector magnets, a Nuclotron-type cable uti-
lizing electrically insulated strands, was chosen. The main
characteristics and the number of series magnets are given
in Table 2. The cross sections of the sextupole (window
frame design) and of the steerer (cosine-theta design) are
illustrated in Fig. 2.

Table 2: Characteristics of the Magnets

Lattice Corrector magnet
Characteristic Quadrupole Multipole Steerer Chrom.
(Q/S/0) Sextupole
Number of magnets 166 12 84 42
Max. field strength, T/m"! 27.77 0.75/25/333,3 0.37 232
Effective magnetic length, m 1.264 0.75 0.403/0.41 0.383
Aperture diameter, mm 100 150 135 120
Operation current 10512 250/246/240 | 245/241 252
Magnet weight, kg 850 200 120 145

Status of the Series Production

The iron yokes for all the quadrupoles, sextupoles and
steerers were already produced by industry (STP, Minsk)
and passed the incoming inspection at JINR. The supercon-
ducting coils are manufactured in Dubna and had passed
the quality inspection for 20 %, 25 % and 50 % of the over-
all amount of the quadrupoles, sextupoles and steerers re-
spectively. Using these components all magnets of the se-
ries type 2.5 (12 QPUs) and 33 % of series type 1.7B were
completed, assembled to units, tested and delivered to
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FAIR by end of August 2021. The next 8§ QPU are in prep-
aration for shipment until end of October.
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mﬁ .
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Figure 2: Cross sections of the sextupole (left) and of the
steerer (right).
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Test Results and Reproducibility

The details of the cryogenic procedures and the magnetic
measurement systems are presented in 0-0.

The field quality of window frame magnets is dominated
by the accuracy of yoke geometry to about 90 %. The ge-
ometry of the poles is checked with a dedicate gauge
equipped with 20 capacitive sensors (see Fig. 3 for a typical
example, yoke Nr. 142). The data are well within the toler-
ance limit of +£50 um. Such a quality was found for all
quadrupole apertures.

scale £50 um

@ _ -50 to +50 pm
overz
e | | ® - Nodeviation +500
D&
® ‘\&( +250
& k €
© o % £
3 /@ -250
& 8
[ -500

Figure 3: Geometrical measurement results for the real ap-
erture along the yoke length compared to the designed con-
tour.

A vibrating wire system was used for fiducialization of
the quadrupoles 0. The precise knowledge of coordinates
and direction of the magnetic axis with respect to the yoke
symmetry and the reference points is a crucial requirement
for the doublet conception: Both QPUs must be fixed fi-
nally on a common girder structure with exact mutual
alignment of their magnetic axes. This alignment must hold
unchanged even during an occasionally vacuum crash or
other operation faults.

The horizontal y- and vertical z-position of the magnetic
axis in the midplane of the quadrupole are presented in Fig.
4 for subsequent produced 22 quadrupoles. The data are
showing a good reproducibility along the series produc-
tion. For about 90 % the geometrical and magnetic axes do
not differ more than + 0.15 mm. Similar results were ob-
tained for the respective pitch and yaw angles values and
for their distribution along the production sequence (see
Fig. 5).
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Figure 5: Distribution of the magnetic axes (pitch and yaw)
for the statistics of the first 22 Quadrupoles.

The magnetic field quality of the magnets was measured
by rotating coil assemblies both at ambient and at helium
temperatures. Following the cooling down of the units dur-
ing about 70...80 hours the preliminary magnet training
had shown, that on average the magnets reach their opera-
tion current after 2...3 quenches. Their heat release during
the various AC-operation modes was also reproducible
within + 10 %. The typical current dependence of integral
transfer functions (ITF) of the quadrupoles and their re-
spective statistical distribution are shown in Fig. 6. Similar
good results were obtained for the ITFs of the steerers and
sextupoles showing a data spread along the production se-
quence within + 0.6 % and + 0.2 % respectively. The rela-
tive variation of the magnetic length of the quadrupoles
over series production is about 1-10. The quadrupole se-
ries statistics for the measured multipoles is summarized in
Fig. 7. It was found that b6 is the only significant multipole
and reproduces for all the measured quadrupoles within +
1 unit.
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Figure 7: Integral multipoles of 22 quadrupole magnets and
their variation within the series sequence.

CONCLUSION

The series production of the superconducting quadru-
pole and corrector units for the SIS100 of FAIR was started
successful at the JINR, Dubna. Twenty quadrupole units
were already assembled, tested up to 20 % above operation
parameters and delivered to Darmstadt. The next eight
units are under preparation for shipment in October 2021.
The first unit series 2.5 was completed in March this year,
the second series 1.7B will also be finished this year. JINR
had established an effective and stable production and test-
ing scenario for the Quadrupole units. The optimization of
the production technology and detailed methodological ad-
justment of the measurement techniques resulted in the
proven and continuously high quality of the series magnets.
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PRECISE ANALYSIS OF BEAM OPTICS AT THE VEPP-4M BY
TURN-BY-TURN BETATRON PHASE ADVANCE MEASUREMENT

I.A. Morozov*, P.A. Piminov, 1.S. Yakimov, BINP SB RAS, Novosibirsk, Russia

Abstract

Turn-by-turn (TbT) beam centroid signals can be used
to evaluate various relevant accelerator parameters includ-
ing betatron frequencies and optical functions. Accurate
estimation of parameters and corresponding variances are
important to drive accelerator lattice correction. Signals
acquired from beam position monitors (BPMs) are limited
by beam decoherence and BPM resolution. Therefore, it is
important to obtain accurate estimations from available data.
Several methods based on harmonic analysis of TbT data are
compared and applied to the VEPP-4M experimental signals.
The accuracy of betatron frequency, amplitude, and phase
measurements are investigated. Optical functions obtained
from amplitudes and phases are compared.

INTRODUCTION

The VEPP-4M is an electron-positron collider operating
in 1 GeV to 6 GeV beam energy range [1]. The VEPP-4M
storage ring is equipped with 54 dual-plane BPMs [2] capa-
ble of performing accurate TbT measurements. TbT data is
acquired by excitation of the circulating beam with impulse
kickers. In Fig. 1 the optical functions of the VEPP-4M ring
are shown along with corresponding BPM positions.

Figure 1: The VEPP-4M lattice functions.

Harmonic analysis [3] can be used to obtain frequency
and optics from TbT data. Previously, optics measurements
were based only on the computation of g functions from
amplitudes. In this paper, the extension of the optics mea-
surement procedure is described. It includes the addition
of TbT data processing, anomaly detection and BPM noise
estimation. The frequency measurement algorithm has been
tuned. Statistical error propagation has been added to the
computation of BPM signal parameters. Optics measure-
ment from phase has been performed for the first time at the
VEPP-4M. This provides an additional tool to check optics

* I.A.Morozov @inp.nsk.su

Control and diagnostic systems

measurement from amplitude and to study BPM calibrations.
Both methods with statistical error propagation will allow
more accurate lattice correction. Experimental results of
optics measurement are reported.

VEPP-4M TBT PROCESSING LOOP

In Fig. 2 TbT analysis workflow at the VEPP-4M is shown.
First, detection of anomalies in TbT signals is performed [4],
and anomalies are flagged. After anomaly detection, TbT
filtering is performed. Noise estimation using optimal SVD
truncation [5] is performed for each BPM signal. The fre-
quency for each BPM is computed from its interpolated
spectrum maximum. For known frequencies, amplitudes
and phases are computed for each BPM with statistical er-
ror propagation. Amplitudes and phases are then used to
compute linear optics.

TbT
Filtering

4 4 4

Anomaly
Input — N -
Detection

Noise - Flagged - Frequency

4
Amplitude
Phase

4

Optics
Inference

Figure 2: The VEPP-4M TbT processing loop.

We have tested several different techniques for TbT data
noise cleaning. One of the common options is to used trun-
cated SVD applied to the full TbT matrix. For the VEPP-4M
case, the optimal rank of truncated representation was found
to be eight. Another option is to apply Robust PCA [6] to
the full TbT matrix. This method was found to introduce a
bias for estimated amplitudes and phases, but no bias was
observed in frequencies. Both SVD and Robust PCA can be
applied to individual BPM signals. In this case each signal
X = [x1 xp X3 X4 X5 X] is represented using Hankel matrix:

X1 X2 X3
X X X,
X = 2 3 4
X3 Xq Xj5
X4 X5 Xg

Truncated SVD or Robust PCA can be applied to this signal
representation. The filtered signal is then reconstructed as
the mean of skew diagonals.
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BPM NOISE ESTIMATION

BPM noise study was performed for experimental TbT
data obtained with impulse kick excitation. Each BPM sig-
nal noise was estimated using Hankel matrix representation
and optimal SVD truncation. In Fig. 3 the dependence on the
beam current of the estimated noise is shown. Top plots show
results for 100 successive kicks for two particular BPMs. Af-
ter each 20 kicks TbT data without excitation were acquired
(SOFT). Hollow points correspond to the noise estimation
as the standard deviation for these cases. The bottom plots
show noise estimation for 10 successive kick measurements
for all BPMs. On average, noise is at the level of 40 pm for
the horizontal plane and 35 pm for the vertical one. Noise
estimations are used for statistical error propagation in am-
plitude, phase and optics computation.
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Figure 3: BPM noise estimation. Estimated noise vs the
beam current for selected BPMs (top plots). Estimated noise
for all BPMs @ 2 mA (bottom plots).

FREQUENCY MEASUREMENT

Previously, frequency measurement was configured to
provide accuracy of 10~%. This is related to magnetic sys-
tem stability and is sufficient for optics measurements. For
nonlinear beam dynamics studies, a more accurate measure-
ment was desired. Several methods based on the interpolated
spectrum were tested including the effect of windowing.
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Figure 4: An example of frequency measurement with (blue)
and without (red) signal filtering in comparison with the
previous system (black).

WEDO04
80

RuPAC2021, Alushta, Crimea
ISSN: 2673-5539

JACoW Publishing
doi:10.18429/JACoW-RuPAC2021-WEDO4

In Fig. 4 an example of frequency measurement is shown.
The spread of frequencies across BPMs is 5 - 10~¢ without
filtering and close to 10~¢ with filtering. Cosine window
was used in both cases.

AMPLITUDE AND PHASE
MEASUREMENT

For known frequencies, corresponding amplitudes and
phases can be computed using convolution. The results of
phase measurements are shown in Fig. 5 and Fig. 6. The
accuracy of phase measument is better than 5 % and aver-
age deviation from the model is 15 %. For amplitude, the
accuracy is 2 % and 3 Y% for horizontal and vertical planes.
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Figure 5: Measured phase advance between successive BPM
pairs for the horizontal plane. Deviation from model (top)
for a single measurement with statistical errors (black) and
10 successive measurements (red). Spread of phase advance
(middle) for 10 measurements (red) and a single measument
with statistical errors. Absolute phase advance (bottom) for
model (gray), 10 measurements (red) and a single measu-
ment (black).
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Figure 6: Measured phase advance between successive BPM
pairs for the vertical plane.
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OPTICS MEASUREMENT

In Fig. 7 the results of optics measurement from amplitude
are shown. The average deviation from the model is around
15 %, and the spread between measurements is 5 %. For
measurements from phase (Fig. 8), the average deviation
from the model is also around 15 %. Spread in this case is
close to 10 %. Here, the best adjacent triplets were used for
optics computation. We have also tested using a combination
of several different triplets. In this case, the spread from 10
measurements was around 5 %.

Comparison of two methods is shown in Fig. 9. Both
methods are around 15 % off from the model. The ratio of
B functions is within 15 %.
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Figure 7: Optics measurement from amplitude. Top plots
shows spread from 10 measurements (red) with a single
measurement with errors (black). Comparison with model
optics (bottom plots).
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Figure 8: Optics measurement from phase. Top plots shows
spread from 10 measurements (red) with a single measure-
ment with errors (black). Comparison with model optics
(bottom plots).
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Figure 9: Comparison of optics from amplitude and phase.
Deviation from model for optics from amplitude (red) and
phase (blue). Ratio of g functions (bottom plots).

CONCLUSION

The improved TbT analysis workflow was verified at the
VEPP-4M. An anomaly detection system and TbT data fil-
tering were introduced. BPM noise studies were performed
using noise estimation based on optimal SVD truncation.
The estimated noise agrees with the results from measure-
ments without excitation. An improved frequency estima-
tion procedure was implemented. The frequency spread
close to 10~¢ was archived across BPMs in a single mea-
surement. This allows a more accurate study of nonlinear
dynamics at the VEPP-4M. The spread of amplitudes and
phases from successive measurements is less than 5 % and
around 5 %. Single measurement statistical errors match the
observed spread. Two methods of optics computations were
performed and compared. Both methods are around 15 %
off from the model. The difference between methods is also
close to 15 Y% on average. Phase advance measurements are
planned to be added to the optics correction. A detailed
BPM calibration study is scheduled for the new season.
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NONDESTRUCTIVE DIAGNOSTICS OF ACCELERATED ION BEAMS
WITH MCP-BASED DETECTORS AT THE ACCELERATOR COMPLEX
NICA. EXPERIMENTAL RESULTS AND PROSPECTS

A. A. Baldin®, V. 1. Astakhov, A. V. Beloborodov, D. N. Bogoslovsky, A. N. Fedorov,
P. R. Kharyuzov, A. P. Kharyuzova, D. S. Korovkin, A. B. Safonov, Joint Institute for Nuclear Re-
search, Dubna, Russia

Abstract

Non-destructive ion beam detectors based on micro-
channel plates are presented. The design of two-
coordinate profilometer situated in the high vacuum vol-
ume of the Booster ring is discussed. Experimental data
on registration of circulating beam of the Booster in the
second run (September 2021) are presented. The possibil-
ity of adjustment of the electron cooling system with the
help of this detector based on the obtained experimental
data is discussed.

INTRODUCTION

Obviously, development of nondestructive diagnostic
systems for both circulating and extracted beams is one of
the most important tasks at the acceleration complex
NICA [1]. One can speak of nondestructive systems of
two types: the first one registers electromagnetic radia-
tion, and the second one registers interaction of beam ions
with molecules of residual gas in the vacuum chamber of
the accelerator.

This paper considers some first results of operation of
the nondestructive diagnostic system implemented at the
Booster put in operation at the end of 2020. This diagnos-
tic system provides registration of the space-time beam
structure directly inside the Booster vacuum chamber at
the input point from HILAC.

A similar system is situated in the Nuclotron ring and at
the extracted beam line of Nuclotron (see Fig. 1) [2, 3, 4,
5]

MCP-based
Diagnostic system
at extraction
point

S .
MCP-based

ZN  profilometer
at Booster

profilometer
at Nuclotron

Figure 1: Schematic diagram of diagnostic system loca-
tions at the Booster and Nuclotron.

* This work was supported in part by the Russian Foundation for Basic
Research, project no.18-02-40097.
T an.baldin@mail.ru
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NUMERICAL STUDY OF MCP-BASED
DETECTOR

The drawing of the MCP-based profilometers mounted
inside the chamber is shown in Fig. 2.

This detector geometry implemented in the Booster
chamber was used in the software CST for simulation of
the detector operation.

Figure 2: Assembly drawing of MCP-based profilometers
mounted on vacuum flanges.

CST is designated for simulation of a wide range of
electromagnetic interactions, including construction of
electrostatic models and charged particle tracking in
simulated fields. The study presented here used the solv-
ers "E-Static" and "Particle Tracking" of the module
"Statics and low frequency”" CST. The real geometry of
the existing detectors was input in the simulation.

The physics of the simulated processes is as follows.
accelerated charged particles, passing the ion beam line,
ionize residual gas. The number of ions produced in unit
volume is proportional to the beam intensity, residual gas
pressure, and squared ion charge. These ions are acceler-
ated by electrostatic field toward the chevron assembly of
the MCP detector and are registered by the detector to
give the space-time parameters of the beam.

In the simulation, ionized particles were distributed
uniformly over the whole detector volume and their tra-
jectories were traced in the electrostatic system of the
detector. It was found out that the electrostatic systems of
the X and Y profilometers distort the electrostatic field
and, as a consequence, ion trajectories inside the vacuum
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chamber. The shape of electrodes was specially adjusted
numerically in order to reduce this distortion. The repul-
sive electrode was bent with a radius of 180 mm from the
center at an angle of 45° to the beam axis; the cuts for
plate fastening and detectors were shifted by 20 mm along
the beam from the center of the unit. Also, the special
absorbers in the form of rectangular plates along the beam
axis were added to the electrostatic system of detector.
These absorbers cut off ions produced beyond the work-
ing region of the detector; the working voltage at the
absorbers was 2.2 kV. The detectors used at the Booster
were manufactured according to this numerically found
optimal shape.

The detector resolution was also determined in the sim-
ulation as the root mean square deviation of the coordi-
nate calculated for all tracks. The resolution in both X and
Y directions was found to be not worse than 0.3 mm.

MEASUREMENTS OF BEAM SPATIAL
DISTRIBUTION WITH MCP-BASED DE-
TECTOR

The photo of the MCP-based detectors used at the
Booster is shown in Fig. 3.

Figure 3: Photo of the two MCP-based detectors installed
at the Booster for X and Y profile measurement.

The electron cooling system of the Booster beam was
tested in run 2 (September, 2021). The MCP-based detec-
tors shown above were installed at the Booster and used
in this run for beam diagnostics. The detector system
provided measurement of the beam profile in the X and Y
directions. The electron cooling system was tested in the
course of injection with '*'Fe beam. The electron velocity
corresponding to the velocity of beam ions was about
1.85 keV.

The plots below: Fig. 4, Fig. 5, and Fig. 6 show the dy-
namic profile of the beam with and without the electron
cooling system. It can be seen that the electron cooling
has a noticeable beam narrowing effect.
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Figure 4: Y profile of 14+Fe beam as a function of time:

(a) without electron cooling; (b) with electron cooling.

The working electron cooling voltage is 1.83 keV.
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Figure 5: Y position of '**Fe beam as a function of time:
(a) without electron cooling; (b) with electron cooling.
The working electron cooling voltage is 1.83 keV.

5

Beam sigma mm
Beam sigma mm

Axis Y Axis Y

(a) (b)
Figure 6: Dispersion of '**Fe beam as a function of time:
(a) without electron cooling; (b) with electron cooling.
The working electron cooling voltage is 1.83 keV.

Similar results were obtained for both X and Y direc-
tions at different electron beam energies and currents.

MEASUREMENTS OF TIME RESOLU-
TION WITH MCP-BASED DETECTOR

It was already shown earlier [6] that the MCP-based de-
tector is capable of measuring first turns and even the
beam structure within one beam revolution.

Figure 7 shows the beam dynamics for the first 125
turns of the beam after injection measured in run 2 of the
Booster, which corresponds to a time slice of 1 ps.

Regular beam oscillations in the transverse direction
with a frequency of about 12 kHz can be clearly observed.
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(a) (b)
Figure 7: '“"Fe beam intensity as a function of time im-
mediately after injection in run 2 of the Booster: (a) along
X (horizontal); (b) along Y (vertical).

Figure 8 shows the beam dynamics for the first 250
turns of the beam after injection measured in run 2 of the
Booster. It can be clearly seen that the above mentioned
oscillations die out after the first hundred of turns.

vty

() (b)
Figure 8: '“"Fe beam intensity as a function of time im-
mediately after injection in run 2 of the Booster: (a) along
X (horizontal); (b) along Y (vertical).

This illustrates the potential of application of this detec-
tor for adjustment of injection and optimization of the
beam capture in acceleration cycle at the initial stage of
acceleration.

