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PREFACE

The XXV Russian Particle Accelerator Conference (RUPAC-2016) was held in a renovated state-of-
the-art campus of Saint Petersburg State University, the “Mikhailovskaya Dacha” premises
(Petergof, Saint Petersburg), on November 21 -25, 2016. Hosted by Saint Petersburg State
University (SPbSU), it was co-organized by Joint Stock Company “D.V. Efremov Institute of
Electro-Physical Apparatus” (JSC “NIIEFA”), Scientific Council of Russian Academy of Sciences
on Charged Particle Accelerators and Interregional Innovative Development Center (INNO-MIR)
with the assistance of Joint Institute for Nuclear Research (JINR, Dubna), Budker Institute of
Nuclear Physics SB RAS (BINP, Novosibirsk), and Institute for High Energy Physics of National
Research Center “Kurchatov Institute” (IHEP, Protvino). The Conference was supported in part by
the Russian Foundation for Basic Research (under RFBR grant #16-02-20815) and LLC NIIEFA-
ENERGO.

The event has provided a forum for exchange of new information and discussion in the field of
accelerator science and engineering: particle beam physics, new projects for particle colliders, new
accelerator projects and modernization of existing accelerator facilities for basic research and
applications (with an emphasis on medical applications). The scientific program covered the
following topics:

* Modern trends in accelerators

» Colliders

» Particle dynamics in accelerators and storage rings, cooling methods, new methods of
acceleration

» High intensity cyclic and linear accelerators

* Heavy ion accelerators

» Synchrotron radiation sources and free electron lasers

» Magnetic and vacuum systems, power supplies

» Superconducting accelerators and cryogenics

* RF power structures and systems

» Control and diagnostic systems

» lon sources and electron guns

* Medical and industrial applications

* Radiation problems in accelerators

RUuPAC-2016 was attended by more than 260 full-time delegates from 13 countries and 67
organizations. Among the attendees, there were 75 students and young scientists under 35 years old.
The Organizing Committee decided to maintain the conference tradition of the best youth’s scientific
works award. This year, the contest winners are: Florian Dirk Dziuba (GSI, Helmholtz-Institute
Mainz, Mainz, Germany) for his oral report “First Cold Tests of the Superconducting CW
Demonstrator at GSI”, Vladislav Altsybeev (SPbSU, Saint Petersburg, Russia) for his poster
presentation “Modeling of Triode Source of Intense Radial Converging Electron Beam”, and Yuri
Rogovsky (BINP SB RAS, Novosibirsk, Russia) for his talk “Recommissioning and Perspectives of
VEPP-2000 Complex”, Andrey Bondarchenko and Konstantin Kuzmenkov (JINR, Dubna, Russia)
for their joint poster presentations “Production of Intense lon Beams from ECR lon Source using
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MIVOC Method”. The Prizes were awarded by the decision of the Selection Committee summoned
at the Conference and chaired by academician Sergey Ivanov (IHEP of NRC KI, Protvino, Russia).

An Industrial Exhibition took place during the whole conference period. This year, 8 companies
presented their high-technology products and services to the delegates in an excellent atmosphere
conducive to discussions.

The RUPAC-2016 scientific program was compiled by the Program Committee. It spanned over
three full days and halves of the first and the last days of the Conference. There were plenary
sessions only on Monday, November 21. Poster sessions were scheduled stand-alone at the end of
each full day afternoon, from Tuesday, November 22 till Thursday, November 25. On Friday,
November 26 special session dedicated to the Russian large-scale NICA project was convened.

27 invited talks, 49 contributed oral reports and 197 posters (273 in total) were presented at the
Conference.

Processing of the electronic files of about 300 contributions, during and after the Conference, was
accomplished by Maxim Kuzin and his team from BINP SB RAS. The final version of the
Proceedings is published at the JACoW site (www.jacow.org).

The success of the RUPAC-2016 was due to the joint efforts of the Program and Organizing
Committees, the local staff of the host University — SPbSU, and, of course, due to all participants
who had shown high level of involvement, motivation and enthusiasm during the Conference.

Dmitri Ovsyannikov, Chair of RUPAC-2016 Organizing Committee

Igor Meshkov, Co-Chair of RUPAC-2016 Program Committee
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CEPC-SPPC ACCELERATOR STATUS*

J. Gao', IHEP, Beijing 100049, China

Abstract

In this paper we will give an introduction to Circular
Electron Positron Collider (CEPC). The scientific back-
ground, physics goal, the collider design requirements and
the conceptual design principle of CEPC are described. On
CEPC accelerator, the optimization of parameter design-
s for CEPC with different energies, machine lengthes, s-
ingle ring and crab-waist collision partial double ring op-
tions, etc. have been discussed systematically. The sub-
systems of CEPC, such as collider main ring, booster, elec-
tron positron injector, etc. have been introduced. The de-
tector and MDI design have been briefly mentioned. Final-
ly, the optimization design of Super Proton-Proton Collider
(SPPC), its energy and luminosity potentials, in the same
tunnel of CEPC are also discuss. It is decided that CEPC-
SppC CDR baseline will be of 100km circumference, and
the corresponding designs are underway.

INTRODUCTION

With the discovery of the Higgs particle at the Large
Hadron Collider at CERN in July 2012, after more than
50 years of searching, particle physics has finally entered
the era of the Higgs, and the door for human beings to un-
derstand the unknown part of the Universe is wide open!
Thanks to the low energy of Higgs, it is possible to produce
clean Higgs with circular electron positron colliders in ad-
dition of linear colliders, such as ILC and CLIC, with rea-
sonable luminosity, technology, cost, and power consump-
tion.

In September 2012, Chinese scientists proposed a Circu-
lar Electron Positron Collider (CEPC) in China at 240 GeV
centre of mass for Higgs studies with two detectors situated
in a very long tunnel more than twice the size of the LHC
at CERN. It could later be used to host a Super Proton Pro-
ton Collider (SppC) well beyond LHC energy potential to
reach a new energy frontier in the same channel.

After ICFA Higgs Factory Workshop held at Fermi Lab-
oratory in Nov 2012, CERN proposed also a similar one,
Future Circular Collider (FCC) with a much longer tun-
nel than that of LHC. From 12 to 14 June 2013, the 464th
Fragrant Hill Meeting was held in Beijing on the strate-
gy of Chinese high energy physics development after Hig-
gs discovery, and the following consensuses were reached:
1) support ILC and participate to ILC construction with
in kind contributions, and request R&D fund from Chi-
nese government; 2) as the next collider after BEPCII in

* Work supported by National Key Programme for S&T Research and
Development (Grant NO.: 2016YFA0400400) and National Natural Sci-
ence Foundation of China (NO.11575218, 11505198, 11605211).

T gaoj@ihep.ac.cn

Colliders

China, a circular electron positron Higgs factory (CEPC)
and a Super proton-proton Collier (SppC) afterwards in the
same tunnel is an important option as a historical oppor-
tunity, and corresponding R&D is needed. ICFA has giv-
en two successive statements in Feb. and July of 2014,
respectively, that ICFA supports studies of energy frontier
circular colliders and encourages global coordination; IC-
FA continues to encourage international studies of circular
colliders, with an ultimate goal of proton-proton collision-
s at energies much higher than those of the LHC. During
the AsiaHEP and ACFA meeting in Kyoto in April 2016,
a positive statement of AsiaHEP/ACFA Statement on IL-
C+CEPC/SppC has been made with strong endorsemen-
t of the ILC and encouraging the effort led by China on
CEPC/SppC. On Sept 12, 2016, during the meeting of the
Chinese High Energy Physics of Chinese Physics Society, a
statement on the future Chinese high energy physics based
on accelerator has been made that CEPC is the first op-
tion for future high energy accelerator project in China as a
strategic action with the aim of making CEPC as a large in-
ternational scientific project proposed by China. The 572th
Fragrant Hill Meeting dedicated to CEPC has been held
from Oct. 18-19, 2016, and it is concluded that CEPC has
a solid physics reason to be built with big physics poten-
tial in SppC. The optimization design, relevant technolo-
gies and industry preparation could be ready after a five
years dedicated R&D period before CEPC starts to be con-
structed around 2022 and completed around 2030. CEPC
will operate 10 ten years with two detectors to accumulate
one million Higgs and 100 million of Z particle.

In the beginning of 2015, Pre-Conceptual Design Re-
ports (Pre-CDR) of CEPC-SppC [1] have been complet-
ed with international review. The International Advisory
Committee (IAC) of CEPC was also established in 2015.
At the end of 2016 a CDR Status Report will be finished
before finishing of the CDR at the end of 2017. In 2016,
Chinese Ministry of Science and Technology has allocated
several tens of million RMB on CEPC R&D to start with.

Finally, it is decided that CEPC-SppC CDR baseline will
be of 100km circumference, and the corresponding designs
are underway.

CEPC ACCELERATOR DESIGN

According to the physics goal of CEPC at Higgs and Z-
pole energy, it is required that the CEPC provides ete™
collisions at the center-of-mass energy of 240 GeV and de-
livers a peak luminosity of 2x 1034 cm~2s~! at each inter-
action point. CEPC has two IPs for eTe™ collisions. At
Z-pole energy the luminosity is required to be larger than
1x103* cm~2s~! per IP. Its circumference is around 60 k-

ISBN 978-3-95450-181-6
1



MOZMHO01

(240m)

;

LowE

Proton Linac
(100m)

nergy Booster(0.4Km)

P4 I3

5 .
'PPC Collige, Ring(SlJKm)

Figure 1: CEPC-SPPC schematic layout.

m in accordance with SppC, which has 70 TeV of center of
mass proton proton collision and 20 Tesla superconduction
magnet dipole field. The schematic layout of CEPC-SppC
is shown in Fig. 1, and CEPC accelerator complex is com-
posed of a 6 GeV electron and positron linac injector with
a 1 GeV positron damping ring, a booster from 6 GeV to
120 GeV in the same channel of 120 GeV collider rings.

Main Parameters and Main Ring Designs

To make an optimization a collider, started from the
goals, such as energy, luminosity/IP, number of IPs, etc,
one has to consider very key beam physics limitations, such
as beam-beam effects [2] and Beamstrahlung [3], and also
take into account of economical and technical limitation-
s, such synchrotron radiation power and high order mode
power in each Superconducting rf cavity. By taking into
account all these limitations in an analytical way, an ana-
Iytical electron positron circular collider optimized design
methods have been developed both head-on collision and
crab-waist collision. The CEPC parameters of single ring
head-on collision scheme as used in CEPC-SppC Pre-CDR
and the crab-waist collision designs are shown in Tab. 1
[4].

In Pre-CDR, single ring head-on collision scheme has
been studied with Pretzel scheme. The apparent low cost
single ring Pretzel scheme has many problems, such as
not flexible lattice solution, small dynamic aperture, low
Z-pole energy luminosity (around 1032 cm=2s71), and
very high AC power consumption (around 500MW). To
solve these critical problems, a Partial Double Ring (PDR)
scheme has been proposed independently [5][6]. In Tab. 1
we could find that with crab wait collision, one could re-
duce synchrotron radiation power from 50 MW to about
30MW, and with Z-pole luminosity to satisfy the design
requirement. In fact, in addition to single ring and partial
double ring schemes, there are two other types of schemes,
i.e. Advanced Partial Double Ring (APDR) [7] and Dou-
ble Ring (DR) scheme [8]. In fact, in principle, the crab-
waist CEPC parameters could be realized by PDR, APDR
and DR schemes. PDR, APDR and DR are also called op-
tions to a crab-waist collision scheme. However, if one
take synchrotron radiation effect and the collective effect
of superconducting accelerator system taking into account,
the three options are quite different from one from anoth-
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er. Apparently, DR is the most expensive and relative easy
option, APDR as shown in Fig. 2(PDR is a special case of
APDR, only two partial double ring sections at two IPs) is
most possible economic option overcoming the difficulties
from PDR, i.e., beam loading and sawtooth effects, which
should be studied carefully before a reasonable choice a-
mong differen options.

IP1_ee/IP3_ee, 3703.46m
IP2_pp/IP4_pp,1132.8m
APDR, 1426m

RF Station, 188.8m
ARC1, 6041.6m
ARC1, 4902.87m

Figure 2: CEPC advanced partial double ring scheme.

As for PDR (APDR) lattice design, in the Arc region, the
FODO cell structure is chosen to provide a large filling fac-
tor. The 90/90 degrees phase advances is chosen to achieve
a very small emittance of 2 nm. The non-interleaved sex-
tupole scheme [9] was selected due to its property of small
tune shift. Considering the symmetry of two IPs and two
beams, the lattice CEPC PDR scheme has a four-fold sym-
metry and the maximum number of sextupole families in
the ARC region is 96 [10].

The CEPC interaction region (IR) was designed with
modular sections including the final transformer, chro-
maticity correction for vertical plane, chromaticity correc-
tion for horizontal plane and matching transformer. To
achieve a momentum acceptance as large as 2%, local cor-
rection of the large chromaticity from final doublet is nec-
essary.

The dynamic aperture of the ring is optimized by SAD
and goal is to have dynamic aperture in both transverse
planes lager than 50 including all effects with energy
spread of from +2% to —2%.

The advantage of PDR and APDR over DR is the cost
saving, if beam loading and sawtooth effects related to P-
DR (APDR) are not to be the showstoppers, which need
detailed studies before making a final decision.

Injector

To reduce the cost of the whole system, the length of the
Linac is chosen to be as short as possible, and a booster
ring is used to ramp the beams from the Linac energy to
the full injection energy of the main collider. Therefore, the
whole CEPC system is composed of three parts: a linac, a
booster, the main collider ring. The Linac injector system

Colliders
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Table 1: Main parameters of CEPC

Pre-CDR H-high lumi. | H-low power w V4
Number of IPs 2 2 2 2 2
Energy (GeV) 120 120 120 80 45.5
Circumference (km) 54 61 61 61 61
SR loss/turn (GeV) 3.1 2.96 2.96 0.58 0.061
Half crossing angle (mrad) 0 15 15 15 15
Piwinski angle 0 1.88 1.84 5:2 6.4
N, /bunch (1011 3.79 2.0 1.98 1.16 0.78
Bunch number 50 107 70 400 1100
Beam current (mA) 16.6 16.9 11.0 36.5 67.6
SR power /beam (MW) 51.7 50 325 21.3 4.1
Bending radius (km) 6.1 6.2 6.2 6.2 6.2
Momentum compaction (10-5) 34 1.48 1.48 1.44 29
fpx/y (m) 0.8/0.0012 0.272/0.0013 0.275 /0.0013 0.1/0.001 0.1/0.001
Emittance x/y (nm) 6.12/0.018 2.05/0.0062 2.05 /0.0062 0.93/0.0078 0.88/0.008
Transverse gy (um) 69.97/0.15 23.7/0.09 23.7/0.09 9.7/0.088 9.4/0.089
£ /P 0.118 0.041 0.042 0.013 0.01
£/P 0.083 0.11 0.11 0.073 0.072
Ver (GV) 6.87 3.48 3.51 0.74 0.11
7 o (M) 650 650 650 650 650
Nature o. (mm) 2.14 2.7 2.7 2.95 3.78
Total &, (mm) 2.65 295 29 3.35 4.0
HOM power/cavity (kw) 3.6 0.74 0.48 0.88 0.99
Energy spread (%) 0.13 0.13 0.13 0.087 0.05
Energy acceptance (%) o} 2 2
Energy acceptance by RF (%) 6 2.3 2.4 1.7 1.2
1, 0.23 0.35 0.34 0.49 0.34
Life time due to 47 37 37
beamstrahlung cal (minute)
F (hour glass) 0.68 0.82 0.82 0.92 0.93
L, /TP (10%cm s ) 2.04 3.1 2.01 43 448

is composed of a 6 GeV S-band linac with positron source
and a 1 GeV positron damping ring with two stage bunch
COMPressors.

Booster The booster provides 120 GeV electron and
positron beams to the CEPC collider for top-up injection
at 0.1 Hz. The Booster is in the same tunnel as the col-
lider, placed above the collider ring and has about same
circumference. The design of the full energy booster ring
of the CEPC is especially challenging due to the injected
beam only 6GeV, which might cause difficulties. As an al-
ternative design we studied also a wiggler dipole magnets
to raise the initial magnetic field [11].

Detector and M DI

The CEPC conceptual detector takes the ILD detector as
starting point [12][13]. Similar to the ILD, the core part of
this conceptual detector is a solenoid with 3.5 Tesla Magnet
Field. To minimize the dead zone, the entire ECAL, HCAL
and the tracking system are installed inside the solenoid.
The tracking system is composed of a large volume TPC
as the main tracker and the silicon tracking system. The
interaction region of the CEPC partial double ring consists
of two beam pipes, of which the crossing angle is 30mrad,
surrounded by silicon tracker, luminosity calorimeter and

Colliders

the final quadrupoles QDO and QF1, with L* is 1.5m [14].
The inner radius of the vacuum chamber should be larger
than the beam-stay-clear region. We chose 17 mm (2 m-
m for safety) both for QDO and QF1. On the other hand,
the collision environment of CEPC is significantly differ-
ent from that of the linear colliders. Therefore, mandatory
changes have been included into the CEPC conceptual de-
tector design. The entire Machine Detector Interface (M-
DI) has been re-designed, to achieve the nominal luminos-
ity and to keep the radiation at the IP at acceptable level
for the electronics. The distance between the final focusing
quadrupole magnet (QDO0) and the interaction point have
been changed from 3.5 meter to 1.5 meter. In the origi-
nal design, the ILD uses extremely heavy Yoke system, to
shield the B-field since Linear Collider requires the Push-
Pull scenario. On the contrary, CEPC has 2 interaction
points and a much thinner return Yoke could serve. Be-
side these changes, dedicated simulation and optimization
studies has been established, to test new ideas and designs.
Hopefully, these studies will eventually leads to a detec-
tor design that further balances the construction cost and
physics performance.

ISBN 978-3-95450-181-6
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Table 2: SPPC parameter list

SPPC SPPC SPPC SPPC SPPC

(Pre-CDR) 61Km 100Km 100Km 82Km
Main parameters and geometrical aspects
Beam energy[ g J/TeV 35.6 35.0 50.0 64.0 50.0
Circumference[Cq ]/km 54.7 61.0 100.0 100.0 82.0
Dipole field[B]/T 20 19.81 15.62 19.98 19.74
Dipole curvature radius[p]/m 5928 5889.64 10676.1 10676.1 8441.6
Bunch filling factor[ f2] 0.8 0.8 0.8 0.8 0.8
Arc filling factor[ f1 ] 0.79 0.78 0.78 0.78 0.78
Total dipole length [L piporel/m 37246 37006 67080 67080 53040
Arc length[L 4 rc ]/m 47146 47443 86000 86000 68000
Straight section length[ Lss]/m 7554 13557 14000 14000 14000
Physics performance and beam parameters
Peak luminosity per IP[L)/ cm =25~ 1 1.1x10%®  1.20 x 103°  1.52 x 10%®  1.02 x 103 1.52 x 10%°
Beta function at collision[3* ]/m 0.75 0.85 0.99 0.22 1.06
Max beam-beam tune shift per IP[{, ] 0.006 0.0065 0.0068 0.0079 0.0073
Number of IPs contribut to AQ 2 2 2 2 2
Max total beam-beam tune shift 0.012 0.0130 0.0136 0.0158 0.0146
Circulating beam current[ [ ]/A 1.0 1.024 1.024 1.024 1.024
Bunch separation[At]/ns 25 25 25 25 25
Number of bunches[ny ] 5835 6506 10667 10667 8747
Bunch population[ Ny | (1011 2.0 2.0 2.0 2.0 2.0
Normalized RMS transverse emittance[e]/um 4.10 3.72 3.59 3.11 3.35
RMS 1P spot size[o™* [/um 9.0 8.85 7.86 3.04 7.86
Beta at the 1st parasitic encounter[31]/m 19.5 18.67 16.26 69.35 15.31
RMS spot size at the 1st parasitic encounter[o1 J/um 459 43.13 33.10 56.19 31.03
RMS bunch length[o > ]/mm 75.5 56.69 66.13 14.62 70.89
Full crossing angle[f.]/urad 146 138.03 105.93 179.82 99.29
Reduction factor according to cross angle[ Fiq ] 0.8514 0.9257 0.9247 0.9283 0.9241
Reduction factor according to hour glass effect[ F}, | 0.9975 0.9989 0.9989 0.9989 0.9989
Energy loss per turn[Up]/MeV 2.10 1.98 4.55 12.23 5.76
Critical photon energy[ E.]/keV 2.73 2.61 4.20 8.81 532
SR power per ring[ Po /MW 2.1 2.03 4.66 12.52 5.90
Transverse damping time [7;]/h 1.71 1.994 2.032 0.969 1.32
Longitudinal damping time [7¢]/h 0.85 0.997 1.016 0.4845 0.66

SPPC DESIGN

The design goal of the SPPC is about 70 TeV, us-
ing the same tunnel as the CEPC of 61 km, with SC
dipole magnet field of about 20 Tesla of luminosity of
1.2x10%%/cm~ts~1. If 100km ring is adopted a proton
beam of 128 TeV of luminosity of 1x103%/cm=1s~! at 20
Tesla could be obtained, and parameter choice and opti-
mization process is given in Tab. 2 [15].

The injector chain pre-accelerates the beam to injection
energy with the required beam properties such as bunch
current, bunch structure, and emittance. The injection
chain determines the beam fill period. To reach 2.1 TeV, we
have designed a four-stage injector chain: a linac (p-Linac)
to 1.2 GeV, a rapid cycling synchrotron (p-RCS) to 10 GeV,
a medium-stage synchrotron (MSS) to 180 GeV, and finally
the super synchrotron (SS) to 2.1 TeV. High repetition rates
for the lower energy stages help reduce the SS cycling peri-
od. This is important because the SS uses superconducting
magnets and also to reduce the beam fill period of the SP-
PC. The beams can also be used for other applications or
research purposes when the accelerators are not preparing
beam for injection into the SPPC.

As for the circumference of SppC is concerned, to ex-
plore a center-of-mass energy of 100 TeV while keeping
the dipole field at 20 T, the circumference should be 82 k-

ISBN 978-3-95450-181-6
4

m at least. With this condition, there is hardly any space
to upgrade, so a 100 km SPPC is much better because the
dipole field is then only 15.62 T.

CONCLUSIONS

In this paper we have briefly reviewed the CEPC-SppC
projects history, design philosophy and actual status. A
dedicated R&D program both on accelerator and detectors
has started with support of Chinese MOST. The beam load-
ing and sawtooth effects have to be studied carefully to be-
fore the final choice between partial double ring (PDR and
APDR) and double ring schemes. It is decided that CEPC-
SppC CDR baseline will be of 100km circumference, and
the corresponding designs are underway.
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SEARCH FOR THE CHARGED PARTICLE ELECTRIC DIPOLE
MOMENTS IN STORAGE RINGS

Y. Senichev”, IKP, Forschungszentrum Jiilich, Germany
on behalf of the JEDI Collaboration

Abstract

The idea of searching for the electric dipole moment
(EDM) of the proton and the deuteron using polarized
beams in a storage ring was originally proposed at
Brookhaven National Laboratory (BNL), USA. Currently,
the “Jilich Electric Dipole Moment Investigations”
(JEDI) collaboration is developing the conceptual design
of such a ring specifically for the search of the deuteron
electrical dipole moment (dEDM). The idea is that the
oscillation of spin due to a possible finite electric dipole
moment is separated from the influence of the magnetic
dipole moment (MDM), and the behavior of spin
indicates the existence of dEDM. In connection with this
problem, two questions arise: (i) how to create conditions
for maximum growth of the total EDM signal of all
particles in the beam bunch, and (ii) how to differentiate
the EDM signal from the induced MDM signal. For the
design of such a ring, we need to address three major
challenges:

- the ring lattice should meet the conditions of beam
stability, and it has to have incorporated straight sections
to accommodate the accelerating station, equipment for
injection and extraction of the beam, a polarimeter, and
sextupoles;

- the beam polarization lifetime must be around ~1000
seconds;

- systematic errors have to be minimized to eliminate
the induced fake EDM signal.

In my contribution, I will present the current status of
the project.

INTRODUCTION

One of the essential problems of modern physics is the
baryon asymmetry of the Universe that represents the
prevalence of matter over antimatter [1]. In addition,
cosmic detectors, whose purpose is to search for
antimatter, PAMELA and AMS haven’t found any
significant amount of it in the Universe yet [2]. The
development of the new idea that claims one of the
reasons for the baryon asymmetry is the breaking of CP
invariance, has begun soon after its discovery.
A. Sakharov established three necessary conditions for
baryogenesis (initial creation of baryons) in 1967 [3]:

* Baryon number violation;

* C-symmetry and CP-symmetry violation;

* Interactions out of thermal equilibrium.

Many theories beyond the SM have been proposed and
all of them of so-called "New Physics" are able to remove
the difficulties that one meets in the Standard Model, but
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their experimental confirmation has yet to be found. One
of the possible arguments for the breaking of
CP-invariance is the existence of non-vanishing electric
dipole moments (EDM) of elementary particles.

Currently, the “Jilich Electric Dipole Moment
Investigation” (JEDI) collaboration works in two
directions: first on the existing accelerator COSY the
precursor experiment is carried out to prove the feasibility
of EDM measurement using the storage ring [4,5,6], and
secondly the conceptual design of the ring specifically for
search of the deuteron electrical dipole moment (dEDM)
is being developed [7]. At present the RF flipper for
installation on COSY ring is progressing successfully.
Besides, we have already obtained very important
experimental results with precise measurements of the
spin precession frequency [4,5] which will allow
calibrating the particle energy using the clock-wise and
counter clock-wise procedure, and we have reached the
longest spin coherence time ~1000 sec in horizontal plane
[6].

This article is devoted mainly to the dEDM ring
development. For the design of such a ring, we need to
address three major challenges:

- the lattice should meet the conditions of stability of
motion, minimization of beam loss, and it has to have
incorporated straight sections to accommodate the
accelerating station, equipment for injection and
extraction of beam, a polarimeter, and sextupoles;

- using an RF cavity and a certain number of sextupole
families, the beam polarization lifetime must be around
~1000 seconds;

- systematic errors have to be minimized to eliminate
the induced fake EDM signal.

FROZEN AND QUASI-FROZEN SPIN
CONCEPTS

In this paper, we will analyze two types of structures:
the frozen spin (FS) and the quasi- frozen spin (QFS)
lattices described in [7]. The concept of “frozen spin”
lattice has been suggested by BNL [8], and it is based on
the elements with incorporated electric and magnetic
fields in one element, when the spin of the reference
particle is always orientated along the momentum. Using
this concept, a lot of lattice options for its implementation
were proposed for protons and deuteron, in particular by
R. Talman [9].