The data acquisition system for these detectors is based
on the electronic module TIC-64 developed by our team.
This module represents a counter with buffer memory
based on FPGA. This module, with a synchro-pulse from
the accelerator, remotely sets the time delay for measure-
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ments and records pulse counts in 64 channels with given
time intervals from hundreds ns to seconds.
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Abstract

Since 2015 the superconducting (SC) linac-injector de-
velopment for Nuclotron NICA (JINR, Dubna, Russia) is
carried out by the collaboration of JINR, NRNU MEPhI,
INP BSU, PTI NASB. This new SC linac is to accelerate
protons up to 20 MeV and light ions to 7.5 MeV/u with
possible energy upgrade up to 50 MeV for proton beam.
This paper reports the current status of the development
and manufacturing of superconducting accelerating cavi-
ties for a new linear accelerator of the injection complex of
the Nuclotron-NICA project.

INTRODUCTION

Nuclotron-based Ion Collider fAcility (NICA) is new ac-
celerator complex under construction at JINR [1-5]. It was
proposed for ion collision and high-density matter study.
NICA facility will include the existing ion synchrotron Nu-
clotron together with new booster and two collider rings
being under construction. The injection system of Nuclo-
tron-NICA was upgraded in 2011-2016. The pulse DC
linac forinjector of Alvarez-type DTL LU-20 was replaced
by the new RFQ developed and commissioned by JINR,
ITEP and MEPhI [6]. New RFQ linac can accelerate ions
with charge-to-mass ratio Z/A>0.3. The first technical ses-
sion of Nuclotron with new injector was ended on 2016 [7].
The LU-20 with new RFQ for-injector is used for p, pT, d,
d?, He, C and Li ions acceleration till now. The other heavy
ion linac for particles with Z/A=1/8-1/6 was developed by
joint team of JINR, Frankfurt University and BEVATECH
and commissioned in 2016.

It must be noted that LU-20 operation causes many tech-
nical issues because of its age: it was commissioned in
1972. The possibility of LU-20 replacement by the new
linac of 20 MeV energy for protons [8-12] and 7.5
MeV/nucleon for deuterium beam is discussed now. Pro-
ject also include an option of the proton beam energy up-
grade up to 50 MeV by installing several cavities in addi-
tional section. New linac will include a number of super-
conducting (SC) cavities.

The general layout of new light ion linac (LILac) for the
NICA collider is presented in Fig. 1 [13]. LILac consists of
5 cavities: RFQ, re-buncher, two Interdigital H-mode
Drift-Tube-Linacs (IH-1 and IH-2) and a de- buncher [14].
The operating frequency is 162.5 MHz and the final energy
at the IH-2 exit is 7 MeV/u. After IH-2 the beam is trans-
ported towards the Nuclotron (bending magnets shown in
blue). SPI stands for Source of Polarized Ions [15]. In fu-

Superconducting technologies in accelerators

Zalso at TSU, Tomsk, Russia

ture the extension of LILac is expected with normal-con-
ductive cavities up to 13 MeV/u (marked green) and fol-
lowed by SC HWR 1 cavities (light blue at Fig. 1) up to 20
MeV for protons and to 7.5 MeV/u light ions and by SC
HWR 2 cavities up to 50 MeV for protons [16].

Middle energy
section

First Linac 7 MeV /u section

Figure 1: The Light Ion Linac.

The problem with SC cavities and SC linac construction
for Nuclotron-NICA was the absence of SRF technology in
Russia. The development of the SRF technologies is the
key task of the new Russian - Belarusian collaboration
launched in March 2015. For testing purposes, the test
beamline is proposed with two HWRI cavities installed. A
test cryostat for two cavities HWR 1 is developing now by
a joint team of JINR, GSI (Germany) and BEVATECH
(Germany). Cryostat for 4 cavities HWR 1 is developing
by JINR and IMP (China).

BEAM DYNAMICS AND FR DESIGN

The beam dynamics simulation for superconducting part
of the first linac layout was done using BEAMDULAC-
SCL code designed at MEPhI [17-19]. According to the
fourth version of SC linac design developed the accelerator
is divided into two groups of cavities HWR 1 and HWR 2
with geometric velocities Bg = 0.21 and 0.314. First group
HWR 1 at Bg = 0.21 accelerates protons to 20 MeV and
light ions to 7.5 MeV/u. Second group HWR 2 at fg =
0.314 accelerates particles up to 50 MeV.

The beam dynamics of proton and deuterium ions beam
was studied at [9]. Parameters of the first group of cavities
(HWR 1) are shown in Table 1.

Considerations on the SC cavity types choice and their
RF design done at MEPhI and JINR are presented in detail
in [20]. HWR cavities were proposed because they could
provide proper consent to electrodynamic parameters and
beam dynamics [16, 20].

The operating frequency of SC sections is 325 MHz. Dif-
ferent concurring HWR cavity designs were considered
one with ordinary cylinder-shaped central conductor and
the second with cone-shaped one [21]. Geometric and elec-
trodynamics parameters of the cavities are presented in Ta-
ble 2.
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Table 1: Current Parameters of the HWRI1 Group of SC
Linac for Proton and Deuterium Beams Acceleration

Cavity 0* 1%%* 2%% 0* 1%* 2%%
group
Proton beam Deuterium beam

Be 0.12 0.21 0.12 0.21
F, MHz 162.5 325 162.5 325
T, % 24.0 24.0 24.0 24.0
Neap 2 2x2™ 2 2x2™*
Lyes, m 0.222 0.39 0.222 0.39
Lo, m 0.2 0.2 0.2 0.2
Legp, m 0.1 0.1 0.1 0.1
Lyer, m 0.622 0.79 0.622 0.79
Nper 3 8 8 3 8 8
L, m 1.87 4.98 6.32 1.87 4.98 6.32
Eyeey MV/m 4.50 5.86 6.4 4.50 5.86 6.4
Uses, MV 1.0 1.3 1.25 1.0 1.3 1.25
O, deg =20 =20 =20 =20 =20 -90
By, T 1.35 1.3 1.9 1.8 2.0 1.0
Wi, MeV 2.5 4.9 13.47 2.5 3.65 8.3
Bin 0.073 0.102 0.168 0.073 0.088 0.133
Wou, MeV 4.9 13.47 31.0 3.65 8.3 8.3
Bour 0.102 0.168 0.251 0.088 0.133 0.133
K7, % 100 100 100 100 100 100

* these cavities are normal conducting;
** SC cavities;
*** two 2-gap HWR per one period.

The operating frequency of SC sections is 325 MHz. Dif-
ferent concurring HWR cavity designs were considered
one with ordinary cylinder-shaped central conductor and
the second with cone-shaped one [21]. Geometric and elec-
trodynamics parameters of the cavities are presented in Ta-
ble 2.

It was shown that both designs satisfy the requirements
for the accelerating gradient. The second design with the
conical central conductor cavity has much better perfor-
mance with respect to multipactor discharge. This dis-
charge is observed for coaxial cavities for low RF field lev-
els and leads to the conditioning time increase.

Table 2: RF Parameters of 325 MHz HWR for g =0.21

Parameter Value
HWR type arical__eal_
Operating frequency, f, MHz 325
Geometrical velocity, Bg 0.21
Cavity height, mm 431 474
Cavity radius, mm 97 97

Ratio of the peak electric surface field to the ac-
celerating field, E,/E,.. 6.5 59
Ratio of the peak surface magnetic field to the

accelerating field, B,/Eqcc, mT/(MV/m) 10.2 9.6
Effective shunt impedance, R/Qo, Ohm 298 306
Geometric factor, G=R,/Q, Ohm 57 57

Cavity body design was done by PTI NASB and MEPhI
research groups taking into account thermal and mechani-
cal cavity performance considerations during cooldown.
Cavity was designed in classical coaxial HWR configura-
tion with integrated helium vessel [22, 23]. PTI NASB pro-
duction facility expertise in deep-drawing and EB welding
of high purity niobium allowed us to choice in favor of
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more complicated but yet much more promising design
with conical inner conductor. HWR cavity with integrated
cryostat vessel design is presented on Fig. 2.

Figure 2: The Light Ion Linac SC cavity design.
COPPER PROTOTYPE

Design study and manufacturing of copper prototype
cavity (Fig. 3) were carried out from 2019 to 2020 at PTI
NANB and INP BSU. Tooling for hydroforming of central
conductor parts, side beam ports and housing covers were
developed. The cavity was assembled using the clamping
system shown in Fig. 3a, that allowed one to align, pre-
cisely adjust and securely fix cavity parts before welding.
This clamping system also was used for cavity RF perfor-
mance intermediate measurements as shown in Fig. 3c.

Copper prototype cavity (see Fig. 4) was manufactured
and tested in 2020 [24]. Resonant frequency measurements
and vacuum tests showed cavity desired performance [25].
Intermediate measurements and frequency control proce-
dure used at production site allowed us to get the necessary
frequency value. This multistage tuning took us several
weeks as the cavity parts were manufactured and matched.
Cavity RF test port reflection and resonant frequency de-
pendence on temperature are presented on Fig. 5.

Figure 3: (a) Six parts of the cavity body, (b) assembling
frame and (c) complete assembly with fixtures for RF
measurements.

Copper prototype cavity (see Fig. 4) was manufactured
and tested in 2020 [24]. Resonant frequency measurements
and vacuum tests showed cavity desired performance [25].
Intermediate measurements and frequency control proce-
dure used at production site allowed us to get the necessary
frequency value. This multistage tuning took us several
weeks as the cavity parts were manufactured and matched.
Cavity RF test port reflection and resonant frequency de-
pendence on temperature are presented on Fig. 5.

Plunger with precise mechanical actuator for slow fre-
quency tune was developed and manufactured at INP BSU.
[25]. Tuner design and prototype manufactured are shown
on Fig. 6. This tuner was successfully tested on copper cav-
ity and showed to deliver 13 kHz/mm frequency shift.
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Figure 4: (a) 3D model of the coaxial half-wave resonator
with field probe, power input antennas and plunger-based
frequency tuning system; (b) manufactured copper proto-
type [24].
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Figure 5: The reflection coefficient Sy; for the power input
in the critical coupling conditions for different ambient
temperatures; (inset) resonant frequency dependence on
temperature.

Figure 6: (a) The slow frequency tuning system; (b) exper-
imentally measured frequency shift Af vs plunger penetra-
tion depth AL [25].

NIOBIUM CAVITY PRODUCTION

Pilot full performance SC cavity is being manufactured
in 2020-2021. The cavity is made of RRR300 bulk niobium
and has titanium cryogenic vessel permanently attached.
Technology of niobium sheets deep drawing, hydroform-
ing, electron beam welding at several production facilities
at Minsk were developed. The intermediate frequency
measurements and control of niobium cavity (Fig. 7) were
performed based on copper prototype-based experience.
Fig. 8 illustrates the Nb cavity core sealed and equipped for
RF and vacuum tests. Weld seals leak rate was under
3.8x10? Pa-m?/s. Cavity outer shell for cryogenic system
was made of titanium and welded to the cavity. Cavity low
power RF tests at room temperature were carried out [26]
and showed the expected results.

Figure 7: Niobium cavity core under intermediate RF test
and cavity Nb core with outer Ti shell assembly.

Cryostat for cavity testing was developed in collabora-
tion of JINR and INP BSU, Fig. 8 [27]. At September 2021
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first tests of cavity cooled down to liquid nitrogen temper-
ature were done. Resonant frequency shift measured dur-
ing cooldown at selected temperatures is shown on Fig. 9.
Helium tests are scheduled to the end of 2021.

As soon as the first cavity tests would be fully completed
two cavities for Nuclotron-NICA injector will be made.
Their production is already launched, Fig. 10 shows two
sets of Nb parts for these cavities.

Figure 8: (a) Fabricated test cryostat, (b) the main parts and
subsystems of the cryostat, (c) test cryostat with a cavity
inside [27].
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Figure 9: Resonant frequency vs. temperature dependence
measured during cavity cooldown.

Figure 10: Nb parts for two Nuclotron-NICA cavities.

CONCLUSION

HWR SC cavity with frequency tuner for Nuclotron-
NICA injector was designed. Dedicated tooling and tech-
nologies were developed and certified for production of
high performance SC cavities. Core parts are made of high
RRR bulk niobum sheets by deep drawing and hydroform-
ing and then electron beam welded. Titanium cryogenic
shell is permanently attached to cavity core. Full produc-
tion line procedures for intermediate measuring, testing
and adjustment of cavity parts was developed. Cryostat for
cavity tests under L-He temperature was designed and
manufactured.

Copper prototype and niobium pilot cavity were manu-
factured. Vacuum and low power RF tests at room temper-
ature and Liquid-N» conditions were carried out and
showed the cavity expected performance. Production of
two Nb cavities for NICA beamline is launched.

Next steps scheduled to 2021/2022 will be cavity cold
tests at 4K and fast frequency tuning system development
[28].
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NUMERICAL SIMULATIONS OF SPACE CHARGE DOMINATED BEAM
DYNAMICS IN EXPERIMENTALLY OPTIMIZED PITZ RF PHOTOGUN *

S.M. Polozov, V.I. Rashchikov’, NRNU(MEPhI) - NRC «Kurchatov Institute», Moscow, Russia

Abstract

Discrepancies between experimental data and computer
simulation results of picosecond highly charged beam
photoemission are discussed. New space charge limited
emission numerical model with positively charged ions
arising in the cathode region and dynamically changing
during the emission is presented. Estimates on the time
characteristics of the charge migrating process in the sem-
iconductor region are given. The numerical results are
compared with the results of other numerical models and
with experimental observations at the Photo Injector Test
facility at DESY in Zeuthen (PITZ).

INTRODUCTION

High brightness electron sources are key components
necessary for the successful operation of modern free elec-
tron lasers, new sources of synchrotron radiation and lep-
ton colliders. For such facilities, it is required to have a ra-
ther high bunch charge (~nC), a very small transverse nor-
malized emittance (< 1 mmxmrad), rather short bunches
(~ 1+20 ps), and a small energy spread (<1 %). For exam-
ple, for the European X-ray Free Electron Laser (European
XFEL) photo gun, electron bunches with a charge of
I nC/bunch and a normalized transverse emittance
< 0.9 mmxmrad should be generated by an RF gun operat-
ing with a Cs,Te photocathode at a high electric field on
the cathode surface (~ 60 MV/m) and repetition rate up to
27,000 pulses per second. Detailed studies of the photoe-
mission process are crucial for understanding the beam dy-
namics in space charge dominated photo injectors, without
which it is difficult to achieve the high brightness.

TEST FACILITY AND SIMULATION
MODEL

The Photo Injector Test facility at DESY in Zeuthen
(PITZ) develops and optimizes high brightness photo in-
jectors for more than 20 years [1].

Figure 1: PITZ RF gun scheme.

* The reported study was partly funded by RFBR, project 19-29-12036
T VIRashchikov@mephi.ru

lonic sources and electron guns

The PITZ L-band 1.6-cell RF-gun (Fig. 1) consists of a
1.3 GHz copper cavity operated in 7-mode fed by a coaxial
RF power coupler and supplied with a pair of focusing so-
lenoids. A molybdenum cathode plug with Cs,Te film is
inserted in the cavity back wall using a load-lock vacuum
system.

For precise description of the space charge dominated
dynamics in the RF-photogun beam measurements and
computer simulations have been performed. Discrepancies
between experimental data and simulation results have
been observed for these measurements [2-3]. The results of
experimental studies on the bunch charge production and
transverse emittance optimization revealed that the limit-
ing current of the emitted beam obtained experimentally
cannot be reproduced by ASTRA simulations [4] using the
parameters of the experimental setup. The ASTRA code,
used for these simulations, is one of the few in the world
optimized to solve beam dynamics problems associated
with photoemission and photoguns. In order to bring beam
dynamics simulations closer to the experimental results the
photoemission model for a space charge dominated regime
has to be improved. A typical schematic of a semiconduc-
tor photocathode is illustrated by Fig. 2.

Vacuum

Mo substrate

[1]

Figure 2: Photocathode model.

It consists of three regions: 1- molybdenum substrate, 2
- CsyTe film (< 0.1um), 3- vacuum. Since the photocathode
is located in a strong electric field, the penetration of the
field into the semiconductor film should be taken into ac-
count. With a field strength of E ~ 107 V/m on the cathode
surface, it is necessary to create the following surface

charge density o to compensate this field inside the film:
o _ qN
I
where N is the surface charge density, £ and & is the die-
lectric permittivity of the photocathode film and vacuum
respectively, q is a particle charge. Hence, assuming € ~10,
we obtain the surface charge density at the cathode N ~
10" cm. If the average concentration of carriers in a sem-

iconductor is n~10%5cm™ then the required number of
charges is obtained at a thickness of d = %~1um. That is,
the field penetrates to a depth that is significantly greater
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than the thickness of the semiconductor film, i.e. the elec-
tric field easily reaches the substrate.

In the standard steady-state photo emission model, elec-
trons generated by a laser pulse leave the cathode, and the
magnitude of the emission current is limited either by the
space charge field of the emitted electrons including the
image charge (when the total electric field on the semicon-
ductor surface is equal to zero), or by the emissivity of the
photocathode (the laser power and the cathode quantum ef-
ficiency).

Ongoing to picosecond laser pulse durations, which are
necessary to obtain short electron bunches, the picture
changes. In this case the regions of the substrate and the
semiconductor should be considered separately. The elec-
trons produced by the laser pulse are in a strong electric
field £, which, as shown above, easily penetrates the film
and quickly leaves it. It is easy to show that within the time
t ~ 1 ps the electron velocities v reach

eEt
gym

v= ~ 10°m/s
and the electrons move by the distance of the order of one
micron, which is significantly greater than the thickness of
the semiconductor. Since the number of free electrons in
region 2 is limited, the rate of their influx will be deter-
mined by the difference in carrier concentrations, deter-
mined according to Fick's first law by the expression J =
p¥ = —eD grad n,where p - is the charge density, D is the
diffusion coefficient of the particle, » is the electron con-
centration. The diffusion coefficient D is related to the mo-
bility of charge carriers by the Einstein’s relation. For elec-
trons it reads as
D=%m

where £ is the Boltzmann constant and 7'is the temperature.
Since the diffusion velocity is less than the drift one, the
positive charge will dominate in the region 2 (Fig. 2).

Thus, the region 2 turns out to be positively charged, and
the amount of charge will dynamically change and be de-
termined by the rate of outflow and inflow of electrons into
the semiconductor region. The presence of such a charge
inside the film can significantly increase a space charge
limited emission current in the case of high charge density
picosecond bunches.

SIMULATION RESULTS

The developed model is based on the 2.5 dimensional
finite difference-time domain (FDTD) particle-in-cell
(PIC) code SUMA [5]. This code has been tested and
widely used to model various physical processes [6-9]. Part
of the code responsible for the charged particles emission
was modified according to our understanding of the physi-
cal process [10-11]. In the proposed model in the region 2
(semiconductor film), the number of electrons arising in
the process of photoemission is equal to the number of pos-
itive charges. As the electrons (Q-) move to the region 3,
positive charges (Q+) will dominate in the region 2, but
their amount will be less than the number of electrons es-
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caping from the region Q" = Q@ (t)e " . Partial compensa-
tion of the positive charge in the region 2 (defined by the
positive charge relaxation time 7) is associated with the in-
flux of electrons from neighbouring regions and is caused
by the resulting difference in carrier concentrations.

The time dependence of the cathode emissivity corre-
sponded to the temporal profile of the laser pulse, which
has 21.5 ps FWHM and ~2 ps rise/fall times.