In the “frozen” spin method the main objective is to
maximize the EDM signal growth, which is provided by
the frozen orientation of spin along the momentum, i.e. by

zero spin frequency @G =0 relative to the momentum

Modern trends in accelerators



Proceedings of RuPAC2016, St. Petersburg, Russia

due to the magnetic dipole moment (hereinafter called
MDM precession) in £ x B fields:

;G:_ﬁ{cg{ ! _G]ﬂxE}, ()
m V4 —1 C

where G = g

-2 . .
is the anomalous magnetic moment and

g is the gyromagnetic ratio. The expression (1) defines

the ratio between electric and magnetic fields in “E+B”
elements.
ARC with E+B elements

~25m

XY Beta Function [m]

W EetaX W Beta¥ W DX W DoV

Figure 1: FS lattice with TWISS functions.

We have developed a custom option of FS lattices for
the EDM deuteron measurement, which is based on “E +
B” elements. The FS lattice has the racetrack shape and
contains two arcs and two zero-dispersion straight
sections (see fig.1). The TWISS functions show the beam
envelope and dispersion along circumference. We have
studied the spin-orbital dynamics in this ring with
sextupoles, which would allow us to get the spin
coherence time of more than 1000 seconds.

Studying the FS structure, we have paid attention to the
fact that the frozen spin condition is performed only for
the reference particle, and the spin vector of all other
particles oscillates relative the frozen direction. But if so,
it might not be worth it to strictly fulfill the frozen spin
condition even for the reference particle. If the spin
oscillates in the horizontal plane with respect to the frozen
spin direction with amplitude @ , then the EDM growth

decreases proportionally to the factor

JO(CDS)zl—(CDS)ZM. Taking into account that the

deuteron’s anomalous magnetic moment G =—0.142 has
a small value and the fact that the spin oscillates around
the momentum direction within half value of the
advanced spin phase 7 -G /2 in the magnetic arc, each

time returning in the elements with electrical field on the
straight sections, it is obvious that the -effective
contribution to the expected EDM effect is reduced only
by a few percent. This allows us to proceed to the concept
of quasi-frozen spin QFS [10], where the spin is not
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frozen with respect to the momentum vector, but
continually oscillates around momentum with small
amplitude of few degrees.

In case of the quasi-frozen spin lattice, we have two
options. In the first option (see fig.2), the electrical and
magnetic fields are fully spatially separated in arcs and

straight section elements.

ARC with straightsection
QFS deflector
\]« without B field

«—bendmagnet

T quadrupole

~50m

~25m

XY Beta Function [m]

n RATTA
a"o"'W“N i a |

0 s0 100 150 200
Sim

W BetaX MW Beta¥ WDispX W Dispf

Figure 2: First option
concept with TWISS.

of ring lattice based on QFS

However, this concept inherits the drawback of
cylindrical electrodes, namely the whole set of high-order
nonlinearities. Therefore, in second option of QFS lattice
we introduced a magnetic field of small value ~100 mT,
compensating the Lorentz force of the electric field on
arcs (see fig.3). Both QFS lattices consist of two arcs and
two straight sections with approximately similar
circumference to that of the FS lattice.

ARGIWHIT str%lghtsecﬂun QFS straight deflector

with B fields

bend magnet

B=80 mT

=120 kvieml{ ..
B

~50 m

AT u
Wil o’t‘ﬂ?l""ﬁ'wlm,

T T TTT
0 20 40 80
S(m

W BetaX M BetaY WM DispX W DispY

~256m

Figure 3: Second option of ring lattice with TWISS
functions.

In both cases the lattice includes the straight sections
with zero dispersion in the middle of the magnetic arcs
for installation of the polarimeter, the beam extraction and
injection systems, and the RF cavity.

SPIN TUNE DECOHERENCE

To discuss the effect of spin decoherence, it is
reasonable to consider the spin tune, which is the number
of spin oscillations in one revolution of the particle
around the ring. Initially, the problem of spin tune

ISBN 978-3-95450-181-6
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decoherence arose due to the requirement of having a
maximum EDM signal. For horizontally oriented spin, the
spread of spin tune leads to a multi-directional EDM
signal for different particles and ultimately to a reduction
of the total EDM signal. Later on, this problem gained
salience due to understanding the fact that considering
systematic errors, in particular due to misalignment of the
electric and magnetic elements, spin decoherence can be
transferred from the horizontal plane into the vertical
plane, where we expect to see the EDM signal, that is, we
get the “fake” EDM signal. The latter is a stronger
argument than the geometric phase considered in [8], and
it puts forward much greater demands on the limitation of
the spin tune decoherence.

Now let us briefly mention the main causes of
decoherence. Expanding in Taylor series the well-known
expression for the spin tune in electric field

vE =(1/7* =1)-G)- 7B and in magnetic field v” = ;G

in the vicinity of an arbitrary point y,

Avf:Ay-G

(2)
AvE =A7-[—G—(1+G)/7§]+Ay2 (+G)/yp +..

we see that the spin tune spread AVSE in an electric field

has all orders of non-linearity. Obviously, the linear term
Ay -G in both fields gives the maximum contribution to

the spin tune decoherence, and a simple estimate shows
that the spin coherence time is limited to a few
milliseconds.

Introduction of the RF cavity allows averaging and
practically reducing the linear term contribution to zero.
However, it has been shown in [11] that the Ay(¢)

deviation follows the expression:

2 2
Ay(t) = Ay,, cosQ ¢ 'B—Mal lz] A72m +7/2(£j 1 3).
n r*) B Lp

where (M/L)ﬁ:[<p§m>+<pim>}/4 is the orbit

lengthening due to the betatron motion with amplitude of
transverse momentum deviation in horizontal p,, and

p ym AJ/ m
synchrotron  oscillation  for

vertical planes, is amplitude of Ay(?)

arbitrary  particle,
n=ay—1/y" is the slip factor, a=1/y2 is the first order
momentum compaction factor, «; is the second order
momentum compaction factor, and €, is the synchrotron

frequency.

Despite that the linear term in (3) is practically reduced
to zero with RF, the time independent term and the term
proportional to Ay? in equation (3) restrict the spin
coherence time to a few hundred seconds.

The final step to reduce the spin tune decoherence is
based on the sextupoles, which change the orbit length

ISBN 978-3-95450-181-6
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dependent on the momentum deviation and the dispersion
[11]. Detailed numerical consideration of decoherence
effects [12] has been done using COSY Infinity [13] and
MODE code [14].

SYSTEMATIC ERRORS

Generally, the measurement errors can be divided into
two components: random errors and systematic errors.
The systematic error is called the error component, which
remains constant in repeated measurements and is caused
by imperfections of the physical facility. In the EDM ring
experiment, the systematic error arises due to the
misalignments of electric and magnetic elements in the
ring and causes a “fake” EDM signal. The nature of origin
being random errors, the misalignments create conditions
for systematic errors in EDM experiments. The
installation errors (misalignments) are associated with
limited capabilities of the geodetic instruments. As is
known, the bending magnet (or the electric deflector) can
be rotated in three planes. We consider only the rotation
around the longitudinal and transverse axis, because the
rotation around the vertical axis does not introduce a
systematic error. First, let us consider the case of the
magnet rotated relative to the longitudinal axis (see
Fig.4). Due to such rotation, a horizontal component of

¥

EDM signal
[

Bx . A

v fake signal

fake EDM signal
due to rotation in Bx
x

Figure 4: Magnet rotating relative to longitudinal axis.

the magnetic field B, arises and causes the spin rotation
Q, =Qp, in the same plane where we expect the EDM

rotation. To illustrate, let us write the solutions of T-BMT
equations with initial condition
§,=0,8,=0,5,=1,Q,=0and Q,#0 in simplest

form:

Q. sin({/Q? +Q% 1) Q_sin(/Q2 +Q21)
y x y X x y
5.0 =S (0 = - (4)
\/Qx+Qy) \/Qx+Qy)
Taking into account the above, we can present

components: Q. =Qppy +Qp and Q, =0+ Xjeco »
where Qpp,, is the frequency of spin rotation due to the

presence of an EDM, B, is the horizontal component

induced by the magnet rotation (misalignments), and
Kyecon 18 the spin tune decoherence in the horizontal

plane, and it is allowed to reach an rms value of 1 rad for
spin coherence time tsc>1000 sec, that is the rms value

of < &Zdecoh> ~ 10 rad/sec .

Modern trends in accelerators
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The magnets are supposed to be installed at the
technically realized accuracy of 10pum, which corresponds
to the rotation angle of the magnet around the axis of
about @, =+10rad. Using COSY Infinity [13] and
MODE [14], we have calculated the MDM spin rotation
due to By, which is Qp, ~3 rad/sec. At the same time, at

presumable EDM value of 1072° e-cm, the EDM rotation
should be Qzpy, =107 rad/sec, that is Qzpy, /Qp, =107,
and the expression (4) can be simplified without loss of
measurement accuracy of possible signal EDM at the
level of 107 :

(S,(®) =<Q"$”>smg s Sy (1) = =sin(Qp, +Qppy )t . (5)
Bx

We can see from the first equation of (5) that the spin
decoherence in the horizontal plane is not growing and is

stabilized at the level of (S, )~(X2yeeon)/Qp, 107
This is a significant positive feature. But to be fair, we

should understand that, since Q. :i(;/G +1)B,, we
my

will now get due to y=y,+Ay the spin frequency

vy=ro T AQ

around horizontal axis, which one we can minimize by
the same methods (sextupoles, RF) as in horizontal plane.
In addition, we are really deprived of ability to measure
the accumulated EDM signal by growth of the vertical
component of spin suggested in [8], since the spin
rotation due to the magnet errors is much faster than due
to possibly existing EDM Qp, >>Qpp), . Thatis S, reach

decoherence Qp =Q in the vertical plane

x,Ay

a maximum for very short time meanwhile the signal
EDM does not have time to be accumulated.

Therefore, the only solution is to measure the total
frequency Qg +Qpp),, but in order to split out the
EDM signal from the sum signal, we need an additional
condition. Such a condition is to measure the total spin
frequency in the experiment with a counter clock-wise
(CCW) direction of the beam Qccy =-Q5" +Qppy
and compare with clock-wise (CW) measurements

cw

Qew =Qpy +Qppy -
understand that the accuracy of the frequency
measurement of Qcy ,Qccy determines the precision of

Simultaneously, we  must

the EDM measurement. In [5], we achieved the precision
of the spin frequency measurements that agrees well with

the statistical expectation: o =2+4/6/N /(€T) where N
is the total number of useful events, £ ~0.27 is the
oscillation amplitude of measured asymmetry of
polarization, and T is the measurement duration. In a

1000 s time interval with an initial detector rate of 5000
s™!, one would expect an error of the spin frequencies

Qe -Qcew  of 107 rad/sec. Taking into account the
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average accelerator beamtime of 6000 hours per year, we
can reach o, ~5-10 " rad/sec with one-year statistics.

Assuming that we can measure the spin frequencies
Qew,Qccy Wwith such an accuracy, we will be able to

determine the EDM signal
QEDM = (QCW + QCCW)/Z + (Q%}?W —QgZV)/Z at the level
of 1027 +10% e-cm. The lacking one orders of

magnitude can be obtained by the time modulation of the
“diamond pellets” target (frequency of following
diamonds) and higher detector rate [16]. It would allow
having bigger number of useful events in the interval
when the polarization asymmetry changes faster and
having the smaller statistic errors. Thus, such an approach
looks promising.

However, we need to be sure that when the sign of the
driven magnetic field B, for the CW-CCW is changed,

the magnetic field component B, is restored with the

required relative precision of not lower than 107'°.
Therefore, we suggest calibrating the field in the magnets
using the relation between the beam energy and the spin
precession frequency in the horizontal plane, that is,
determined by the vertical component B, . Since the

magnet orientation remains unchanged, and the magnets
are fed from one power supply, the calibration of B, will

restore the component B, with the same relative

accuracy 107'°, which applies to the  difference

ngW —ng as well.
the calibration in the horizontal plane does not involve the
EDM signal. Thus, this calibration will allow using one-
year statistics with a limit of EDM on the level up to 10?7
+102® e-cm. Figure 5 shows the results of a numerical
simulation of the EDM measurement procedure. We

Besides, we should mention that

purposely took the initial EDM value 10" when
Qgpyr = 0.1rad/sec in order to reduce the duration of the

simulation. Then, following the above described
procedure, we have “measured” EDM and got EDM=

102", Thus, we have proved the method of EDM
measurement.

8

%10
4.74
_ n=0
s spin tune = 4.707 . 10°%
% g 472 e g?
z 2 spin tune = 4.754 . 109 Ll
=4
3 Q47 oS = 4T
E _spln ture = -4 661 . 10°%
<
4.68
4.66 T T
0 2 4 3] 8 10

Turns x10°

Figure 5: Results of numerical simulation of EDM
measurement.

Nevertheless, the fundamental question of how to
calibrate the field By using the spin tune measurement in a

ISBN 978-3-95450-181-6
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horizontal plane, if due to misalignments the spin rotates
in the vertical plane with the relatively high frequency of
Qp,~10 rad/sec, remains. To solve this problem, we plan

for the calibration mode only to introduce the inhibitory
vertical field, for example by means of a horizontal coil.
Having inhibited rotation in the vertical plane to the
reasonable value of Qp, ~0.1 rad/sec and calibrated, we

turn off the coil. In this case, we do not need to know the
value of the field in the coil.

Up to this point, we have discussed only how to
calibrate the magnetic field. But our ring consists of
magnetic and electrical elements. Here we rely on the fact
that calibrating the magnetic field and taking into account
that the electric polarity is not changed and the unique
connection of the magnetic field with the electric field for
each energy value, we calibrate the electric field as well.

We have to mention that the idea of measuring EDM
by introducing a horizontal coil with magnetic field and
measuring the spin precession in the vertical plane has
been proposed in the wheel concept by 1. Koop [17], but it
differs from the method considered here. The wheel
method uses a special horizontal coil, assuming
calibration of the field in the coil by splitting of CW and
CCW trajectories and measuring the distance between the
separated beams. Besides, in the wheel concept, the issue
with the change of field direction in presence of
misalignments remained to be unresolved.

Finally, let us consider the case where systematic
errors arise due to magnet rotation around the transverse
axis, and we get the longitudinal component B, #0. The
longitudinal component is not mixed with the EDM signal
directly, but it can transform by spin decoherence from
the horizontal plane into the vertical plane where we
expect an EDM signal. Now, let us suppose that we do not
have the systematic errors B,=0 in vertical plane, but
B,#0. The solution of the T-BMT equations with initial
condition S, =0, §,=0,8,=1, Q=0 at condition

Q. =Qpg,, Q, = 0+ A yeeon and Qp << Ky o 18:

. Q.
S () =8N Qs S, (1) = =L [1- c0S Qyeupt]. (6)
decoh

How to see the fake signal depends on the ratio between
(Qecon) and Q. . Therefore, the only way is to minimize

the longitudinal component of the magnetic field with
Q. ~107 rad/turn, using additional trim coils with the
longitudinal magnetic field.

CONCLUSION

In the paper, we analyzed the frozen and quasi-frozen
spin structures, taking into account the effect of spin
decoherence and systematic errors. It has been shown
how you can measure the EDM in an imperfect ring using
achieved the experimental results of spin tune
measurement and the beam polarization lifetime of 1000
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sec. In the proposed conception we use: the calibration
energy in horizontal plane and measurement in vertical
plane, the invariability of ratio B, to B, after change of

polarity in all elements. These estimates show that the
lower limit of detection of presumably existing EDM can
be as low as ~1027 +102% e-cm.
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THE EUROPEAN XFEL — STATUS AND COMMISSIONING*

H. Weise, Deutsches Elektronen-Synchrotron, Hamburg, Germany
on behalf of the European XFEL Accelerator Consortium

Abstract

The European XFEL under construction in Hamburg,
Northern Germany, aims at producing X-rays in the range
from 260 eV up to 24 keV out of three undulators that can
be operated simultaneously with up to 27,000 pulses per
second. The FEL is driven by a 17.5 GeV superconducting
linac. Installation of this linac is now finished and com-
missioning is next. First lasing is expected for spring 2017.
The paper summarizes the status of the project. First results
of the injector commissioning are given.

INTRODUCTION

The accelerator complex of the European XFEL [1] is
being constructed by an international consortium under the
leadership of DESY. Seventeen European research insti-
tutes contribute to the accelerator complex and to the com-
prehensive infrastructure. Major contributions are coming
from Russian institutes. DESY coordinates the European
XFEL Accelerator Consortium but also contributes with
many accelerator components, and the technical equipment
of buildings, with its associated general infrastructure.
With the finishing of the accelerator installation, the com-
missioning phase is now starting, with cool down of the
main linac scheduled for end of November 2016.

LAYOUT OF THE EUROPEAN XFEL

In the following the overall layout of the European
XFEL is given with emphasis on the different sections of
the accelerator complex.

Introduction to the Accelerator

The European XFEL with its total facility length of 3.4
km follows the established layout of high performance sin-
gle pass Self-Amplified Spontaneous Emission (SASE)
FELs. A high bunch charge, low emittance electron gun is
followed by some first acceleration to typically 100 MeV.
In the following, magnetic chicanes help to compress the
bunch and therefore increase the peak current. This hap-
pens at different energies to take care of beam dynamic ef-
fects which would deteriorate the bunch emittance in case
of'too early compression at too low energies. Thus the linac
is separated by several of such chicanes. The European
XFEL main linac accelerates the beam in three sections,
following the first acceleration in the injector.

Injector

The injector design of the European XFEL is visibly af-
fected by the need of long bunch trains which are required
for the efficient use of superconducting linac technology.

* Work supported by the respective funding agencies of the contributing
institutes; for details please see http:www.xfel.eu

Synchrotron radiation sources and free electron lasers

Like many other FELs it starts with a normal-conducting
1.6 cell radio frequency (RF) electron gun but here the
source has to deliver 600 ps long trains i.e. the rf-on time
is equivalently long, and not just some few ps. The pro-
duced 6 MeV electron beam is almost immediately injected
into the first superconducting accelerator section which al-
lows efficient acceleration of bunch trains. This first linac
section consists of a standard eight cavity XFEL module,
followed by a harmonic 3.9 GHz module. The latter is
needed to manipulate the longitudinal beam profile to-
gether with the later bunch compression in magnetic chi-
canes. Beam diagnostics is used to verify the electron beam
quality at energy of about 130 MeV. The in total 50 m long
injector installation ends with a beam dump being able to
take the full beam power.

The injector of the European XFEL was commissioned
and operated during the installation period of the main
linac sections. First beam was accelerated in 12/2015. At
the end of the injector, 600 us long electron bunch trains of
typ. 500 pC bunches are available with measured projected
emittances of 1 to 1.5 mm mrad. Most relevant for the FEL
process is the slice emittance which was found to be of the
order of 0.5 mm mrad for 500 pC.

The next section downstream of the injector is a warm
beam line including a so-called dogleg and the first bunch
compressor, for historical reasons named BCO. The dogleg
takes care of the vertical offset between the injector tunnel
and the main linac tunnel.

Compression in all bunch compressors is reached by cre-
ating different path lengths in a four dipole magnet chicane.
Electrons with slightly lower beam energy are deflected
stronger and thus pass the chicane on an ‘outward curve’.
The acceleration in the injector section is done slightly oftf-
crest, i.e. the energy of the leading electrons in the bunch
is intentionally lower. The above mentioned 3.9 GHz har-
monic system helps to get the proper energy modulation
along the bunch. Since all electrons have essentially the
same speed, the leading ones travel slightly longer, and the
bunch is compressed.

The XFEL bunch compressor BCO does a first slight
compression by roughly a factor 2. The bunches ready for
further acceleration reach 1 mm length, approx. 100 A peak
current, with an energy spread of 1.5% at 130 MeV beam
energy.

At present the European XFEL uses the lower of two in-
jector tunnels. The second one was originally built to install
a copy of the first injector — availability depending on reli-
able injector operation was the issue. Meanwhile it seems
to be more adequate to aim for a different injector favoring
longer pulse or even continuous wave (CW) operation.
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The First Linac Section L1

The first section of the main linac consists of four super-
conducting (s.c.) XFEL accelerator modules operated at
1.3 GHz. Since each module houses eight approx. 1 m long
s.c. structures, and since the required energy increase is 470
MeV only — the bunch compression scheme asks for ap-
prox. 600 MeV at BC1 -, the accelerating gradient in the
first linac section is very moderate and very well below the
XFEL design gradient of 23.6 MV/m. In fact, the failure of
some few cavities could be easily compensated. With re-
spect to the rf operation, the first four modules are repre-
senting a standard XFEL unit since all four are connected
to one single 10 MW multi-beam klystron [5]. While the
injector klystrons are located outside the accelerator tun-
nel, the configuration of this first RF power station is iden-
tical to all other downstream stations: the modulator is in-
stalled outside the tunnel, the pulse transformer and the
klystron with its waveguide distribution is located below
the accelerator modules (see also Fig 1). Special care is
taken to improve the availability of the first linac section.
The low-level rf control, installed in shielded compart-
ments next to the klystron, is duplicated with the possibility
to switch between the two systems without tunnel access.

Bunch Compression in BC1

The next section, starting at approx. 100 m deep in the
main linac tunnel (called XTL), is the bunch compression
chicane BC1.

The BC section needs four dipole magnets, further fo-
cusing elements, and beam diagnostics. Since this warm
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Figure 1: Wide angle photography showing some few meters of the in total almost 1 kilometer long superconducting linac
of the European XFEL. The yellow accelerator module (length 12.2 m) is suspended from the ceiling. It houses eight
superconducting structures. All installed 96 main linac modules are the result of a strong collaborative effort. Subcompo-
nents were contributed by different partners, assembly [2, 3] was done at Saclay, France, and final cold testing [4] was
carried out in the accelerator module test facility at DESY, Hamburg.

beam line section is close to the preceding as well as to the
succeeding cold linac section, particle free preparation of
ultra-high vacuum systems is essential. Here the work
started already during the design phase of all respective
beamline components. Cleaning methods had to be consid-
ered early on, and movable parts are to be avoided wher-
ever possible. In consequence, the chicane vacuum cham-
bers are wide and flat (in the vertical plane), changing the
compression factor by shifting the beam to different paths
does not require mechanically moving the vacuum cham-
bers. Here the European XFEL design differs from normal
conducting linac designs which are usually less restrictive
with respect to particle cleanliness.

The Second Linac Section L2

The BC1 compressor is followed by a twelve accelerator
module section (called L2). This altogether 150 m long su-
perconducting linac is supposed to increase the electron
beam energy to 2.4 GeV. The required average gradient is
with 18.75 MV/m still moderate. Also here a conservative
design gradient was chosen. On the other hand, the instal-
lation of intentionally high performance modules — accel-
erating gradients around 30 MV/m were reached in many
module tests — can be and in fact was done to again increase
the availability of a beam with sufficiently high energy,
here at bunch compressor BC2. Also an energy increase at
BC2 during parameter optimization becomes possible.
From the rf station point of view the linac section L2 con-
sists of three identical rf stations with pulse transformer
and klystron every 50 m. Cryogenic-wise L2 forms a stand-
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ard unit. Altogether 12 modules are connected to one cry-
ogenic string, i.e. one long cryostat without intermediate
separation valves. All linac sections have a cryogenic feed-
and end-box, both connecting to the cryogenic bunch com-
pressor bypass lines linking the different linac sections.

Final Bunch Compression in BC2

Downstream of L2 the last bunch compressor BC2 is in-
stalled which basically repeats the functionality of BCI1,
here with the goal to produce the final electron bunch
length required for lasing. A bunch length of 0.02 mm cor-
responding with 5 kA peak current, with a relative energy
spread of 0.3% at 2.4 GeV beam energy will be reached.
The section includes a transverse deflecting system as an
essential beam diagnostic device. Single bunches are
picked and deflected transversely which converts the short
bunch length into a corresponding transverse beam size
which then can be measured.

The Main Linac Section L3

Downstream of BC2 the linac L3 starts with a design
length of more than 1 km. The actually installed length in-
cluding the cryogenic string connection and end boxes is
984 m. Taking into account all installed main linac accel-
erator modules — four in L1, twelve in L2, and 80 in L3 —
the achievable electron beam energy is above the European
XFEL design energy of 17.5 GeV. The exact number will
depend on the optimization of the LLRF control, and here
especially on the regulation reserve needed as a function of
the electron beam current.

The main linac ends after 96 accelerating modules,
which corresponds to 9 cryogenic strings, or 24 RF sta-
tions. The shortening by four accelerating modules was due
to beam line vacuum leaks in two modules which could not
be repaired in a timely manner. A third module suffers from
a small leak in one of the cryogenic process lines. Thus one
rf station equivalent to four modules was left out which was
legitimated by the excellent performance of many acceler-
ator modules. A temporary transport beam line was in-
stalled which then is followed by some further transport
and a collimation beam line protecting the downstream un-
dulator beam lines from beam-halo and mis-steered beams
in case of linac problems.

Beam Transport, Collimation and Distribution
to the Different Undulators

Downstream of the linac the electron beam line is also
supported from the ceiling, over a length of 600 m. This
keeps the tunnel floor free for transports and installation of
electronics. Especially at the end of the 5.4 m diameter tun-
nel, where 3 beamlines (to SASE 1 & 3, SASE 2 and into
the linac dump) run in parallel, installation and mainte-
nance of the components posed a considerable challenge.
During accelerator operation the electrons are distributed
with a fast rising flat-top strip-line kicker into one of the
two electron beam lines. Another kicker system is capable
of deflecting single bunches in a dump beam line. This al-
lows for a free choice of the bunch pattern in each beam
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line even with the linac operating with constant beam load-
ing.

All undulators and photon beamlines are located in a fan-
like tunnel. Figure 2 shows the arrangement of two hard x-
ray undulators (SASE 1 und SASE 2), and a soft x-ray un-
dulator (SASE 3) installed downstream of SASE 1. Each
undulator provides x-ray photon beams for two different
experiments. The time structure of the photon beams re-
flects the electron bunch pattern in the accelerated bunch
trains, affected by the kicker systems.

(== clectron tunnel € electron switch HED

[Emmm==3 photon tunnel ® electron bend MID
1NN undulator 1 electron dump
o‘
SASE 2 ‘
=0 ®)

— ‘\m\m\u\mu,
FXE
n . SPB

iy,
LINAC SASE 1 LS 1
SASE 3 = sas

Figure 2: arrangement of two hard x-ray undulators
(SASE 1und SASE 2), and a soft x-ray undulator  (SASE
3) installed downstream of SASE 1.

The fan-shaped tunnel system houses two electron beam
dumps. Here the electrons are stopped after separation
from the photon beams. Each dump can handle up to 300
kW beam power. An identical beam dump is located further
upstream, at the end of the main linac tunnel (not shown in
Fig. 2). Thus accelerator commissioning and also beam op-
eration is possible while installation or maintenance work
in the undulator and photon beam tunnels is ongoing. All
five photon beam tunnels end at the experimental hall. Dur-
ing initial operation two experiments each are set up at
three beamlines.

OVERVIEW ABOUT ACCELERATOR IN-
KIND CONTRIBUTIONS

As described above the European XFEL project benefits
from in-kind contributions provided by many partners. In
the following an overview is given which allows under-
standing the responsibilities within the project. The de-
scription essentially follows the project structure, i.e. con-
tributions to the superconducting linac are listed first, fol-
lowed by assignments related to the other sections of the
accelerator complex. Infrastructure tasks are described
also.

Cold Linac Contributions

Building the worldwide largest superconducting linac
was only possible in collaboration. Sufficiently developed
SRF expertise was required. Major key-player already
working together in the TESLA linear collider R&D phase
joined the European XFEL in an early phase. During the
XFEL construction phase DESY had several roles. The ac-
celerator complex including the superconducting linac re-
quired coordination. At the same time large in-kind contri-
butions in the field of SRF technology were contributed.
Work packages contributing to the cold linac are in all
cases co-led by a DESY expert and a team leader from the
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respective contributing institute. Integration into the linac
installation and infrastructure was another task. The com-
missioning and operation of the accelerator complex is del-
egated to DESY.

The accelerator of the European XFEL is assembled out
of superconducting accelerator modules being contributed
by DESY (Germany), CEA Saclay, LAL Orsay (France),
INFN Milano (Italy), IPJ Swierk, Soltan Institute (Poland),
CIEMAT (Spain) and BINP, Russia. The overall design of
a standard XFEL module was developed in the frame of
TESLA linear collider R&D. Final modifications were
done for the required large scale industrial production. Fur-
ther details about the contributions to the superconducting
accelerator modules can be found in [3].

Contributions to the Cold Linac Infrastructure

The operation of the superconducting accelerator mod-
ules requires the extensive use of dedicated infrastructure.
DESY provided the RF high power system which includes
klystrons, pulse transformers, connection modules and
matching networks, high voltage pulse modulators, pream-
plifiers, power supplies, RF interlocks, RF cables, and
waveguide systems. During the design & development
phase, the used 10 MW multi-beam klystrons were devel-
oped together with industrial partners. In total 27 klystrons
were finally ordered at two vendors. Pulse transformers
were procured as one batch from one company. The mod-
ules connecting klystron and pulse transformer were devel-
oped and built in collaboration with BINP Novosibirsk.
Each klystron supplies RF power for 32 superconducting
structures, 1i.e. four accelerator modules. The used wave-
guide system takes care of a sophisticated rf power match-
ing [6]. The from module tests known individual accelerat-
ing gradients are considered for a special tailoring of the
distribution system. In order to optimize the rf control, both
outputs of the multi-beam klystron deliver roughly the
same power which is realized by a sorting of the accelera-
tor modules before tunnel installation.

The Low Level RF System (LLRF) controlling the ac-
celerating RF fields of the superconducting modules is an-
other major DESY contribution. Precision regulation of the
RF fields inside the accelerating cavities is essential to pro-
vide a highly reproducible and stable electron beam. RF
field regulation is done by measuring the stored electro-
magnetic field inside the cavities. This information is fur-
ther processed by the feedback controller to modulate the
driving RF source. Detection and real-time processing are
performed using most recent field programmable gate ar-
ray (FPGA) techniques. Performance increase demands a
powerful and fast digital system, which was found with the
Micro Telecommunications Computing Architecture (Mi-
croTCA.4). Fast data transfer and processing is done by
FPGAs within one crate, controlled by a CPU. In addition
to the MicroTCA .4 system, the LLRF comprises external
supporting modules also requiring control and monitoring
software. During the XFEL construction phase DESY was
operating the Free Electron Laser (FLASH), which is a user
facility of the same type as the European XFEL but at a
significantly lower maximum electron energy of 1.2 GeV.
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The LLRF system for FLASH is equal to the one of Euro-
pean XFEL, which allowed for testing, developing and per-
formance benchmarking in advance of the European XFEL
commissioning [7].

BINP Novosibirsk produced and delivered major cryo-
genic equipment for the linac such as valve boxes and
transfer lines. The cryogenic plant itself was an in-kind
contribution of DESY.

Contributions to the Warm Linac Sections

The largest visible contributions to the warm beam line
sections are the over 700 beam transport magnets and the
3 km vacuum system in the different sections. While most
of the magnets were delivered by the Efremov Institute, St.
Petersburg, a smaller fraction was built by BINP Novosi-
birsk. Many meters of beamline, be it simple straight cham-
bers or the quite sophisticated flat bunch compressor cham-
bers, were also fabricated by BINP Novosibirsk. DESY
took care of a careful incoming inspection, whenever nec-
essary including particle cleaning.

State of the art electron beam diagnostics is of essential
importance for the success of an FEL. Thus 64 screens and
12 wire scanner stations, 460 beam position monitors of
eight different types, 36 toroids and 6 dark-current moni-
tors are distributed along the accelerator. Longitudinal
bunch properties are measured by bunch compression
monitors, beam arrival monitors, electro-optical devices
and most notable transverse deflecting systems. Production
of the sensors and read-out electronics is basically finished.
Prototypes of all devices have been tested at FLASH. BPM
electronics was developed by the Paul-Scherrer-Institut,
Villigen and showed, together with the DESY built pick-
ups, performance exceeding the specifications [8, 9].

ACCELERATOR STATUS AT THE START
OF COMMISSIONING

As of fall 2016 the installation work in the main acceler-
ator tunnel will be finished. All linac sections but the last
cryogenic strings (8 accelerator modules) will be ready for
cold commissioning. The complete linac will be cooled
down to operating temperature. The last cryogenic string
(CS) requires final actions like finishing the waveguide
systems, commissioning of the technical interlock system
or for some few components even finishing of signal cables
installation. The respective work will be done during
maintenance access.

Cold Linac Status

Installation of in total 96 main linac accelerator modules
was finished in 9/2016. The original plan to get one module
per week ready for tunnel installation was basically ful-
filled. Modules assembled at CEA Saclay came to DESY
and were tested. Test results were used to define the rf
power distribution, which was then realized by a proper tai-
loring of the waveguide system (see above). Sorting of
modules helped to find an optimum in the grouping of for
modules each connected to one multi-beam klystron. Fi-
nally some prognosis with respect to the achievable linac
energy can be made. Neglecting the working points of the
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bunch compressors, and only looking at the accelerator
modules’ usable gradients as determined during the cold
test after arrival at DESY, the sum of all individual accel-
erator modules’ usable gradients is about 22 GeV. Respect-
ing the constraints of the possible rf power distribution
leads to a reduction to 21 GeV corresponding with an av-
erage gradient of 27.5 MV/m. The European XFEL linac
by far exceeds the design gradient of 23.6 MV/m. Details
are given in [4].

It is expected that during cold commissioning some ac-
celerator cavities or the respective associated systems (rf
power coupler, waveguide, LLRF) will show some unfore-
seen limitations. The European XFEL design included one
rf station (i.e. four modules) as spare. Thus it is correct to
conservatively state that the designed 17.5 GeV final en-
ergy can be safely reached. The excess in energy will give
a higher availability.

The nominal working point of BC2 is 2.4 GeV, while
the at present highest possible working point is 3.3 GeV,
which would bring the final energy to about 19.5 GeV, as-
suming all systems in operation and close to their limit.

Completing the picture of the accelerator module perfor-
mance it can be stated:

e In order to make 808 superconducting cavities availa-
ble for 101 accelerator modules less than 1% extras
were required. This based on indispensable quality
measures in the full production chain [10].

e Although many accelerator modules needed correc-
tion of non-conformities (component or assembly re-
lated), discovered either during assembly or even
later during test at DESY, at the end only three mod-
ules were not ready for installation in time. Neverthe-
less, sufficient expertise was required at all partner la-
boratories.

e Most challenging for the cold linac team was the
availability of the rf power couplers. Quality issues
often but not exclusively related to the copper plating
of stainless steel parts, and the resulting schedule chal-
lenges were faced. The experienced supply chain risk
required a lot of flexibility and willingness to find cor-
rective measures.

Other Sections of the Accelerator Complex

The installation of all beamline sections from the injec-
tor to the end of the main linac tunnel XTL will be finished
at the time of linac cool-down. Beam transport to the linac
commissioning dump after 2.1 km will be possible.

After the linac almost 3 km of electron beam lines dis-
tribute the beam through the SASE undulators to the three
different beam dumps. In the northern branch, housing the
SASE1 and SASE3 undulators, most of the beamline sec-
tions are ready. All undulators are in place. During the last
quarter of 2016 the northern branch of tunnels will be com-
pleted. The southern branch, housing SASE 2, is scheduled
for Q1/2017.
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CONCLUSION

The installation of the European XFEL accelerator com-
plex comes to an end. While the linac sections are finished
and cooldown / commissioning is next, the remaining beam
line sections will be finalized in the next months. First las-
ing in the SASE 1 undulator is expected for spring 2017,
about 6 month after start of the linac cool-down
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Abstract

High-power free electron laser (FEL) facility NovoFEL
has been created at Budker INP. Its wavelength can be
tuned over a wide range in terahertz and infrared
spectrum regions. As a source of electron bunches this
FEL uses multi-turn energy recovery linac which has five
straight sections. Three sections are used for three FELs
which operate in different wavelength ranges (the first
one - 90-240 microns, the second - 37-80 microns and the
third - 5-20 microns). The first and the second FELs were
commissioned in 2003 and 2009 respectively. They
operate for users now. The third FEL is installed on forth
accelerator track which is the last one and electron energy
is maximal here. It comprises three undulator sections and
40 m optical cavity. The first lasing of this FEL was
obtained in summer, 2015. The radiation wavelength was
9 microns and average power was about 100 watts. The
designed power is 1 kilowatt at repetition rate 3.75 MHz.
Radiation of third FEL has been delivered to user stations
recently. The third FEL commissioning results as well as
current status of the first and second FELs and future
development prospects are presented.

OVERVIEW OF THE NOVOSIBIRSK FEL
FACILITY

Accelerator and Two Old FELs

The Novosibirsk FEL facility [1] includes three FELs.
All the FELs use the electron beam of the same electron
accelerator. It is a multi-turn energy recovery linac (ERL).
A simplified scheme of the four-turn ERL is shown in Fig.
1. Starting from low-energy injector 1, electrons pass four
times through accelerating radiofrequency (RF) structure
2. After that they loose part of their energy in FEL
undulator 4. The used electron beam is decelerated in the
same RF structure, and low-energy electrons are absorbed
in beam dump 5.

The Novosibirsk ERL has three modes, one mode for
operation of one of the three FELs. The first FEL is
installed under the accelerating (RF) structure (see Figs. 2
and 3). Therefore, after the first passage through the RF
structure, the electron beam with an energy of 11 MeV is
turned by 180 degrees in the vertical plane. After the use
in the FEL, the beam returns to the RF structure in the
decelerating phase. In this mode, the ERL operates as a
single-orbit linac.

3 —H

3

l<{ )

JARWARWAN B

Figure 1: Simplest multi-turn ERL scheme: 1 — injector, 2 — linac, 3 — bending magnets, 4 — undulator, 5 — dump.
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Figure 2: The Novosibirsk ERL with three FELs (top view).

The first FEL has been in operation since 2003 [2]. It
provides a narrow-band (less than 1%) terahertz radiation
in the wavelength range of 80 — 240 pum at an average
power of up to 0.5 kW and a peak power of up to 1 MW
( 100-ps pulses at a repetition rate of 5.6 MHz). About 30
user research projects in different fields of science were
carried out at the facility in recent years, see e.g. [3 — 8].

For operation with the second and third FELs, two
round magnets (a spreader and a recombiner) are
switched on. They bend the beam in the horizontal plane,
as shown in Fig. 2. After four passes through the RF
accelerating structure, the electron beam is in the

2nd stage FEL
undulator

a'

1ststage FEL -
undulator *

&

Figure 3: Accelerator hall.

Synchrotron radiation sources and free electron lasers

undulator of the third FEL. The used beam is decelerated
four times and goes to the beam dump.

If four magnets on the second track (see Fig. 2) are
switched on, the beam with an energy of 20 MeV passes
through the second FEL. It generates a narrow-band (less
than 1%) far infrared radiation in the wavelength range of
40 — 80 pum at an average power of up to 0.5 kW and a
peak power of up to 1 MW (50-ps pulses at a repetition
rate of 7.5 MHz). We plan to consider an option of using
a new type of variable-period undulator at this FEL [9]. It
will allow us to expand significantly the wavelength
tuning range.

ISBN 978-3-95450-181-6
17



TUXMHO02

Proceedings of RuPAC2016, St. Petersburg, Russia

Figure 4: Optical beamline for FELs. Radiation of all FELs is delivered to the same user stations. Switching between

FELs is done using retractable mirrors.

Unlike other ERLs [10, 11], the Novosibirsk one is the
world’s only multi-turn ERL.

A photo of arrangement of the accelerator hall with
accelerating RF cavities and the FELs is shown in Fig. 3.

The radiation of all the three FELs is directed to the
same nitrogen-filled beamline to the user stations. The
radiation combiner is shown in Fig. 4.

The Third FEL Design

The energy of electrons in the third FEL is about 42
MeV as the beam is accelerated four times. The undulator
of the FEL is installed on the fourth track, as shown in
Fig. 5 and Fig. 6. The whole undulator is composed of
three 28-period sections. Each of them is a permanent
magnet undulator with a period of 6 cm and a variable

Beam dump

gap. Now the section in the middle is used for phasing of
the two other sections.

The wavelength range of this FEL will be 5-20 um.

The optical cavity of this FEL is about 40 m long. It is
composed of two copper mirrors. The radiation is out-
coupled through the holes in the mirror center. We can
also implement an electron out-coupling scheme here [12]
(see Fig. 7), and we are going to try it in future. In this
scheme, the beam is bunched in the first undulator and
then the achromatic bend slightly deflects it in the
transverse direction, so that its radiation in the second
undulator goes off the axis and past the front mirror. It
should be noted that this scheme is advantageous only
with high power radiation. Usually, the users do not need
much power and the out-coupling through the holes is
much simpler.

Injector

FEL
radiation

~40m

Figure 5: The third stage ERL with FEL undulators and optical cavity.
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COMMISSIONING OF THE THIRD FEL -
CHALLENGES, FIRST EXPERIMENTS
AND FUTURE PROSPECTS

The commissioning of the third stage FEL would be
impossible without solutions to some physical and
technical problems. The first task was attaining high
recovery efficiency in the multi-turn ERL. Without it, the
quite high bunch repetition rate, which is required for
lasing, would be impossible. Adjustment of the ERL
lattice made it possible to decrease the beam losses down
to 10 %. As a result, an average current of 3.2 mA was
achieved. It should be noted that the commissioning of
this ERL was a challenge itself as being accelerated and
decelerated bunches use the same tracks. The experience
attained here can be used in design of future ERL-based
facilities [13].

Alignment of the 40-m optical cavity was another
problem. The distance between the mirrors had to be
adjusted with accuracy better than 0.3 mm. It was also
necessary to align the beam trajectory in the undulator

]

Figure 6: The third stage ERL with FEL undulators.

with submillimeter accuracy. When all the requirements
were fulfilled, the lasing became a simple task.

The first experiment with the FEL radiation included
measurement of the radiation power and wavelength. The
maximum power was 100 W at a wavelength of about 9
pum. When we had installed remote control units for the
undulator gap and delivered the FEL radiation to the
existing user stations, the first user shift took place on the
third FEL. The first use of this FEL radiation was done
recently in experiments of our colleagues from the
International Tomography Center (ITC SB RAS). They
studied the influence of intense IR radiation on the spin
state of a photoswitchable magnetoactive compound
based on copper ions and nitroxide radicals. The spin state
of the complex was controlled by EPR spectroscopy, the
EPR spectra before and after IR excitation being
compared. The obtained results are quite interesting, but
they require further investigations. In these experiments
we swept the IR-light wavelength in the range from 8.5 to
9.6 um.

Undulator 3
Undulator 2 ower limitation
: (eneLrJgnyer;li?Jlgtion)— (radiation) ©

B1 Qi

Q2 B2

Figure 7: Electron out-coupling scheme.
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Future experiments at the third stage FEL will include
study of selective photochemical reactions, infrared laser
catalysis and separation of isotopes. In the nearest future,
we are also going to improve the x-ray and neutron
radiation shielding, decrease beam losses, increase the
average current and the DC gun voltage, improve the
beam quality in the injector, and optimize the electron
efficiency of the FEL. The regular user shifts at the first
stage FEL will be also continued.
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PLANAR SUPERCONDUCTING UNDULATOR WITH NEUTRAL POLES

N.A. Mezentsev, S.V. Khruschev, V.A. Shkaruba, V.M. Syrovatin, V.M. Tsukanov,
Budker Insitute of Nuclear Physics, Novosibirsk, Russia

Abstract

Superconducting undulator with use of neutral poles
was proposed in Budker INP. Period of the undulator is
15.6 mm. Pole gap and magnetic field are equal to 8§ mm
and 1.2 T correspondingly. A prototype of the undulator
with 15 periods was fabricated and successfully tested.
Calculations, design and test results of the prototype in
the report are presented. The cryogenic and vacuum
system of the undulator are discussed.

INTRODUCTION

The development and creation of new magnetic structures
for bright synchrotron radiation sources, the emittance of
which is close to the diffraction limit, makes high
demands on the creation of an adequate generators
radiation , such as short period undulators with minimal
phase error. Creation of this type of an undulator with a
short period, with undulator strength parameter K~2 and
with phase error <3° gives the opportunity to work on
high  harmonics. Widespread currently received
undulators based on permanent magnets as radiation
sources in the centers of synchrotron radiation. Despite
the fact that there is progress in the production of new
materials for permanent magnets the use of magnets
based on superconductors has advantages in creating a
higher field with less period, and less the value of the
phase errors.

Several groups in the world [1-7] are busy the problem of
a superconducting undulator with short period and with
K~2. A variant of the arrangement of the windings in the
vertical plane — the "vertical racetrack" is commonly
under development.

In this paper we propose a variant of placing of the
windings in the horizontal plane — "horizontal racetrack",
which differs from the standard solutions used in the
superconducting wigglers [8].

MAGNET DESIGN

The transverse electromagnetic field in the undulator,
which are used for the generation of radiation, are created
by transverse currents in coils near an electron beam
orbit . The question of how these currents are closed is
minor and relates more to technological solutions from
the point of view of higher-quality fields with smaller
phase errors. The most widely spread method of closing
currents is the method of "vertical racetrack". In the
article the method of close of the currents for the
superconducting undulator is suggested as horizontal
racetrack (Fig. 1). A key element of the undulator is a
single magnetic pole (Fig. 2), consisting of a single
section coil wound on an iron core.

Synchrotron radiation sources and free electron lasers
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Figure 1: Schematic view of the location of poles and the
currents in them for an undulator with horizontal
racetrack coils: on the left the standard set of coils with
standard of currents closing (coils type of a wiggler), right
— set of coils with the neutral poles.

The period of the undulator is formed by magnetic pole
with superconducting coil (active pole) and neutral pole,
which is an iron core without windings. The undulator
magnet consists of two identical halves which are located
one above the other.

Figure 2: A separate pole is the basic element of the
superconducting undulator

All the windings of the upper and lower parts of the
magnet are connected in series with the same direction of
the currents. The dimensions of the neutral poles and the
active poles optimized with respect to the minimum of
undesirable components of the magnetic field in the
horizontal transverse region of £ 20 mm. When the
currents are applied, the magnetic fields of each part of
the magnet should be directed in opposite directions so
that if you align the two halves in the longitudinal
direction, in this case the transverse magnetic field should
be zero on the median plane of the magnet. To create the
transverse components of the magnetic field in the
undulator, it is necessary to shift the top and bottom of the
magnet on half period in the longitudinal direction (Fig.
3).

To check the possibility of the creation of this type of
undulator, a prototype undulator was designed,
manufactured and tested with 15 periods and period
length of 15.45 mm. The prototype was performed as
standard blocks containing five periods each, made of a
soft magnetic iron (Fig. 4). Separate active poles were
embedded in the grooves of these blocks. The role of the
neutral poles played a rib of iron blocks.
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Figure 3: Layout top and bottom halves of the undulator
to generate a transverse magnetic field.

The blocks were mounted on steel frames that made up
the upper and lower halves of the magnet of the undulator

(Fig. 5).

Figure 4: 3D model (left) and photograph (right) of a
block of 5 periods.

TEST RESULTS OF THE PROTOTYPE
UNDULATOR

The prototype of superconducting undulator with the
period of 1545 mm is designed, fabricated and
successfully tested in BINP. Windings type of the
prototype are made as horizontal racetrack. Pole gap - 8
mm, number of the periods 15, maximal field was
achieved 1.2 T. The superconducting NbTi/Cu wire with
diameter of 0.5/0.55 mm was used for production of
single-section windings. The maximum current 500 A
that corresponds to a magnetic field of ~1.2 T in the
median plane. Cooling of undulator is proposed to use of
cryocoolers with heat tubes and materials with high heat
conductivity.

Figure 5: Photo of the halves of the magnet of the
prototype undulator before final assembly.

MAGNETIC MEASUREMENTS

Testing of the prototype undulator was carried out in a
bath cryostat at liquid helium temperature. The cryostat is
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equipped with a scanning system that has the ability to
scan the magnetic field in the longitudinal direction by
means of Hall sensors. Quench training of the undulator
magnet has shown that the magnet quickly goes on the
calculated field that was calculated based on the
properties of superconducting wire (Fig. 6).

|—=— Magnetic field

1.18 = =

1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Quench number

Figure 6: Quench history of the undulator prototype
inside vacuum cryostat with indirect cooling system

The distribution of magnetic field along the prototype
undulator was carried out in a bath cryostat using a
carriage with five Hall sensors. The measurement results
showed that the longitudinal field distribution
corresponds to a calculated field excluding ends of the
prototype for which was not provided special conditions
for obtaining the zero field integrals in the longitudinal
direction.(Fig. 7)
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Figure 7: Longitudinal scan of the prototype undulator
magnetic field with the Hall probe.

However, testing revealed some negative effects of this
design. Magnetic field components as a skew quadrupole
and skew octupole are presented in the median plane,
which significantly worsen the first field integral of
horizontal field for the transverse horizontal displacement
of the orbit. To compensate for the skew quadrupole it is
necessary to make a correct relation between the
transverse dimensions of the iron cores of active and
neutral poles. Figure 8 shows the relationship between the
widths of the active and neutral poles for zero gradient of
the skew quadrupole in the case that the poles are made of
iron with a saturation field of 2 T.

When the width of the active pole of 150 mm the width
of the neutral pole should be in range of 85-89 mm for
compensation of skew quadrupole gradient in order to
meet the requirement of field uniformity in the magnet for
horizontal displacement of £6 mm..
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Figure 8: Width of neutral pole versus width of active
pole for compensation of skew quadrupole field
component in the undulator.

In order to extend the horizontal region, where the
horizontal magnetic field does not exceed 10 T, up to
+20 mm, it is required the use of special compensating
windings, located at the top and bottom parts of the
undulator magnet.

CRYOGENIC AND VACUUM SYSTEM

An indirect cooling system with use of nitrogen heat-
pipe for primary cooling of the magnet and closed loop
system with helium for cooling and maintaining low
temperature of the magnet are assumed. For efficient
cooling of the magnet support elements of the magnet is
made of durable aluminum alloy. The cryostat is equipped
with four 2-stage cryocoolers to maintain the 3
temperature levels: 4 K- temperature of the magnet, 10-
20 K is the temperature of the vacuum chamber and 40-70
K — temperature of a thermal shielding [4]. The beam
vacuum chamber has an internal size 6x60 mm and it is
made of aluminum alloy. The temperature of the vacuum
chamber is keeping 2 cryocoolers at level of 10-20 K.
Vacuum chamber is placed between the two halves of the
magnet undulator with a gap of 0.5 mm by means of
adjustable mounting fixtures rigidly attached to the
magnet with use of low heat conductive materials.

CONCLUSION

e The test results and the further calculations of the
magnetic system of superconducting undulator with
individual magnets and the neutral poles (horizontal
racetrack) demonstrated the possibility of creating a
system which has advantages compared to similar
systems used vertical winding racetrack;

e 1o restrictions on the length of the magnet;

e the ability to minimize phase errors at the expense of
making a more accurate winding;

e all poles are individually produced in mass
production, which improves their precision
manufacturing, to carry out selection on identity and
individual test at the maximum field.
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CW 100 mA ELECTRON RF GUN FOR NOVOSIBIRSK ERL FEL

V. Volkov”, V. Arbuzov, E. Kenzhebulatov, E. Kolobanov, A. Kondakov, E. Kozyrev, S. Krutikhin,
I. Kuptsov, G. Kurkin, S. Motygin, A. Murasev, V. Ovchar, V.M. Petrov, A. Pilan, V. Repkov,
M. Scheglov, I. Sedlyarov, S. Serednyakov, O. Shevchenko, S. Tararyshkin, A. Tribendis,

N. Vinokurov, BINP SB RAS, Novosibirsk, Russia

Abstract

Continuous wave (CW) 100 mA electron rf gun for
injecting the high-quality 300-400 keV electron beam in
Novosibirsk Energy Recovery Linac (ERL) and driving
Free Electron Laser (FEL) was developed, built, and
commissioned at BINP SB RAS. The RF gun consists of
normal conducting 90 MHz rf cavity with a gridded
thermionic cathode unit. Bench tests of rf gun is
confirmed good results in strict accordance with our
numerical calculations. The gun was tested up to the
design specifications at a test bench that includes a
diagnostics beam line. The rf gun stand testing showed
reliable work, unpretentious for vacuum conditions and
stable in long-term operation. The design features of
different components of the rf gun are presented.
Preparation and commissioning experience is discussed.
The beam test results are summarized.

INTRODUCTION

Recent projects of advanced sources of electromagnetic
radiation [1] are based on the new class of electron
accelerators where the beam current is not limited by the
power of rf system — energy recovery linacs (ERLs). Such
accelerators require electron guns operating in continuous
wave (cw) mode with high enough average current. The
only solution is an rf gun, where the cathode is installed
inside the rf cavity. The advantages of the rf guns are
higher accelerating field, which is desirable to obtain low
beam emittance. It has no problem with degradation of the
cathode due to poor vacuum in the gun. The considered rf
gun if it be used in the most power Novosibirsk FEL can
increase it's power by one order on magnitude more.

In this paper we describe the beam test results of our
low-frequency rf gun (see [2-4]) built as the new electron
source for ERL of the Novosibirsk FEL facility (see [5]).
Measured rf gun characteristics are in Table 1.