A transverse charge density distribution during emis-
sion is uniform up to a given radius, and then falls off ac-
cording to the Gauss's law.

The time dependence of the electron charge emitted by
the cathode is shown in Fig. 3.

Q,pC
0
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Y 13 185
Figure 3: Emitted charge.
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The time dependence of the positive charge remained in
the region 2 is presented in Fig. 4.
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Figure 4: Positive charge, remained in semiconductor.

The presence of a positive charge in the region 2 signif-
icantly changes the emission process at a high charge den-
sity of the bunch at the photocathode. Figure 5 shows the
shape variation of the electron bunch current emitted from
the photocathode with increasing of the initial charge (or
laser pulse energy) on it without taking into account (top
row of plots) and taking into account (bottom row of plots)
the presence of the positive charge in the region 2.

LA
25

50

75

[T 30 tps O 18 30 tpsd a5 E0 T tps
Figure 5: Current pulse from the photocathode with in-
creasing charge (0.4 nC, 0.7 nC, 1.0 nC) without (top row
of plots) and with taking into account positive charge on

semiconductor (bottom row of plots).

It can be seen that in the old model, which does not con-
sider the presence of a dynamically changing positive

lonic sources and electron guns
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charge in the region 2, with a laser pulse energy increase
the beam current amplitude stops growing and the shape is
distorted, which can be explained by the formation of a vir-
tual cathode. If the appearance of a positive charge in the
region 2 (new model) is taken into account, the picture
changes. With an increase of the laser pulse energy the
amount of positive charge Q* increases as well, and as a
results, the photocurrent amplitude continues to grow, and
the bunch current profile distortion is significantly smaller.
This behavior can be explained by the partial compensation
of the space charge forces of the emitted electrons by the
increased amount of positive charge in the region 2.

Charge vs. laser pulse energy
1.6 ; : -
1.4
1,2
=
=
&1
=
2
208 i 1
=
2 s—measured
306
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Figure 6: Emission curves measured at PITZ (red curve)
compared to the simulation results from ASTRA (green,
blue and magenta curves) and from SUMA (crosses).

Figure 6 shows dependence of the bunch charge on the
laser pulse energy, measured and calculated by the ASTRA
code for different transverse laser pulse distributions [3].
The blue and green curves correspond to the beam g, =

A/ 050y size of 0.3 mm and 0.4 mm, the magenta curve de-
picts the results of the applied transverse core+halo laser
distribution model [12], and the red curve shows the exper-
imental curve. As it could be seen, due to the strong space
charge effect, the ASTRA results cannot reproduce the ex-
perimentally obtained current values from the cathode. In-
creasing of the rms spot size used in ASTRA simulations
from the experimental 0.3 mm by ~30% (to 0.4 mm) leads
to the higher saturation level of the emission, but the sim-
ulated curve does not follow the measured one. Results of
SUMA simulations are shown in Fig. 6 with crosses.
Cross-check with the old emission model are in a good
agreement with corresponding ASTRA simulations. The
newly implemented photoemission model employing the
positive charge within the Cs,Te photocathode film yields
significantly better agreement with the experimental data.

Parameter 7 = 4-10 " is fitted for one point of the exper-
imental emission curve and fixed as a material constant in
all further calculations. This gives us confidence in the va-
lidity of the model applied.

Figure 7 shows experimental studies on the RF field in-
fluence on the emitted bunch charge [13] supplied with
corresponding SUMA results on it.
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Figure 7: RF lunch phase influence. Ecamodemax=62 MV/m
(red curve) and Ecathodemax=47.6 MV/m (blue curve).
Crosses mark the SUMA calculation results.

Figure 8 shows the beam transverse emittance evolution
along the gun. Its strong changes are visible in the initial
stage, when the electron velocities are not yet high and the
space charge forces influence is most significant.
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Figure 8: Transverse emittance along the gun.

CONCLUSION

A new model of the photoemission from a semiconduc-
tor photocathode in a space charge dominated regime was
proposed and implemented in the SUMA code. It implies a
finite rate of the positive charge flow inside the photocath-
ode film which (partially) compensates the space charge
field of the emitted electrons. The new model was applied
to the experimental data from the PITZ RF photogun oper-
ated in a space charge dominated regime corresponding to
the high brightness performance of the photoinjector. The
results show better agreement of the newly proposed model
with experimental data than the old model. Further inves-
tigations are ongoing.
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PECULIARITIES OF PRODUCING “CA, “TI, 32CR BEAMS AT THE
DC-280 CYCLOTRON

K.B. Gikal’, S. L. Bogomolov, I. A. Ivanenko, N. Yu. Kazarinov, V. I. Lisov, A. A. Protasov,
D.K. Pugachev, V.A. Semin, Joint Institute for Nuclear Research, Dubna, Russia

Abstract

The main task of the new accelerator is implementation
of the long-term program of researches on the SHE Factory
aimed on synthesis of new elements (Z>119) and detailed
studying of nuclear- physical and chemical properties of
earlier opened 112-118 ones. The first beam of 34Kr'** ions
was accelerated in the DC-280 on December 26, 2018 and
extracted to the ion transport channel on January 17, 2019.
In March 2019, beams of accelerated ¥*Kr*'* ions with in-
tensity of 1.36 ppA and '2C*?ions with and intensity of 10
pHA were extracted from the DC-280 to the beam transport
channel with energy about 5.8 MeV/nucleon. In 2020-2021
years, beams of *3Ca’"!"ions with intensity up to 10,6 ppA
were accelerated and 7,1 ppuA were extracted from the DC-
280 to the beam transport channel with energy in range
4,51 - 5,29 MeV/nucleon. In 2021 year, beams of acceler-
ated 2Cr'%" ions with intensity up to 2,6 puA were ex-
tracted from the DC-280 to the beam transport channel
with energy 5,05 MeV/nucleon and beams of **Ti”"!%* with
intensity up to 1 ppA with energy 4,94 MeV/nucleon.

DC-280 DESCRIPTION

DC-280 is the accelerated ions source for experiments
on synthesis of super heavy elements [1]. It is part of Super
Heavy Element (SHE) Factory which was created in FLNR
in JINR. It is isochronous cyclotron designed for accelera-
tion of ion with mass to charge ratio from 4.5 to 8 to energy
from 4 to 8 MeV/n. Main parameters design and achieved
present in Table 1.

Table 1: Main Parametrs of DC-280 Cyclotron

parameters design achieved
Injecting beam energy Up to 80 38,04 — 72,89 keV/Z
keV/Z

A/Z 4+7.5 4,4(*0Ar*7)
+6,9(48Ca+7)

Energy 4+8 MeV/n 4,01 —7 MeV/n

Ion (for DECRIS-PM) 4-136 12 (2C*%) - 84
(84Kr+14)

Intensity (A~50) >10ppuA 10,4 ppA (*Ar);

Magnetic field level 0.6+1.3T 0.8+1.23T

K factor 280

Dee voltage 2x130kV  130kV

Power of RF generator 2x30 kW

Accelerator efficiency >50% 51,9 %

(48Ca+10 5 le-A)

Electron Cyclotron Resonance (ECR) source DECRIS-
PM is used for production of ions [2, 3]. It has magnetic

1 kbgikal@jinr.ru
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structure from permanent magnets. It placed on high volt-
age platform with work voltage up 70 kV for increasing
efficiency of initial beam transport and capture to acceler-
ation [4].

In the DC-280 cyclotron, a spiral inflector is used to ro-
tate the beam from the vertical direction of axial injection
into the median plane. Both the cyclotron magnetic field
and own electrostatic field of inflector rote the ion beam by
spiral. To ensure optimal injection conditions for all range
of accelerated ions, two versions of the inflector type A and
type B with two magnetic radii of 7.5 and 9.2 cm are used.

Inflectors with magnetic radii of 7.5 cm and 9.2 cm for
the range of accelerated ions with A/ Z from 4 to 7 is
shown in Fig. 1.

80 1 T T ) : ; :
Uinj=(B-Rm/4.528e-3)%/(A/Z)

80 +

06 07 08 08 A 11 12 13 14
Bo, T

Figure 1: Dependence of the magnetic field on the injection

voltage for the inflector A and B.

During experiments both of them were successful tested.
There is electrostatic quadrupole lens in central part of cy-
clotron. Polyharmonic buncher is used for increasing of
ions capture to acceleration [4].

Accelerated beam is extracted from cyclotron by elec-
trostatic deflector. It works in conjunction with magnetic
channel. Deflector length is 1.3 meters. The work electric
field strength in gap between electrodes is up 90 kV/cm
[1].

Extracted beam is delivered by transport channel to ex-
perimental setups [5]. There are 5 channels connected with
3 isolated halls.

On 26 December 2018, the first accelerated beam was
got inside of DC-280 cyclotron [1, 6]. On January 2019,
accelerated beam was extracted from cyclotron to transport
channel. On September, the new experimental facility
Dubna Gas Filled Separator 2 was mounted, and test with
accelerator beam was started [7]. On December of 2019,
work with beam of “®Ca was initiated. On November 2020,
the first experiment on production of '>’Mc was started.
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The cyclotron has worked 9350 hours during three years.
Different mode of work with different ions and energy
were explored. The work diagram of DC-280 cyclotron
with marks of tested regimes is presented on Fig. 2. The
cyclotron has shown reliable and highly effective work.
The control and extraction systems were optimized for im-
proving of efficiency and reliable of accelerator.

Work diagram of the DC-280
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Figure 2: DC-280 work diagram with mark of test modes.
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RESULTS

Producing of **Ca

The six heaviest chemical elements with atomic numbers
113 to 118 that fill the 7th row of Mendeleev’s Periodic
Table were synthesized in reactions of **Ca ions with acti-
nide targets in the experimental studies carried out over the
recent years. Over 50 new isotopes of elements 104 to 118
with maximum neutron excess were for the first time pro-
duced and their decay properties were determined in these
investigations. The new isotopes considerably filled up the
Chart of the Nuclides and expanded itupto Z =118 and N
= 177 superheavy elements. Fundamental conclusions of
the modern theory concerning the limits of existence of nu-
clear matter have for the first time received experimental
confirmation.

The first test experiments on DC-280, were on **Ca
beams with actinide targets.

From the spectrum obtained from the ECR source, ions
with charge +7, +10 don’t have other ions with the same A
/ Z. The accelerated beam of *¥*Ca*!® with intensity is about
7.1 ppA and “8Ca'” with intensity is about 5 ppuA were ob-
tained. Due to the lower consumption, *3Ca*!® was chosen
for experiments on the synthesis of superheavy elements.

The intensity of the injected charged particle beam af-
fects its passage through the injection channel and its fur-
ther capture into acceleration. At the same time, this effect
is not observed for the passage along the horizontal part of
the axial injection, and on the vertical, with an increase in
the intensity from the ion source to 240 pA, we observed a
deterioration of the beam transmission through the spheri-
cal deflector (Bender) from 94.22% at 150 pA to 79% at
240 pA, and the capture in acceleration decreased from
72.41% to 64.63%, respectively. This may be due to an in-
crease in the space charge of the beam or the tuning of the
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accelerator as a whole. The efficiency of capture into ac-
celeration at different intensities from an ECR source is
shown in Fig. 3.

80%
78%
76%
74%
72%

o

°\_7o%

> 68%

66%
64%
62%
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100 150

I(IFC1),mkA

200 250 300

Figure 3: The efficiency of capture into acceleration.

The efficiency of transmission of the *Ca'®" beam at dif-
ferent initial currents from the DECRIS-PM ion source is
shown in Fig. 4.

120,00%
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Figure 4: The efficiency of transmission of the *3Ca!®*,

The total efficiency of transporting the ion beam of
Ca!® from the vertical part of the injection to the
transport channel is about 50%.

At the moment, the beam is given to the DGFRS-2 ex-
perimental setup for a series of test experiments. The effi-
ciency of passing through the transport channel is about
90%.

Producing of **Ti

For further experiments for super heavy elements will be
needed beams of accelerated ions of *°Ti and >*Cr. For de-
velopment of technology, we have accelerated their natu-
rally occurring isotopes *8Ti and 3°Cr.

From the spectrum obtained from the ECR source, the
ions of ®Ti with a charge of +7, +10 do not have other ions
with the same A / Z and we can use them in experiments
on the synthesis of SHE.
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The beam of *¥Ti"!? from ECR source with intensity is
about 2.5 puA and “Ti*7 with intensity is about 3.14 puA
were obtained and accelerated with intensity 1,0 ppA and
0,93 puA respectively.
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Figure 5: The efficiency of transmission of the *3Ti!%*7*,

As we can see from Fig. 5, the total efficiency of trans-
porting the ion beam of **Ti'*"7* from the vertical part of
the injection to the transport channel is about 40-45%.

Producing of >>Cr

From the spectrum obtained from the ECR source, the
ions of **Cr with a charge of +7, +8, +10 do not contain
other ions with the same A / Z, but we cannot accelerate
ions with a charge of +7 and +8 to the energy required for
the experiment.

The beam of **Cr*! from ECR source with intensity is
about 6,3 ppA and accelerated with intensity 2,6 ppA.

We compared the passage of the beam through the cy-
clotron for different operating modes of the ECR source.
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Figure 6: Comparison of normalized >2Cr beam intensity in
different points of cyclotron for different beam intensities.

The comparison of normalized intensity distribution for
32Cr ion beam in acceleration process is presented on
Fig. 6. There are data for different intensities of beam and
different ECR source regimes.

We can see, that efficiency of acceleration worsen then
we increase power input to ECR source [8].
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The total efficiency of transporting the ion beam of
S2Cr!% from the vertical part of the injection to the
transport channel is about 50%.

CONCLUSION

The beams of **Ca”"1%" ¥Ti*"10 and 22Cr'%" were accel-
erated and extracted from the DC-280 to the beam transport
channel. Maximum intensity of accelerated “*Ca ion beam
is 10,6 ppA and 7,1 ppA were extracted. The efficiency of
acceleration for *8Ca is about 50 %. The beam is given to
the DGFRS-2 experimental setup for a series of test exper-
iments.

The beams of accelerated 3Cr'% and **Ti’*!%* ions with
intensity 2,6 ppA and 1 ppA respectively were extracted
from the DC-280 to the beam transport channel. The effi-
ciency of acceleration for *>Cr!* and “*Ti">!%* in range 40-
50 %. Carried out only the first experiments dedicated to
the production of 32Cr'%" and *¥Ti’"!1%*. At the first experi-
ments, for the ion beam of *Ti and 32Cr the intensity is
limited by ion current from ECR source. We work to im-
prove of the method of ion production and optimize the
ECR source work mode.
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CYCLOTRON OF MULTICHARGED IONS
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Abstract

The JSC "NIIEFA" is designing a cyclotron system in-
tended to accelerate ions with a mass-to-charge ratio of 3-
7 in the energy range of 7.5-15 MeV per nucleon. The va-
riety of ions, the range of changes in their energy, and the
intensity of the beams provide conditions for a wide range
of basic and applied research, including for solving a num-
ber of technological tasks.

The cyclotron electromagnet has an H-shaped design
with a pole diameter of 4 meters and a four-sector magnetic
structure. In the basic mode, the dependence of the induc-
tion on the radius corresponding to the isochronous motion
is realized by turning on the main coil only through the
shape of the central plugs, sector side plates, and sector
chamfers. For other modes of isochronous acceleration, the
current in the main coil is changed and correction coils are
tuned. The resonance system consists of two resonators
with an operating frequency adjustable from 13 to 20 MHz.
The final stage of the RF generator is installed close to the
resonator and is connected to it by a conductive power in-
put device.

The external injection system generates and separates
ions with a given A/z ratio. The injection energy is chosen
such that the Larmor radius is constant, which allows using
an inflector of unchanged geometry for the entire list of
ions.

The transportation system forms beams of accelerated
ions with specified parameters and delivers them to sample
irradiation devices. Computer control of the cyclotron is
provided.

MAIN TECHNICAL FEATURES

A distinctive feature of heavy ions’ interaction with a
substance is high specific energy loss and, as a conse-
quence, more localized dependence of the penetration
depth on energy compared to light ions.

This property of heavy ions allows a broad range of ap-
plications from fundamental research in nuclear physics
and sold- state physics to applied technological tasks,
namely, deep layer-to-layer implantation, simulation of ra-
diation damages of different materials, etc.

A cyclotron system producing multicharged ions is un-
der designing in the JSC "NIIEFA". The system includes a
cyclotron with an external injection system, a system to
form and transport beams of accelerated ions, a sample ir-
radiation system and utilities.

This cyclotron system is intended to generate and accel-
erate ions with a mass-to-charge ratio (A/z) of 3 - 7 in the

+ npkluts@luts.niiefa.spb.su
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energy range of 7.5-15 MeV per nucleon as well as to use
this set of ions in practical applications.

Table 1 presents the calculation results of boundary ac-
celerating modes of C, O, Ne, Si, Ar, Fe, Kr, Ag, Xe and Bi
ions. For light ions, higher energies are possible.

Table 1: Boundary Modes Of Ions’ Acceleration

Ele- Charge Induction Energy,
ment in the center | MeV per nu-
of the mag- cleon
net, T
Biaoo 35 1.29 7.28
43 1.6 16.94
Xeise 23 1.29 7.43
28 1.56 16.12
Agior 18 1.29 7.35
21 1.6 15.41
14 1.29 7.21
Krss 18 1.5 16.5
Fese 9 1.41 7.53
11 1.6 15.44
6 1.46 7.5
Alio 10 129 16.2
4 1.5 7.18
Sizg 6 1.49 15.93
9 1.42 32.1
3 1.43 7.19
Nezo 4 1.56 15.22
6 1.43 27.9
Oue 3 1.33 7.11
4 1.46 15.44
3 1.29 9
Ois 3 1.6 13
5 1.42 32.1
2 1.29 7.21
Cn 3 1.29 16.23
4 1.42 34.4

The variety of ions, range of their energy and intensity
variation allow us to adjust a so-called coefficient of the
linear energy transfer over a broad range, which is espe-
cially important for applied researches.

ELECTROMAGNET

The iron core of the electromagnet is of an H-shaped de-
sign and of a four-sector magnetic structure. The pole di-
ameter equals 4m. The magnet is equipped with the main
coils and a set of additional radial and azimuthal coils.The
induction in the center of the magnet varies in the limits of
1.29-1.6T for different types of ions. The mode with the
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1.42 T induction in the center of the magnet was chosen as
the basic mode.

In the basic mode, the induction dependence on the ra-
dius corresponding to the isochronous motion is realized
by turning on the main coils only through the shape of the
central plugs, sector side plates, and sector chamfers. For
other modes of isochronous acceleration, the current in the
main coils is changed and correction coils are tuned.The
beam is extracted from a fixed final radius of 1800 mm us-
ing a deflector and magnet channel.

The model of the magnet is shown in Fig. 1 and its main
parameters are given in Table 2.

50+003 (mm)

Figure 1: The electromagnet model.
Table 2: Parameters of the Electromagnet

Iron core sizes, mm 8100x4000x4300
Pole diameter, mm 4000
Number of sectors (per pole) 4
Lifting height of the upper mova-

ble half-yoke, mm 1000
Induction in the center of the mag-

net, T 1,29-1.6
Final acceleration radius, mm 1800
Sector angular length, degrees 51
Air gaps, valley/hill, mm 370/ 80
Consumed power, kW, no more 262

than
Magnet mass (Fe/Cu), t 870/72
Number of radial coils 11x2
Number of azimuthal coils 4x4
Consumed power, kW, no more

than 20

More detailed information is given in a poster report.
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The vacuum chamber of the electromagnet consists of a
titanium body and two covers, which are pole pieces of the
iron core. Free access to the in-chamber equipment is pro-
vided by lifting up the upper movable half-yoke of the
magnet.

RESONANCE SYSTEM

The resonance system consists of two mirror- symmet-
rical resonators galvanically coupled near the electromag-
net axis. Each resonator is a quarter-wave coaxial line with
conductors of variable cross-section. The frequency is con-
trolled by changing the wave resistance of a part of the line
near to the shorting flange using single-section panels.

The layout of the resonance system is shown in Fig. 2.
The vertical section of the resonator with panels” drives is
given in Fig. 3.

Figure 3: Resonator. Vertical section.

The resonance system includes two AFT trimmers and
an RF-probe, which design is similar to that of correspond-
ing units of cyclotrons produced by the JSC “NIIEFA”. The
design power of active losses in the resonance system at
the highest frequency of the range is approximately 40 kW
and at the lowest frequency it is 60 kW.

RF-POWER SUPPLY SYSTEM

The RF power supply system operates in the frequency
range of 13 — 20 MHz. Structurally, the equipment of the
system is divided into 3 units, namely, the cabinet housing
the main equipment, the amplifier final stage and the high-
voltage power supply. The final stage of the amplifier de-
veloped on the basis of GU - 66 generator triode is located
in the direct vicinity to the resonance system. RF — power
is 60 kW.
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In the light of a significant change in characteristics of
the resonance system in the frequency range, the conduc-
tive power input device is used. In this version, the reso-
nance system simultaneously functions as the final stage
anode loop.

EXTERNAL INJECTION SYSTEM

The external injection system is located in the vault un-
der the cyclotron and consists of vertical and horizontal
sections. The horizontal section includes ion sources,
switching magnet, devices for beam preliminary forming,
diagnostics and vacuum pumping means. Two ECR
sources and two electron-beam sources will be manufac-
tured and tested, three of which will be applied in the ex-
ternal injection system. A 90° analyzing magnet providing
separation of ions of necessary charge is installed between
these two sections of the external injection system. The
vertical section is equipped with solenoids, correcting
magnets, diagnostics, vacuum pumping devices and a spi-
ral inflector.

The injection energy is chosen such that the Larmor ra-
dius is constant (30.4 mm), which allows using an inflector
of unchanged geometry for the entire list of ions.

BEAM TRANSPORT SYSTEM

In this project, a modular beam transport system is con-
sidered, which delivers a beam of ions to separately located
target rooms (any in number). Switching and correcting
magnets, quadrupole lens (shown in Figs. 4 and 5), diag-
nostic unit with the Faraday cup and the beam profile sen-
sor are used as standard modules.

Figure 5: Quadrupole lens (left) and correcting magnet
(right).
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In addition, the system can include a set of collimators
and diaphragms, which form a preset irradiation field, and
irradiation chambers. The irradiation chambers are
equipped with a special equipment for positioning and fix-
ing of samples to be irradiated, monitoring and control of
irradiation conditions, diagnostics of low-intensity ion
beams.

UTILITIES

The power supply and water cooling systems are tradi-
tional for cyclotrons designed and produced in the JSC
«NIIEFA ».

The vacuum system must meet special requirements to
minimize the intensity loss of multicharged ions. The op-
erating pressure not more than 107 torr should be main-
tained in all vacuum volumes of the external injection sys-
tem, cyclotron and beamlines.

To strengthen the reliability of the system, it is divided
into 3 sub-systems, namely, the vacuum system of the ex-
ternal injection system, the vacuum system of the cyclotron
and the vacuum system of beamlines. All these sub-sys-
tems can operate autonomously.

High-vacuum pumping in the external injection system
is performed with eight turbomolecular pumps and five
cryogenic pumps. In the vacuum chamber of the cyclotron,
two cryogenic pumps are used with a pumping rate of 6500
1/s for hydrogen and a turbomolecular pump. In beamlines
(with three irradiation chambers), operate eight turbomo-
lecular pumps and six cryogenic pumps.

Possible isolation of separate vacuum volumes (ion
sources, the external injection system, irradiation cham-
bers, and some sections of beamlines) is provided to per-
form routine and preventive maintenance of the equipment
located inside these volumes.

The cyclotron system is completely automated. An oper-
ator performs turn on/off of the cyclotron system and
choice of an operating mode.

The automated control system provides a necessary con-
sequence of turn on/off operations of the equipment, mon-
itoring of the state of all the systems; the information ob-
tained is visualized on screens of monitors. In an emer-
gency situation, either separate equipment or the whole cy-
clotron system is automatically turned off.

CONCLUSION

This cyclotron system of multicharged ions can serve as
the basis for a nuclear-physical center undertaking large-
scale fundamental and applied research and solving partic-
ular tasks in the field of the radiation materials science in-
cluding modification of surface layers of different articles.

Nowadays, the designing of the system is being com-
pleted and the production of the main units and systems has
been started.

Heavy ion accelerators
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SIMULATION AND DESIGN OF THE PERMANENT
MAGNET MULTIPOLE FOR DC140 CYCLOTRON

V. KukhtinT, A. Firsov, M. Kaparkova, E. Lamzin, M. Larionov, A. Makarov,
A. Nezhentzev, 1. Rodin, N. Shatil, JSC “NIIEFA”, St. Petersburg, Russia,
G. Gulbekyan, I. Ivanenko, N. Kazarinov, I. Kalagin, N. Osipov, JINR, Dubna, Russia,
N. Edamenko, D. Ovsyannikov, S. Sytchevsky, St.Petersburg State University, Russia

Abstract

Permanent magnet (PM) multipoles are very attractive
for beam transportation and focusing in accelerators. The
primary advantages over electromagnets are no power
supply and no cooling systems, better maintainability.

A PM quadrupole is supposed to be utilized in the
DC140 cyclotron destined for acceleration of heavy ions
which is under construction in JINR, Dubna. The extract-
ed ion beam passes through a region where the stray field
reduces sharply. Horizontal focusing of the beam line will
be provided with a passive magnetic channel (MC1) and a
PM quad (PMQ) in the strong and low field regions, re-
spectively.

REQUIRED PMQ PARAMETERS
Table 1 lists design parameters of the quad.
Table 1: PMQ Design Parameters

Field gradient (Gg) 8.1 T/m
Working region (hor. X vert.) 64 mm X 25 mm
Aperture (hor. x vert.)

Overall sizes (hor. x vert.)
Effective lenght* (L)

Error in working region™* (A, )

80 mm X 32 mm
170 mm x 106 mm
299.26 mm
+1%

*The effective length of the quad is calculated as:

1 "7 0B,(0,0,2(s))
Lyo=— _[ )sz(s)
0 -L/2
**A linear approximation error in the horizontal and
vertical directions is evaluated as:

1 0B,(0,0,z)
L,A =— | |B,(x,y,2)—————x{dz=L, —L,
eff 0—x G()X_l[/z _y( y ) ax o off O
1 “2{ 8B.(0,0,z)
L, A =— B (x,y,2)——~—""*ydz=L, -L,

Also, additional criteria should be considered together
with the above magnetic specification, see Table 2.

Table 2: PMQ Operating Conditions

External field 035T
Vacuum 107 Torr
Operating temperature ~ 30-40 °C
Temperature range 20-70 °C
Life time 10-15 years

T kukhtin-sci@yandex.ru

Magnetic, power supply and vacuum systems.

The DC140 quad will be located near the dees and de-
signed as a set of identical PMs rigidly fixed in a non-
magnetic housing encircling the aperture.

Additional aspects of the quad specification include:

¢ simple PM shape, preferably cuboidal bricks,

e minimized number of PM in assembly,

e minimized nomenclature,

e commercial availability of PM

STAGES OF PMQ DESIGN

The initial quad design is selected from an analytical
study with the use of a simplified 2D model [1]. At this
stage the number and positions of PMs are determined.
Then the chosen configuration is optimized in iterative
2D and 3D parametric simulations with realistic PM
shape and magnetic characteristics in mind. Simulated
data are used to select candidate magnet materials, num-
ber, dimensions, and tolerated mechanical and magnetic
errors of PM blocks. As a result, the quad design is final-
ized, and an assembly procedure is proposed. Additional
adjustment may be required on the basis of measurements
of supplied PM. The assembled quad is magnetically
inspected to make sure the desired field requirements are
reached.

SIMPLIFIED 2D MODEL OF PMQ

An initial configuration has been generated with the use
of 2D analytical models [1] based on the mathematically
strict reasoning:

¢ In the absence of degaussing (the magnetization M =

const), a field integral of PM with a finite length Lpy
is equal to a two-dimensional field B,y generated by
an infinite PM multiplied by Lpy:

+oo
f B;3p(x,y,2) dz = Byp(X,y) - Lpy

So, the 2D approximation is quite suitable to deter-
mine the initial PM quad configuration which then
will be corrected with respect to the demagnetization.
e With distance, the field generated by an infinite PM
of an arbitrary shape is approaching the field of an
infinite PM cylinder with the same dipole magnetic
moment. Thus, the cylindrical representation is ap-
plicable for the initial study of magnetic perfor-
mance. At the next stage, modifications are intro-
duced reasoning from practical implementation.
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Particularly, the PM shape has been adjusted for cu-
boidal bricks.

e The field of a radially magnetized PM cylinder is de-
scribed with a simple analytical expression:

(nm)n—m/2
B r?

where m = M - TR?* — dipole magnetic moment per
unit length; M — magnetization vector, R — magnet
radius; r = |r| — distance between the magnet center
and an observation point, r > R; r — position vector
to the observation point; m = r/r — unit vector from
the magnet center to the observation point. The cy-
lindrical representation is convenient to use as the
field generated by the magnet cylinder depends on
the product of its area and magnetization, not on the-
se parameters individually.

Finally, the simplified 2D model of the PM quad is
composed as a set of infinite rods magnetized in the radial
direction and placed around the aperture. At the next stage
orientations and positions of the magnets are optimized in
order to ensure desired field quality.

Field Quality Criteria

Field quality criteria is deduced from two assertions:

e Linear approximation errors in the horizontal and
vertical directions, A, and Ay, (see Table 1) are be-
low the field gradient error ¢5:
16 = G

Ay S g6 =—F7,

| x'yl ¢ |G,

e The beam in the magnet aperture is localized within
a region of the elliptical shape.

G=VB,

Therefore, the field quality of the quad is assessed
through the maximal deviation of the field gradient from
the required level of 8.1 T/m within the ellipse inscribed
in the 64 mm x 25 working region.

PMQ Optimization Using 2D Model

— PM rods with unknown dipole magnetic moments are
positioned over the XY plane around the aperture.

— Unknown components (my, my) of the dipole magnet-
ic moments form the vector of unknowns X.

— Inside the working region a set of reference points is
taken with a step Ap =1° over the line x=a,cosg,
y=aysing, 0< o <u/2, a, =32 mm, a,=12.5 mm.

—Target values of the field gradient Go= VB, =
(8.1, 0) T/m at the reference points create the right-hand
vector Y.

— Values of field gradient at the reference points which
are linearly dependant on X form vector Y = AX, where A
is the matrix with coefficients derived from the field gen-
erated by a cylindrical magnet.

The aim is to find vector X (i.e combination of the di-
pole moments m) that provides Y=AX (gradient G at the
reference points) as close to Y, (the required Gy) as pos-
sible. The optimal solution is searched through minimiz-
ing the functional
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® = max |m;|? = max ||X(")||2
K K 2
at given

¥ = max |G, — Gy|* = max ly® — Yo(l)”j = const

The research and optimization lead to a set of 26 identi-
cal PM, 11mm x 11mm each, positioned around the aper-
ture with different orientations, see Fig. 1. Fig. 2 shows
calculated field deviations from the ideal distribution.
Field gradient error in the elliptical region was found to
be below 0.07%.

s gy

Figure I Quad formed with 26 identical 11 mm
x11 mm PM bricks each magnetized to 1.1402T. Arrows
indicate PM orientations, dashed lines bound 64mm Xx
25mm working region, solid lines are for 80mm x 32mm
aperture and 170mm x 106mm overall sizes.

|dev G|/ |GO], %

0 T T

0 5 10 35

X, mm
Figure 2:Relative gradient error g5 = 10Gl/IGyl (%).
Dashed lines indicate 64mm x 25mm working region
with inscribed elliptical region.

CORRECTION FOR REALISTIC PM

The selected configuration is then used in 2D and 3D
field simulations, performed with KOMPOT and KLON-
DIKE codes [2, 3]. The quad model is fully parametrized
and accommodated to influential parameters of actual PM
blocks, primarily: realistic 3D geometry of PM, remanent
field Br and magnetic susceptibility % (anisotropic, if that
is the case). Sensibility of the simulated field to various
perturbing factors is presented in Table 3 in terms of the
gradient error gg.

Magnetic, power supply and vacuum systems.
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Table 3: Max Gradient Error g in Elliptical Region

Perturbing factor max £
Unperturbed system 0.07%
Square PM cross-section 0.5%
Intrinsic PM degaussing (#=0.1) 5%
Mutual PM magnetization (x=0.1)  0.6%
Anisotropy ® (#y=0.1, %1=0) 0.3%
3D representation (x=0.1) 0.17%

Simulations have demonstrated that the influence of
any of the perturbing factor is described by a smooth,
weakly variable function at low variations of the relevant
criterion. This was used as a basis for iterative optimiza-
tion of the quad design in order to neutralize the perturb-
ing factors.

Iterative Optimization of PMQ Design

Atevery iterationk (k=0, 1, ...):

e The target gradient value G4, is prescribed at the
reference points: Gigrgr = Go — AGorrr—q (at k =
0: Gtarg,o = GO)-

e Using Gyqrg k., Optimization with the simplified 2D
model is performed to determine: (a) orientation and
magnetic moments my for every PM, (b) optimized
gradient map: Ggimyp k-

e The obtained my are then used in 2D/3D simulation
with perturbing factors involved. The simulated data
represent expected gradient distribution G .

o Finally, influence of the perturbing factors is esti-
mated as AG orr i = G — Gsimp

It took 2 iterations to determine the PM parameters en-
abling the desired field quality accurate to e = 0.08%. In
the calculations magnetic susceptibility of the Nd-Fe-B
PM » = 0.1 was applied.

As a result, the optimized PM quad specification was
generated (Table 4). The numerical study also defines
tolerances for the PM geometry and orientation (Table 5).

The proposed design (Fig. 3) envisages assembly tech-
nologies and long-term vacuum operating conditions.

CONCLUSIONS

The iterative numerical study has been used to optimize
the PM quad design and assess sensitivity of its magnetic
specification to various factors. However, any procured
batch of PM may have fluctuations from the specified
characteristics. The remanent field of commercial PM
typically deviates up to 3%. Magnetic susceptibility and
PM dimensions may also vary over the batch. This neces-
sitates additional correction with respect to results of the
acceptance inspection. The iterative optimization of the
quad design should be repeated with the detected imper-
fections as inputs.

Temperature characteristics of the PM material (typical-
ly B, — 0.1%/°C) and possible long-term decay of magnet-
ic properties must be kept in mind in the design. The final
design will reflect all latest modifications.

Magnetic, power supply and vacuum systems.
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Table 4: PM Parameters at Operating Temperature

Remanent field B, 1.1853T
Magnetic susceptibility » 0.1

up to 1200 kA/m
N35SH, N35UH
PM cross-section 11 mm % 11 mm
PM length Lpy 300 mm
Total number of PM 26

Linear piece of B-H curve
Nd-Fe-B grade

Table 5: Geometrical and Magnetic Tolerances

PM dimensions +0.05 mm
Remanent field [B,l:

- average over batch +3%

- single PM +1-1.5%
Magnetization direction +1°
Positioning:

- X, Y, Z coordinates  + 0.05 mm

- orientation +0.3°

Figure 3: Proposed PM quad design.

REFERENCES

[1] V.M. Amoskov et al., “Modelling and design of permanent
magnet multipoles for beam transport and focusing. I: Selec-
tion of optimal design and parameters” Vestnik of Saint Pe-
tersburg University. Applied Mathematics. Computer Sci-
ence. Control Processes, vol. 17, no. 4, 2021 (in press)

[2] V. Amoskov et al., “Computation technology based on
KOMPOT and KLONDIKE codes for magnetostatic simula-
tions in tokamaks”, Plasma Devices Oper., vol. 16, no.2,
pp-89-103, 2008, doi:10.1080/10519990802018023

[3] V.M. Amoskov et al., “Magnetic model MMTC-2.2 of ITER
tokamak complex”, Vestnik of Saint Petersburg University,
Applied  Mathematics. ~ Computer  Science.  Control

Processes, vol. 15, no. 1, pp. 5-21, 2019, doi:10.21638/
11702/spbul0.2019.101

FRAO3
101

©=2d Content from this work may be used under the terms of the CC BY 4.0 licence (© 2021). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



©=2d Content from this work may be used under the terms of the CC BY 4.0 licence (© 2021). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

27™ Russ. Part. Accel. Conf.
ISBN: 978-3-95450-240-0

RuPAC2021, Alushta, Crimea
ISSN: 2673-5539

JACoW Publishing
doi:10.18429/JACoW-RuPAC2021-FRAO4
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Abstract

The DC-280 is the high intensity cyclotron for Super
Heavy Elements Factory in FLNR JINR. It was successful
commissioned in 2018 [1] and the design parameters were
obtained [2,3]. It was designed for production of acceler-
ated ions beam with intensity up 10 ppA to energy in
range 4 - 8 MeV/n. The beam power is up 3,5 kW. The
diagnostics elements shall be capable of withstanding this
power. Moreover such intensity beam required continuous
control for avoid of equipment damage. Special diagnos-
tic equipment were designed, manufactured and commis-
sioning. During the design the calculation of thermal
loads was made. Some of them were tested before instal-
lation on cyclotron. Diagnostic elements used on DC-280
cyclotron are described in this paper.

The special Faraday cup was designed for beam current
measurement. The moving inner probe and multylamellar
probe are inside the cyclotron. The Scanning two-
dimension ionization profile monitor was produced for
space distribution analysis of accelerated high intensity
beam. Inner Pickup electrode system with special elec-
tronic was created for beam phase moving analysis. Time
of flight system based on two pick-up electrodes for ener-
gy measured was placed in transport channel. These and
over diagnostic system were commissioned and tested.
The results present in report.

THE TEST OF THERMAL LOADS
RESISTANCE

The DC-280 is the high intensive accelerator with beam
power up 3,5 kW. For predicting the damage from hitting
of the beam on elements, the modeling [4] and testing of
prototypes of elements with the electron gun were carried
out. It was collaboration of Flerov laboratory of nuclear
reaction (JINR) and the Faculty of Mechanical Engineer-
ing of the Brno University of Technology (FME BUT
During this work the Faraday cup was tested [4].

We heated the sample by electron beam with energy
100 keV. The power was concentrated in the spot with
size @8 mm. Vacuum level was 10 Torr. In the process
of experiments the temperature in different point of the
cup were controlled. The visual monitoring of the beams
hitting points was provide. The test results were compared
with model ones.

We provide test of the normal work mode, the emer-
gency modes: the hitting of the high intensity beam on the
element and work without the water cooling. Series of
repeating of high intensity beam and cooling for testing of
construction resistance to repeating loads were produced.

T seminva@jinr.ru
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The tests show, that this construction of the Faraday
cup head from Al is able to withstand power 3500 W
without of the damage in area @8 mm. The surface of
Faraday cup was started destroyed only under beam with
power 4200 W. Furthermore the test show the efficiency
of cooling with half of cooling water flow. The construc-
tion does not damage after series of periodic thermal
loads. Thus the construction correspond to requirements.