Table 1: Measured rf Gun Characteristics

Name Value
Average beam current, mA 0.003-100
Bunch energy, keV 100 + 400
Bunch duration (FWHM), ns 0.2+2.0
Bunch emittance, mm mrad 10

Bunch charge, nC 0.3+3.38
Bunch repetition frequency, MHz 0.01 90

v n.volkov@inp.nsk.su
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RF GUN AND DIAGNOSTIC STAND

Here we shortly describe the rf gun and diagnostic
stand presented by sketches of Figs. 1 and 2. Detailed
information sees in [2-4]. Perfections of the stand are
following: 30 kW water cooled beam dump, 5 cm lead
radiation shield, wideband Wall Current Monitor
(WCM2), new scheme of cathode-grid modulator with
GaN rf transistor, Transition Radiation Sensor, and pair of
standard WCM.

—

1400

7

Figure 1: Rf gun sketch.

2100 ‘

1090 ) |

Figure 2: The stand layout.

In figures: 1- Cavity bi-metallic shell; 2-Cavity back
wall; 3-Cathode Insert; 4-Cathode injection/extraction
channel; 5-Thermionic cathode-grid unit (can be replaced
by EIMAC); 6-Loop coupler; 7-Vacuum pumping port; 8-
Power input coupler; 9-Sliding tuner; 10-Cone like nose;
11-Peripheral solenoid; 12-Concave focusing electrode.

A-Thermionic  cathode-grid  unit;  B-Emittance
compensation solenoid; C-First Wall Current Monitor
(WCM1); D-Solenoid ; E-Wideband WCM and transition
radiation sensor; F-third WCM; G-Faraday cup and
Water-cooled beam dump.

Ion sources and electron guns
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STAND TESTING RESULTS

Beam Current vs Repetition Frequency

The running for a full beam current is made by repetition
frequency rising. There must be changed the bias DC
voltage (Viias) on the grid to preserve a bunch charge be
constant if it be required. Also bunch charge depends on
Modulator pulse voltage (Vpuse), the pulse duration
(trwnm=1+2 ns), and the heating voltage (Vieat, see Fig 3).
The last is because the cathode-grid distance is changed
inversely of heating power due to the cathode unit thermal
elongation. Optimal heating voltage for maximal cathode
life time is 14 + 15 V instead of 12.6 V established for rf
tubes due to the presence of heat reflected anode surface

there.
100 T T T T
Vheat Vbias/
3 wp 158 -20.3 / .
= | 150 -204 / |
g 60 13.8 -20.4/
S Z.g -204 i
an o
§ 20f .
>
< 1 1 1 1
%% 20 40 60 80 100

Repetition Frequency, MHz

Figure 3: Typical mode of current rising.

Calibration of Cavity Voltage Meter

In order to produce accurate measured data, the
calibration of the cavity voltage meter is made with using
of two wall current monitors by time delay measuring
between them for different cavity voltages. The fitting of
measured date by relativistic energy dependency on
particle velocity (see Fig.4) gives a perfect accuracy.
Numerically calculated beam energy dependency on
cavity voltage (E(keV)=0.9991137-V(kV)-0.96419) was
used there.

Time Delay on L distance
T T

—1F -

Time delay, ns
A+

0.1 0.2 0.3 04
Cavity Voltage, MV
Figure 4: Measured data fitting by theory curve.

Cavity Testing up to 400 kV

The cavity voltage was raised to 400 kV step by step
during 5 hours because '2 hour operation time needs to
normalize pressure level after the each step (see Fig.5).
Then the beam current up to 47 mA limited by maximal
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beam dump power was getting on in the typical rising
mode as shown in Fig. 3.
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Figure 5: Cavity testing process behavior.

Launch Phase Functions

In order to explain effects of beam bunching, modulator
jitter compensation, and other effects in the rf gun, the
numerically calculated (by ASTRA cod [6]) launch phase
functions are presented. There are launch phase (68°) with
maximal bunch energy shown in Fig. 6. At smaller
phases, the bunch's length grow short because its tail
having more energy catch up with their head having
smaller energy. Also, those bunches launched a little bit
earlier/later (jitter) will be late/lead so the jitter will be

decreasing.
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Figure 6: Launch phase functions.

Velocity Modulation Bunching

The numerically calculated r.m.s. bunch duration
behaviour on the drift space after the rf gun is presented
in Fig.7.
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Figure 7: Bunch duration behaviour on the drift space.

Current distributions along bunches are shown by
insertions. Frontal spike is formed into cathode-grid gap
due to bunching effect there. Then it grows short to be of
20 ps FWHM duration at the distance of 1.1 m where the
wide band WCM2 is placed. Unfortunately, our 4 GHz
oscilloscope cannot show pulses with t<200 ps, it all
viewed as 17=200 ps as shown in Fig.8.
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Figure 8: WCM1 (yellow) and WCM2 (green) pulses.

Modulator Jitter Compensation

The jitter compensation effect has confirmed by time
delay dependency on launch phase measured between two
WCMs with 1.2 m distance (see Fig. 9). Maximal bunch
energy is at @,=68° where it equal to the arrival phase by
accurate within some constant. At all other launch phases
the arrival phases are behind of it because lower bunch
energies (or velocities). Arrival pulse phase becomes
independent on Launch phase at @;=27°, i.e. the jitter is
compensated there (modulator jitter is ~ +/+2°).

120y T
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Anrival pulse phase, degrees
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v ¥

L L
20 40 60 80 100

20,

Launch phase, degrees
Figure 9: Arrival pulse phase behavior.

Emittance Measurements

Bunch emittance was measured by solenoid focusing
method when the spot size of the beam focussed to a
target is measured through CCD camera registering the
transition radiation. Then the measured data behaviour on
the focusing solenoid strength is compared with ASTRA
numerically calculated behaviour (see Fig. 10). The
deviation is only 9% so we can trust to our calculations.

As the calculation predicts, the measured normalized
emittance of €=15.5 mm mrad can be compensated by a
proper solenoid focusing scheme to =10 mm mrad.

6 T

Solenoide current, A
Figure 10: Measured and calculated beam behaviors.

Dark and Leakage Currents

Two places with peak surface field of 10-14 MV/m
only can be the sources of field emitted dark currents (see
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Fig. 11). As we see from Fig. 11, there are no dark
currents in the beam absolutely that confirms definitely.
Leakage current source is the cathode oneself at some
bias voltages. There is depending on heating voltage
because cathode-grid gap depended. To exclude leakage
current from the beam we must chose proper bias voltage.

beam .
>

Figure 11: Dark current trajectories in cavity geometry.

Radiation Background

Radiation background was measured during cavity
testing from 320 to 400 kV with radiation sensors at 1.5
m. The data exactly coincides with R;s is presented in
Fig.12 by Fouler-Nordheim (F-N) coordinates in view of
straight lines having the enhancement factor of f=626.
The accurate calculations of this field emission process
have shown surprisingly things: all calculated values have
F-N nature, i.e. have view of straight lines (see Fig. 12)
having different f: I-dark current, f;=1250; P.dark
current power, f.=1003; P,-bremsstrahlung power,
p,=865; R;-Radiation doze power shielded by Cu with d
thickness in mm, ﬂ3‘5,1()_15=721,695, 649,628.
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Figure 12: Calculated field emission process.
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Abstract

The Kurchatov synchrotron light source operates in
the range of synchrotron radiation from VUV up to
hard X-ray. To improve facility capabilities in the last
few years technical modernization of all facility
systems is underway and new beam lines are
constructed. In this report the present status and future
plans of the Kurchatov synchrotron light source are
presented.

INTRODUCTION

The Kurchatov synchrotron light source [1] includes
80 MeV electron linear accelerator, 450 MeV storage
ring Siberia-1 with the horizontal emittance 800
nm-rad, the 2.5 GeV storage ring Siberia-2 with the
horizontal emittance 78-100 nm-rad and two transport
lines. Siberia-2 supplies users’ experimental stations by
synchrotron radiation in photon energy range 4-40 keV
from its bending magnets. Siberia-1 is mostly used as a
booster for Siberia-2 but also as an independent SR
source.

KSRS OPERATION

The Siberia-2 operates nine months per year in
around the clock mode. Within one week 9 working
12-hour shifts are provided. One more shift is
dedicated to accelerator physics and machine tuning.
As a rule there is one beam storing per day, typical
electron current is 100 — 150 mA. Beam lifetime is
equal 15 — 20 hours at 100 mA level and defined by
vacuum conditions. Injection process at 450 MeV
usually takes about 1 hour, energy ramping takes 3
minutes with 2-3% beam loss.

2500 @ hours integral, A-hours & -
2000 ] — = [ | 200
1500 - _l 150
1000 100
500 - 50
0 T T T T 0

2012 2013 2014 2015 2016

Figure 1: Total time used for experiments and beam
current integral at 2.5 GeV for Siberia-2.

Synchrotron radiation sources and free electron lasers

Fig. 1 demonstrates total time devoted for SR
experimental work at Siberia-2 and electron current integral
at 2.5 GeV during last 5 years.

A magnetic lattice of Siberia-2 provides horizontal
emittance equal to 98 nm at 2.5 GeV. Betatron coupling is
maintained at very small level of 0.001 so vertical beam size
is determined by non-zero vertical dispersion function. At
injection energy betatron coupling is artificially increased up
to 10-15% in order to enhance beam lifetime.

There are 11 experimental stations using SR at Siberia-2
and 4 stations at Siberia-1. Three stations were put into
operation during last year (Photoelectron spectroscopy,
Phase-sensitive  solid-state research, X-ray structure
analysis). Two other stations will be commissioned next
year (moved from DESY).

Siberia-2 Closed Orbit Distortions

Serious problem for users is slow drift of photon beam in
vertical direction. It is caused by heating of machine basis
from thick aluminum conducting bar of bending magnet
power supply. This induces a progressive slope of magnets
and vertical close orbit distortion as a result. We observe the
slope with two time constants. First one is equal to
approximately one hour and acts just after energy ramping.
Second one is equal to one day and is observed during
whole working week. As a result we must correct vertical
orbit each time before beam storing and jus after energy
ramping. As a rule we have RMS distortion of closed orbit
about 40 microns in vertical plane and 500 microns in
horizontal plane.

In order to stabilize photon beam position feedback
system is used. Every beamline has luminophor sensor with
TV camera for fixing beam image on luminofor strip. The
feedback provides local orbit bump to stabilize photon beam
with accuracy of 2-4 microns in sensor location. Plans for
future are to improve cooling of power supply conductor by
increasing of water flow using more powerful pumps.

DEVELOPMENT OF KSRS IN 2015-2016

The purpose of works in 2015-2016 was both
modernization of the existing equipment and introduction of
new diagnostics systems on Siberia-2 storage ring. Much
attention was paid to developing of KSRS control system.

Siberia-2 New High Voltage Generators

Two new generators based on pseudo-spark switches (a
thyrotron TPI1-10k/50) and RLC resonant circuits with a
semi-sinusoidal form of currents were produced on “Pulse
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Systems” Ltd. (Ryasan) and installed inside machine
tunnel. Total pulse duration is equal 1 psec.

Due to the excitations of multibunch instabilities by
long pulses of kickers the maximum injection
efficiency factor is limited near 50-60% (with 10 kV on
“kicker” and 6 kV on “prekicker”). To avoid the
excitations we shall continue the generator scheme
modernization to shorten the pulse duration.

Feedbacks for Instabilities Suppression In
Siberia-2

Longitudinal and transverse feedback systems
(KCSR and IT, Slovenia) for damping the beam
excitations are now under commisionning.

A special small RF cavity is intended as a kicker for
suppression of coherent synchrotron excitations. Its
own measured frequency is 954.7 MHz and a quality
factor is equal to 9.1 [2]. The longitudinal kicker
reflectivity measurement and resulting reflectivity
dependence on the frequency of the excitation are
shown in Fig.2.

Figure 2: The reflectivity measurement of longitudinal
kicker at the Siberia-2 straight section.

Strip lines existing on Siberia-2 ring are used as
transverse kickers for suppression of coherent betatron
oscillations in X- and Y- plane. One of BPM is used as
a sensor. The digital electronics, broadband amplifiers
(25 W and 100 W), phase detectors, the modulator, RF
control are installed in the rack outside Siberia-2
tunnel.

Siberia-2 Station Of Optical Supervision

The station of optical supervision (SOS) [3] was
mounted outside to biological protection of Siberia-2 in
2013. Now all six SOS diagnostic systems are in
operation. They permit to measure transverse
(resolution is ~1um) and longitudinal (resolution is 40
psec) bunch sizes, beam dynamics TV monitoring,
relative beam displacement (1280x960 pixels CCD
camera, 100 Mbit Ethernet interface), a turn-by-turn
registration of a chosen bunch transverse profile,
synchrotron and betatron frequencies. An example of
obtained data is given in Figure 3. Lengthening of the
bunch is caused by microwave instability and Touchek
effect (at 450 MeV).

ISBN 978-3-95450-181-6
28

Proceedings of RuPAC2016, St. Petersburg, Russia

o, psec

| |
| | |
0 2 4 6 8 10 12 14 16
Bunch current, mA

Figure 3: Bunch length vs. beam current in single-
bunch mode for different machine energies
(approximated dissector data).

Control System

Upgrade of CS consists in changeover of the old CAMAC
equipment on modern one and the organization of new
architecture. The full-function monitoring system and
controls - CitectSCADA works at the top level [4].
CitectSCADA  provides visualization of processes,
automated workplace control, tracing of systems in real time
in a graphic form and access to contemporary records,
preparation of the detailed reports, execution of the sub-
programmes developed on CitectVBA and CiCode. Now
CitectSCADA controls number of subsystems:

e Vacuum system.

e Temperature = measurements

stabilization of linac structure.

e Siberia-2 RF generators measurements.

e Siberia-2 magnetic system control, including ramping
process, cycle of remagnetization, betatron tune
correction and so on.

e Control of photon absorbers in SR beamlines from
bending magnets.

e Control of equipment in superconducting wiggler
beamline.

At present main goal of KSRS control system staff is to

provide CitectSCADA control over all machine systems.

and  temperature

Superconducting Wigglers

SC wiggler (SCW1) with maximum field 7.5 T is
installed on Siberia-2 ring. Unfortunately we cannot reach
this field with electron beam current value more than 7-10
mA. Rapid beam lifetime decreasing took place for larger
values of electron current. The lifetime didn’t restore after
beam loss. We suggest that ion trapping occurs inside
wiggler vacuum chamber because of insufficient pumping
rate near wiggler position.

SR users plan to limit maximum field value by 4 T.
Earlier there were 3 beamlines of SR from the wiggler, now
only one will stay. 100 mA electron current was received
with this value of the magnetic field.

At present 2 new superconducting wigglers are fabricated
for KSRS in BINP (Novosibirsk). They will be ready to

Synchrotron radiation sources and free electron lasers
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install on the ring in the end of 2018. Parameters of all
wigglers are presented in Table 1.

Table 1: Wiggler’s Parameters

SCW parameters SCW1 SCW23
Max field 7.5@)T 3T
Field period 164 mm 46 mm
Number of poles 19+2 50+4
Undulator parameter 115 (61) 12.9
Emitted energy at 100 mA 35 (10) kW 4.1 kW
KSRS MODERNIZATION

KSRS accelerators and their supply systems will be
upgraded according to Federal Program of
modernization of synchrotron and neutron laboratory
of NRC Kurchatov Institute. General scheme of KSRS
will stay unchanged. The modernization will provide
an improvement in all valuable machine parameters
such as electron current, lifetime, operation time, SR
spectral range and flux. Main features of the program
are:

e Additional RF generator for Siberia-2, new system
of power supply and cooling for all three RF
generators. New scheme for RF system: separate
generator for every RF cavity instead of old
scheme (2 generators for 3 cavities). Three new
waveguides.

e New pneumatic vacuum valves, additional
vacuum monitors, ion pumps, BPM monitors,
eliminating of “hot spots” in the vacuum chamber
near inflectors and superconducting wiggler.

e New power supply for bending magnets and
quadrupole lenses of Siberia-2, bending magnets
of Siberia-1 and transfer lines.

e Two new 3 T superconducting wigglers and their
beamlines.

e New generators for linac klystron station and
pulse magnets.

e Upgrading of the accelerators’ control system and
safety system of the facility.

e New water cooling and air-cooling systems for all
equipment, new air conditioning for accelerator
and experimental halls.

e New beamlines and experimental stations. Total
number of stations will achieve 21.

KSRS parameters after modernization are given in
Table 2.

Synchrotron radiation sources and free electron lasers
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Table 2: KSRS Parameters Before And After Modernization

Siberia-2 parameters 2016 2020
Time for users per year, 2000 - 2400 3000
hours

(in 24/5 (4200 in

mode) 24/7 mode)
Maximal current, mA 200 300
Maximal total RF 2.0 2.7
voltage, MV
Lifetime, hours (at 100 20 - 25 35-40
mA)
Lifetime restoring after 2 weeks 3 —4 days
vacuum chamber repair
Number of wigglers | 3
Number of experimental 11 21
stations

CONCLUSION

KSRS continues to work as the only dedicated SR source
in Russian Federation. An improvement of accelerators’
parameters is a result of continuous efforts in the solution of
scientific and technical problems. KSRS modernization will
allow to achieve new quality of facility operation.

[1]

(2]

(4]
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Abstract

For an exact quantitative description of spectral proper-
ties in the theory of synchrotron radiation, the concept of
effective spectral width is introduced. In the classical the-
ory, numeric calculations of effective spectral width (using
an effective width not exceeding 100 harmonics) for po-
larization components of synchrotron radiation are carried
out. The dependence of the effective spectral width and
initial harmonic on the energy of a radiating particle is es-
tablished.

INTRODUCTION

As one of the major quantitative characteristics of spec-
tral distributions for electromagnetic radiation, one com-
monly uses the concept of spectral half-width. For spectral
distributions having a sharp maximum, spectral half-width
is the most informative physical characteristic.

However, once a spectral distribution has no pronounced
maximum, spectral half-width ceases to be an adequate
quantitative characteristic. In particular, this is exactly
the case of spectral distributions for synchrotron radiation
(SR), and therefore SR spectral half-width has neither been
calculated theoretically, nor measured experimentally.

Instead of spectral half-width, the present study proposes
to introduce a new precise quantitative characteristic of SR
spectral distributions: effective spectral width. It is shown
how this quantity can be calculated theoretically, and which
physically relevant information can be obtained using this
quantity.

In order to set up the problem, we now present some
well-known expressions of the classical SR theory for the
physical characteristics of synchrotron radiation, which can
be found in [1-7].

The spectral-angular distribution for radiation power of
SR polarization components can be written as

We=WY»_ / " fu(8: v, 0) sin 046, (1)
v=1 0

Here, the following notation is used: 6 is the angle between
the control magnetic field strength and the radiation field
pulse; v is the number of an emitted harmonic; the charge
orbital motion rate is v = ¢ , where c is the speed of
light; W is the total radiated power of unpolarized radia-
tion, which can be reveled in [1-7]. The index s numbers
the polarization components: s = 2 corresponds to the o-
component of linear polarization; s = 3 corresponds to
the m-component of linear polarization; s = 1 corresponds
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to right-hand circular polarization; s = —1 corresponds
to left-hand circular polarization; s = 0 corresponds to
the power of unpolarized radiation. The form of functions
fs(B; v, 8) can be founded in [1-7].

SPECTRAL DISTRIBUTION FOR
POLARIZATION COMPONENTS OF
SYNCHROTRON RADIATION IN THE
UPPER HALF-SPACE

It is well known [1-7] that the angle range 0 < 6 < 7/2
(this range will be called the upper half-space) is dominated
by right-hand circular polarization, and the angle range
m/2 < 6 < 7 (this range will be called the lower half-
space) is dominated by left-hand circular polarization (ex-
act quantitative characteristics of SR properties were first
obtained in [8-11]). To reveal these features, the expres-
sions (1) can be represented as

W =W [8{D(8) + 2 (8)]

o (B) =Y FH (B v),
v=1
T/2F /2
F&(8; ) = / fu(B; v, 0)sinbdo,  (2)
0Fm/2

and it suffices to study the properties of functions
FF)(B; v) (respectively, the properties of functions
®(H)()), due to the evident relations

FS By v)=FM (B v), o) (8) = &P (8) s=0,2,3;

FO B v) = F (85 v), 7 (8) =04 (8).

The exact form of the functions F{*)(3; v/) and () (3)
was revealed in [8-11].

EFFECTIVE SPECTRAL WIDTH FOR
POLARIZATION COMPONENTS OF
SYNCHROTRON RADIATION

As one of the quantitative characteristics of physical
properties for spectral distributions of SR polarization
components, it is proposed to introduce the concept of ef-
fective spectral width A;(3). Let us define As(f3) as fol-
lows.

For each fixed value of 3, we examine the quantities of
partial contributions Ps(3;v) for individual spectral har-
monics, introduced in [12].

Radiation problems in accelerators
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P (8; v)
P(Biv) = ————. 3)
)
Then (2) implies the property
> P(Biv)=1. )
v=1

We choose some values vV (3) and v{?)(8) such that
the minimum difference (%) (8) — v/{!)(53) should provide
the minimum of the non-negative value

v (B) 1
>, PBiv)—5>0. )

v=v{"(8)

The effective spectral width A4(3) is defined by the expres-
sion

A(B) =vP(B) —vV(B) +1, AB)=1. (6)

we arrive at the following definition: effective spectral
width is the minimum spectral range at which the sum of
partial contributions for individual harmonics is not less
than 1/2.

In practice, the most interesting case is the ultra-
relativistic limit (5 = 1, equivalent to v > 1). In this
case, the analytical study of effective spectral width and
other physically interesting quantitative characteristics for
spectral distributions of SR polarization components can be
significantly extended. This study was carried out in [13].

Given a particular value of 3 (or +y), it is a purely com-
putational task to obtain the exact values of A (8) and
1/§1) (). In this article, we present a numerical study of the
region 1 < A4(5) < 100. The effective width A;(3) is a
positive integer, so there exists a range of 3 (corresponding
to a range of ~y; hereinafter, we only indicate ) in which
A4(B) is constant.

ANALYSIS OF NUMERICAL RESULTS
FOR EFFECTIVE SPECTRAL WIDTH OF
SYNCHROTRON RADIATION

The main results of a numerical study for effective spec-
tral width of SR polarization components are given by our
Table 1.

The numerical study is carried out as follows. For each
type of polarization s, we examine the sequences of inte-
gers Ay, = 1,2,3... and l/gl) = 1,2,3... (it is evident
that V“(‘,2) = ugl) + A; — 1) and determine the regions of
values =y for which the condition (5) is satisfied. It is clear
that the boundary points of possible regions for v, can be
found, according to (5), as solutions of the equations

s—1
> Ps(ﬂ;l/S)H)—%:U (7)
=0
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The roots 85 = Bs(As, s ) of these equations determine
the boundary points v, = vs(Ag, (V).

In general, for given column s (given polarization com-
ponent ) of the Table 1 indicates for each A, the small-
est possible value v{!) = v(Y)(A,) and the corresponding
largest value v, = 5 (Ag, (Y (Ay)), as well as the largest
possible value 7, for this As and the corresponding small-
est value 7,. Possible intermediate values I/él) between the
smallest us(l) (A) and the largest g, as well as the respec-
tive intermediate values 7, are not specified. The interme-
diate values of ~ always satisfy relations (8). Besides, for
a given width As following inequalities are true

VS(ASvk) <’Ys(Asvn)a k> n. (8)

Consequently, in the column for given s we indicate the
regions of values y

V(A = LV (A = 1)) <7 < %(As vV (ML), )
for which the effective spectral width for the s-component
of polarization for SR equals to A;. We also indicate the
initial points of the effective spectral width. These points
are not determined uniquely. For the smallest initial value
1/5(1), the range of values (9) taken by ~ is the largest one,
while this region is the smallest one for the largest possible
value 7.

For the other polarization components, the results of cal-
culation are given in the respective columns of the Table 1.
In particular, the Table 1 shows that for equal values A the
corresponding values -, obey the inequalities

Y3 > 7> Y0 > Y2 > V-1 (10)
At a fixed energy -, the corresponding values of A are
restricted by

As <A <Apg <Ay <Ay (11)

In this way, for each polarization component of syn-
chrotron radiation we have found energy regions at which
the effective spectral width equals to A, and the initial har-
monic of this effective width is determined. Numeric cal-
culations have been carried out in the case A, < 100.

In the ultrarelativistic case, the corresponding results
have been obtained in [13].
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STATUS OF THE FUTURE CIRCULAR COLLIDER STUDY*

M. Benedikt', F. Zimmermann, CERN, Geneva, Switzerland

Abstract

Following the 2013 update of the European Strategy for
Particle Physics, the international Future Circular Collider
(FCC) Study has been launched by CERN as host institute.
Its main purpose and long-term goal is to design an energy-
frontier hadron collider (FCC-hh) with a centre-of-mass
energy of about 100 TeV in a new 80—-100 km tunnel. The
FCC study also includes the design of a 90-350 GeV high-
luminosity lepton collider (FCC-ee) installed in the same
tunnel, serving as Higgs, top and Z factory, as a potential in-
termediate step, as well as an electron-proton collider option
(FCC-he). The physics cases for such machines are being
assessed and concepts for experiments will be developed by
the end of 2018, in time for the next update of the European
Strategy for Particle Physics.

This overview summarizes the status of machine designs
and parameters, and it discusses the essential technical com-
ponents being developed in the frame of the FCC study. Key
elements are superconducting accelerator-dipole magnets
with a field of 16 T for the hadron collider and high-power,
high-efficiency RF systems for the lepton collider. In ad-
dition, the unprecedented beam power presents particular
challenges for the hadron collider. First conclusions from
geological investigations and implementation studies are
available. We report the status of the FCC collaboration and
outline the further planning.

INTRODUCTION

The Large Hadron Collider (LHC) presently in operation
at CERN, and its high-luminosity upgrade, the HL-LHC,
have an exciting physics program, which extends through the
mid 2030’s, i.e., covering the next 20 years. From the initial
proposal in 1983, it has taken more than 30 years to design,
build and fully commission the LHC. In view of such time
scales, it is urgent for the community to start preparing the
next accelerator for the post-LHC period.

European studies for a large post-LHC physics-frontier
machine began in 2010-2013, for both lepton and hadron
colliders (at the time called LEP3/TLEP and VHE-LHC, re-
spectively). In response to the 2013 Update of the European
Strategy for Particle Physics [1]. in early 2014 these ef-
forts were combined and expanded as global Future Circular
Collider (FCC) study [2, 3], hosted by CERN.