FARADAY CUP CONSTRUCTION

The design of Faraday cup was presented in [4] in
frame of DC-72 project was updated for DC-280. The cup
was changed for reduce of distance between the inner
surface of cup and water cooling channel. The design was
optimization for decreasing of mistakes of current meas-
uring by secondary electron emission on the edge of cup.
The magnet system on permanent magnets, part of the
design, was moved closer to entry. The magnet system on
permanent magnets, part of the design, was moved clos-
er to entry diaphragm. The diaphragm size was reduced,
the taper angle was enlarge up to 80°. The design was
optimized by FLNR constructors. The sketch of Faraday
cup present on Fig. 1. The new construction was success-
fully tested and is used on DC-280.

T =)= S

3

Figure 1: Sketch of the Faraday cup: 1- Water cooling
channel; 2- diaphragm; 3- magnet system.

INNER CYCLOTRON PTOBES

For measuring of ions beam current inside the cyclo-
tron two moving probe are used. One is placed before the
entry to deflector second is diametrically opposite. They

Control and diagnostic systems
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mark PR2 and PRI respectively. The probe moving in
radius range from 263 to 1800 mm. It have water cooling
system and possible to take the ion beams with power up
1500 W. The linear moving system based by servo motor
with reduction gear is used for moving. It give accuracy
of position better them 0,5 mm.

Special plate bellows with high work length is used
for separation of vacuum part. Moreover there is the slid-
ing seals for moving the probe head in to the gateway. It
gives us possibility for operative service, moreover we
can place on head of probe the foil for imprinting of the
beam form.

Diagnostic head is placed in grounded screen for pro-
tect from RF interference. Probe head have special form
with sides which hinder moving the electrons from diag-
nostic part to ground screen. The sides high is 4 mm.
These sides and the strong vertical magnetic field exclude
the error from the charge getting with moving the second-
ary electrons from diagnostic head to ground screen.

The moving multylamellar probe is used for control
of beam trajectory between the deflector and magnet
channel. It have 5 lamella with width 5 mm and one on
external radius with width 25mm. We can put on the
probe on a beam trajectory by a pneumatic actuator. The
dependence between the place of the lamella and intensity
of beam gives us information about the place and size of
ion beam after deflector.

The schema of cyclotron diagnostic elements is pre-
sented on Fig. 2.

CONTROL OF BEAM CURREN DURING
ACCELATION

The described earlier devices are used for control of
beam current in different points of cyclotron on various
stage of acceleration. Three Faraday cups are placed in
axial injection system. One is on HV part and two on
ground part. They provide the control efficiency of ions
transportation from ECR source to center of cyclotron.
They mark IFC1-IFC3.

Moreover IFC1 together with bending magnet IM90
are used for analysis beam from the source and separation
the needed ion with needed A/Z ratio. The IM90 have
bending radius 90 cm. The collimator placed before the
IFC1 can be used for increasing resolution.

We use the moving probe PR2 for control the intensity
of the beam. It is earlier, than PRI, on the beam way and
last before extraction. The needed ion is divided from
impurity on radius 400mm. The rotation beam current
between IFC3 and PR2 (R=400) gives us efficiency of
capture to acceleration. For improving of capture we use
Polyharmonic buncher [5]. The simulation predict the
capture efficiency up 70%.The experimental results pre-
sented in [1-3] match with it.

Comparing the beam intensity on different radius we
define the efficiency of acceleration. We try to get maxi-
mum intensity on each radius during the tuning of cyclo-
tron. Thus we fine tune radial correction coils to produce
the magnetic field correspond to isochronic regime.
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Figure 2: Schema of cyclotron diagnostic elements: 1, 2-
inner moving probes PRland PR2. 3 Multylamellar
probe; 4-Faraday cup TOFCI.

We can define the shift of the beam orbit center along
inner probe move direction use combination of PR1 and
PR2 probes. There are four couple of azimuthal correction
coils inside the cyclotron for correction beam orbit center
place.

During the experiments we obtain the efficiency of ac-
celeration inside the cyclotron more than 90%.

We use the Faraday cups placed on transport channel
for measuring the intensity. There are 7 Faradays cups:
Two, TOFCI1 and TOFC2 in beginning part, and 5, TIFC3-
T5FC3 after commuting magnet [6]. Moreover, the 4
section loss monitor placed along channel in important
places. They have overture @60mm. It indicate on the exit
of the beam from channel aperture and protect the equip-
ment from thermal damage.

During the experiments we obtain the efficiency of
transport more than 90%. The full efficiency of accelera-
tion from Ion source to experimental setup is about 50%.

Moreover the algorithm of automatically measure of in-
tensity on different stage of acceleration was made to
simplify the regular using.

BEAM PROFILE CONTROL

For control of beam profile an axial injection system
we use the moved luminophore combine with camera.
Luminophore have the pneumatic actuator identical to
Faraday cup. The Luminophore placed in water cooling
holder, rotated to 45° to beam direction. Camera placed
opposite the luminophore. In axial injection system, there
ion have low energy, we use the quartz glass. Then lumi-
nophore is put on, we can see the luminous spot. The
brightness is correspond to intensity, so we can see pro-
file.
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There is luminophore on the transport channel to. But
there it made from AL,O;. In spite of the water cooling of
holder, the plate luminophore can work with beam inten-
sity up 20 pnA. The luminophore destroyed under more
intensive beam.

The Scanning two-dimension ionization profile monitor
was designed for control of high intensity beam [7]. It
based on the collection of products of the residual gas
ionization by a passing beam. It give us profile of the
beam in real time without of destroy of beam structure. It
give us possibility to evaluate of beam current during
experiments.

MEASURING OF ENERGY

For measuring of energy we use TOF method. There
are two capacity ring Pick up electrodes in beginning part
of transport channel. The signal go through amplifier and
couple calibrated cable line to analyzing electronics. The
long of fly base is 2203 mm. System of treatment of sig-
nal promptly give information about the ions energy.
System successful works. The measured energy matches
with calculation results and other systems results.
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Figure 3: Placing of phase moving control system, and

example of analisis for “Ar”7 (F=8.51 Hhz;
E=5.2 MeV/n).
PHASE MOVING CONTROL

For analysis of phase moving of beam during the accel-
eration the special system was created. It based on ten
pair of capacity Pick-up electrodes. It placed in special
holder inside cyclotron. One electron from each pair un-
der the median plane second above. The scheme of place
of system in cyclotron is presented on Fig. 3.

We use the second harmonic filter to divide the useful
from signal. Comparing the signals we get the shift in
time of moving the beam bunch on different radius. After
calibrate amendments we get information about phase
moving during the acceleration.
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Similarly compare the signals from two electrodes from
one pair we can evaluate the shift beam trajectory from
median plane. But this requires high accuracy of placing
of systems and control of identical of electrodes in pair.
We preparing system to this experiment end plane to test
it soon.

We provided series test and find some problems with
electronics and we upgrading it now. Moreover we create
the software for operational processing signals.

CONCLUSION

Since end of 2018, then DC-280 start to work, main
diagnostic elements were tested. Some of them, as Fara-
day cups, were modernized. The system of phase moving
control is commissioning now.

Moreover experiments showed the need of additional
diagnostics system. We are going to place the nondestruc-
tive intensity probe before each experimental setup. We
are planning to estimate the emittance using existing
possibility and compare with measuring by special sys-
tems.
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CYCLOTRON SYSTEM C-250
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Yu.l. Stogov, M. V. Usanova,

JSC «NIIEFA», 196641, St. Petersburg, Russia

Abstract

JSC "NIIEFA" is designing a cyclotron system that gen-
erates intensive proton beams with final energy in the range
of 30-250 MeV. We have adopted a non-standard technical
solution: at the energy of less than 125 MeV negative hy-
drogen ions are accelerated with the extraction of protons
by the stripping device; at higher energies protons are ac-
celerated, and the beam is extracted by a deflector and a
magnetic channel. The isochronous dependence of the
magnetic field on the radius for different final energies is
provided by changing the current in the main coil and tun-
ing the correction coils.

The cyclotron electromagnet has an H-shaped design
with a pole diameter of 4 meters, a four-sector magnetic
structure, and high spirality sectors. The dees of the reso-
nance system are formed by delta electrodes and placed in
the opposite valleys; stems are brought outwards through
holes in the valleys. The operating frequency range is 24-
33.2 MHz. The power of the RF generator is 60 kW.

The cyclotron complex is equipped with a branched
beam transport system and target devices for applied re-
search on the radiation resistance of materials. Computer
control of the cyclotron and its associated systems is pro-
vided.

MAIN TECHNICAL FEATURES

The JSC "NIIEFA" is designing a cyclotron system com-
prising a proton cyclotron, a developed system of beam-
lines, samples’ irradiation system and utilities. The most
complicated problem of this project is construction of a
unique cyclotron generating proton beams with an energy
varied in the range of 30-250 MeV. Cyclotrons with the en-
ergy variation over such a wide range are not available
nowadays.

The method of negative ions’ acceleration with the ex-
traction of protons with a stripping device, which is stand-
ard for low-energy cyclotrons, cannot be applied as the
binding energy of an additional electron is lower than 0,8
eV. With an increase in the energy of a negative ion when
it is moving in a strong magnetic field, rapidly grows the
probability of this electron detachment, and, consequently,
a decrease in the beam intensity.

To reduce losses, it is necessary to lower significantly
the induction of the electromagnet, which will result in a
corresponding increase in the diameter of magnet poles.
Therefore, at energies higher than 100 MeV, protons are
used as accelerated particles. To provide the isochronous

+ npkluts@luts.niiefa.spb.su
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motion of protons with different final energy, it is neces-
sary to change the magnetic field induction and its depend-
ence on the radius over wide limits corresponding to the
relativistic increase in the proton mass.

To make less stringent requirements to the magnetic field
forming, a non-standard decision was adopted. We decided
to use negative hydrogen ions as particles to be accelerated
in the final energy range of 30-125 MeV; at energies of
125-250 MeV, protons are used.

The ion source is an inner radial Penning-type cold-
cathode source.

ELECTROMAGNET

The iron core of the electromagnet is of an H-shaped de-
sign, a four-sector magnetic structure and high helicity sec-
tors. The mode with the 1.08 T induction in the center of
the magnet and 1.35 T at the final acceleration radius cor-
responding to the final energy of 250 MeV was chosen as
the basic mode. In this mode, the induction dependence on
the radius corresponding to the isochronous motion is real-
ized by turning on the main coil only through the shape of
the central plugs, sector side plates, and sector chamfers.

To vary the final energy over the range of 250-125 MeV,
the isochronous dependence of the magnetic field on the
radius is provided by decreasing the current in the main coil
and turn on of correction coils located on sectors. The beam
is extracted from a fixed final radius by means of a deflec-
tor and magnetic channel.

At lower final energies, we used the magnetic field
formed for an proton’s energy of 125 MeV (with reversal
of the polarity). A beam of required energy is extracted by
moving the stripping device with a thin carbon foil.

The electromagnet is shown in Fig. 1 and its parameters
are given in Table 1.

Figure 2 shows trajectories of extracted beams. Green
color shows protons after passing the deflector; in red are
shown negative hydrogen ions and in blue are given pro-
tons at the output of the stripping device foil. The deflector
is located in the upper left valley; the stripping device foil
can be moved over the gap between left sectors.
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Figure 1: Electromagnet.

Table 1: Parameters of the Electromagnet

Magnet sizes, mm 8100%x5360x%3600
Pole diameter, mm 4000
Number of sectors (per pole) 4
Lifting height of the upper

movable half-yoke, mm 1000
Induction in the center of the

magnet, T 0.8-1.08
Final acceleration radius, 1800

mm
Helicity at the final accelera-

tion radius 54°
Air gaps, sector/ valley, mm 100/500
Consumed power, kW, no

more than 104
Magnet mass (Fe/Cu), t 720/34
Number of correction coils 15%8
Consumed power, kW, no

more than 16

Figure 2: Trajectories of extracted beams.
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To align axes of beams with different energies with the
axis of the beamline ion tube, a matching magnet is used.
The center of the magnet coincides with the point, in which
intersect trajectories of proton beams with different ener-
gies.

RESONANCE SYSTEM

From Fig. 2 it is seen that trajectories of proton beams
with energies in the range of 30-125 MeV practically com-
pletely occupy a part of the valley near to the pole edge.
This circumstance makes us to use the resonance system
with delta-electrodes and dee stems located in through
holes made in the magnet valleys.

In such a version, the resonance system includes four co-
axial resonators. Each of these resonators consists of a dee
cover (a d-electrode) and corresponding valley cladding as
well as a short-circuited section of the coaxial line formed
with a dee stem and a tank.

Figure 3 shows the layout of the resonance system in the
electromagnet. The dee with stems and a pair of resonators
are given in Fig. 4.

A

Figure 3: Layout of the resonance system.

Figure 4: Model of a pair of resonators.

The in-phase operation of all resonators is provided due
to a galvanic contact between pairs of “’the upper and bot-
tom dee covers” and between dees in the center of the mag-
net (a puller).

To vary the frequency in a specified range of 24-
33.2 MHz, we change the length of coaxial sections by
moving synchronously shorting flanges with ball contacts.

Accelerators for medicine and applied purposes
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The maximum active loss power in the resonance system
with the RF-voltage amplitude at the final radius of 100 kV
is about 50 kW. The resonance system is equipped with an
RF-power capacitance input device, an RF probe and two
electromechanically-driven trimmers.

RF-POWER SUPPLY SYSTEM

The RF-power supply system operates in the frequency
range of 24-33.2 MHz. Structurally the equipment of the
system is divided into 3 units, namely, cabinet of the main
equipment, amplifier final stage and high-voltage power
supply.

The main equipment cabinet houses master oscillator,
preamplifier, amplifier pre-final stage as well as system for
monitoring, control, protection and measurements and an-
cillary equipment. The cabinet is shown in Fig. 5.

Figure 5: Cabinet of the main equipment.

The amplifier final stage (Fig. 6) in a separate cabinet
will be installed in a direct vicinity to the resonance system.
The final stage is developed on the basis of the GU — 66A
generator triode with an output power up to 100 kW. The
RF power is output from the final stage through an isolat-
ing capacitor and connector. The final stage is connected to
the device of the RF- power input to the resonance system
either directly or with a short section of a coaxial feeder.

Figure 6: Model of amplifier final stage.
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We plan to construct a high-voltage power supply of the
inverter type with the output voltage of 10 kV, current of
13 A and voltage stability of 5x1073.

BEAM TRANSPORT SYSTEM

In the project worked out in the JSC «NIIEFA», the sys-
tem of beamlines providing the delivery of the proton beam
to three separately located target rooms is considered

(Fig. 7).

Figure 7: Layout of the cyclotron system main equipment
(project).

The beam transport system comprises a matching mag-
net, electromagnetic lenses, correcting magnets and diag-
nostics. The central beamline can be equipped with a neu-
tron converter.

UTILITIES

The cyclotron system is automatically controlled. The
automated control system should provide monitoring, di-
agnostics and control of the operation of the cyclotron and
all its associated systems. Inan emergency situation, either
separate equipment or the whole cyclotron system should
be automatically turned off.

CONCLUSION

The cyclotron system with control of proton energy and
beam current over such a wide range is a unique experi-
mental instrument to be applied for research in the field of
radiation material science and for studying the radiation
strength of materials. It is for the first time that researches
will get an opportunity to use proton and neutron beams to
form irradiation fields with a wide range of energies and
intensities. As a result, new experimentally-proved
knowledge in the field of radiation physics will be ob-
tained.

Nowadays, designing of the system is being completed,
and production of the main units and systems has been
started.
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ADVANCES IN THE DEVELOPMENT OF A VACUUM INSULATED
TANDEM ACCELERATOR AND ITS APPLICATIONS*
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Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia
Novosibirsk State University, Novosibirsk, Russia

Abstract

A compact accelerator-based neutron source has been
proposed and created at the Budker Institute of Nuclear
Physics in Novosibirsk, Russia. An original vacuum insu-
lated tandem accelerator (VITA) is used to provide a pro-
ton/deuteron beam. As a result of scientific research and
modernization, the power of the ion beam was increased,
an operation mode without high-voltage breakdowns was
achieved, and the operation of the accelerator in a wide
range of changes in the energy and current of ions was en-
sured. The proton/deuteron beam energy can be varied
within a range of 0.6 — 2.3 MeV, keeping a high-energy
stability of 0.1%. The beam current can also be varied in a
wide range (from 0.3 mA to 10 mA) with high current sta-
bility (0.4%). VITA is used to obtain epithermal neutrons
for the development of boron neutron capture therapy, ther-
mal neutrons for the determination of impurities in ITER
materials by activation analysis method; fast neutrons for
radiation testing of materials; 478 keV photons to measure
the "Li(p,p’y)’Li reaction cross section, etc. VITA is
planned to be used for boron imaging with monoenergetic
neutron beam, for characterizing of neutron detectors de-
signed for fusion studies, for in-depth investigation of the
promising !'B(p,o)act neutronless fusion reaction, for
studying the crystal structure of materials by neutron dif-
fraction, etc.

INTRODUCTION

To develop a promising procedure for treating tumors
(boron-neutron capture therapy, BNCT [1]), an accelerator-
based epithermal neutron source has been prepared and de-
signed in the BINP [2]. Neutrons are generated as a result
of the "Li(p,n)'Be threshold reaction by directing a proton
beam, which is produced in an original design tandem ac-
celerator, onto the lithium target.

Significant progress in the development of the accelera-
tor and a significant expansion of'its applications have been
achieved recently. The report provides a description of the
accelerator and its operating parameters, highlights the fea-
tures of the accelerator, gives the examples of its applica-
tion and declares plans.

EXPERIMENTAL FACILITY

The neutron source comprises an original design tandem
accelerator, solid lithium target, a neutron beam shaping
assembly, and is placed in two bunkers as shown in Fig. 1.

* Work supported by Russian Science Foundation, grant No. 19-72-30005
T taskaev@inp.nsk.su
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The facility has the ability to place a lithium target in 5 po-
sitions; they are marked as positions 4, B, C, D, E.

The original design tandem accelerator, which was
named as Vacuum Insulated Tandem Accelerator (VITA),
has a specific design that does not involve accelerating
tubes, unlike conventional tandem accelerators. Instead of
those, the nested intermediate electrodes (/b) fixed at sin-
gle feedthrough insulator (/d) is used, as shown in Fig. 1.
The advantage of such an arrangement is moving ceramic
parts of the feedthrough insulator far enough from the ion
beam, thus increasing the high-voltage strength of the ac-
celerating gaps given high ion beam current. A conse-
quence of this design was also a fast rate of ion accelera-
tion—up to 25 keV/cm.

RESULTS AND DISCUSSION

The potential is supplied for the high-voltage electrode
and five intermediate electrodes of the accelerator from a
sectioned rectifier (/e) through a feedthrough insulator
(Id) in which a resistive voltage divider is mounted. For
the compactness of the accelerator, the average electric
field strength on the insulator was chosen to be 14 kV/cm,
which is 1.5 times higher than the recommended one. This
led to breakdowns along the surface of smooth ceramic in-
sulators with a height of 73 mm, from which the feed-
through insulator was assembled. Such breakdowns oc-
curred approximately once every 10 — 20 min; they did not
lead to a decrease in the electric strength of the accelerator,
but required 15 s to restore the parameters of the ion beam.
To eliminate breakdowns along the vacuum surface of in-
sulators, smooth ceramic insulators were replaced with cor-
rugated insulators of the same height.