FCC STUDY SCOPE & TIME LINE
A large circular hadron collider seems to be the only ap-
proach to reach, during the coming decades, energy levels far
beyond the range of the LHC. The long-term goal and focus
of the FCC study [3], therefore, is a 100-TeV hadron collider
(FCC-hh), which determines the infrastructure needs of the

* This work was supported in part by the European Commission under the
HORIZON 2020 project EuroCirCol, grant agreement 654305.
michael.benedikt@cern.ch

ISBN 978-3-95450-181-6
34

new facility. The energy reach of a high-energy hadron col-
lider is simply proportional to the dipole magnetic field and
to the bending radius: E oc B X p. Assuming a dipole field
of 16 T, expected to be achievable with Nb3Sn technology,
the ring circumference must be about 100 km in order to
reach the target value 100 TeV for the center-of-mass energy.

| Schematic of an
g4 80-100km
‘ long tunnel

l

L 4
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Figure 1: Schematic of a 100 km tunnel for a Future Circular
Collider in the Lake Geneva basin.

Figure 1 presents a schematic of the FCC tunnel. Prior
to FCC-hh installation, this new tunnel could host a high-
luminosity circular e*e™ collider (FCC-ee). Concurrent
operation of hadron and lepton colliders is not foreseen,
however. In addition, the FCC study considers aspects of
pe collisions, as could be realized, e.g., by colliding the
electron beam from an energy recovery linac with one of the
two FCC-hh hadron beams. The FCC study also includes
the design of a High-Energy LHC (HE-LHC) realized by
installing 16 T magnets developed for FCC-hh in the existing
27 km LHC tunnel, so as to approximately double the energy
of the LHC.

The FCC study has launched international R&D efforts on
key enabling technologies through dedicated collaborative
programmes, e.g. on high-field magnets, advanced cryogen-
ics, superconducting radiofrequency systems (e.g. thin film
coating) and highly efficient radiofrequency power sources.
The FCC R&D includes the design of a 100 km tunnel in-
frastructure in the Geneva area, linked to the existing CERN
accelerator complex, as requested by the European Strat-
egy. The FCC study further explores the particle-physics
opportunities and discovery potentials for the hadron, lepton
and lepton-hadron colliders. The results of these physics
studies drive the collider performance targets (e.g. luminos-
ity, energy, lepton polarization). In addition, the FCC study
is developing experiment concepts for the three types of
colliders, addresses machine detector interface, and defines
further R&D needs for detector technologies. Last not least,
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the FCC study aims at establishing an overall cost model
for the various collider scenarios — including infrastructure
and injectors —, at formulating global realization concepts,
and at forging early partnerships with key industries.

Figure 2 shows the FCC time line in relation to previoun
collider projects at CERN.

1980 1985 1990 1995 2000 2005 2010 2016 2020 2025 2030 2035 2040

Constr. Physics LEP

Proto Construction
HL-LHC - ongoing project m Construction

FCC - design study Proto Construction  Physics.

Physics LHC - operation run 2

Physics

Figure 2: Time line of CERN circular colliders with the
Future Circular Collider (FCC) as the next step.

MACHINE DESIGNS

An explorative study of the geology in the Lake-Geneva
basin has concluded that a tunnel circumference of 90-100
km would fit the geological situation well (Fig. 3). From
the technical point of view, the LHC would be suitable as a
potential injector [4], with an injection energy around 3.3
TeV [5-7]. Two possible configurations of the FCC-hh and
its LHC injector are illustrated in Fig. 4. A 100 km tunnel
version intersecting the LHC is now being studied in greater
detail. Injecting into the FCC-hh from a new fast-cycling
superconducting machine located in the SPS tunnel would
also be permitted by the chosen configuration. In this case
the injection energy would be about 1.5 TeV.

Figure 3: Example placement of a tunnel with a 93 km
circumference in the Geneva region, together with geological
layers and access shafts; obtained from a tunnel optimization
tool developed in the frame of the FCC study [4].

; P
Figure 4: Two configurations of FCC-hh and LHC [7].
Common layouts and consistent optics footprints for the
hadron and lepton colliders have been established. Figure 5
shows two main interaction points located at positions ‘A’
and ‘G’, for both machines.

Table 1 compares key parameters of FCC-hh and HE-
LHC with those of LHC and HL-LHC. The FCC-hh design
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Figure 5: Layouts of hadron (left) and lepton collider (right).
The optics of FCC-ee [8] was designed so as to exactly agree
with the footprint of the hadron collider [9], except for the
intreaction regions, where the collision points are offset by
about 9 m, and only the lepton injector (top-up booster)
follows the path of the protons.

considers parameter sets for two phases of operation [11,
12]: Phase 1 (baseline) aims at a peak luminosity of 5 X
103 cm™2s7!, and should deliver about 250 fb~! per year
on average. In phase 2 (ultimate) the peak luminosity is
increased by almost a factor of six, to 2.9 x 103 em™2s7!,
and the integrated luminosity by a factor of four to 1000
fb~! per year. The daily luminosity evolution for these two

phases is illustrated in Fig. 6.

luminosity [10%* cm™s™']

0

0 5 10 15 20 time [h]
Figure 6: Instantaneous luminosity as a function of time
during 24 hours for FCC-hh phases 1 and 2 [12].

The transition from FCC-hh phase 1 to phase 2 is real-
ized without any increase in the beam current, primarily by
reducing B* from 1.1 to 0.3 m, and by accepting a three
times larger beam-beam tune shift (AQ = 0.03 instead of
0.01 [11,12]; the larger value of 0.03 has been demonstrated
at the LHC [13]).

The total integrated luminosity of FCC-hh over 25 years
operation is estimated as about 20 ab~! per experiment,
which matches the particle-physics goals [14]. The FCC-hh
physics programme covers standard-model processes, Higgs
physics and electroweak symmetry breaking studies, phe-
nomena beyond the standard model, physics with heavy ions,
and physics opportunities at the FCC-hh injectors [14].

A full ring optics design is available for the FCC-hh, com-
prising arcs, intereaction regions, injection region combined
with radiofrequency section, momentum collimation, beta-
tron collimation, and extraction. Example optics segments
are displayed in Fig. 7.

ISBN 978-3-95450-181-6
35



TUYMHO1

Proceedings of RuPAC2016, St. Petersburg, Russia

Table 1: Key parameters of LHC, HL-LHC, FCC-hh, and HE-LHC

parameter FCC-hh phase 1 | FCC-hh phase 2 | HE-LHC | HL-LHC | LHC (pp)
c.m. energy [TeV] 100 100 25 14 14
ring circumference [km] 100 100 26.7 26.7 26.7
arc dipole field [T] 16 16 16 8.33 8.33
initial bunch intensity [101] 1.0 1.0 (0.2) 2.5 2.2 1.15
beam current [A] 0.5 0.5 1.27 1.11 0.58
peak luminosity/IP [103* cm™!s™!] 5 30 34 5 (lev.) 1
events / crossing 170 1020 (204) 1070 135 27
stored energy per beam [GJ] 8.4 8.4 1.4 0.7 0.36
arc synchrotron radiation [W/m/ap.] 28.4 28.4 4.1 0.35 0.18
bunch spacing [ns] 25 25 (5) 25 25 25
IP beta function 8y ,, [m] 1.1 0.3 0.25 0.15 0.55
initial normalized rms emittance [um] 2.2 2.2 (0.45) 2.5 2.5 3.75
transv. emittance damping time [h] 1.1 1.1 4.5 25.8 25.8
fg =" Local chromaticity cor=ction : Local chromaticity carrection B 2
£ sof +crﬂ_b||ls|5lsexiuwle5 | +uﬂ_:we|stsexh.|gn!5 \«"’ITV E
= B L} E
b AR ;
gTEZ-“' Ly LR NI
Figure 7: Optics for the FCC-hh arcs (left), interaction region "t ppe :’ .
(center) and betatron collimation (right) [9]. ‘Eg 7°Z' ; . APAANANAN, E
-200— ]

In Table 2 key parameters for the electron-positron collider
FCC-ee [10] are compared with those of LEP2. The FCC-ee
design exploits the lessons and recipes from past and present
colliders (synchrotron radiation, high beam current, crab
waist, ultralow (3}, polarization. etc.), as is sketched in Fig. 8.
The present optics design of FCC-ee achieves the required

Fg:.z FCC-ee
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Figure 8: Luminosity as a function of c.m. energy for past,
present and future e* e~ colliders (M. Biagini).

performance for all four target energies [8]. The interaction-
region optics and geometry are asymmetric (Fig. 9), to limit
the amount and energy of synchrotron-radiation photons
emitted towards the physics detector. Sufficient dynamic
aperture and a +2% off-momentum acceptance are obtained
at all working points.
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Figure 9: Asymmetric final-focus optics for the FCC-ee
interaction region [8].

TECHNOLOGIES

At the FCC-hh an unprecedentedly large synchrotron radi-
ation power of about 2.3 MW per beam is emitted in the cold
arcs. To efficiently absorb this synchrotron radiation, a new
beam screen, inserted inside the cold bore of the magnets, is
proposed [16,17]. As is shown in Fig. 10, it features two slits
with an integrated wedge such that most primary photons
are deflected upward and downward behind the beam screen,
where pumping holes are placed. Very few photoelectrons
are generated inside the beam screen proper. First FCC-hh
beam screen prototypes have been fabricated. Their cryo-
genic and vacuum behaviour will be tested at the synchrotron
light source ANKA at KIT Karlsruhe, in the presence of
synchrotron radiation resembling the conditions expected in
the FCC-hh arcs. At the FCC-hh, the beam screen temper-
ature will be raised, from 5-20 K at the LHC to 40-60 K.
The higher temperature improves the Carnot efficiency and,
thereby, facilitates the removal of the synchrotron radiation
heat load. The effect of beam-screen temperature on total
refrigerator power is illustrated in Fig. 11.

The key technology R&D for the FCC-hh comprises super-
conductor (SC) development and high-field magnet design.
Nb3Sn is one of the major cost & performance factors for
FCC-hh and requires highest attention. The main develop-
ment goals until 2020 are: (1) an increase of the critical
current density J. (at 16 T, 4.2 K) to above 1500 A/mm?

Colliders
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Table 2: Key parameters for the FCC-ee, at three beam energies, compared with those achieved at LEP2. The FCC-ee
parameters refer to a crab-waist scheme [15], with constant, energy-independent arc-cell length.

full crossing angle 6. [mrad]
longitudinal damping time [turns]

parameter FCC-ee LEP2
circumference 100 26.7
energy / beam [GeV] 45.6 80 120 175 105
bunches / beam 30180 91500 5260 770 78 4
beam current [mA] 1450 152 30 6.6 3
luminosity / TP [10** cm=2s71] 207 90 19 51 1.3 |0.0012
energy loss / turn [GeV] 0.03 03 1.67 7.55 3.34
total synchrotron radiation power [MW] 100 100 100 100 22
RF voltage [GV] 04 0.2 0.8 3.0 10 3.5
rms horizontal emittance &, [nm] 0.2 0.1 026 0.6 1.3 22
rms vertical emittance &, [pm] 1 1 1 1 2.5 250
horizontal IP beta function 85 [m] 0.5 1 1 1 1 1.2
vertical IP beta function ,8; [mm)] 1 2 2 2 2 50
rms bunch length (SR) o, [mm] 1.2 1.6 2.0 2.0 2.1 12

beam lifetime from radiative Bhabha scattering [min.]

30 30 30 30 30 0
243 72 23 31
94 185 90 67 57 434

Figure 10: FCC-hh beam-screen design with integrated
“folded” antechamber [16, 17].

3000

2500

—Tom=4.5 K, 28.4 W/m

—lom=1.9 K, 28.4 W/m
I —Tem=1.9 K, 44.3 \W/m
2000

300MW ———=Tom=A5 K, AT S Wi
R ¢ 7

200MW

100MW SO0

Total povier to reffigerator | W/m per beam]

=]

T 1!;|L'|T 150 200

Beam-screen temperature, T, [K]

8} 50

Figure 11: Total cryogenics power in units of Watt per meter
per beam as a function of beam-screen temperature, for
two different temperatures of the magnet cold bore and two
different synchrotron-radiation power loads [18]. Regions
excluded by vacuum considerations are shaded in red.

i.e. a 50% rise with respect to the HL-LHC wire [19, 20]
(see Fig. 12), (2) a reference wire diameter of 1 mm, and
(3) preparing the ground for large scale production and cost
reduction.

To accompish these goals, various international collabora-
tions have been set up. The FCC Nb3Sn conductor program

Colliders
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Field (T)
Figure 12: Critical current versus magnetic field for the HL-
LHC Nb3Sn conductor at 4.5 K, and the FCC-hh target curve
together with the planned operating point [19,20].

has started with the procurement of state-of-the-art conduc-
tor for prototyping from European (Bruker) and US industry
(OST). FCC conductor development is planned, or already
underway, in Japan, Russia, Korea, and Europe.

A new US DOE magnet development program [21] directs
joint activities of US industry (OST) and US laboratories.
A project ‘EuroCirCol’, supported in the frame of the EU’s
HORIZON2020 programme, contributes to core elements
of the FCC-hh hadron collider (optics, cryo-vacuum system,
and 16 T dipole design including a construction folder for
demonstrator magnets). Four different design approaches
for 16 T dipole magnets are shown in Fig. 13. In Europe
three of these designs are pursued by EuroCirCol, the fourth
one by PSI/Switzerland. A down-selection of options by
mid 2017 will allow for detailed design work. This will be
followed by model production (2018-2022) and prototype
production (2023-2025). A parallel US magnet program
advances the cosine theta and canted cosine theta designs.

The radiofrequency (RF) system for the lepton collider
must cover a large range of operation parameters, ranging

ISBN 978-3-95450-181-6
37



TUYMHO1

() .

Cos-theta Comrp“q‘n coils  giss contribution
@CIFCO] via PSI

Canted
Cos-theta

Blocks i

Figure 13: Four different design concepts for 16 T magnets.

from Ampere beam currents to high accelerating gradients.
The RF voltages and beam currents span more than two
orders of magnitude. No well-adapted single RF system
solution is available to satisfy all the requirements. Instead,
two separate sytems are being considered [22,23], as is il-
lustrated in Fig. 14. For both FCC-ee Z operation (45.6
GeV/beam with RF gradients of a few MeV/m) and the
hadron collider FCC-hh, 400 MHz single-cell cavities are
preferred. For these cavities, the baseline choice is Nb/Cu
at 4.5 K. This development also has ample synergies with
HL-LHC and HE-LHC. The associated R&D must address
the power coupling for up to 1 MW/cell, and HOM power
handling (damper, cryomodule). For the higher-energy oper-
ation modes of FCC-ee (ZH, tf and WW), 400 or 800 MHz
multi-cell cavities would be suitable. Two possible options
for these cavities are either 400 MHz of Nb/Cu at 4.5 K, or
an 800 MHz bulk Nb system at 2 K. The pertinent R&D
focuses on high Qy cavities, coating, and, in the long term,
on Nb3Sn-like components.

o | = e =
# =16 cells per beam =100 per beam = 210 per beam
i + 210 for booster ring|

(+ 100 for booster ring)

4 N ”

= common 2600 cells
for both beams

(+ 2600 for booster)

= 200 per beam
(+ 200 for booster)

= 800 per beam
(+ 800 for booster)

Figure 14: Single- and multi-cell SC cavities for different
FCC collider branches [22,23].

ORGANISATION & COLLABORATION

Since February 2014, a total of 88 institutes from 28 coun-
tries and four continents have joined the FCC collaboration,
including BINP Novosibirsk, JINR Dubna, MEPHi Moscow,
and NUST MISiS Moscow. The latest status can be found
on the FCC web site [3]. One major FCC conference — the
“FCC Week” — is being organized every year. The next one
will be held in Berlin, Germany, from 29 May to 2 June
2017 [24].

SUMMARY

The FCC study is advancing well towards the delivery of
a Conceptual Design Report for end of 2018. Consolidated
parameter sets exist for both hadron (FCC-hh) and lepton ma-
chines (FCC-ee). These are supported by complete baseline
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optics designs, assessment of beam dynamics, and estimated
performance compatible with the physics requirements. A
first round of geology, civil engineering and infrastructure
studies have been completed. Superconductivity is the key
enabling technology for FCC. The Nb3Sn program towards
16 T model magnets is of prime importance for the FCC-
hh and the development of high-efficiency superconducting
radiofrquency systems is critical for FCC-ee. International
collaboration is essential to advance on all the challenging
subjects, and the community is warmly invited to join the
FCC efforts.
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Abstract

VEPP-2000 is electron-positron collider exploiting the
novel concept of round colliding beams. After three sea-
sons of data taking in the whole energy range of 160-
1000 MeV per beam it was stopped in 2013 for injection
chain upgrade. The linking to the new BINP source of in-
tensive beams together with booster synchrotron moderni-
zation provides the drastic luminosity gain at top energy of
VEPP-2000. Recommissioning status, fist results and per-
spectives of the VEPP-2000 complex will be presented.

VEPP-2000 OVERVIEW

The VEPP-2000 collider [1] exploits the round beam
concept (RBC) [2]. The idea of round-beam collisions was
proposed more than 25 years ago for the Novosibirsk Phi-
factory design [3]. This approach, in addition to the geo-
metrical factor gain, should yield the beam-beam limit en-
hancement. An axial symmetry of the counter-beam force
together with the X—Y symmetry of the transfer matrix be-
tween the two IPs provide an additional integral of motion,
namely, the longitudinal component of angular momentum
M. =x"y — xy'. Although the particles’ dynamics remain
strongly nonlinear due to beam—beam interaction, it be-
comes effectively one-dimensional. The reduction of de-
grees of freedom thins out the resonance grid and suppress
the diffusion rate resulting finally in a beam-beam limit en-
hancement [4].

The layout of the VEPP-2000 complex as it worked be-
fore shutdown for upgrade in 2013 is presented in Fig. 1.
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Figure 1: VEPP-2000 complex layout.

VEPP-2000

VEPP-2000 collider used the injection chain of it’s pre-
decessor VEPP-2M [5]. It consisted of the old beam pro-
duction system and Booster of Electrons and Positrons
(BEP) with an energy limit of 800 MeV. Collider itself
hosts two particle detectors [6], Spherical Neutral Detector
(SND) and Cryogenic Magnetic Detector (CMD-3), placed
into dispersion-free low-beta straights. The final focusing
(FF) is realized using superconducting 13 T solenoids. The

#rogovsky@inp.nsk.su

Colliders

main design collider parameters are listed in Table 1. In
Fig. 2 one can find a photo of the collider ring.

SRy,

Figure 2: VEPP-2000 collider photo.

The density of magnet system and detectors components
is so high that it is impossible to arrange a beam separation
in the arcs. As a result, only a one-by-one bunch collision
mode is allowed at VEPP-2000.

Table 1: VEPP-2000 Main Parameters (at £ =1 GeV)

Parameter Value

Circumference, C 2439 m

Energy range, £ 150-1000 MeV

Number of bunches Ix1
Number of particles per bunch, N 1 x 10"
Betatron functions at IP, S, 8.5 cm
Betatron tunes, vy 4.1,2.1

Beam emittance, &y 1.4 x 1077 m rad

Beam—beam parameters, & 0.1

Luminosity, L 1x102cm2s7!

EXPERIMENTAL RUNS

VEPP-2000 started data-taking with both detectors in-
stalled in 2009 [7]. The first runs were dedicated to exper-
iments in the high-energy range [8, 9], while during the last
2012 to 2013 experimental run the scan to the lowest en-
ergy limit [10, 11] was done (see Fig. 3). Apart from partial
integrability in beam-beam interaction, the RBC gives a
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significant benefit in the Touschek lifetime when com-
pared to traditional flat beams. This results in the ability of
VEPP-2000 to operate at an energy as low as 160 MeV —

the lowest energy ever obtained in e*/e” colliders.
20000
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Figure 3: Delivered luminosity in 2010 — 2013.

The averaged over 10% of best runs luminosity obtained
by CMD-3 detector during the last three seasons is shown
in Fig. 4 with red points. The red lines overestimate the
hypothetically achievable peak luminosity with jumps cor-
responding to possible shortening of FF solenoids by feed-
ing only half of coils. The blue dashed line shows the
beam-beam limited luminosity for a fixed machine lattice
(energy scaling law L oc v%). It was successfully exceeded
due to B* reduction to 4+5 cm available at low energies.

Storage Ring
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Flgure 4: Achieved VEPP-2000 luminosity.

At high energies (> 500 MeV) luminosity was limited
mostly by an insufficient positron production rate. At en-
ergies over 800 MeV the necessity of energy ramping in
the collider storage ring additionally restricts the luminos-
ity. Only for middle energy range 300+500 MeV the lumi-
nosity is really limited by the beam—beam effects, espe-
cially by the flip-flop effect. At the lowest energies the
main limiting factors are the small DA, IBS, weak radiation
damping, and low beam lifetime as a result.

At middle energies, after thorough machine tuning, the
beam-beam parameter achieved the maximal value of
&£~ 0.12 per one IP during regular work breaking a world
record [12,19].

M%\ gep VEPP-2000
e
i }

Figure 5: VEPP-2000 linked to the new Injection Complex.

VEPP-2000 COMPLEX UPGRADE

During first phase of operation, the luminosity of VEPP-
2000 at top energies (see Fig. 3, left) was limited by: 1) in-
sufficient e+ production rate and 2) necessity of accelera-
tion at VEPP-2000 ring. In order to achieve the design lu-
minosity the machine was stopped in 2013 for upgrade of
the whole injection chain.

Firstly, the complex was linked up via a 250 m beamline
K-500 to the new BINP Injection Complex (IC) providing
e’/e” beams at energy of 400 MeV (see Fig. 5). In addition,
BEP was upgraded to provide top-up injection up
to 1 GeV.

The transfer channels to VEPP-2000 ring were also re-
constructed in order to cope with 1 GeV beam.

IC consists of electron gun, 270 MeV driving electron
linac, 510 MeV positron linac and damping ring (see
Fig. 6). Damping ring stores and cools down both electron
and positron beams for the next extraction to K-500 beam
transfer line [13].

The K-500 beam transfer line was turned into operation
in the end of 2015 [14]. This 250 m beamline consists of
three parts: descent from DR to K-500 tunnel, regular
FODO structure in the tunnel and ascent to the BEP hall.
The fragment of the K-500 is shown in Fig. 7 (left).

Linac 510 MeV

Lmac 270 MeV

Figure 6: VEPP-5 Injection Complex Layout.
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Figure 7: K- 500 tunnel (left). Beam at BPMs along K-500 (center) and at scintillator screen (up-right).

Booster BEP Upgrade

Booster BEP dedicated to capture, cooling and stacking
of hot 125 MeV positrons from old conversion system op-
erated since 1991. It consists of 12 FODO cells. Each cell
houses 30° sector dipole, two quads and straight, used for
RF-cavity, kickers, injection/extraction septum, diagnos-
tics and vacuum pumping (see Fig. 8). Booster layout is
presented in Fig. 2, main parameters are listed in Table 2.
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Figure 8: Booster synchrotron BEP layout.
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Table 2: Modified BEP Main Parameters @ 1 GeV

Parameter Value
Perimeter, /77 22.35m
Revolution frequency, fy 13.414 MHz
Bending radius, 7y 128 cm

RF harmonic, ¢ 13
Synchrotron radiation loss 70 KeV/turn

8.6-10°%, 10" cm
34,24

Emittances, &, &

Betatron tunes, v, Vv,

Momentum compaction, a, 0.06

To achieve the 1 GeV all magnetic elements were
strengthened during upgrade. The field of 2.6 T was
achieved in the normal conducting dipole magnets [15]
both by 20% reduction of gap and feeding current increase
up to 10 kA. Due to feeding in series with dipoles by accu-
rate return yoke profiling quads’ excitation curve was fitted
to the dipoles’ one in whole energy range (see Fig. 9, left).
The poles of quadrupoles also were remachined to increase
the sextupole component needed for chromaticity compen-
sation. (see Fig. 9).
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Figure 9: F-quad excitation curve compared to dipole's one (left). e+ stacking @ BEP (right).

The aluminum vacuum chamber was deformed locally
inside the dipoles and D-quads due to aperture reduction.
In order to increase RF voltage up to 110 kV new
174.376 MHz cavity was installed (see Fig. 10, left). Beam
diagnostic system based on six CCD-cameras and old-
fashioned BPMs was improved with 2 new sensitive cali-
brated electrostatic pickups (see Fig. 11).

Colliders

The upgrade was finished in the beginning of 2016.
VEPP-2000 injection chain was successfully recommis-
sioned [16]. The achieved positron stacking rate at BEP
amounts to 2x10% e+/sec that exceeds corresponding value
before upgrade in one order of magnitude (see Fig. 9,
right).
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Figure 11: BEP new electrostatic BPM: production (left), test stand (middle), nonlinear calibration (right).

VEPP-2000 Collider Upgrade

Relatively small modifications were done in VEPP-2000
storage ring. Two additional kickers were installed to pro-
vide 1 GeV beam injection. All 8 two-sided copper mirrors
used to extract the synchrotron light to CCD cameras were
replaced. In 2016 the collider passed through the beam
scrubbing procedure (see Fig. 12, right) working with
switched-off SC solenoids. In addition, in this regime two
beams e*/e” with low intensity were obtained to carry out
the beam diagnostics alignment and tuning.

CONCLUSION

Round beams give a serious luminosity enhancement.
The achieved beam-beam parameter value at middle ener-
gies amounts to &~ 0.1-0.12. VEPP-2000 was success-
fully taking data with two detectors across the whole de-
signed energy range of 160—-1000 MeV with a luminosity
value five times higher than that achieved by its predeces-
sor, VEPP-2M [18]. To reach the target luminosity, injec-
tion chain upgrade was done. Upgraded complex is now at
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In 2016 the collider passed through the beam scrubbing
procedure working in so called "warm mode" with
switched off FF solenoids. In this regime two beams e*/e”
with infinitesimal intensity were obtained to carry out the
beam diagnostics alignment and tuning.

During upcoming new run (end of 2016, beginning
2017) we intend to achieve target luminosity and start it’s
delivery to detectors SND/CMD-3 with ultimate goal to
deliver at least 1 fb~! [17] with luminosity close to project

valueL=1x 102 cm™2s™.

Figure 12: BEP-VEPP beam transfer (left) Beam scrubbing at VEPP-2000 (right).

the finish of the commissioning phase and ready to deliver
luminosity at the design level for the next 5-10 years.
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STATUS OF U70

S. Ivanov, on behalf of the U70 staff”
Institute for High Energy Physics (IHEP) of NRC “Kurchatov Institute”
Protvino, Moscow Region, 142281, Russia

Abstract

The report overviews present status of the Accelerator
Complex U70 at IHEP of NRC “Kurchatov Institute”. The
emphasis is put on the recent activity and upgrades
implemented since the previous conference RuPAC-2014,
in a run-by-run chronological ordering.

History of the foregoing activity and upgrades is
recorded sequentially in Refs. [1].

GENERALITIES

Layout of the entire Accelerator Complex U70 is shown
in Fig. 1. It 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.

Proton radiography

1-100
—{100 MeV

convertors. The relevant upgrade activity took 1%z years.
The B-field ramping quality attained ensured safe

acceleration (at least, in the single-particle limit) which is

illustrated by Fig. 2.
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Figure 1: Accelerator Complex U70, beam transfer line
network and fixed-target experimental facilities included.

Since the previous conference RuPAC-2014, the U70
complex operated for four runs in total. Table 1 lists their
calendar data. The second run of 2016 was being
launched during compiling this report.

Details of the routine operation and upgrades through
2014-2016 are reported in what follows run by run.

RUN 2014-3

It was the 3" run per year of 2014 which has broken the
long-term tradition of two annual (spring and autumn)
runs of U70. The run had its specific features:

On the one hand, it was the 1% run of U70 for fixed-
target physics when the machine was operated under the
upgraded 1.5 km ring magnet main power supply plant
equipped with the up-to-date static thyristor AC-DC

# N.Tyurin, A.Zaitsev, O.Lebedev, V.Kalinin, V. Lapygin,
D. Demihovskiy, Yu. Milichenko, I. Tsygankov, L. Sulygin,
N. Ignashin, S. Sytov, Yu. Fedotov, A.Minchenko, A.Maksimov,
A. Afonin, Yu. Antipov, and D. Khmaruk.
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Figure 2: Acceleration in U70 with a new ring magnet
power supply plant. Traces from top to bottom: beam DC
current (5 bunches injected); bunch peak current (spike
occurs at transition); B-field ramp rate (0.82 T/s max);
bunch evolution through a cycle.

On the other hand, it was the 1* ever run when the
50 GeV proton beam was directed with the highest
priority to the topical applied fixed-target research. It was
ejected to the full-scale Proton-Radiographic Facility,
named PRGK-100, operated jointly with RENC—VNIIEF
(Sarov, N. Novgorod Region).

,,,,,, —_—_—_—_— —

Figure 3: Beam extractions from U70. Left: 10-turm fast
extraction of a short train of bunches. Right: Sequential
beam sharing at flattop with slow extractions. Traces from
top to bottom: AM-modulated feeding noise, spill to
internal target IT35, stochastic slow spill, and waiting
beam DC current decay (piecewise-linear).

To this end, the beam was extracted either with the
conventional 1-turn fast (in 5 ps) or with the multi-turn
(3-10 turns) fast extractions (refer to Fig. 3, left). The

High intensity cyclic and linear accelerators
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latter was due to the new FE scheme implemented that
involves fast dipole magnet deflectors to drive a rising
lumped horizontal orbit bump around the thin-wire
electrostatic deflector for incremental beam shaving.

In course of operation for particle physics, U70 has
delivered 3-10'* ppp (average), 3.8:10'* ppp (max) to 7
experimental facilities. Stochastic slow extraction (refer
to Fig. 3, right) has attained 80—85% in-out transfer ratio
for the beam fraction extracted. Fractional beam
availability was about 83.8% which figure complies with
the 10-year-long operational statistics.

By end of the run, the machine was switched to carbon-
beam mode at intermediate energy 456 MeV/u (specific
kinetic). The beam of bare carbon nuclei was stretched in
and then extracted from the U-70 ring at flat-bottom. The
intensity stored was 1-2.8:10° ipp of which 1.2—
1.9-10° ipp were extracted for applied methodical and
radio-biology research. Pulse-to-pulse period was 8.2 s.

The beam was extracted slowly with a stochastic
extraction scheme capable of yielding 0.6-1s long
square-wave spills. The in-out transfer ratio amounted
55-57%, close the top expected value of around 68%.
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Figure 4: Stochastic slow extraction of carbon beam at

flat-bottom of U70.

Fig. 4, left, illustrates the attractive, quasi-static nature
of the stochastic slow extraction involved. Indeed, the
linear decay of circulating beam DC current (bottom
trace; 90% extracted, ca) is maintained under steady-state
currents through closed-orbit bump coils and the 1%
(upstream) deflecting magnet windings (two top traces).

Fig. 4, right, plots the feeding noise AM-modulated
with a dedicated beam feedback (top trace), resultant
square-wave spill monitored with a smoothing ionization
chamber (central trace), and circulating beam DC current
(bottom trace; about 50% of beam extracted in this case).

It is the adequate quality of carbon beam extracted that
allowed a team from the Medical Radiological Research
Center of the Russian Ministry of Health (MRRC,
Obninsk, Kaluga Region) to accomplish the 2™ round of
carbon-beam radio-biology studies with biological objects
and structures at U70.

RUN 2015-1

While planning this run, the U70 personnel had
encountered a noticeable competition between divergent
demands of beam users. The compromise was settled with
a complicated operational schedule composing various
machine regimes overloaded by interfacing periods in
between.

High intensity cyclic and linear accelerators
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First, the machine was operated with the proton beam
at 25 GeV. Such a routine regime was the first in U70
record. Still, in despite of complications in tuning the
hardware, the beam was ultimately accelerated to the non-
standard 25 GeV flattop and extracted successfully to the
experimental facilities. Use was made of the stochastic
slow extraction (up to 90% in-out), of internal targets and
bent-crystal deflectors. The average beam intensity was
not high, 2-10" ppp in 10-12 bunches (of 29 max
available).

Second, the machine was operated at the conventional
50 GeV (protons). The beam has fed up to 7 experimental
facilities (refer to Fig. 5) and, under the top priority, the
Proton-Radiographic Facility. Beam intensity was 3—
6-10"> ppp, which was not so high due to troubles at the
proton linac URAL30 at front end of the accelerating
cascade in the proton mode. There is definitely a room for
improvement left since occasionally the machine has
yielded promising values of intensities per bunch
amounting at max to 4.5 (U1.5), 3.8 (U70)-10"! ppb.

e 7 FRiRNGE |  pasirens]
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Figure 5: Stochastic slow extraction of protons from U70.
Left, traces from top to bottom: AM-modulated feeding
noise, low-ripple stochastic slow spill, waiting beam DC
current, and beam feedback signal to modulate amplitude
of noise. Right, monitor of slow extraction: bottom trace
is spill intensity in relative units; top trace is in-out
transfer ratio varying from 80 to 93% (at this plot).

Third, U70 was switched to high-energy carbon-beam
mode at 25 GeV/u (the same magnetic rigidity and
compliable kinematics as those for 50 GeV protons for
future complementary hadron-nuclei and nuclei-hadron
experiments). In course of a very short MD session the
three issued extraction systems available were re-tuned to
service carbon nuclei — (i) fast extraction to beam
transfer line BTL#8, (ii) stochastic slow extraction to
BTL#22, and (iii) slow extraction via bent-crystal
deflectors to BTLs#22 and #8. Beam intensity varied in
between 3—6.5-10° ipp.

There were two beam observations reported that are
crucial for further advance of light-ion experimental
program at U70. These are high quality (purity) of the
high-energy carbon beam at the exit faces of beam
transfer lines and negligible fragmentation the carbon
nuclei in and after bent-crystal deflectors.

Fourth and finally, U70 was switched over to
456 MeV/u carbon beam storage and stretcher mode
feeding BTL#25 ended by Interim Radio-Biological
Workbench. Stored beam intensity amounted to 3—
6.5-10%ipp. The end-user off-site experimentalist
community at U70 has been joined by a new member — a
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team from Institute for Theoretical and Experimental
Biophysics the Russian Academy of Science (ITEB,
Pushchino, Moscow Region). The intermediate-energy
slowly-extracted carbon beam is thus well in-demand.

RUN 2015-2

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 part 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
structure, extractions and the BTLs involved.

During the shutdown, a crush program to improve
functionality of proton source and URAL30 linac had
been accomplished to attain reliable operation with
4-10" ppb in a variable number of bunches (up to 29).

Major bulk of fixed-target fundamental research was
arranged, as usual, with sequential and parallel beam
sharing at flattop. Occasionally, 5 experimental facilities
were fed by the beam simultaneously in a cycle which
constitutes a clear example of an efficient multi-user
regime.

Wavetoom Oata

Figure 6: Beam train of 10 bunches in U70 for fast single-
turn extraction for applied research. Bunch intensity is
3-10" ppb (marked with horizontal line).

elro

Figure 7: Stochastic slow spill of 50 GeV protons to the
OKA experimental facility (study of rare kaon decays).
Spill intensity 4-10" ppp.

In total, the 50 GeV proton beam was consumed by 6—8
beam users. Beam intensities were 3-10'> ppp (average),
8.2:10” ppp (max), 5.3-10'" ppp (stochastic slow
extraction @ max 91% in-out transfer).

In the 456 M»sB/u carbon beam mode, U70 accepted 3—
5-10° ipp and delivered beam to radio-biological research.
The two off-site research teams engaged in this activity
were already mentioned (MRRC and ITEB).
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Figures 6-9 illustrate a few milestones of the run at
issue. Its tasks were accomplished.

Figure 8: End of run 2015-2. Numerical data at the
intensity monitor screenshot: 1.9-10'* ppp to internal
targets (green), 4.6-10'% ppp to stochastic slow extraction
(yellow), 6.5-10" ppp of total extracted intensity, 4% of
integral start-to-end beam losses, transition crossing
included (purple). Notice smooth sustained operation of
U70 prior to scheduled shutdown at 09:00 of December
18, 2015.

RUN 2016-1

In course of this run, U70 was employed in two modes
and with four beam energies — proton (40 and 50 GeV)
and carbon (20 GeV/u and 456 MeV/u).

The machine was launched and tuned with 40 GeV
proton beam at 3 s long flattop. Essentially, it was a test
pilot beam to adjust injection systems and beamlines to
the non-standard energy. The goal was to accommodate
the machine to accept the much-less-intensive 20 GeV/u
carbon-nuclei beam of the same magnetic rigidity.

In the aftermath of such a pre-tuning, the machine was
switched to carbon mode. Thus, the 1% in record lengthy
(23 days) run of U70 for fixed-target physical program
with high-energy carbon beam had started. Peak intensity
observed was 7-10° ipp (one bunch).

Figure 9: Sequential slow extraction of high-energy
(20 GeV/u) carbon nuclei to FODS (via bent-crystal
deflectors) and VES (stochastic) experimental facilities at
the 1** and 2™ halves of the U70 flattop, respectively. Net
intensity is 6.7-10° ipp.

Upon acceleration, the beam was de-bunched at flattop
and extracted to existing FODS, SPIN and VES
experimental facilities. To this end, two extraction
schemes were employed — via noise-diffusive feeding
the 3™ order horizontal resonance (stochastic slow
extraction) or via bump-translational feeding bent-crystal

High intensity cyclic and linear accelerators
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Table 1: Four runs of the U70 in between RuPAC-2014 and -2016
Run 2014-3 2015-1 2015-2 2016-1

Launching linac URAL30, booster U1.5 and U70 sequentially | October, 06 February, 09 September, 29 | February, 15
(1100 in parallel with a delay)
Beam in the U70 ring since October, 23 March, 03 October, 29 February, 29
Fixed-target physics program with extracted top-energy | November, 06 | March, 10 — November, 09 | March, 03 —
beams (either of protons or of carbon nuclei) — December, April, 20 — December, April, 11,

01, 25 days 32 days 18, 39 days 31 day
No. of multiple beam users (of which the 1* priority ones) 9(7) 9(8) 9(9) 6(6)
MD sessions and R&D on beam and accelerator physics, days | 14 12 14 11
Light-ion acceleration program, intermediate energy only December, April, 20-24, December, April ,14-25,

12-22, 11% 4% days 18-25, 72 11 days

days days

deflectors. Both the extractions succeeded which is
confirmed by Fig. 9.

By end of the high-energy part of the run, U70 was
again re-tuned to standard 50 GeV protons to yield the
beam for other fixed-target research: proton radiography
(daytime); TNF-ATLAS and ISTRA (nights).

Traditionally now, the run had ended with the
456 MeV/u carbon beam mode for radio-biological
studies. Still, it is worth noting that one more off-site team
of experimentalists had applied for and got the
intermediate-energy carbon beam from U70 — the
scientists from Joint Institute for Nuclear Research (JINR,
Dubna, Moscow Region) irradiated nuclear emulsions
thereby.

This run deserves a dedicated comment from the
standpoint of experimental physics.

Indeed, it has launched a systematic experimental
fixed-target research in the field of relativistic nuclear
physics with the formerly entirely-proton machine. It was
its first-in-record run when experimental facilities where
fed mostly by high-energy beams of carbon nuclei. There
were three major physical facilities involved — FODS,
SPIN and VES. Beam energy was 20 GeV/u or 240 GeV
in total. (To remind, the top magnetic rigidity of the U70
synchrotron allows gaining proven 35 GeV/u or 420 GeV
total). Beam intensity varied from 10° to 4-10° nuclei per
cycle (9.5 s), on demand of experimentalists.

The FODS facility was engaged in observation of
fragmentation processes of high-energy carbon nuclei
projectiles impacting other fixed-nuclei and studies of
generating secondary particles in a deep cumulative
region.
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The SPIN facility studied spectra of secondary particles
with large transverse momenta in course of impact of the
high-energy carbon nuclei against nuclear (hydrogen
included) fixed targets. Implementation of hydrogen
target allows acquiring carbon-proton interaction data for
subsequent cross-analysis with the complementary
inversed-kinematics  proton-carbon interaction data
recorded in the earlier proton runs of U70.

The VES facility was engaged in a survey hadron-
spectroscopy experiment to study specifics of meson
states showing up in carbon-carbon interactions. Another
topic was a search for bounded meson-nuclei states

Thus, run 2016-1 has de-facto opened a new direction
of experimental research in IHEP of NRC “Kurchatov
Institute”.

CONCLUSION

Accelerator Complex U70 at IHEP of NRC “Kurchatov
Institute” is maintained in a healthy functional status,
have noticeably improved its functionality due to recent
upgrades and provides beams for ongoing topical fixed-
target research, both fundamental and applied, with
protons and carbon nuclei of high and intermediate
energies, slowly or fast extracted.
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INR HIGH INTENSITY PROTON LINAC. STATUS AND PROSPECTS.
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Institute For Nuclear Research, Moscow 117312, Russia

Abstract

The status and the prospects of High Intensity INR
Linac are presented. The routine beam intensity is equal
to 130 pA. The annual accelerator run duration is about
1600 hours. The main beam user facilities are
multipurpose complex for neutron science, isotope
production facility and proton therapy facility. The

primary  activities are accelerator = maintenance,
modernization of accelerator systems and beam
transportation channels, increasing of accelerator

reliability, improvement of beam parameters.

INTRODUCTION

The detail information on INR Linac has been given
previously [1, 2, 3]. The current report repeats some basic
information about the accelerator and describes the
current status, prospects and latest activities.

INR Accelerator Complex is located in science city
Troitsk (Moscow) 20 kilometers to the south-west from
Moscow circular road. It includes the high-intensity
proton Linac, Experimental Area with three neutron
sources and Beam Therapy Complex as well as Isotope
Production Facility (IPF).

In nineties INR accelerator was the second large high
intensity and medium energy linac after LANSCE (former
LAMPF) at LANL, Los Alamos, USA. Since that time
two new linacs of this type with improved parameters
have been put in operation (SNS and J-PARC) and
several more ones are being constructed or designed now.
This activity shows the urgency of the researches made at
the accelerators of this type and confirms extreme
topicality of the INR research complex.

LINEAR ACCELERATOR

General Description and Parameters

The simplified diagram of the accelerator is shown in
Fig. 1. The accelerator consists of proton and H-minus
injectors, low energy beam transport lines, 750 keV
booster RFQ, 100 MeV drift tube linac (DTL) and
600 MeV coupled cavity linac (CCL, Disk and Washer
accelerating structure). There are seven 198.2 MHz RF
channels for five DTL tanks and RFQ cavity (including
one spare channel) as well as thirty two 991 MHz RF
channels for 27 CCL accelerating cavities and one
matching cavity (including three spare channels and one
channel for equipment tests). Design, obtained and
currently available operational Linac parameters are
summarized in Table 1.

The accelerator is in regular operation since 1993. 123
accelerator runs with total duration of 45000 hours have
been carried out so far including 55 runs of total duration
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of 16000 hours within the last decade. The availability of
the beam for the users is 8090 % of the total beam time.

Table 1: Main Accelerator Parameters

Parameter Design Obtained | November

2016

Particles p, H-minus | p, H-minus p

Energy, MeV 600 502 247

Pulse current, 50 16 15

mA

Repetition 100 50 50

rate, Hz

Pulse 100 200 0.3+200

duration, ps

Average 500 150 130

current, pA

Resent Modifications

The main isotope produced at INR IPF is Sr-82 used
for positron emission tomography. The efficiency of
isotope production depends on proton beam intensity at
the target. The limitation of beam intensity is set taking
into account several effects. One of the effects is heating
of the target including that within the beam pulse. To
decrease the pulse heating the fast raster system has been
developed, built and implemented in the beam line to IPF
[4]. The system provides a circular scan with adjustable
amplitude and the frequency of 5 kHz thus providing one
turn of the beam on the target within the 200 pus beam
pulse. Due to implementation of this system the tolerable
beam intensity for 143 MeV beam has been increased

from 100 pA to 130 pA.

In order to increase the beam intensity twice the efforts
to increase the beam pulse repetition rate from 50 Hz to
100 Hz have been undertaken. Doubling of the repetition
rate will also give the possibility to effectively split the
beam between the IPF and the experimental area with the
help of the pulsed magnet installed several years ago in
the intermediate beam extraction area (160 MeV)
providing the 50 Hz beam to each facility pulse by pulse
[5]. Though the whole problem has not yet been solved
several intermediate results have been obtained:

e The proton injector beam pulse repetition rate has

been doubled and reliable operation of the injector
has been achieved at 100 Hz [6].

e Accelerating system and RF power supply systems

have been tested at 100 Hz.

When testing the RF power supply systems the effect of
bi-periodicity of the RF pulses has been found. The effect
was due to mains supply and was observed in both
accelerator parts. The problem has been investigated and
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generally solved [7]. However the task of replacement of
the powerful modulator vacuum tubes by powerful RF
tubes arose [8] and the problem of bi-periodicity will have

TUZMHO02

to be newly investigated and solved in future for new
vacuum tubes.

Isotope Production

o 075MeV 100 MeV 160 MeV Facility

P

" RFQ C, Cs
"

Cio

247 MeV 423 MeV 602 MeV

C|4 C15 C23 C24 CBZ

D. - a ,° ol Experimental
“« , Area
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Figure 1: Simplified diagram of the accelerator (C,+Cs;, — accelerating cavities). The sectors of the accelerator are

marked with different colors (five sectors totally).

The tests of the accelerating system with 100 Hz
repetition rate revealed a catastrophic problem with the
first CCL Disc and Washer cavity (100+113 MeV).
Number of RF breakdowns in the cavity increases
drastically which makes practically impossible its
operation at 100 Hz with the required pulse duration of
more than 200 ps. The activity to develop the new cavity
based on the novel Cut Disk Structure has started [9].

As mentioned above the accelerator includes the
intermediate extraction area where the Isotope Production
Facility is located. The IPF is a stationary installation and
is foreseen to work with high intensity beam. However
the tasks to irradiate different items with low intensity
beams arise regularly. Recently a decision to build an
irradiation channel for low intensity beams (up to 1 pA)
with the energies from 100 MeV up to maximum possible
energy has been done and the construction has started at
the exit of the accelerator.

EXPERIMENTAL AREA

Experimental Area is shown in Fig. 2. All the
equipment of experimental area is foreseen to work with
the beam of 600 MeV but now the power supply system is
restricted and enables to work with the energies up to
300 MeV. At present the following facilities are in
operation: Spallation neutron source IN-06 with a number

of multipurpose instruments, 100-ton spectrometer
LNS-100 on slowing down in lead, RADEX facility (a
modified beam stop) with neutron guides and stations for
time-of-flight spectrometry, Beam Therapy Complex.

Initially the main beam for the Experimental Area was
foreseen to be H-minus. Splitting of the primary beam
into several ones by stripping and further separation in
vertical plane was intended. The separated beams were
planned to supply to different experimental installations
simultaneously. As the beams appeared to be displaced
with respect to each other their further transportation was
not an easy task as no one beam moved along the axis of
the magnetic system. Moreover optimum position of the
magnetic elements was not at the same level and they
were displaced vertically. In this configuration
transportation of even one high intensity beam was not an
easy task.

High intensity cyclic and linear accelerators

After restructuring in 2014 the transportation channels
of the experimental area from the accelerator exit to the
experimental facilities have been passed to the accelerator
division. After careful analysis of the current status of the
channels, available possibilities and the realistic tasks a
decision to abandon the multi beam mode with
simultaneous beam transportation to several experimental
installations has been done. All the electromagnetic
equipment has been realigned and installed on one level
thus enabling to simplify beam tuning, to reduce
requirement to beam parameters, to decrease beam losses
and to improve reliability.

Figure 2: Experimental Area (1 - RADEX facility, 2 -
Spallation neutron source IN-06, 3 - LNS-100
spectrometer, 4 — Beam Therapy Complex, 5 — beam
separation area).

PROSPECTS

Due to several reasons the design parameters of the
linac have never been obtained. Meanwhile some
accelerator systems including vacuum system, focusing
system, control, diagnostics and conventional facilities
work practically in the design mode. At present the
accelerator regularly works with the energy of 209 MeV.
The available amount of klystrons enables to accelerate
the beam up to 247 MeV with minor efforts. It is quite
realistic to obtain the energy of 300+350 MeV but
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essential efforts and expenditures are needed. Increasing
the beam intensity above 130+150 mA requires doubling
of the beam pulse repetition rate up to 100 Hz. To solve
this task the first accelerating cavity of the high energy
part of accelerator must be replaced by a new one and the
RF power supply system of the low energy part must be
modernized.

Building the irradiation channel at the exit of the
accelerator is also considered as a promising
improvement enlarging the accelerator functionality.

However the most promising task being discussed and
negotiated with international Thorium Energy Committee
(AThEC) is an ADS experiment based on INR linac and
spallation neutron source IN-06. According to iThEC,
INR facility is the most suitable place in the world where
the demonstration ADS experiment can be performed at a
relatively modest cost and on a relatively short time scale.
The subcritical ADS core can be installed in the second
compartment of the spallation source which is empty now.
The formulated requirements to the accelerator beam do
not seem unattainable: proton beam  energy
247+350 MeV, beam intensity up to 250 pA, beam power
25+90 kW. With these characteristics, it will be possible
to study ADS properties up to a thermal power of
2.5 MW, varying the neutron multiplication factor &, up to
0.98. For the minimum required beam power of 25 kW
the thermal power of 1 MW can be obtained with
k=0.972.To supply the beam to the second compartment
of the neutron source the beam line with the length of
near 40 m must be built. The main electromagnetic
equipment for this line is in hands.

CONCLUSION

The scientific facility based on 600 MeV Proton Linac
is in operation at the Institute for Nuclear Research.
Permanent modernization of the accelerator and the
Experimental Area enables not to only maintain the
complex in operational state but also to improve beam
parameters and complex capabilities. The existing
experimental facilities are the basis for variety of both
basic and applied researches.
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Abstract

All IFMIF — EVEDA RFQ modules were completed in
summer 2015. In the previous year the last three modules
were RF tested at LNL at nominal power up to cw
operation. At the beginning of this year all the modules
were assembled in three 3.3 m long super-modules
structures that were shipped to Japan. RFQ was then
installed and tuned with provisional aluminum tuners and
end plates to nominal frequency and field distribution.
Replacement of movable aluminum components with
copper fixed ones increased cavity quality value not
affecting field flatness and frequency.

INTRODUCTION

The required acceleration in continuous wave (CW) of
125 mA of deuterons up to 5 MeV poses IFMIF RFQ at
the forefront frontier of high intensity injectors [1].

This RFQ is indeed meant to be the injector of a 5 MW
deuteron linac (40 MeV final energy) for fusion material
irradiation tests. The International Fusion Materials
Irradiation Facility (IFMIF) [2] project aims at producing
an intense (about 10'7 s™!') neutron source facility, with
spectrum up to about 14 MeV, in order to test the
materials to be employed in the future fusion reactors.
The facility will be based on two high power CW
accelerator drivers, hitting a single liquid lithium target
(10 MW power) to yield neutrons via nuclear stripping
reactions.

The IFMIF-EVEDA project was funded at the time of
the approval of ITER construction (2007); the task is to
validate the IFMIF design by the realization of a number
of prototypes, including a high-intensity CW deuteron
accelerator (called LIPAc, Linear IFMIF Prototype
Accelerator) for a beam power exceeding 1| MW.

LIPAc is being installed at the QST site in Rokkasho
(Japan). Accelerating structures of the prototype linac,
operating at 175 MHz, are the RFQ and the first Half
Wave Resonator cryomodule (Fig. 1).

100 keV —————— 5 MeV
E\ NI
.

RFQ

Figure 1: Schematic layout of the IFMIF-EVEDA
prototype linac (125 mA, 9 MeV deuterons).
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LIPAc realization is a strict collaboration between
Japan and Europe. The detailed organization of such
challenging project is discussed in [3].

Presently injector commissioning data are under
evaluation, RFQ is assembled and tuned, MEBT and
diagnostic plate are under set up and RF system is under
completion [4]. The commissioning plane foresees four
phases: Phase A that is the production of 140 mA
deuteron current at 100 keV in CW; Phase B that is
acceleration of 125 mA deuteron current at 5 MeV at
0.1% duty cycle; Phase C that is acceleration of 125 mA
deuteron current at 9 MeV at 0.1% duty cycle; Phase D
that is the ramping up of the duty cycle up to CW. In all
phases it is planned to characterize and use, together with
the deuteron beam, a proton beam with half energy, half
current and similar space charge.

Phase A commissioning was concluded first week of
November. Such phase was extremely important to
establish the correct RFQ input conditions and guarantee
the required LIPAc performances [5-7]. Unfortunately
injectors didn’t reach specifications at 100% DC.
However, considering that a low duty cycle operation for
the injector was demonstrated, it was decided to conclude
phase A2, that is the characterization of injector
parameters at the RFQ input location and move towards
phase B. Possibility to have additional time for a phase
A3, that is the characterization of injector parameters in
the middle of the LEBT, was maintained.

During phase A2 commissioning, RFQ was installed
3.3 m downstream its nominal position for assembling
and tuning allowing, in parallel, injector commissioning.
At the beginning of November, RFQ was finally installed
in its final position (Fig. 2) in view of RF conditioning
and beam commissioning (phase B).

™= b gl

Figure 2: RFQ fully assembled and aligned in the final
position.