A beam of negative hydrogen ions with an energy of 20
— 30 keV is injected into the tandem accelerator. Since
VITA is characterized by a fast ion acceleration rate, the
entrance electrostatic lens is strong. For this reason, the in-
jected ion beam must be refocused to the entrance to the
accelerator. To focus the ion beam at the entrance of the
accelerator, we used a magnetic lens. Since the transport
and focusing of a relatively low energy ion beam is accom-
panied by a spatial charge, a wire scanner OWS-30 (D-
Pace, Canada) is used to control the position and size of the
ion beam at the entrance to the accelerator.

The position and size of the ion beam in the accelerator
are controlled by two pairs of video cameras overseeing the
input and output diaphragms of the external accelerating
electrode. Cameras register visible radiation caused by in-
teraction of ions with residual and stripping gases, and
heating of diaphragms.

Accelerators for medicine and applied purposes
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Figure 1: Layout of the experimental facility: 1 — vacuum-insulated tandem accelerator (1a — negative ion source, 1b —
intermediate- and high-voltage electrodes, 1c — gas stripper, 1d — feedthrough insulator, 1e — high-voltage power supply),
2 — bending magnet, 3 — lithium target, 4 — beam-shaping assembly. A, B, C, D, E — lithium target placement positions.

A gas stripper (Ic) is used for stripping negative hydro-
gen ions into protons. The stripper is a cooled tube with
argon inlet through a hole in the middle. The presence of a
gas stripper in a tandem accelerator is often considered a
disadvantage. We managed to neutralize the disadvantages
and turn the use of a gas stripper into an advantage. The
additional gas flow makes it possible to visualize the beam
for diagnostics of its position and size and improves the
high-voltage strength of the accelerating gaps. Of course,
additional gas injection increases the undesirable flux of
secondary charged particles, but this flux is reduced to an
acceptable level by improving vacuum pumping and sup-
pressing secondary electron emission from the walls of the
vacuum chamber. The flux of positive argon ions formed
inside the gas stripper and penetrating into the accelerating
gaps turned out to be extremely low: it was 2000 times less
than the proton beam current.

Typically, a gas stripper provides 95% conversion of
negative ions to positive ones. Although a larger injection
of argon leads to an increase in the proton current, the cur-
rent of secondary charged particles grows much more
strongly. Inside a stripping tube 16 mm in diameter, the ion
beam has a size of about 5 mm and a divergence of
+2 mrad. The size of the ion beam and the divergence were
determined from measurements of the phase portrait of the
neutral flux measured with a cooled diaphragm scanning
the beam and a wire scanner located behind the scanning
diaphragm and a bending magnet turned on to deflect ions.

The proton beam obtained inside the stripper is focused
by an electrostatic lens due to the penetration of the electric

Accelerators for medicine and applied purposes

field through the diaphragm into the high-voltage elec-
trode, is accelerated in the accelerating gaps, and is slightly
defocused by the output electrostatic lens. At a distance of
1.86 m from the center of the accelerator, the proton beam
has a characteristic size of 11 mm, a divergence of
+1.5 mrad, and a normalized emittance of 0.23 mm mrad.
The peculiarity of the proton beam, which is attractive for
its transportation, lies in its sharp border — there is no beam
at a distance of 26 from the beam axis. This is due to the
effect of the space charge during the transport and focusing
of a beam of negative hydrogen ions and the small size of
the diaphragms — 10 mm in the entrance and 20 mm in the
accelerating gaps.

Two cooled copper diaphragms with four thermocouples
evenly spaced in azimuth inside are installed before the
bending magnet. These diaphragms are used to optimize
the production of the ion beam. By a magnetic focusing
lens and a corrector in the low-energy beam path, the pas-
sage and acceleration of the ion beam are achieved such
that the input diaphragm of the first accelerating electrode
is heated rather weakly (diagnosed by video cameras) and
the cooled diaphragms in front of the bending magnet are
also heated weakly and symmetrically. Stronger focusing
of negative ions makes it possible to obtain a smaller pro-
ton beam at the exit from the accelerator and with a lower
divergence, but this mode is accompanied by a greater
heating of the entrance diaphragm of the first accelerating
electrode due to the broadening of the ion beam here.
Weaker focusing of negative ions, on the contrary, does not
lead to heating of the entrance diaphragm of the first
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accelerating electrode, but makes the proton beam more di-
vergent. Since the accelerator operates in a wide range of
ion energies and currents, as well as the type of ions—pro-
tons or deuterons, this procedure is used to optimize the
production of an ion beam.

The spatial charge does not influence the transport of the
proton beam, therefore, the proton beam can be transported
relatively simply and without loss to a lithium target 10 cm
in diameter in whatever position it is installed. So, with the
bending magnet turned off, the size of the proton beam on
the surface of the lithium target in position C is 20 mm, in
position D — 28 mm, £ — 38 mm. To direct the proton beam
downward, a bending magnet with a decay rate of 0.5 is
used, which ensures the same focusing of the proton beam
in the direction along and across the magnetic field. The
proton beam is transported in the vertical part when its di-
vergence is +8 mrad. On the surface of the lithium target at
position 4, the transverse dimension of the proton beam is
30 mm and can be increased by turning on the scanner; at
position B, the transverse dimension of the proton beam is
predicted to be 70 mm.

As a result, the facility produces a beam of protons or
deuterons, the energy of which can be varied within a range
of 0.6 — 2.3 MeV, keeping a high-energy stability of 0.1%.
The beam current can also be varied in a wide range (from
1 pAto 10 mA) with high current stability (0.4%).

The facility is capable of producing a powerful neutron
flux of various energy ranges: thermal, epihermal, over-ep-
ithermal, monoenergetic, and fast; 478 keV photons in
Li(p,p’y)’Li reaction, 511 keV photons in F(p,ae’e’)!'0
reaction, a-particles in "Li(p,a)o. and "B(p,o)aio reac-
tions, and positrons in 'F(p,ae’e’)!'°0 reaction.

APPLICATIONS

The initial application of such an accelerator was to gen-
erate neutrons for BNCT, and this application was realized.
The developed neutron source commercialized by TAE
Life Sciences (USA) is installed in new BNCT Center (one
of the first six BNCT clinics in the world) at Xiamen Hu-
manity Hospital in Xiamen, P.R. China in 2020. It is
planned to start treatment in early 2022. The manufacture
of two more neutron sources began this year: for National
Oncological Hadron Therapy Center (CNAO) in Pavia, It-
aly, and for National Medical Research Center of Oncol-
ogy in Moscow, Russia. The neutron source in BINP is
used for the development of dosimetry methods in BNCT
[3,4], testing of boron delivery drugs [5,6], measurements
of neutron yield in lithium [7], and it is planned to be used
for boron imaging in cooperation with the University of
Pavia (Italy) and characterization of the epithermal neutron
field in cooperation with the Laboratory of Subatomic
Physics and Cosmology CNRS-IN2P3, Grenoble-Alpes
University (France) and the Laboratory of Micro-Irradia-
tion, Metrology, and Neutron Dosimetry, IRSN (Ca-
darache, France).

Another important application of the facility is to gain
fundamental knowledge. A "Li(p,p’y)’Li reaction cross
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section and 478 keV photon yield from a thick lithium tar-
get at proton energies from 0.65 MeV to 2.225 MeV were
measured with high precision [8]. Now an experiment is
being prepared to study the energy and angular character-
istics of products of the promising neutronless fusion
1B (p,a)ao reaction.

Recently, the source was used to measure the content of
hazardous impurities in boron carbide samples developed
for thermonuclear fusion reactor ITER [9]. The neutron
source is planned to be used for radiation tests of fibers of
the laser calorimeter calibration system of the Compact
Muon Solenoid electromagnetic detector developed for the
High-Luminosity Large Hadron Collider in CERN. The fa-
cility is also planned to be used to obtain a beam of cold
and ultracold neutrons and to carry out elemental analysis
of the surface of materials by backscattered protons.

CONCLUSION

A compact original design tandem accelerator VITA has
been proposed and created at the BINP. The accelerator is
used to provide the high neutron flux in various energy
ranges, from thermal to fast, the 478 keV and 511 keV pho-
tons, a-particles, and positrons for research in various
fields including boron neutron capture therapy and thermo-
nuclear fusion.
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ACCELERATORS OF ELV SERIES: CURRENT STATUS AND FURTHER
DEVELOPMENT

D.S. Vorobev, E.V. Domarov, M.G. Golkovskii, Y.I. Golubenko, A.I. Korchagin,
D.A. Kogut. N.K. Kuksanov, R.A. Salimov, A.V. Semenov, S.N. Fadeev,

A.V. Lavrukhin, [P.I. Nemytov |,

The Budker Institute of Nuclear Physics (BINP), Novosibirsk, 630090, Russia

Abstract

For many years, Budker Institute of Nuclear Physics pro-
duces medium-energy industrial electron beam accelera-
tors. Flexible (due to the possibility of completing with dif-
ferent systems) and reliable accelerators cover the energy
range from 0.3 to 3 MeV, and up to 130 mA of beam cur-
rent, with power up to 100 kW.

New accelerators of the ELV type are also being devel-
oped. Namely ELV-15 with energy range up to 3.0 MeV
and power up to 100 kW. At present time accelerator was
assembled and tested in Novosibirsk.

In addition, an accelerator was developed and tested with
a new model of extraction device of a focused electron
beam into the atmosphere. At present, various experiments
are run using the installation with a new device for the ex-
traction of the concentrated electron beam into the atmos-
phere for the production of nanopowders, surfacing of
powder materials for metals, etc.

ELV ACCELERATORS

The ELV industrial accelerators [1] are widely used due

to a number of advantages:

o High electron beam power in wide energy range

e High efficiency of electron beam (70-80%), which im-
portant for long term operation

o High stability of electron beam parameters

o Extra-long lifetime and high reliability: 24/7 mode of op-
eration

o Wide set of underbeam equipment: for the film, and ca-
bles irradiation, nanopowders manufacturing, liquids,
and gases treatment and crosslinking

Table 1 represent parameters of the most popular ELV
accelerators. As you can see, a new accelerator appears
here: ELV-15 with max energy 3 MeV. Also, the current
range for the ELV-8 accelerator was increased up to 60
mA. The common view of the ELV type accelerators is
shown on Fig. 1. Actually, the ELV accelerators are well
described in [2].

Deliveries of last years

More than 200 accelerators were delivered and installed
by now. Even for the last three years, under the significant
influence of COVID-19, we had delivered 17 accelerators
to our customers. For 2022 is about 15 accelerators now in
the queue.

Accelerators for medicine and applied purposes

Two accelerators, ELV-8 and ELV-4 were delivered to
Russia in 2020. One of them (ELV-8) is installed into a new
foam film plant. The plant is located in the Kotovsk city,
Tambov region, and is currently reaching production pa-
rameters. It should be noted that the delivery of this accel-
erator was carried out jointly with our partner, the Chinese
company “Shanxi Yuridi”. The electron beam crosslinking
underbeam technology line was supplied by this company.

Table 1: Models of the ELV Accelerators

Name Energy, Max current, Power,
MeV mA kWt

ELV-0.5-130 0.3-0.5 130 65
ELV-0.5-70 0.4-0.8 70 50
ELV-4-1 0.7-1.0 100 100
ELV-4-1.5 1.0-1.5 67 100
ELV-8 1.0-2.5 60 100
ELV-15 1.5-3.0 50 100

High voltage j

electrode — contol system

Gas vessel

Electron injector Primary windin

—__Accelerating tube
Rectifying column
\/ Magnet guide

Beam extraction
_~chamber

4-side irradiation

Figure 1: The ELV type accelerator view.
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ELV-15

The most important achievement in 2021 is the ELV-15
accelerator. We and our partners have long had a desire to
make an accelerator with an energy of 3 MeV. Increasing
the energy up to 3 MeV expands the application possibili-
ties.

Design

The high-voltage rectifier of the ELV-8 accelerator, with
a maximum energy of 2.5 MeV and a power of 100 kW,
was taken as a basis. After that, the diameter and height of
the primary winding, the number of turns of the primary
winding, the diameter of the secondary winding coils (sec-
tions) were increased. The number of rectifying sections
has also been increased (i.e. column height).

Even though the diameter of the sections for ELV-15 has
been increased, nevertheless, it remains possible to use
standard sections of the ELV secondary winding. In this
configuration, the accelerator was successfully assembled
and tested. The accelerating tube consists of 4 x 90cm
parts, the number of rectifying sections is 80, the number
of primary windings is 2 (the height and diameter are in-
creased).

As a voltage sensor, as in ELV-8, a rotary voltmeter is
used. The beamline, optical, and extraction system did not
undergo significant changes. In the power supply system
(power supply cabinet), the ability to change the frequency
of the primary winding power supply depending on the re-
quested energy has been added (to simplify the operation
of the matching circuit).

Accelerating tube view and the common view of the
ELV-15 accelerators are shown on Figs. 2 and 3.

N o ad /:&

Figure 2: The ELV-15 accelerating tube.
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Figure 3: The ELV-15 view. 1 - vessel; 2 - primary wind-
ings; 3.4 - magnetic guides; 5 - rectifier sections; 6 - accel-
erating tube; 7 - injector control unit; § - high voltage elec-
trode; 9 - optical channels for injector control; 10 - primary
winding feedthrough.

Testing

In August 2021, all tests of the ELV-15 accelerator were
completed. The maximum parameters were obtained: max-
imum power (100 kW) at an energy of 3 MeV with a cur-
rent of 33.3 mA, and 50 mA at lower energies (2 MeV and
less). Also accelerator was tested on maximum energy 3.3
MeV without load (beam).

Upon completion of the tests, the accelerator was disas-
sembled, packaged and shipped to customers in China.

The topic of the ELV-15 accelerator will be covered in
more detail in future articles.

Accelerators for medicine and applied purposes
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ELV-8§ IMPROVEMENT

For the ELV-8 accelerator, the maximum current was in-
creased to 60 mA. The maximum power remains the same
- 100 kW. This improvement allows you to work with a
current of 60 mA in the energy range 1.0 - 1.66 MeV. Such
an improvement required a slight upgrade in the cooling of
the power cabinet choke and the addition of the ability to
change the capacitance of the matching circuit during op-
eration. In the aftermath, it turned out that a more accurate
tuning of the matching circuit elements allows the acceler-
ator to operate in the entire range without retuning or
changing the capacitance/frequency.

FOCUSED ELECTRON BEAM INTO THE
ATMOSPHERE

A new type of gas-dynamic extraction device was de-
signed and pre-tested. It can efficiently extract a focused
electron beam into the atmosphere [3].

During the tests, stable operation was achieved at a beam
power of 70 kW and a short-term operation at 100 kW. Af-
ter long-term operation of the accelerator at a power of 50
kW, the diameters of the holes in the diaphragm did not
change. Diaphragm hole diameter on the extraction device
output is 2-2.5 mm.

4M EXTRACTION DEVICE

In cooperation with Shanxi Yuridi company, at 2019, an
extraction device with a window width of 4 meters was
manufactured, and tested. Such a wide electron beam raster
was required to irradiate a polyethylene film up to 4 meters
wide. The ELV-8 accelerator equipped with this extraction
device was successfully delivered and installed to a Chi-
nese company in Anhui province.

The four meters width extraction device shown on Fig. 4.
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Figure 4: Four meters width extraction device.
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Abstract

This article deals the factors affecting the diameter and
angle of divergence of the electron beam at the exit from
the accelerator tube of an industrial ELV series accelerator.
Measurements of the parameters of a high-power electron
beam were carried out up to a power of 100 kW. On the
basis of the data obtained, a new type of gas-dynamic ex-
traction device was designed and pre-tested, which can ef-
ficiently output a focused electron beam to the atmosphere.

INTRODUCTION

For more than 30 years at the Institute of Nuclear Phys-
ics (INP SB RAS), on ELV-6 accelerator has been success-
fully operating a multi-stage gas-dynamic extraction de-
vice through which a focused electron beam is released into
the atmosphere. It uses an accelerating tube with perma-
nent magnets. The design and manufacture of such accel-
erating tubes are rather complicated. At present, ELV ac-
celerators use simpler and more reliable accelerating tubes
without magnetic accompaniment. They have a large aper-
ture of 100 mm and are mass-produced [1]. Since the reli-
ability of serial accelerating tubes is high, and the technol-
ogy for manufacturing tubes with permanent magnets has
been lost. The task was posed of a possible replacement of
the accelerating tube with permanent magnets with an ac-
celerating tube with a large aperture without permanent
magnets for the ELV-6 accelerators.

BEAM MOTION ANALYSIS

The beam size and its angular divergence at the exit of
the accelerating tube are influenced by the following main
factors:

1. Longitudinal electric field: carries out the main
focusing of the beam,;

2. Influence of the magnetic field of heating coil (
the beam acquires an azimuthal momentum P@0);

3. The space charge of the beam;

The ripples of the accelerating voltage;

5. Aberrations of electromagnetic lenses. They also
affect the optimal hole size in the outlet dia-
phragms;

6. Transverse component of the magnetic field of the
primary and secondary windings, which leads to
oscillations of the beam, and leads to increase the
holes in the diaphragms

The calculations were carried out using the SAM pro-
gram developed at the BINP SB RAS [2]: the effect of the
intrinsic magnetic field of the incandescence was taken
into account, the influence of the potential of electrodes
with an aperture of 20 mm on the parameters of the beam,
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embedding of the LaB6 pellet and the shape of the cathode
electrode was checked.

The potential distribution along the accelerating tube is
shown in Fig. 1. A so-called "electric-gate" is formed near
the high-voltage edge of the tube; a minimum of potential
is created, which prevents the acceleration of secondary
particles appearing as a result of ion bombardment of elec-
trode with an aperture of 20 mm.

), MeV

distance along the axis of the accelerating tube mm.
Figure 1: Distribution of potential along the axis of the ac-
celerating tube.

E kV/em

) dista-nce aldng tr"u;. axié of th-e accéleratiﬁg tul:;e mm -

Figure 2: Distribution electric field along the axis of the
accelerating tube.

The distribution of the electric field on the tube axis is
uneven (see Fig. 2). With an increase the electric field, the
beam is focused, and with a decrease the field, the beam is
defocused. Three characteristic areas can be distinguished.
The cathode is located at point 0. The first section is from
0 to 200 mm. In this section, the beam successively under-
goes focusing, defocusing, and focusing. Integrally, this
section is strongly focusing and has the greatest effect on
the beam parameters at the tube exit. In the second section
(200-1700 mm), the electric field is uniform and there is no
focusing. In the third section - the tube exit - the electric
field decreases to 0 and a defocusing lens is formed with a
focal length of about 4 Ltr (where Ltr is the tube length),
i.e. about 7 meters. Figure 3 shows the calculated beam en-
velopes for the optimal geometry of the electric field.

Magnetic, power supply and vacuum systems.
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R, Beam radius, mm
X

a Beam current 30 mA

Beam current 10 mA

2, distance along the axis of the accelerating tube mm

Figure 3: The envelopes for different beam currents at an
energy of 1.5 MeV, the length of the accelerating tube is
1800 mm.

The beam current in ELV accelerators is regulated by
changing the cathode temperature. The cathode is heated
by a tungsten coil, since the spiral is a solenoid, then its
magnetic field extends to the emitting tablet and beyond
(see Fig. 4).

Bz, Gs
BrGs

35 Z,mm

Figure 4: Electron injector heater coil magnetic field. Co-
ordinate z = 0 corresponds to the emitting surface of the
tablet.

Because of the magnetic field of the heating coil, the
electron acquires an azimuthal momentum PO of about
4.4 G cm. With a trajectory radius of 5 mm, the angular
momentum is obtained 2,2 Gs-cm?.