ISBN 978-3-95450-181-6
51



TUZMHO03

RFQ CONSTRUCTION

INFN was in charge of the design and construction of
the RFQ system, namely the accelerator structure, the
vacuum system, the cooling system used for slow
frequency tuning and the local control system. This
activity was developed through the INFN Legnaro
National Laboratories, by an accelerator physics group
with previous experience in RFQ realization and through
Padova, Torino and Bologna INFN sections, with
previous experience for mechanical development and
realization in large international experiments (like for
CERN LHC). The responsibilities were distributed
accordingly, with Padova and Torino in charge of the
RFQ module mechanical development and engineering
integration respectively. About 30 people including
physicists and engineers have been involved in RFQ
realization.

A specific characteristic of this development has been
the use of internal resources and installations, not only for
the physical and local control design, but also for all the
other realization steps, like mechanical design, high
precision machining of critical components, QA and
measurements, vacuum brazing and high power RF
testing. This allowed the best efficiency when processes
were given to industry, plus an important flexibility to
solve the problems that sometimes occurred. Moreover,
the various steps of the development have been openly
discussed within the accelerator community and
published in order to share opinions and have the best
result for our difficult task [8-29].

The specifications of IFMIF-EVEDA RFQ are very
challenging, since the 650 kW beam should be
accelerated with low beam losses and activation of the
structure should allow hands-on maintenance of the
structure itself. Beam losses less than10 mA in total and
less than 0.1 mA between 4 MeV and 5 MeV are allowed.

The beam dynamics optimization led to a solution with
high focussing parameter B, high voltage ramped in the
middle part of the structure up to 132 kV. The design
approach followed the standard subdivision in shaper
(approx. 1.5 m), gentle buncher (approx. 1.5 m) and
accelerator (approx. 7 m). The accelerator, with a linear
synchronous phase variation from -60° to -32° was
optimized cell by cell, keeping the maximum surface field
and increasing the acceptance up to 2 mm-mrad norm. A
strong focussing factor (B = 7) is necessary in the gentle
buncher section in order to keep the tune depression
above 0.4 in order to avoid the main space charge driven
resonances. The focusing in the shaper rises from B =4 to
B = 7 allowing an input beam with smaller divergence
and an easier matching from the LEBT.

The inter-vane voltage in the accelerator section is
ramped using a V(z) law in closed-form and continuous
up to the 2nd derivative; it is possible in this way to have
continuous cut-off frequency variations along the RFQ, as
well as limited frequency excursions, keeping at the same
time the maximum surface field below 1.8 Ekp along the
structure.

ISBN 978-3-95450-181-6
52

Proceedings of RuPAC2016, St. Petersburg, Russia

The four vane resonator was the only practical solution
for such high inter-vane voltage. The cross section was
optimized for high shunt impedance and about 86 kW/m
maximum dissipated power.

The mechanical design is based on a brazed structure
and metal sealing to guarantee the necessary high
reliability. These two choices determined many aspects of
the design, for example the use of 316LN stainless steel
for most of the interface points. The brazed approach for a
structure with such a large cross section was developed by
choosing 18 relatively short modules, about 550 mm long;
the square shape has many mechanical advantages and
good shunt impedance. Finally, efficient water cooling
channels were needed to maintain geometry despite
intense RF dissipation.

Due to the extremely high beam current, the attainment
of beam loss control is of paramount importance in such a
structure. Beam losses are basically related to geometrical
tolerances and in particular can be affected by: vane
modulation machining, beam axis accuracy along the
accelerator and voltage law accuracy along the structure.

The electrode machining was very accurate and it was
verified with continuous scanning CMM of each of the 72
electrodes (20 um max error in the modulation geometry
of each module was achieved).

The beam axis accuracy requires quadrupole center
maximum misalignment of 0.1 mm. This was achieved
with proper module characterization after brazing (CMM
measuring), precise transverse alignment using laser
tracker and precise longitudinal positioning determined
by calibrated spacers machined according to laser tracker
analysis of the modules connecting surfaces.

As for the third aspect, in few words it is related to the
global deformation of the module mainly during brazing.
The effect of part of this deformation can be recovered by
tuners but the geometry of the module should be good
enough to remain in the tuning range, +1 MHz in our
case. This is the most demanding aspect for the
mechanical design and quality management of the module
production since the brazing process has to guarantee
electrode displacements below 50-100 um, depending on
modulation amplitude.

So the mechanical design was based on vacuum
brazing with very strict tolerances on relatively large and
heavy structures. Even the procurement of the CUC2 raw
material blocks was limited by the total mass amount and
calls for a maximum longitudinal dimension of about 550
mm. The accelerator is therefore composed by 18
modules.

The blocks undergo deep drilling of the cooling
channels, EDM rough machining, to minimize stresses
and possible deformations in the oven, annealing, final
machining and brazing cycles. After the first prototypes
and modules, produced with two brazing cycles, INFN
developed the procedure used for the production of most
of the modules: single brazing cycle (Fig. 3).

The four electrodes of each module were joined in
vertical position together with SS components like head
flanges, lateral flanges and cooling tube connectors. It
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was very important to develop the correct fixture, so to
keep the pieces with the right tolerance during brazing,
leaving the differential elongation possibility during the
oven thermal cycle.

Figure 3: The RFQ module (550 mm long) in the vacuum
oven

Subdivision in many modules has various advantages:
each module can be machined with very precise and
common milling machines; vacuum ovens for limited
dimensions are also major spread. The cavity wall
interruption has almost no consequence on power
consumption due to TE operating mode, while the vane
interruption with a gap of about 100 pm can be realized
without too large increasing of the local surface field.

B

Figure 4: The three SMs integrated with the ancillaries

Modules are coupled in three groups of six modules
each constituting “super-modules”(SM). Each SM has its
own support (Fig. 4). The cooling system follows this
architecture, with two cooling circuits one for the vanes
and one for the tank skin, for each SM. The resonant
frequency is controlled acting on the difference between
vane and tank temperature. The thermal deformation of
the cavity has been extensively simulated with 3D FEM
to take into account the actual channel distribution, the
stiffening determined by the head flange of each module,
the lateral flanges for tuning, pumping and power
coupling [26]. The most severe hot spots are foreseen in
the vane undercut on the high energy side [27].
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The vacuum system layout is based on cryogenic
pumps mounted on pumping manifolds able to use two
vacuum ports each. The nominal pressure with full power
beam is lower than 5x107 mbar.

The RFQ is fed by eight independent RF chains and
eight power couplers, 200 kW each: 650 kW for beam
loading, 600 kW for power dissipation in copper plus
margin for regulation.

The 18 modules were produced in three sets,
corresponding to the three SMs; 6 machined and brazed in
house, 12 in the industry by two different companies. The
first produced SM was the high energy one. The
intermediate energy SM, with most demanding machining
due to the voltage ramping, was built internally by INFN.
The in house capability to entirely produce a module was
also important to recover the production problems for one
of the two external contractors.

In the production the constant quality control was
clearly very important. Each module was tested with
CMM and RF in various phases. In ref [25] the details of
this comparison are shown, with a remarkable coherence
of the results of the two methods. Overall the production
showed an average spread of 350 kHz, or 46 um in
average aperture Ro. These values can be well
compensated by the tuner (range +1MHz).

After brazing, each module needed to be mounted again
on the milling machine. In this phase, the final machining
of the reference plane was particularly important. It
allows, via calibrated spacers, the proper closing of the
head flange and relative positioning of the modules.

HIGH POWER TEST IN EU

A very important step of our risk reduction strategy was
the implementation of high power tests in Europe. Indeed
one of the problems encountered was the lack of
experience in CW RFQ operation and the necessity to
validate the design and the construction technique, in
view of the construction of 18 RFQ modules to be
installed about 10000 km far away.

As a preliminary step in 2010, in collaboration with
CEA, two modules of TRASCO RFQ (352 MHz designed
by LNL and built in Italy for a different project) were
installed at Saclay and operated CW. The RF system of
IPHI project and an INFN cooling skid for frequency
regulation were used [28]. Nominal field in CW mode
was reached.

In 2012 it was decided to test in Italy at LNL a 2 m
long structure, corresponding to the last three elements of
IFMIF RFQ, assembled with a prototype module used for
RF field matching. The assembly, the alignment, the
tuning and the transportation with a truck to a different
building were important procedures test. This structure
could be driven by a single 200 kW RF chain. In this way
we could check the condition of maximum voltage,
maximum field and maximum power density.

For this purpose, a specific test stand was built at LNL,
with a light bunker and approximately 600 kW power
installed, mainly for RF system and refrigerator.
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Elements of the RFQ local control and cooling systems
were used for this test as well as a circulator kindly
borrowed by Ciemat. Unfortunately, just before test
starting, a problem was discovered on the high power
couplers produced by QST, which caused the
impossibility to use those couplers for a power test. In
order to keep the schedule and validate the design during
module production, two new RF power couplers, both
rated 200 kW, were developed at LNL and procured by
Italian industry in few months.

As a result, it was possible to condition the RFQ in
CW mode up to the operating field. In Fig. 5, the log of 5
operation hours at full power is reported. This
corresponds to a field of 1.8 Ekp and to a power density
of 86 kW/m [27].

Moreover, from the measurement of the pick-ups field
it was possible to verify that the field distribution
remained stable, with an error lower than 0.5%, from low
field up to nominal field. Finally, it was possible to close
the RF frequency feed-back loop and stabilize the natural
frequency of the cavity by means of the temperature
difference between vanes and external structure checking
the resonance control system.
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Figure 5: RFQ stayed at nominal power and CW

operation for 5 hours. Then test was considered
successfully concluded
RFQ ASSEMBY AND TUNING

The RFQ was assembled in Italy in three SMs. Each
SM was mounted on an independent support. During
assembly, each module was mounted on a temporary six
degree of freedom support with sliding capability, aligned
by means of the laser tracker and connected to the next
one. Transverse position was determined by alignment
while tightening the bolts, the longitudinal position by
calibrated spacers inserted at the level of bolts. After each
step a vacuum test was done to check the correct
operation of the squared metallic seal.

The three SMs were completely assembled at LNL in
January 2016. Before careful packaging, all the SMs were
successfully tested in vacuum and filled with nitrogen
gas. Shock recorders were screwed on the top of each SM
to monitor various transport steps: from LNL to Milan
airport by truck, from here to Frankfurt airport by aircraft,
from here to Tokyo airport by aircraft and from here to
Rokkasho site by truck. After SM unpacking, vacuum
tests confirmed a vacuum leak lower than 2x107'® mbar-
I/s.

ISBN 978-3-95450-181-6
54

Proceedings of RuPAC2016, St. Petersburg, Russia

SMs and their associated support stands were pre-
aligned using the rough alignment system able to regulate
position with 0.5 mm precision over £20 mm range in all
directions. SMs were then precisely aligned within 0.05
mm respect to nominal references using the precise
alignment system.

It is important to notice that during coupling of the
SMs, alignment of the interface modules axes has higher
priority respect to alignment of the SMs respect to
reference beam axis. This means that low energy plate
and high energy plate of the RFQ are forced to be on
beam axis while single modules axes can be as far as 0.2
mm from the nominal beam axis in the vertical
component.

Just after RFQ assembly, dummy tuners and bead pull
system were installed on the RFQ cavity to find the
optimum configuration for cavity tuning. Bead-pull
campaign to optimize end plates and 108 tuners
penetrations started at the end of April 2016 and took two
weeks.

14 | 0.02

. —; L L3
Vo, Y 'e’ N4 N
i . * *
L3 * &
! . _ 5 v v dp v
[ - Y .

Vg-vao
N F 4-001" vgo

0.8

-—-0.02

0.6 —0.03
10

z[m]

Figure 6: Bead pull measurement of the IFMIF RFQ field.
VQO is the nominal field; Vq is the measured field (left
scale); the dipole components and the relative error on the
right.

From the first measurement with flush tuners the good
quality of the cavity appeared, since dipole field
components were below 2% and the frequency
corresponded to 3D simulations. The geometry of the end
plates without dipole correcting fingers was confirmed.
After several iterations on dummy tuners positions,
nominal field distribution was established, with spurious
mode components below 2% target limit (Fig. 6).

Final tuners and final end plates were machined at
required quotes according to RFQ bead pull
measurements results. Machining was done in three steps
in order to maintain enough tuning margin up to the
conclusion of the process. In the first step copper
termination plates and 16 copper tuners were replaced to
dummy termination plates and dummy tuners. Bead pull
measurements showed that final low energy termination
plate caused a small change in the field flatness that was
recovered by changing the penetration of the four tuners
located near the plate. In the second step, 43 aluminum
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tuners were substituted with copper ones and no changes
appeared on the field flatness. At the end, the remaining
49 aluminum tuners were replaced with the copper ones
without affecting the field.

Finally the frequency, rescaled for vacuum and nominal
temperature, was measured to be equal to 175.014 MHz
and the quality factor Qo was equal to 132004200, 82% of
SUPERFISH value with flash tuners, corresponding to a
shunt impedance R, =201 kQ*m.

The shunt impedance is clearly a very important
parameter for a CW RFQ operating at high inter-vane
voltage. The confirmation of the very good design value,
in the presence of all the 3D and “as built” details, was an
extremely good result.

CONCLUSIONS

The RFQ construction was concluded, all the modules
were accepted after RF and CMM tests completion.

The CW RF performances of the RFQ such as
maximum field, power density, water temperature
frequency control loop, were achieved in the high power
test in Italy.

The air-transportation in three SMs and the assembly in
Japan were successful. The RF field was tuned to the
nominal shape with specified accuracy (2%).

The excellent shunt impedance of the design has been
achieved  (Qo=13200). Conditioning and beam
commissioning will start on May 2017.
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Abstract

VEPP-4 and VEPP-2000 e+e- colliders are switching
to feed from VEPP-5 Injection Complex via newly con-
structed K-500 beam transfer line. Since first operation of
K-500 at the end of 2015 injection complex delivered e+
and e- beams to VEPP-2000 facility and is getting ready
to work with VEPP-4. Upgraded injection chain demon-
strated ability to provide design luminosity to VEPP-2000
and techniques of reliable operation are now under devel-
opment. The design and operation experience of Injection
Complex and transfer lines will be presented.

INTRODUCTION

Injection complex was introduced in 1994 as e+/e- beam
source of VEPP-5 project [1], which also included VEPP-
3/4M electron-positron collider complex, charm-tau fac-
tory, phi-factory(abandoned collider project), linear accel-
erator (or synchrotron as alternative) for increasing injec-
tion complex beam energy to VEPP-4M and charm-tau fac-
tory experiments energy and beam transfer lines. It was
later decided to build 250 m beam transfer line from in-
jection complex to BEP in order to provide particles for
VEPP-2000 [2].

First 2010-2013 run of VEPP-2000 showed 30 time
lower luminosity than designed value 1032e¢m=2 - ¢71,
which was limited by insufficiency of positrons. Since in-
jection complex had demonstrated acceptable performance
by 2013/2014 season [3] upgrade of VEPP-2000 injection
chain was performed in 2014-2015 [4]. VEPP-3 injection
systems were switched to injection complex in summer
2016. The resulting layout of BINP colliders with injec-
tion complex is shown on Fig. 1

INJECTION COMPLEX

Injection complex is linear accelerator based e+/e-
beams source with damping ring (see Fig. 2). It consists
of electron gun, bunchers, 270 MeV electron linac, conver-
sion system, 510 MeV positron linac, injection channels
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and dumping ring. Key designed parameters of VEPP-5
Injection Com-plex are presented in Table 1.

Table 1: VEPP-5 Injection Complex Design Parameters

parameter value
Max. Beam Energy 510 MeV
Max. number of e- or e+ per bunch 21010
Energy spread in the bunch 0.07%
Longitudinal bunch sigma 4 mm

0.023 mm mrad
0.005 mm mrad
1 Hz

Horizontal emittance
Vertical emittance
beam transfers rate

Linear Accelerator

Linear accelerator is S-band and consists of four mod-
ules. Each module includes SLAC 5045 klystron, SLED-
type [5] power compressor and 3 or 4 accelerating struc-
tures. Both linacs include 14 accelerating structures [6],
which are round disk-loaded waveguide (see Fig. 3). The
main design parameters of linear accelerators is presented
in Table 2.

Table 2: Injection Complex Linear accelerators design pa-
rameters

parameter value
Max. Beam Energy 280, 500 MeV
RF frequency 2855.5 MHz
Max. number of e- in beam 10t
Max. number of e+ in beam 6.3 -10°
Energy spread e+, e- 3%, 1%
repetition rate 50 Hz

Conversion System

In order to produce positrons we accelerate electron
beam to 270 MeV and send it to tantalum conversion target.

Colliders
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Figure 1: Injection complex and colliders.
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Figure 3: Linac RF structure. 1 regular cell, 2 wave type
transformer, 3 junction cell, 4 junction diaphragm, 5 cool-
ing circuit.

Then secondary particles pass to flux concentrator (match-
ing device), which is pulsed magnet with 10 T at maxi-
mum “axial” magnetic field (see Fig. 4). We are running
flux concentrator at about 7.3 T since increased field just
slightly increases number of collected positrons [7] and sig-
nificantly decreases the device lifetime. Main operating pa-
rameters of the flux concentrator are presented in Table 3.

Damping Ring

Injection complex damping ring [1, 8] (see Fig. 5) was
designed to inject beams into S-band linear accelerator,
accordingly designed longitudinal bunch sigma is 4 mm.
Hence damping ring RF frequency was selected to be 700
MHz (frequency ratio is 64). Klystron 100 kWt was used in
the damping ring RF system as power amplifier. It was pos-
sible to achieve 400 kV resonator voltage being limited to
230 kV due to possible damages to klystron or waveguide.
The last klystron failed in 2016 and 1 kWt semiconductor

Colliders

Figure 4: VEPP-5 Conversion system (e focusing not
shown). a) 1 movable target holder, 2 magnet flux con-
centrator, 2 target; b) magnetic measurements; ¢) positron
beam phase portrait after the target (inacceptable linac area
is in grey); d) positron beam phase portrait after the flux
concentrator.

amplifier had been used for a few months. We are now
switching to 20 kWt semiconductor amplifier, so 230 kV
resonator voltage will be achievable. Since current beam
users do not require short beams it is possible to increase
injection complex productivity by exchanging 700MHz to
11.94 MHz (RF ratio is 1). This upgrade is under consider-
ation now.

One turn injection with pre-kick of a stored beam is used
in a damping ring. Injection system consists of four kick-
ers (see Fig. 5) and their high voltage generators [10]. De-
signed kickers repetition rate is 50 Hz and it is currently
limited to 12.5 Hz due to issue of loads cooling.

Key designed parameters of damping ring are shown in
table 4. Electron-optical model of the damping ring was
calibrated during initial commissioning [9]. Then orbit was
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Table 3: Injection Complex Conversion System parameters

parameter value
Max. magnetic field 10T
Common current on the cone surface 120 kA
Max. voltage of the capacitor 1.2kV
Pulse energy 9017
Pulse duration 26 mks
Repetition frequency 50 Hz
Max. average power 4 kW
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Figure 5: Damping ring layout.
corrected in order to increase available aperture [3].
Table 4: Damping Ring Designed Parameters

parameter value
Max. energy 510 MeV
Perimeter 27.4011 m
RF ratio 64
RF frequency 700 MHz
Max. beam current 35 mA
damping times h,v,1 11.3,17.5,11.9 ms
Energy spread in the bunch 0.07%
Longitudinal bunch sigma 4 mm

0.023 mm mrad
0.005 mm mrad

Horizontal emittance
Vertical emittance

K-500 Beam Transfer Line

K-500 beam transfer line was turned into operation at
BINP at the end of 2015. It includes two beamlines: line
about 160 m to VEPP-3 and another one about 250m to
VEPP-2000. Each of beamlines consists of three main sec-
tions: descent from damping ring to K-500 tunnel, regu-
lar FODO structure in the tunnel and ramp to correspond-
ing facility. K-500 designed energy is 510 MeV. Electron
beams are routinely transferred to VEPP-3 and BEP with
transfer coefficient up to 70%. Positrons were transferred
only to BEP.

K-500 magnets and power supplies limit minimal
switching time of particles or direction to about 30 s and
time between beam transfers is limited to about 1 s.
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Beam Users Requirements

There are two beam users now: VEPP-2000 and VEPP-
3/4. Tt is required to load 4 - 10*! electrons or positrons
to VEPP-3. VEPP-3 acceleration and polarity change time
is 7 minutes, then other particles need to be loaded. Beam
loading is followed by the experiment time from 40 min-
utes to a few hours. Beam for VEPP-2000 is to be injected
to BEP. 10! electrons and positrons are required to be in-
jected in VEPP-2000 as a full load. Since there are transfer
losses it is required to pass twice more particles to BEP. In
order to avoid very high beam currents in BEP it is going
to be done in 8 injections to VEPP-2000. BEP uses 30 s
to accelerate, transfer particles and change polarity. After
initial load beam charge should not be reduced more than
10%. Since expected lifetime is about 500 s it is required
to reload beams with 1010 electron and positrons in about
50 s. Since BEP and K-500 polarity change time is about
30 s it is required to refill each beam in about 30s.

Control System Changes

In order to support joint operation with colliders the fol-
lowing steps are made:

e Common synchronization system was deployed in or-
der to synchronize beam transfers. Reference fre-
quency and “transfer solution” signals are encoded
and transmitted over optical cable from injection com-
plex site to collider site. Returned signal used to im-
plement cable thermal drift compensation. In order to
synchronize transfer accepting machine shift RF fre-
quency to meet designated ratio with ramping ring.

e Machine mode control services and GUI applications
was implemented as centralized tool to save and con-
trol injection complex state and related information.

e Basic semi-hardware automatic tools and procedures
implemented for beam storage and transfer.

e Injection complex servers and network infrastructure
are preparing to provide high availability.

High-level services and tools are implemented using
Python, PyQt, CXv4 [11] control system framework and
PostgreSQL databases. The instruments described above
allow us to run injection-extraction cycle automatically
while we need to manually switch beam user on particles
type. This operation mode is acceptable to start operation
and accumulate operation data for implementation of full
set of automatic procedures.

OPERATION EXPERIENCE

Since VEPP-2000 facility requires to refill each beam
every 30 seconds injection complex has to switch between
particles much faster in order to have a time for beam stor-
age. An ideal solution is to create electron beam at the same
point where positrons are produced. Then both beams will
be accelerated in the same fields and almost nothing is to
be done to switch between particles. In fact 270 MeV elec-
tron beam bypasses the conversion target and hence can

Colliders



Proceedings of RuPAC2016, St. Petersburg, Russia

not be guided by the same fields as a positron beam. In
order to reduce time to switch between particles we need
to consistently avoid changing modes of “’slow” elements
and make equal energy for both beams at linac exit. There
are three ways to reduce electron beam energy: to shift ac-
celerating field phase in positron linac, to reduce acceler-
ating field amplitude, and to under fill accelerating struc-
tures by starting RF earlier for some linac module. The
first way leads to increasing beam energy spread and hence
decreasing captured beam charge in the damping ring. We
consider this way as unacceptable. The second approach
leads to average power difference for electron and positron
modes. Hence accelerating structures thermal conditions
may be different for electron and positron modes. The last
approach is the best but more complicated to implement
with injection complex control system. According to our
tests both acceptable approaches is good for linac shots rep-
etition rates up to 12.5 Hz. For 25 Hz repetition rate aver-
age power difference leads to increasing of mode switch-
ing time. Since repetition rate is limited to 12.5 Hz we are
reducing accelerating field now to make electron beam en-
ergy equal to positron beam energy.

It was not possible to transport electron and positron
beams through linacs and inject to damping ring with the
same magnetic system setting. In order to reduce particles
switching time we achieved electron and positron modes
which differs only on fast enough linac quadrupole mag-
nets and linac and damping ring magnetic correctors. This
modes was made with energy 395 Mev. Switching between
modes can be done within 10 seconds by loading required
mode.

The following main parameters were achieved:

e Beam energy is about 395 MeV for electrons and

positrons.

linac electron production rate is 3 - 101%/shot.

Linac positron production rate is 6.3 - 10%/shot.

Electron beam storage rate is 10'%/shot.

Positron beam storage rate is 2.5 - 108/s at 12.5 Hz

repetition rate.

e Transfer coefficient is up to 70% in both directions
with 50% typical value.

Current peak production rates are about 10 times greater
then former BINP colliders sources. It is enough to start
feeding colliders with injection complex but it is steel re-
quired to increase positron productivity in order to support
high VEPP-2000 luminosity.

CHARGE PRODUCTIVITY

Positron refill required to be done in 30 s and about 10 s
injection complex is switching from electron storage mode.
Hence there are 20 s to store 10'° positrons to support
VEPP-2000 luminosity. Therefore required positron stor-
age rate at least 58/s not taking to account beam transfer
losses. Then positron storage rate should be grater than
10%/s.

Colliders
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According to our calculations most of positrons are lost
during injection to damping ring due to high positron beam
energy spread. In order to reduce energy spread we can
maximize linac energy or install a debucher in positron in-
jection channel [7]. There are some extra injection losses
due to linac single bunch mode is not implemented and
hence linac beam is longer than damping ring RF bucket.
Since current beam users do not require short beams it was
proposed to change 700 MHz cavity to 10.94 MHz one,
which allow to accept much longer beam from linac. In
that case implementation of linac single bunch mode is not
required. Available positron productivity increasing ways
with estimated maximum gains is shown in table 4. Ac-
cording to estimations it is possible to achieve positron
storage rate about 10° with already planned upgrades and
about 4 - 10° with all the considered ways.

Table 5: Positron Productivity Increasing Ways

Action Gain
Switch to 10.91 MHz RF station 2
Increase gun pulse duration 2

Increase operating energy to maximum 1.5

Increase repetition rate 1.5-2
Implement linac single bunch mode 2
Install debuncher 1.5

CONCLUSION

Injection complex achieved acceptable performance for
begining of operation and successfully transported beams
to BEP and VEPP-3. Charge productivity and operation
stability improvement approaches is under consideration
now.
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Abstract

In this article some problems of optimizing the output
beam of particles from the circular accelerator are dis-
cussed. In particular, we consider some problems of match-
ing the booster, Nuclotron and collider in the NICA project.
The main attention is paid to matching of the extraction
beam systems. The proposed approach allows providing
qualitative and quantitative analysis of the impact of vari-
ous factors of the corresponding control systems.

INTRODUCTION

The problems of long time evolution of particles in
cyclic accelerators arise not only in the implementation of
the extraction of the particles. As an example, we should
mention the problem of injection of particles into the ac-
celerator, and also the problem of long time evolution (over
millions of revolutions) of the particle beam in the storage
rings and colliders. Let us look at the main types of prob-
lems that arise in similar types of tasks:

e construction of closed orbits in ideal and non-ideal ma-
chines;

e the problem of stability of the closed orbits in the frame-
work of the linear and non-linear approximation of the con-
trol fields including possible deviations from the ideal pa-
rameters;

e problems of the beam injection and extraction from cir-
cular accelerators

It should be noted that when modeling of the long-time
evolution (more than one billions revolutions) it is neces-
sary to perform huge number of steps of integration and
guarantee preserving both the energy of the particles and
property of the symplecticity of corresponding mapping.