P, -r
Armin =1F -
2 0

Po — momentum of electrons, F- is the focal length of the

lens, Py, -7 - is the angular momentum.

=0.33mm (1)

The minimum focused beam diameter Ar;,,;;, is approxi-
mately 0.3 mm.

Let us consider the effect of the emittance associated
with the cathode temperature on the beam diameter in the
plane of the diaphragm. The value of the temperature
emittance:

d, -AP, AP,
&r = kP L=d -a,, (o = Pk) ()
0 0

where dy is the diameter of the cathode, APy is the spread
of transverse momenta due to the temperature of the cath-
ode, and Py is the final momentum of electrons. The diver-
gence of the beam in the crossover at its total energy after
the lens is equal to di/fi; where dp is the diameter of the
beam at the entrance to the lens, and f is the focal length
of the lens, therefore

d. =i 0 0smm 3)
L
With di. = 10 mm, f;= 180 mm and &r = 3 10~ rad mm,
we have dmin = 0.05 mm. This value is negligible.

Magnetic, power supply and vacuum systems.
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The ripples of the accelerating voltage in this electron
accelerator were initially assumed to be 5%. The energy
ripple causes the focal length of the lens to change with the
pulsation frequency, which leads to an increase in the beam
diameter in the crossover.

dyy = L )
S/
Where dmin is the minimum diameter of the focused
beam cm, diens 1S the diameter of the beam at the entrance
to the lens, which is 10 mm.

o AU

At an energy of 1.5 MeV, then, at an energy

ripple of 5-1072, the effective beam diameter in the first di-
aphragm at the exit from the outlet will be = 0.5 mm

The tube, which is located inside the high-voltage recti-
fier and the primary winding, is penetrated by a transverse
magnetic field associated with the tilt or misalignment of
the accelerating tube and the primary or secondary wind-
ings of the transformer. Its value can reach BL=0.2 G. This
leads to the appearance of variable angles Aa at the exit
from the accelerating tube

_ BL ) Ltr

Bp,

Where is the transverse magnetic field of the primary
winding, Ly is the length of the accelerating tube, which is
1800 mm, B-p0 is the electron momentum, which is
6.5-10%* G-cm for a beam energy of 1.5 MeV

Admin = fi-Aa. Where fi is the focal length of the lens
180 mm. In our case, the oscillations of the beam in the
output diaphragm will be Admin = 5-103-18 =9-10 cm=
0,9 mm.

This increases the area of the opening in the diaphragm
through which the gas passes.

If we sum up all the above effects, then the minimum
beam size at the exit from the extraction device will be
about 2 mm.

Aa =55-10"° ®)

MEASUREMENT OF BEAM PARAMETRS

For a more accurate measurement of the beam parame-
ters, a water-cooled diaphragm with a whole diameter of
16 mm was fabricated. The size was determined by touch-
ing the diaphragm with the beam at points located at oppo-
site ends of the diaphragm opening. The magnitude of the
current on the diaphragm was 107 of the total beam cur-
rent. It was necessary to fix the currents of the deflecting
(correcting) coils. They were preliminarily calibrated.

The results of measurements of the beam diameter with
an energy of 1.5 MeV, at beam currents of 10, 30, 66 mA,
and different currents of the focusing electromagnetic lens
are shown in the graphs (see Fig. 5).
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® Beam current 10 mA |

Beam current 30 mA |

4 Beam current 66 mA

beam diameter D, mm

Figure 5: Dependence of the beam size in the diaphragm
on the focusing lens current at an energy of 1.5 MeV.

Figure 6 shows a simple scheme that allows you to de-
termine dp from the dependence Dpeam (1/fL), which is
equivalent to the dependence Dyeam (IL%) in Fig. 5.

Lens ﬁiaphragm

16.!@?.1_11__.J

Figure 6: dy is the diameter of the beam in the lens. D -
measuring diaphragm with a hole diameter of 16 mm. Dpeam
is the beam diameter in the diaphragm, Lq is the distance
from the lens to the diaphragm, which is 940 mm.

From the Fig. 6 shows that
Dbeam = dL _(aL _aO)'LZZ (6)
Where ay -is the angle of divergence or convergence of
the beam at the entrance to the lens;

aL=dL/fL
Focal length of an electromagnetic lens
A(Bp)’
e v O]
Cor[B -l

Bp - electron momentum at the exit from the accelerating
tube G-cm; I is the current of the electromagnetic lens A.
[ B2,dl- integral of the magnetic field strength for an elec-
tromagnetic lens.

Since Dpeam linearly depends on 112, then from the slope
of the curve Dyeam (I1?) one can find dy: taking the deriva-
tive with respect to I from the right-hand side of formula
(6).

_A(D,,)  4Bp)
A(ILZ) (IBle 'dl)'LD

From the same curve, as can be seen from (6), it is pos-
sible to find the divergence of the beam at the entrance to
the lens. To do this, it is necessary to extrapolate the left
side of the curve Dpeam (IL2) t0 Dpeam = 0. Then from (6)

—-L
a,=d, —fL A
LD : f L
The beam diameter at the exit from the accelerating tube

is di=9 mm. The divergence of the beam at the exit from
the accelerating tube o = 7-1073 rad.
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MAIN RESULTS

Based on the measurements carried out in the fall of

2018, a device was designed and manufactured for extrac-
tion a focused electron beam into the atmosphere from the
ELV accelerator, which has a tube with a large aperture
equal to 100 mm.

A general view of extraction device is shown on Fig. 7.

Electron beam from
the accelerating tube

Figure 7: 1 - Upper lens L1; 2 - upper correctors Cl1; 3 -
water-cooled diaphragm with a hole diameter of 7mm D6;
4- Gate valve; 5- average correctors C2; 6 - water-cooled
diaphragm with a hole diameter of 10mm D5; 7 - Lower
lens L2; 8- lower correctors C3; 9- diaphragm with a hole
diameter of 4 mm D4; 10- diaphragm with a hole diameter
of 3.5 mm D3: 11- diaphragm with a hole diameter of 2.5
mm D2; 12 - diaphragm with a hole diameter of 2mm; 13
- the first stage of pumping (pump AVZ-90); 14 - the sec-
ond stage of pumping (pump AVZ-90); 15 - the third stage
of pumping(pump RUTS ZJ-150+AVZ-20); 16 - fourth
stage (turbomolecular pump NVT-450); 17 - fifth stage
(turbomolecular pump NVT-450); 18 - sixth stage (two
pumps NMD-0.4).

During the tests, stable operation was achieved at a beam
power of 70 kW and a short-term operation at 100 kW. Af-
ter long-term operation of the accelerator at a power of 50
kW, the diameters of the holes in the diaphragm did not
change. Diaphragm hole diameter on the extraction device
outlet has 2-2.5 mm.
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A LINEAR ACCELERATOR FOR PROTON THERAPY

V.V. Paramonov’, A.P. Durkin, A.A. Kolomiets
Institute for Nuclear Research of the RAS, 117312, Moscow, Russia

Abstract

For applications in Proton Therapy (PT), linear accel-
erators can provide beam performances not achievable
with cyclic facilities. The results of the development of a
proposal for a linac, operating in a pulsed mode, with the
maximal proton energy of 230 MeV, are presented. Pos-
sibilities of fast, from pulse to pulse, adjustment of the
output energy in the range from 60 MeV to 230 MeV,
formation and acceleration to the output energy of a ‘pen-
cil-like’ beam are shown. Optimized solutions, proposed
for both the accelerating-focusing channel and the tech-
nical systems of the linac make it possible to create a
facility with high both functional, economic and opera-
tional features. Special attention, due to the selection of
proven in long-term operation parameters of the systems,
is paid to ensuring the reliability of the linac operation.
The feasibility of linac is substantiated on the basis of
mastered, or modified with a guarantee, industrial equip-
ment.

INTRODUCTION

Advantages of linacs for PT are known and one can see
it in reviews [1,2]. Now the mostly advanced, in the stage
of construction, is the LIGHT project [3]. To meet the
high requirements for such linacs for applied purpose,
sometimes system parameters are set that are more suita-
ble in record-breaking linacs for research purposes. In
this report we present the physical justification for the
proton linac with wide functional possibilities but con-
servative, well mastered systems parameters.

RATIONALITY AND FEASIBILITY

The cornerstones of this linac proposal are:

e - wide functionality for both practical and research
proton medicine;

e - operational reliability through conservative systems
parameters, proven in long-term operation;

e - cost reduction, size reduction;

e - deep mutual optimization, balance and feasibility of
proposals for beam dynamics, accelerating and fo-
cusing elements;

e - focus on well mastered level of technologies and
elements parameters confidently mastered in high-
tech industry (or with guaranteed parameters up-
grade);

e - to be placed in regional PT centres.

To meet all requirements, everyone will come to the
concept of high-frequency, multi-cavity, low-current,
pulsed proton linac with pencil-like proton beam. The
main solutions and features are briefly discussed below.

T paramono@inr.ru
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SCHEME AND PARTICULARITIES
The linac is built according to classical scheme for
proton linear accelerators at medium, up to 200 MeV,
proton energies, Fig. 1.
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Figure 1: Linac scheme. 1 - proton source, 2 — RFQ, 3 —
IH DTL structure, 4 — TW structure, 5 — focusing ele-
ments, 6 — RF sources.

The proton source provides 60 keV continuous proton
beam with transverse emittance ~0.1 © mm mrad. Such
beam can not be formatted, but confidently can be colli-
mated from more powerful beam.

Further accelerator is in two parts. The initial part,
operating with frequency 476 MHz, includes RFQ cavity,
matching section and accelerating cavities. RFQ cavity
provides pre-acceleration and formation of bunches with
the small longitudinal emittance. Subsequent elements
provide beam matching, allowing beam collimation at
energies < 7 MeV, acceleration to energy ~14 MeV and
preservation of emittance growth, both in transverse and
in longitudinal directions. Operating frequency is selected
as a compromise between beam dynamics requirements,
parameters of accelerating elements and RF sources,
taking into account further acceleration in the main part.
As the result, at output of initial part we expect pencil
beam with envelope of ~1 mm and extremely small, for
such proton energies, phase length of bunches, ~4 de-
grees, see Fig. 2. In more details initial part of the linac is
considered in [4].
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Figure 2: The phase space bunch portraits at the output of
linac initial part.

In the main part, operating at frequency of 2856 MHz,
protons will be accelerated for the maximal energy of 230
MeV. The value of operating frequency is selected both
from commercial availability of RF hardware and pa-
rameters of accelerating strictures. In the main part the
output proton energy can be changed fast in the range
from 60 MeV to 230 MeV.
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RF CAVITIES

The relatively short, ~1 in length, RFQ has a good, ~8
MHz, separation in frequency with dipole modes and
provides bunch formation and pre-acceleration to energy
~1.6 MeV with the maximal electric field strength at the
electrodes surface up to 1.57 Ek, where Ek is Kilpatrick
threshold value, and RF pulsed power consumption up to
~ 125 kW, [4].

The beam pulse length of the linac is defined mainly by
RF pulse length of klystrons in the main part. As for ini-
tial part, the length of beam pulse is much less as com-
pared to field rise time in accelerating cavities. To de-
crease rise time, which is necessary but not useful, in
initial part we need an accelerating structure with relative-
ly low quality factor Q but with high effective shunt im-
pedance Ze. Different structures were compared in [5]
and Inter-digital H-type structure was selected. In initial
part 11 relatively short, 4BA, from 155 mm to 410 mm in
length, IH DTL cavities are applied, [4].

In the main part Travelling Wave (TW) accelerating
structure is applied. For protons acceleration we can not
allow strong field decay, typical for constant impedance
TW option and constant gradient TW option is strongly
preferable from proton dynamics. TW structure represents
the simple disk loaded waveguide with magnetic cou-
pling. It decouples the control over group velocity Ber and
Ze value. The simplest shape of cells confidently allows
production with modern NC equipment realising required
~10 mm precision. There are 12 accelerating modules,
consisting from accelerating structure, RF source and
focusing elements. In the beginning of main part TW
structure operates with n=-1 backward harmonic of accel-
erating field. Practical proposal for protons acceleration
with n=-1 harmonic was formulated in 90-th of previous
century, [6]. Particularities of n=-1 harmonic application
for protons acceleration was analysed in [7]. Now there
are a lot of papers dedicated to development and tests of
such option. With the average accelerating rate over TW
structure of ~13.2 MV/m the ration of maximal electric
field at the surface Es all time is lower Kilpatrick thresh-
old Ek~45 MV/m for frequency 2856 MHz, see Fig. 3.
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Figure 3: The maximal values of Es/Ek ratio for acceler-
ating modules in the main linac part.

Such conservative Es value ensures, after short commis-
sioning, stable structure operation without RF break-
downs. With such structure parameters we are far below
from effects of pulsed RF heating, which can occur for
higher accelerating gradient in the structure. Additionally,
requirements for surface treatment during cells manufac-
turing are typical for S-band accelerations structures.
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RF SOURCES

With a reasonable, from practice, safety margins we
need for initial linac part it total ~520 kW of pulsed RF
power, with RF pulse length ~80 ps, non uniformly dis-
tributed between 12 RF channels. With duty factor value
of ~250 the average RF power ~2 kW is rather low. Uni-
fied architecture and declared parameter limits of solid
state RF amplifiers, described in [8], meet this specifica-
tion.

For TW structure in the main linac part we need in
total ~144 MW of pulsed, or ~ 220 kW average RF pow-
er. Multi Beam Klystrons (MBK) are very attractive due
to lower cathode voltage ~60 kV. Commercially available
are MBK with PMQ focusing and output RF power ~6
MW, [9]. But 24 klystrons for such short linac is not the
best solution. Development of klystrons with different
parameters is continuous process and MBK with 12 MW
output RF power is quite realistic, [10]. For modulators
there is interesting development of solid state units also
with unified modular architecture, [11].

FOCUSING ELEMENTS AND LATTICE

Both in initial and in main linac parts as focusing ele-
ments PMQ lenses with SmCo5 permanent magnets are
applied. Due to a small aperture radius ~4 mm, according
simulations, focusing gradient G up to 260 T/m can be
achieved. There is example of practical PMQ realisation
with G~200 T/m, [12].

In initial part PMQ doublets are applied with 70 T/m <
G < 120 T/m, [4]. For the main part lattice options are
investigated in [13]. In any case for PMQ in main part G
< 215 T/m, showing a sufficient reserve with respect to
calculated values.

FRONT-END SIMULATIONS

Front-end simulations for beam dynamics are per-
formed from RFQ input to linac output by using TRANS-
IT code [14]. Phase space beam portraits at the linac out-
put are shown in Fig. 4. The beam has a small pencil-like
diameter trough the total linac. In the current option
transmission from DTL input to TW output is of ~95%.
The bottle-neck points for these small particle losses are
fixed and transmission will be improved in further devel-
opment.
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Figure 4: Phase space beam portraits at the linac output.

Space charge forces are essential in the linac begin-
ning, especially RFQ, and affect mainly longitudinal
motion.  Short estimations have shown no essential
changes in beam parameters for pulse beam current up to
~2 mA.
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ENERGY REGULATION

The simplest method of proton energy regulation is the
manipulations from RF pulse to pulse with the phase in
one accelerating module, with switched off subsequent
modules. This case from pulse to pulse we can get any
energy between lower and upper energy limits for active
module. The last module has wider control ability and
even can decelerate protons, Fig. 5.
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Figure 5: Dependencies of output energy , (a), and rms
energy spread, (b), on the phase of RF field in the last
accelerating module.

More sophisticated methods for output energy regula-
tion are under development.

MAIN FEATURES

Radiological effect of proposed linac has been estimat-
ed in [15]. With different operating modes, direct pencil-
like or fluffy beams, short or long beam pulses and low,
~ HA scale, or medium, ~ mA scale, the dose both for
practical PT and for FLASH mode can be delivered in
required time. This parameters range is foreseen for pro-
posed linac.

The summarized features of this linac proposal are:

e - wide functionality for both practical and research

proton medicine;

o - the maximal proton energy — 250 MeV;

o - the total length ~25.5m;

- the range of output energy regulation — 60 MeV -
230 MeV;

e - the maximal time for energy regulation < 20 ms;
e - the maximal pulse beam current -up to 2 mA;
e - beam pulse length -up to 15 us;
]

- operational reliability through conservative systems
parameters;

e -use of mastered level of technologies and elements
parameters confidently mastered in high-tech indus-
try (or with guaranteed parameters upgrade);

SUMMARY

The physical substantiation of a proton linac for use in
PT proton therapy is presented. The functional capabili-
ties ensure its use in both practical and research medicine.
To provide broad functionality, both traditional solutions
are optimized and new proposals for accelerator systems
are justified. Conservative, long-term proven system
parameters ensure reliable stable operation. For the con-
struction of linac equipment, the mastered level of tech-
nologies and the characteristics of the equipment,
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achieved in the national high-tech industry are sufficient.
The feasibility of the desired improvements is beyond
doubt. In terms of a complete set of functional, economic
and operational parameters, the proposed linac surpasses
both cyclic facilities and advanced foreign competitors.
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Abstract

Physical-Technical Center of P.N. Lebedev Physical In-
stitute of RAS and Protom Ltd. are engaged in develop-
ment and implantation of synchrotrons for proton therapy
into clinical practice. There are two proton therapy com-
plexes “Prometheus” in Russia. That are fully developed
and manufactured at Physical-Technical Center and Pro-
tom. Every day patients with head and neck cancer get
treatment using "Prometheus" at the A. Tsyb Medical Ra-
diological Research Center. At the moment these facilities
together have accumulated more than 5 years of clinical
experience. Two facilities are based on the Protom syn-
chrotrons in the USA. One operates at the McLaren Hospi-
tal PT Center, it started to treat patients in 2018. Another
one is as a part of the single-room proton therapy system
“Radiance330” in Massachusetts General Hospital that
went into clinical operations in 2020. The first Israel proton
therapy complex based on Protom synchrotron was
launched in 2019. Protom facilities provide full stack of
modern proton therapy technologies such as IMPT and
pencil beam scanning. Key features of Protom synchro-
tron: low weight, compact size and low power consump-
tion allow it to be placed in conventional hospitals without
construction of any special infrastructure.

This report presents current data on accelerator re-
searches and developments of Physical-Technical Center
and Protom Ltd. In addition, it provides data on the use of
Protom based proton therapy complexes under the clinical
conditions.

INTRODUCTION

Proton therapy (PT) is one of the most accurate and mod-
ern methods of radiotherapy and radiosurgery. [1, 2]. Pro-
tons can reduce the radiation load on surrounding tissues
up to 30-50% in comparison with gamma rays. The use of
a proton beam for tumors located near critical organs, such
as the brain stem, optic nerves, etc. are particularly effec-
tive. Therefore, in cases of head and neck cancer, proton
therapy is the most advantageous of the available types of
treatment for many patients. Given the advantages of this
type of treatment over radiation therapy, using gamma ra-
diation and electron beams, proton therapy is increasingly
being used in the treatment of cancer. There is an increase
of PT centers around the world.

T pryanichnikov @protom.ru
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In the world, active work is being carried out aimed at
increasing the accuracy of dose delivery to the tumor, re-
ducing the time that patients stay under the influence of ra-
diation and increasing the availability of this method for a
larger range of patients. New proton accelerators, as well
as more cost-effective and accurate immobilization sys-
tems for patients are being developed for these purposes
[3].

Protom Ltd. is a manufacturer of the equipment for Pro-
ton Therapy (PT). Protom can provide full range of the
technologies for PT including the accelerator complex
based on the compact synchrotron, pencil beam scanning
beam delivery system, patient positioning and immobiliza-
tion system, treatment planning system and all needed soft-
ware. The Protom synchrotron [4,5] — one of the most ad-
vanced medical accelerators in the world. It is the most
compact synchrotron, the outer diameter is 5 m and the
weight is 15 tons. This kind of accelerator does not use ab-
sorbers for proton range correction. That fact makes Pro-
tom synchrotron is radiation clean accelerator (radiation is
produced only during patient irradiation session). Protom
synchrotron is energy efficient facility. The average power
consumption of all accelerator complex during treatment is
30 kW. The maximum energy of 330 MeV makes proton
tomography of full patient body available [6].

Figure 1: Protom Synchrotron-based Accelerator Complex
“Prometheus” in MRRC, Obninisk, Russia.

The first technical run of the prototype of Proton Syn-
chrotron was in 2003. The technical runs of facilities based
the synchrotron were performed in 2010 in Protvino City
Hospital, Protvino, Russia and Central Military Hospital,
Ruzhomberok. In 2011 the technical facility in McLaren
Hospital, Flint, MI, USA was successfully performed too.
Nowadays proton therapy facilities based on Protom Syn-
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chrotron has been successfully used under clinical condi-
tions more than 5 years. The first patient was irradiated in
Protvino City Hospital in 2015. Since 2017 the proton ther-
apy facility works only on biological research [7]. In 2016
treatment process was started in the A. Tsyb Medical Radi-
ological Research Center Obninsk [8,9], Russia, in 2018 in
the McLaren Hospital and in 2020 in the Massachusetts
General Hospital. The clinical accelerator in MRRC is pre-
sented in Fig. 1. Up to date more than 1000 patients were
irradiated worldwide most of which have been treated in
Russia.

PROTON THERAPY SOLUTIONS
OVERVIEW

Protom synchrotron currently is implemented in several
proton therapy complexes. Protom synchrotron works as a
part of Russian proton therapy complex “Prometheus”, US
“Radiance 330” complex, and Israel P-Cure facility that is
shown in Fig. 2.

Table 1: Proton Therapy Solutions Based on the Protom
Synchrotron
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INJECTORS

Protom Synchrotron uses 3 types of injectors. Two of
them are Tandem accelerators produced by Protom Itd. and
the last one is RFQ produced by AccSys Technology, Inc.
The Table 2 consists of brief comparison of this injectors.

Table 2: Injector Types for Proton Synchrotron

Tandem v.1 AccSys Technolo- Tandem v.2
gies RFQ
Injection energy  Injection energy  Injection energy

0.9 MeV 1.6 MeV 1.1 MeV
Film recharge No recharge Gas recharge
(Carbon) (Nitrogen)

“Prometheus” “Radiance 330” P-Cure
1% gen PT Solution
“Prometheus”
2M gen

Prometheus Radiance 330 P-Cure Proton
Therapy Solu-
tion
Protom Ltd. Protom Interna- P-Cure
tional
Russian local FDA proved FDA is ongoing
granted CFDA is ongoing  Israel is ongoing
CE is ongoing CFDA is ongoing
Obninsk, Russia Flint, MI, USA Shilat, Israel
Protvino, Russia Boston, MA, USA
Ruzhomberok, = Middleton, MA,
Slovakia USA

Basic information about these complexes is shown in the
Table 1, where there first row is name of the facility, the
second one consists of main manufacturers, the third one
consists of permissions to treat, and the last one — locations
of these facilities. Any synchrotron-based medical facility
consists of beam injection system including ion source and
linear or tandem accelerator, main accelerator — the syn-
chrotron, beam extraction and transfer channels, medical
part including one or several treatment rooms with patient
immobilization, positioning and imagine systems.

E— =

Figure 2: Protom Synchrotron-based Accelerator Complex
in P-Cure, Shilat, Israel.
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Since 2017 the process of update facilities used Tandem
v.1 started. Using Tandem v.2 allows to increase the num-
ber of injected and captured protons.
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Figure 3: Accelerator tube assembly for Tandem v.2.

The key difference from the previous version was in-
creased injection energy and change of recharge type. Gas
recharge made the full system more reliable and allowed to
get away from the procedure of changing carbon recharge
film. That should be performed at least a few times per
year. The Tandem v.2 is shown in Fig. 3.

THE SYNCHROTRON

The synchrotron serves to accelerate the proton beam
from the injection energy to the required energy in a given
range. The synchrotron provides a high rate of particle ac-
celeration equal to 250 MeV per 0.9 s.

To simplify the design of the accelerator and reduce its
dimensions, separate focusing elements are excluded from
the magnetic synchrotron system, and edge focusing is in-
troduced into the rotary magnets, which is provided by cuts
of magnets from the side of the free gaps. One of the main
advantages of this magnetic system is the low power con-
sumption compared to analogues. During the calculation
period, measurements of the power consumed by the mag-
netic system were made. The average value is 30 kW. Main
parameters of Protom Synchrotron are shown in Table 3.

FRBO5
121

©-2 (ontent from this work may be used under the terms of the CC BY 4.0 licence (© 2021). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



©=2d Content from this work may be used under the terms of the CC BY 4.0 licence (© 2021). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

27™ Russ. Part. Accel. Conf.
ISBN: 978-3-95450-240-0

Table 3: Main Parameters of Protom Synchrotron

Range of accelerated proton ener- 30-330
gies, MeV
Range of energies for treatment, 70 - 250
MeV
Acceleration time for 250 MeV, 09
sec
Intensity of extracted beam, pro- up to 4x10°
tons per cycle
Outer diameter of the ring, m 5
Accelerator weight, tons 15
Average energy consumption dur- 30
ing treatment, kW
EXTRACTION CHANNEL

The beam extraction from the synchrotron occurs ac-
cording to the following scheme: the buildup of betatron
oscillations is initiated with subsequent scattering by the
internal target.

After that beam enters the electrostatic deflector from
the changed orbit, where it is radially thrown from into the
Lambertson magnet. In the channel, the focusing lenses
and the position correcting magnets are installed. Observa-
tion of the beam is carried out from the phosphor-coated
screens using the system of visual control. The key param-
eters of extraction channel variation are presented in Table
4.

Table 4: Parameters of Extraction Nozzles and Scanning
System

Prometheus P-Cure,
1% gen Prometheus
2" gen
Horizontal field 700 400
size, mm
Vertical field 90 400
size, mm

Each of Protom synchrotron-based proton therapy facil-
ity has active pencil beam scanning system with IMPT
mode. Table 5 shows typical beam sizes for several ener-
gies.

Table 5: Typical Beam Sizes

Energy [MeV] Transverse Transverse
beam size, ¢ beam size, ¢
X y
for Gaussian for Gaussian
distribution, distribution,
mm mm
70 5,0 5,0
100 3,3 3,3
150 2,6 2,6
250 1,9 1,9
FRBOS
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PROTOM MEDICAL SYSTEM

The system includes an armchair designed to fix the pa-
tient and move him to the irradiation zone, an x-ray unit
represented by a small-dose X-ray tube and a digital X-ray
panel (detector).

With their help, the X-ray photographs are taken with a
subsequent process of reconstructing them into a three-di-
mensional image for subsequent irradiation planning. The
individual radiograph mode has been put into place in or-
der to verify the patient's position before the start of the
treatment [10].

There is a unique Treatment Planning System (TPS) that
has been developed by Protom Ltd. It is based on Monte
Carlo calculation. The Protom TPS takes into account Mul-
tiple Coulomb scattering and proton losses on nuclear in-
teractions. It supports parallel computing technology and
is able to use GPU. This TPS is a part of proton therapy
complex “Prometheus”. It is used in MRRC as a main TPS.

CONCLUSION

Physical-Technical Center and Protom Ltd. has full
range of the technologies for proton therapy that are suc-
cessfully used under clinical conditions over 5 years. Phys-
ical-Technical Center and Protom Ltd. are improving ex-
isting solution and developing new ones that are focusing
on accuracy of dose delivery and decreasing patient treat-
ment time.

Each of proton therapy facilities based on Protom Syn-
chrotron supports full intensity modulated proton therapy
(IMPT) option with high beam delivery accuracy and ac-
tive pencil beam scanning (PBS) option. Both of these fea-
tures are native technologies for Protom Synchrotron, there
is no need in additional facility updates. Protom Synchro-
tron was initially designed to support proton radiography
and tomography. The last researches have shown that in-
tensity level that is necessary for radiography implementa-
tion can be reached with no constructive changes.

According to 5 years of clinical use Proton Synchrotron
demonstrated high level of reliability. Downtime for the
synchrotron was less than 1%.

All of these parameters together with low cost of the ac-
celerator, low power consumption, fast installation pro-
cess, absence of radiation in inactive mode let Protom Syn-
chrotron successfully compete other PT commercial solu-
tions. Nowadays more and more hospitals choose proton
therapy facilities based on Protom Synchrotron.
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THE U-70 ACCELERATOR
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Abstract

This report provides an information of present
status of the «Radiobiological stand» facility at the
extracted carbon ions beam of the U-70 accelerator. The
results of the development of the RBS facility are
presented. A plans for development an experimental
medical center for carbon ion therapy on the basis of the
U-70 accelerator complex are also reported.

INTRODUCTION

The experimental facility «Radiobiological Stand»
(RBS) is in operation on the extracted from the U-70 Figure 2 presents the measured by RBS Bragg peaks in
accelerator complex beam of carbon nuclei since 2014 ater.
[1]. The installation is to conduct physics and Bragg Peak of carbon fone in water.
radiobiological experiments at the ion energies up to 450
MeV/u. Development of the oncology treatment
technology and training of domestic experts are the main
goals of these radiobiological studies. The first cancer
treatments with the beam of carbon nuclei can be the
another primary goal of these studies. The RBS
installation has been certified as a Center of Collective 20 {—— L \
Use [2] in 2017 under the number 507813 with the
following reference:  http://www.ihep.ru/pages/main/
6580/8769/index.shtml. The RBS installation [3] is in the
continuous process of run-to-run development: beam —— 30 mevinuct

parameters and beam control systems are being improved, Figure 2: Bragg peaks for different energies of extracted
systems of active and passive modification of the carbon  carbon beam.

Figure 1: Target station of the channel No. 25

Relative energy release, %
3 ] -]
& 8 8
: \\;‘ —

beam are being developed. This report presents today’s The shielded area of RBS consists of two zones:
RBS and describes its nearest perspectives. experimental and medical, as it can be seen in Fig. 3, with
the common system of access control. These zones are

RBS STATUS separated from each other by a concrete wall with the

The slow extraction of the carbon beam from U-70 into  intermediate collimator. The collimator aperture can be
the channel No. 25 is being done with use of the scheme  varied manually from 50x50 to 150x150 mm with use of
proposed by O. Piccioni and B.T. Wright in 1954-1955  special inserts.

[4]. The scheme is based on the beam energy moderation medical module

passing through a solid target. Currently 6 fixed energies TS A

are available for RBS: 450, 400, 350, 300, 250 and e .-

200MeV/u. The channel No. 25 consists of septum I %"

magnet SM34, three dipoles BM1-BM3, two sets of H, e E\i collimator Ne 1
quadrupoles: Q1-Q4 with the aperture of 75 mm and Q5- ’T u ; -

Q7 with the aperture of 100 mm, horizontal corrector and , & NS radiobiology

the beam stop. It is instrumented by three TV-boxes with : \U? ; FE;:E \g;f area
remotely operated scintillation screens. The channel ’

vacuum of 10?2 bar (not worse) starts from SM34 and
ends up after Q7. The target station (see Fig. 1) consists
of two target blocks with four Beryllium targets each.

. ) =
Flgure 3 The schematlc top view of the RBS installation.
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For the future patients there is a 6-axis table in the
medical zone, see Fig. 4. The table was designed and
manufactured at IHEP. The deck is made of carbon
plastic. Accuracy of the table positioning in Cartesian
coordinates is not worse than 0.5 mm.

2021/9/15 11:08

7 F1gure 4: The 6-axis table in the med1ca1 module.

Recently developed and manufactured electromagnetic
system of beam leveling is shown in Fig. 5. This system
replaces the previous one with permanent magnets [5].
The system consists of the vertical and horizontal dipole
magnets and their power supplies (Fig. 5).

dipole magnets
_ Power supplies:

Output current
amplitude £700A

™ Output current
frequency 20-60 Hz

Load inductance
p <0.42 mH

Figure 5: Electromagnetic scanning system.

The shapes of the dipole currents and the transverse
distributions of the dose are shown in Fig. 6 and Fig. 7.

Flgure 7: Currents and doses at Cartesian scan.

The automatic energy degrader inserts PMMA plates
with thickness from 1 to 63 mm to moderate the beam
energy smoothly. Ripple filters [6] are used to modify the
Braggs peak. One of these filters is shown in Fig. 8 along
with the corresponding Braggs peak in water.
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Figure 8: Aluminium ripple filter 16 mm on the left and
Bragg's Peak on the right.

A certain work is done for the instrumentation of
irradiation. A beam-content-meter is made to measure the
beam composition wherever measured. The results of

such a measurement are shown in Fig. 9.
Charge destribution

FitZ
Em es 1517793
5,872

S(d De 0,3405

i~ pata

—— Total fit: 99,5 %
2=2:030%
2=3:017%
Zz=4:005%
Zz=5:014%
2-6:9884%

7

Figure 9: Carbon ion beam composition. 300 MeV/u.

To measure the 2D dose distributions the special mosaic
ionization chamber was developed and manufactured.
Schematic plot of the chamber and the screen shot of the
measurement results are shown in Fig.10.

Flgure 10 Mosaic 256-cell plane parallel jonization
chamber.

PLANS

The closest plans assume the new center of ion
therapy on the base of U-70. Currently the new channel
No. 26 is the candidate. Preliminary view of this new
channel is shown in Fig. 11. The magnetic elements of
this new channel have been designed and the prototypes
are under the test program.

o mi

7]

72} | [T, 2

i

5= S msimil Ses S

Figure 11: Schematic view of the channel No.26.
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CONCLUSION

The Radiobiological Stand Facility :

works in continuous mode;

according to the results obtained, 21 articles were
published over the last 3 years;

developed and implemented an electromagnetic
beam leveling system (wobbler system);

beam diagnostics tools were developed and
manufactured;

now has slow extraction of 200, 250, 300, 350, 400,
455 MeV per nucleon of 2C*" beam for
radiobiology and future prior-to-therapy studies.

On the basis of the government decree No. 287 of
04.16.2020, work is underway to design the lon Radiation
Therapy Complex.

(1]

(2]
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(4]
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TRANSMISSION STUDIES WITH ION BEAMS WITHIN FAMA*

Z. Jovanovi¢', N. Neskovié, I. Telecki, M. Cosi¢, and R. Balvanovi¢
Laboratory of Physics, Vinca Institute of Nuclear Sciences, University of Belgrade, Serbia

Abstract

FAMA is a user facility for materials science with low-
energy ion beams in the Vinca Institute of Nuclear Sci-
ences, Belgrade, Serbia. It includes a heavy ion source, a
light ion source, two channels for modification of materi-
als, and two channels for analysis of materials. Recently,
the designing of a channel for transmission studies within
FAMA has begun. The initial studies to be undertaken in
this channel are related to the rainbow effects with very
thin electrostatic lenses and two-dimensional materials.

INTRODUCTION

FAMA is a facility for materials science with low energy
ion beams. It is the low energy part of the TESLA Acceler-
ator Installation, a large user infrastructure for production,
acceleration and use of ion beams in science, technology,
medicine and education. Currently, FAMA includes a
heavy ion source, a light ion source, and a small proton cy-
clotron complex. The heavy ion source delivers multiply-
charged heavy ions of energies of 10-20 keV per charge
unit, while the light ion source produces positive or nega-
tive light ions of energies of 10—30 keV. These beams are
used in two channels for modification of materials. The cy-
clotron complex delivers protons of energies between 1 and
3 MeV, and they are employed in two channels for analysis
of materials. Recently, the designing of the channel for
transmission studies (C3) of FAMA has begun, in which
the ion beams from the heavy and light ion sources will be
used.

INITIAL TRANSMISSION STUDIES

The first planned series of experiments in the C3 channel
is related to ion transmission through very thin electrostatic
multipolar and rainbow lenses (VTELSs) [1-3]. The focus-
ing properties of these lenses are fully determined by the
rainbow effect. In the first measurements, the projectiles
will be H ions of energy of 15 keV from the light ion
source and “°Ar'?* ions of energy of 180 keV from the
heavy ion source while the targets will be the quadrupole
and square rainbow lenses [2, 3]. The beams should come
on the targets closely parallel with the diameters of about
15 mm. The experiments will be performed in the high vac-
uum conditions.

The second planned series of measurements in the C3
channel is based on using the rainbow effect for specific
characterization of 2D materials — by ion transmission [4—
6]. In the first experiments, the projectiles will be 10 keV
H' ions from the light ion source and 20 keV *He*" ions
from the heavy ion source. The ion beams should come on

* Work supported by the Ministry of Education, Science and Technological
Development of the Republic of Serbia
T zjovanovic@yvinca.rs

Modern trends in accelerator technology

the targets closely parallel with the diameters of about 10
pm. The targets will be the flakes of graphene. The meas-
urements require the ultra-high vacuum conditions.

CHANNEL FOR TRANSMISSION
STUDIES

A scheme of the C3 channel is depicted in Fig. 1. It is
connected to the mass analyser of one of the channels for
modification of materials (C2). The transport elements of
the channel are: two steering magnets, to be used to correct
the ion beam direction toward the target if needed, and
three magnetic quadrupole lenses, making a quadrupole tri-
plet, to finally shape the beam impinging on the target. The
characteristics of the magnetic quadrupole triplet have
been determined on the basis of the transport calculations
for the above specified ion beams, to be used in the first
experiments. The transport line of the C3 channel, extend-
ing down to its interaction chamber, contains two diagnos-
tic boxes, both being high vacuum cylindrical chambers
made of stainless steel, each including a variable circular
ion beam collimator, to be used to generate a closely paral-
lel beam. The standard diameters of the collimators are 5
mm in experiments with VTELs and 2 mm in the experi-
ments with 2D materials. In the measurements with 2D ma-
terials, the differential pumping apertures with the standard
diameters of 2 mm are placed at the entrance and exit of
the interaction chamber.

The transport calculations have been conducted using
the first-order matrix formalism and the lon Beam Simula-
tor computer code. As aresult, we have adopted 2.0 T/m as
the maximal magnetic field gradients on the axes of the
magnetic quadrupole lenses. Besides, we have adopted 14
mT as the maximal horizontal and vertical components of
the magnetic induction on the axes of the steering magnets.

The interaction chamber of the C3 channel is an ultra-
high vacuum cylindrical chamber made of stainless steel.
There are two target holder assemblies in the interaction
chamber — for VTELs and 2D materials. The former assem-
bly includes a three-axis manipulator while the letter as-
sembly comprises a five-axis goniometer and a sample ac-
ceptor stage, enabling one to remove the irradiated target
from the interaction chamber for analysis. An electrostatic
deflector is placed immediately after the target holder as-
sembly for 2D materials, to be able to move away from the
axis of the channel the ions that remained charged upon the
interaction with the crystal, and thus record the angular dis-
tribution of neutralized ions. The deflector will also enable
one to measure the charge state distribution of transmitted
ions. The crystal structure of the chosen 2D material will
be determined using a reflection high energy electron dif-
fraction (RHEED) system, attached to the interaction
chamber.
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