It is known that knowledge is information about control
elements allows you to find the stable fixed points and ar-
eas (islands) with steady evolution in its neighborhoods.
Knowing the location of these areas and their character-
istics allows managing (using additional controls) during
of extraction or injection processes using the information
about topology of the corresponding closed orbits. Con-
trolling by the corresponding classes of stable orbits can
be carried out regardless. In particular, it allows not to use
septum-magnets, which are traditionally used for extrac-
tion of the beam (see, eg, [?]). Note that the trend of devel-
opment of modern circular accelerators leads to the need
to include among the objects of control nonlinear control

*s.andrianov @spbu.ru

field with increasingly nonlinearity. The transition to an es-
sentially nonlinear dynamics leads to the need for new and
effective methods of mathematical modeling of long-term
evolution of the beam in the accelerator channel. Increas-
ing order nonlinear effects on the one hand allows you to
“improve the quality of the beam” but to a significant com-
plication of corresponding mathematical models and as a
consequence corresponding algorithms and programs.

The purpose of this paper is to present the basic princi-
ples that not only form the basis of the proposed approach
but and realized as special software and demonstrated ef-
fectiveness for a number of tasks [2]. The problems of
extraction and injection of beam particles in cyclic accel-
erators included in the NICA complex, should be consider
accurately enough, due to the peculiarity of the complex
[3].

A study of the dynamic system in this case is carried
out in terms of the map M, generated by the control ele-
ments on the k-th step iteration Xy 1 = My, o Xy, where
X is the phase vector on k-th step of the iterative process,
where X, is phase vector on k-th step of the iterative pro-
cess wich generated by the periodic dynamic system, where
M, is an operator of the evolution of a dynamical system
corresponding to k-th period.

If M, = M, then for any k£ we can talk about periodic
mapping. In this case, the full map for k-th turns (for peri-
odical channel) one can write

M(s+EkL|s) =Mo...o M = M",

k times

where M = M(s + L|s).

Before constructing the computational process for evolu-
tion of the beam, we should not only carefully examine the
properties of the map M, but also to ensure the fulfillment
of these conditions in all stages of the computational exper-
iment. Here we have in mind the preservation of the prop-
erties of symplecticity for the map M throughout interval
solutions of the problem In particular, namely similar ap-
proach is implemented in a rather numerous modern works
on the generation of symplectic difference schemes or inte-
grators for Hamiltonian systems. In a number of previous
works (see for example [4]) we considered the method of
symplectification of block matrices included into the ma-
trix solutions of Hamiltonian dynamical equations. Similar
approach allows not only use unified mathematical tools,
but create efficient algorithms and derive interpretable re-
sults.
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MATHEMATICAL MODELS

The Main Types of the Tasks for Long-Term
Evolution

Let us point out the following (related) types of beams
physics problems arising in the study of the evolution of
the long beam in cyclic accelerators:

1) search periodic orbits of the beam control systems and
studying of their stability;

2) study of resonances (especially nonlinear): search reso-
nance regions, the separatrices construction , the determi-
nation of their configuration, and so on;

3) the construction of the dynamic aperture, its maximiza-
tion by introducing non-linear correctors;

4) the study of the conditions of formation of the beam halo
and its characteristics.

These and other tasks require the creation of efficient meth-
ods, algorithms and computer codes. First of all we should
pick out several levels of increase of efficiency of computer
modeling (namely computer modeling as symbolic and nu-
merical, is the main means of solving the problems stated
above). Methods of the first level are based on the use of
effective (from computational point of view) mathematical
methods. Methods of the second level are based on algo-
rithms that efficiently implement the selected mathematical
methods. From the point of view of the used matrix formal-
ism, it is primarily the various accelerators” matrix algebra.
We also should use parallel algorithms and computation
distribution, intended for realization on high-performance
computers. The third-level methods are based on the use
of various types of data and knowledge bases, allowing the
use of the knowledge gained in the study of similar sys-
tems. Of great importance at this stage of play the methods
and means of artificial intelligence, such as computer al-
gebra, graph theory, computational intelligence and so on.
It should be noted that this ideology should be included in
the computer simulation circuit at an early stage selection
of mathematical methods and appropriate software.

The Equations of Motion

Before derivation of the equations it is necessary to do
some number of assumptions. In particular, in this article
we will suggest: 1) absence of any interaction between the
particles in the beam;

2) for external fields we limit ourselves to magnetic fields
and and will consider the adiabatic nature of the magnetic
field changes with time;

3) the development of resonance occurs in the median
plane, as evidenced by preliminary calculation non-linear
equations taking into account experimental data along the
reference trajectory.

The computational experiments demonstrated that the
initial transverse phase portraits circulating beam in the
horizontal plane x,z’ and the vertical plane y,y’ are im-
ages that differ little from the ellipse. But in the process
resonance the phase portrait of the beam is in the horizon-
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tal plane z,x’ radically deformed, although in the verti-
cal plane the deformation is negligible. Thus, the resonant
members practically no effect on the phase portrait of the
beam in the plane y,y’. This is confirmed by calculations
carried out in view of the experimental data. All our as-
sumptions correspond to the real processes taking place at
resonant multi-turn (slow) extraction, and thus provide suf-
ficient adequacy of the approximating model under con-
sideration. Given the above assumptions the equations of
motion of particles in a magnetic field up to terms of the
second order have the form

"+ (1 —n)hPz = (2n — 1 — B)R3x? + Waa'+
1
g(x/)2 + 5(h// o nh3 —|—2,8h3)y2+

1
Wyy — ih(y’)2 +0(3), (1)

y" +nh*y =2(8 —n)hixy + Wy — Wa'y+
hx'y' + O(3), ()

where ' = d/ds, s is the independent variable which mea-
sured along the reference orbit, O(3) are members of the

third and higher orders on the variables x, z’, y, y'. Here
we are considering the monoenergetic beam and that the
equilibrium trajectory is a reference orbit. In equations (1)
and (2) used standard for this class notation tasks.

Notel. The curvature of the base curve (equilibrium
trajectory in our case) is h and the maximum value of z, de-
fined by the position of the septum magnet. We should note
that In our case the members of the third order of smallness
give about a few percent compared to the second order.

The Investigation of Motion Equations

Preliminary there was carried out computing experiment
using for several hundreds of turns in two planes (that en-
sures a reasonable global error under using conventional
numerical methods, such as Runge-Kutta methods). The
results showed that resonance phenomena develop mainly

in the plane {z,z'}, so henceforth consider the equation
for beam evolution only in this plane:

h
" +(1-n)h*z = (2n—1 —ﬁ)h3x2+h’xx’+§(x’)2+(9.

We should note that the terms containing 2’ no effect on
development of resonance, and only lead to slight defor-
mation of the beam phase portrait during slow extraction
(in particular, there is a certain rotation around a center
point). Therefore, these members may also be discarded.
The complete equations in the plane x, 2’ can be written in
the matrix form

X(s) = M2 (s]s0)X2 = M X, + M'2(s]s0) X2, (3)

where M2 (s|sg) is the full matrix of the evolution of non-
linearities up to second order, M'! is a matriciant of lin-
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earized equation, M'? is the matrix corresponding to non-
linear second-order fields. Adiabatic changes of coeffi-
cients 2 and o allow replacing them by piecewise con-
stant functions. Then on the entire interval of permanence
for the equation (3) we can obtain a solution manually or
by using one of the systems computer algebra codes (in this
paper were used Reduce system codes, Maple V and Wol-
fram Mathematica). In the calculations we also used an-
other (smoothed) representation of the motion equations.
The results showed that a smooth approximation is a very
workable model, while the computing speed many times
more than the speed of calculations with using other mod-
els. We note that usage of other models for computation of
the full cycle is almost impossible due to a time-consuming
and the unacceptable exactness of the numerical calcula-
tions [2]. Thus, the desired solution can be represented in

the form )
un_ [ G Sifv
M o <—I/Sl Cl ’

M2 — Ch(%h D %%3> + 0‘2(%%1 7y %%3)
6v4 \ 32y 230 233 v\ 5y #53)
Here, the matrices M and M!2 can becalculated in , in
particular, symbolical form (see, [4]) that allows you to
not only significantly reduce the computing time, but also
to realise study of the effect of control parameters on the
beam dynamics. We should note that there occur reso-
nance phenomena, however it can be shown that the ele-
ments of the matrix M'? have a finite value on the reso-
nance, but there appear secular terms. In a periodic struc-
ture of cyclic accelerators we should for each turn to repeat
calculations very large number of times (in particular more
than 10° times). But the procedure of exponentiation al-
lows (given the structure of the accelerator) significantly
reduce the time required of computing. The matrix M is an
upper triangular block-matrix consisting of M'!, M'? and

M?? = M [2}, and is responsible for translating the beam
for a single turn. Since 10° = ((10)3)?3 then the number
of required operations is significantly reduced. We note
to further speed up the computation we can calculated the
matrix M(?)) in advance in a symbolical form, to store in
a special database and then use on demand for numerical
computation of the corresponding matrices.

According to the [3] the optical structure of the booster
has FODO periodicity and consists of four superperiods,
each of which consists of 5 regular periods and a interval
which does not contain the dipole magnets. Regular pe-
riod includes quadrupole lenses, two dipole magnets and
four free period, designed to accommodate multipole cor-
rectors, collimators and special diagnostic equipment. The
beam injection system from the Nuclotron into the accel-
erator complex consists of two parts. The first part pro-
vides output of the beam from the booster into the matching
channel and then the beam is injected into the Nuclotron.
The matching channel (represented in Fig. 1, see [5]), and
performs the beam focus using six quadrupoles. The turns
in the horizontal and vertical directions are realized using
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dipole magnets. The channel also has elements of exer-
cising “’stripping” beam and separators for spurious charge
states.

Figure 1: Injection system layout and beam orbits and en-
velopes: 1 - injected beam, 2 - bumped one, 3 - circulated
beam after first turn injection, 4 - after accumulation; BM
1 =+ 3 - magnets for the bump formation, SM - injection
septum magnet.

The second variant of the beam output (slow extraction)
used for medical-biological and applied research on the
beams from booster. This problem also makes special de-
mands on the beam. In this case the operating point of
the booster shifts into the area of nonlinear resonance. It
should be noted that this process takes place over a large
number of turns. Thus, both types of output beam makes
it necessary to ensure the implementation of restrictions of
the beam at the stage of its evolution from booster. We
note that similar restrictions also lead to the need for de-
tailed investigation of the formation of the beam in the case
of multiturn evolution.

CONCLUSION

In this study we conducted a testing of different regimes
of beam extraction from the particle accelerator. Results
of the study demonstrated high efficiency from a computa-
tional point of view and the correctness of the results.
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Abstract

Problem of stability of charged particle dynamics in the
Penning-Malmberg-Surko trap is considered. It is shown
that, magnetron motion is unstable for sufficiently small
value of parameter a (which is the amplitude related pa-
rameter of the Rotating Wall (RW) electric dipole field).
This contradicts the conclusion of the article [1] that there
is a possibility of the compression of magnetron motions
in the case of | a |— 0. So it may indicate that the simpli-
fied model of the dynamics used by the author of the article
is not accurately enough to describe the dynamics of the
original system.

INTRODUCTION

Present report refers to the problem of the study of
charged particle dynamics in the Penning-Malmberg-Surko
trap. Various models of particle dynamics describing the
magnetron and cyclotron motions are considered. The
problems of the stability of the magnetron motion are in-
vestigated. In articles [1,2] the compression and expan-
sion rates of the magnetron radius are discussed. Compres-
sion rates have been presented. The particle does not leave
the area of the rotating field, and the bunch is compressed.
These results are questionable.

PROBLEM STATEMENT

We consider a charged particle in the field of the poten-
tial

+ s cos(0 + wyt), (1)
q

and homogeneous longitudinal magnetic field B =é.B.
Here m and ¢ are the mass and the charge of the particle,
w, is the frequency of the particle longitudinal oscillations
in the axially symmetric electric field of the trap electrodes,
a and w, is amplitude related parameter and the frequency
of the Rotating Wall (RW) electric dipole field asymmetric
in the z-direction, z and r are the axial and radial coordi-
nates with the axis coinciding with symmetry axis of the
trap electrodes.

* a.ovsyannikov @spbu.ru
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The magnitude of the parameter a can be estimated as

_a U
= 2RL 2)

where U, is the maximum of the potential difference be-
tween the segmented electrode plates, 2L is the length of
the dipole RW field and R is the curvature radius of the
cylindrical plates.

The charged particle motion in these fields is described
by the following system of equations:

2
jj:%.x—a~z-cos(wrt)+96y—ki7 3)

w2
3= —wg -z —kz—a(z- cos(wyt) —y - sin(wt)). (5)

Here Q. = ¢B/m is the particle cyclotron frequency,
the parameter k& presents the friction force related to the
particle scattering by the trap buffer gas molecules.

Further, we transform the system (3-5) to the complex
form. Multiplying the equation (4) by imaginary unit ¢ and
adding it with equation (3) we come to the equation for the
complex function

§(t) = x + 1y, (6)
w
5

[SHV)

E4+i0E + kE — & = —a- zexp(—iw,t). @)

The equation (7) together with the equation (5) describes
the particle motion in the trap.

FREE PARTICLE MOTION IN THE TRAP

The general solution of the homogeneous differential
equation in (7) is the following

E(t) = Ay - expliwgt) + As - expliw_t), 8)

where

Q.

Wy = — 2‘“‘7 T %\/(QC —ik)2 —2w2.  (9)

The constants A7, Ay should be found using the initial
conditions.
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At the typical values of the trap parameters we have the
relations between the frequencies:

|wp [~ Qe > w. > wo |~ wy = w2/(292) > k.
(10)

Here w,, is so called magnetron frequency: the fre-
quency of the particle rotation in the crossed fields of the
trap — longitudinal magnetic field B and radial component
of the electric field (1) at @ = 0. The relations (10) allow us
to find the approximate values of the frequencies w_ (lower
sign in (9)) and w4 (upper sign in (9)).

Rewrite the equation (9) as following:

Q. —ik  Q, 2k k2 w?
= — + —4/1 —_ = — —2-Z). (11
(JJ:F 2 2\/ +( We Q% Qg) ( )
One can show that
wy~—(1—a)Q+i(l+a)k~—-Q.+ ik, (12)
kwpm,
w_ ~—afd, —iak ~ —w,, —1 w , (13)
Q.
w?
o= 202

Then the solution (8) can be presented as following:

E(t) = Ay exp(—iQet — kt) + Ag exp(—iwpt +  (14)
+(kwn, /Q)E),
Ay & 2w &o — (%, Ay = §o — S%'

The first term in (14) describes a free cyclotron rotation
of the particle in the field B damped with the decrement k.
The second term describes the particle rotation around the
trap axis with the angular frequency w,,, i.e. the magnetron
rotation. Its amplitude increases in time with the increment
kw,, /. the magnetron orbit expansion related to the par-
ticle scattering by the buffer gas molecules (the parameter
k).

PARTICLE MOTION STABILITY IN THE
TRAP WITH RW DIPOLE FIELD

In case of time-dependent linear differential system to
investigate a stability of system (3-5) one should consider
the set of characteristic indices of the system (which are
the same in stationary case as real parts of characteristic
numbers of the system with a = 0). Obviously, if at least
one of characteristic indices of the system is positive then
it is unstable in the Lyapunov sense.

In view of the stability of the characteristic indices of
linear system (3-5) with respect to small perturbations [3],
the system (3-5) has a positive characteristic index for suffi-
ciently small a # 0 because it has the characteristic number
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with a positive real part for a = 0 (as it was shown above)
and should be unstable in the Lyapunov sense at least for

Wi Wy
Q.2

It should be noted that the stability of the characteristic
indices of the system (3-5) means their continuity respec-
tively to a parameter a.

DECOUPLING THE MAGNETRON AND
CYCLOTRON MOTIONS

The authors [1,2] perform the change of variables in the
equations (3-5) defined by the equality

la|<k (15)

d
vE = CTZ et X, (16)
0
where 2 = 0 is a unit vector, r =
1
T Vmi
y | VE=| VE | wr=3(Q +/Q2—22).
0 0

Then, the equations (3-5) take the following form:

+ _ + + W -
Vx —iny —k(‘/l +H(Vx+—‘/l ))_ (17)

—a -z - cos(wyt),

+_ + = Yt -
ViE = —w VE - k(Vy e )) —(18)
—a -z - sin(wyt),
s 2 4. 2 a -+ _
P=—wiz—kz R [(Vy V,")cos(wrt) —(19)

(V- Vj)sin(wrt)].

Transforming of the system (17-19) by introducing the
complex variables

V=V iVt

Vo =V iV, (20)
Vit = 7<kw7+ + z‘w+)vj tE— v 1)
W4 — W Wi —wW—
—a - z - exp(—iwyt),
V;f = _kw7+vc+ + (kwi, — iw,)Vc_ —(22)
Wy — W- Wy — W-
—a - z - exp(—iw,t),
d? 9 dz a
—z=—wiz—k— — —— x (23
a2” Wa? dt  wi —w_ x (23)

x Re {i(Vj -V exp(iwrt)] .

The characteristic equation of system (21,22) fora = 0
has the form
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M4 (k4i(wy +w DA —wyw_ = 0. (24)

Defining the roots Aj» =
“frequencies”w; 2, we obtain

iwy2 via the

_) —ik
w12 = _—(w++(; )i +
1
+ 5\/((w+ tw_)—ik)?2 —dwiw_ =
Q. —ik

S+ %\/(QC — k)2 —2w2. (25)
Let us note that characteristic indices of the systems (3-4)
and (21-22) for a = 0 are the same (do compare (11, 12,
13, 25)). Indeed wy + w_ = Q. and wyw_ = w?/2 so
formulae (25) and (9) are the same. So it is obvious that
the system (21-22) at a = 0 has characteristic root with a
positive real part and thus is unstable (Re(iw;) > 0).

By the property of the stability of the characteristic in-
dices the system (21-23) is unstable also at sufficiently
small @ # 0, at least for | a |< k‘;z—\“/’% (the condition
(15)), i.e. similar to the system (3-5). ‘

CONCLUSION

Given the stability of characteristic indices of the linear
systems under consideration with respect to small perturba-
tions, magnetron motion is unstable for sufficiently small
a # 0 (the condition (15)). This contradicts the conclu-
sions of the article [1] that there is a possibility of the com-
pression of magnetron motions in the case of | a |— 0
(| a |< kv/w,Qc). The contradiction may indicate that the
simplified model of the dynamics and the approach used
by the author [1] of the article do not accurately describe
the dynamics of the process, because it leads to qualita-
tive discrepancies in the behavior of the original system
and simplified system. And, as shown above, at least for
| a|< k‘;z"\% magnetron motion is unstable and the com-
pression iscimpossible.

It is also doubtful that a positron bunch compression may
occure when the rotating electric field is applied on the all
length of the storage area (see eq.(1)). It was observed in
the experiment [4] that good compression can be achieved
as long as the axial extent of the RW electrode is less than
half of the plasma length. We also observed [5] the inabil-
ity of accumulation region in the case where the rotating
electric field length coincides with the length of the storage
region.

It should be noted that the existence of compression
found in experiment can not be explained with the analy-
sis presented in [1,2]. There is other explanation [6] of the
rotating electric field effect on the charged particles accu-
mulation in traps at large and small particle densities [5,6].
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Abstract

The 2 MeV electron cooling system for COSY-Julich
started operation in 2013 years. The cooling process was
observed in the wide energy range of the electron beam
from 100 keV to 1.256 MeV. Vertical, horizontal and
longitudinal cooling was obtained at bunched and contin-
uous proton beam. This report deals with electron cooling
experiments at COSY with proton beam at energy 1.66
and 2.3 GeV. The proton beam was cooled at different
regimes: RF on and off, barrier bucket RF, and cluster
target on and off.

SETUP DESCRIPTION

The COSY cooler (see Table 1) may be used in experi-
ments with polarized and unpolarized protons and
deutrons with energies of up to 2880 MeV/u on the inter-
nal target or with extraction of the beam to the external
target. In experiments with the internal target, the possi-
bility of cooling the beam (i.e., of decreasing the spread
of the particle momenta to suppress “warming effects”) is
of great importance. Today, three cooling systems are
already used in the COSY. Electron cooling to low elec-
tron energies (about 200 MeV) allows researchers to
accumulate charged particles and raise the phase density
of the beam prior to subsequent experiments. Stochastic
cooling [1, 2] prevents the quality degradation of a beam
interacting with a target at typical experimental energies.
Unfortunately, stochastic cooling suffers from natural
limitations, which hinder the operation of the synchrotron
at a high intensity of the cooled beam and a small spread
of the cooled particle momenta. Electron cooling at exper-
imental energies can effectively prevent small angle scat-
tering and ionization losses. Both factors are most proba-
ble when the energy of particles interacting with a materi-
al is high. When combined with stochastic cooling, elec-
tron cooling is expected to greatly enhance the luminosity
in experiments with the internal target.

The schematic design of the high-voltage cooler is
shown in Fig. 1. The design of the cooler and its main
parameters are described in [3-5]. The electron beam is
accelerated by an electrostatic generator that consists of
33 individual sections connected in series. Each section
has two high-voltage power supplies with maximum volt-
age 30 kV and current 1 mA. The electron beam is gener-
ated in electron gun immersed into the longitudinal mag-

netic field. After that the electron beam is accelerated,
moves in the transport line to the cooling section where it
interacts with protons and deuterons of COSY storage
ring. After interaction the electron beam returns to elec-
trostatic generator where it is decelerated and absorbed in
the collector.

Table 1: COSY Regime Parameters

Parametere Value

Gamma transition 2.26/2.287
Proton numbers 108-10°

Kinetic energy 1.66/2.3 GeV
Vacuum 10°-10"'° mbar
Qx 3.59-3.65

Qy 3.675-3.64
Slip-factor -0.066/-0.1
Perimeter 183.5m

1.524/1.564MHz
909/1265 kV
0.5-0.8 A

0.5 cm

Revolution frequency

Electron energy

Electron current

Radius of electron beam
in the cooling section

EXPERIMENTS SETUP

The diagnostic of the proton beam was based on IPM
(ionization profile monitor) and pickup of the stochastic
cooling system. The proton current is measured by DCCT.

The transverse profiles of the beam were determined in
real time with a profile monitor that measures the profiles
of ions produced by electron beam ionization of residual
gas. The momentum distribution was measured with
pickup of the stochastic cooling system. The harmonic for
Schotky noise detection was 1250.

The main parameters of COSY regime are listed in Ta-
ble 1 for the regime with proton energy 1.66 and 2.3 GeV.

EXPERIMENTS WITH ENERGY
1.257 MEV
The most experiments in run 2014-2015 were carried
out with electron energy 908 keV. The next step to high-

voltage was done to energy 1.257 MeV. Before the cool-
ing process the training of the high-voltage column was
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done (see Fig. 2). During this process leakage current
through SFe gas decreased from 20 uA to 9 uA. The black
lines show the level of the leakage currents in the differ-
ent moment of the time.

Figure 1: 3D design of 2 MeV COSY cooler. Collector PS
is 1, gun and collector PS is 2, ion pumps are 3,14, collec-
tor is 4, HV section is 5, cascade transformer is 6, accel-
eration tube is 7, bend 90 is 8, straight section is 9-10,
cable path is 11, proton beam in/out are 12,17, toroid 45 is
13, cooling section is 15.

I lezk: uA U, kv
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2 4 6
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Figure 2: Training procedure of high voltage for 1.257
MeV.

After training the first electron beam with current 0.5 A
was obtained. The electron energy was calculated initially
from storage ring parameters as 1256.6 kV. The first the
obvious shift in Schottky spectrum was observed induced
by the electron cooling force. The spectrogram of this
process from Schottky pickup is shown in Fig. 3 (left).
The mismatch between the electron and ion velocities is
large but the cooling force enough for changing revolu-
tion frequency of the proton beam. The proper value of
the electron beam was found at 1259.5 kV by experi-
mental way (see Fig.3, right). The duration of both spec-
trograms is about 570 s .

The Parkhomchuk’ equation [6] can be rewritten in the
form

op,

2\2
=y2ﬂLN(n;e; J rr,n,Tcf AT

Po e
for large deviation between particle velocities. Here r., 7,
are the classical radiuses of proton and electron, fj is the
revolution frequency, AT is duration of the cooling, m.c’
is the rest energy of electron, JF. is the difference be-

tween electron energy and its optimum value for cooling,
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n.=4-107 cm? is the electron density in co-moving sys-
tem. The Coulomb logarithm is

:1n(1+5V'T],
P

where 8V -7 =6E, t/(yBm,c) is maximum impact fac-

tor, p, is Larmour radius that can be estimated for first

Lo /(7Bc) is flight of
.The cooling rate from

experiments as p, =100 um, 7 =

the cooling section with length /

cool
this estimation gives changing the proton momentum
about 2.1-10* during 300 s that is close to observed effect
in Fig. 3. In the case of the matched velocity the cooling
process is faster (see Fig. 3, right).

Figure 3: Spectrogram of the cooling process with strong
(left) and small (right) difference between the electron
and ion velocities. The electron energy is 1256.6 kV,
electron current is 0.5 A. The span of the longitudinal
momentum is dp/p=1.5-107.
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Figure 4: Changing transverse size during cooling exper-
iments. Curve 1 is cooling at energy 909 kV, curve 2 is
reference cycle without cooling, curve 3 is cooling at
energy 1259 keV, curve 4 is growth of the transverse size
at changing working point (tune) despite of electron cool-
ing action.

The transverse cooling in the run 2016 is demonstrated
in Figure 4. The results became more inconsistent than the
transverse cooling obtained in runs 2014/2015. The possi-
ble reason is dependence of the cooling process from the
working point of the storage ring. Figure 4 shows the
transverse size of the proton beam with e-cool and with-
out it. The curve 2 shows the transverse dynamic of the
proton beam without cooling process. One see growth of
the beam emittance that nature wasn’t clear. The curve 4
shows the worse situation with emittance growth at
changing working point from local optimum at AQx/AQy
= 0.02/-0.01. The similar effects were observed in elec-
tron cooling experiments at injection energy [7]. The best
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electron cooling at energy 909 kV was obtained in the run
2015 (see Fig. 5). The cooling time about 100 s was ob-
tained.

The electron cooling at presence of target and barrier
bucket RF was investigated at energy 909 kV. Figure 6
shows that the barrier bucket RF and electron cooling
suppress the longitudinal action of the target. The pres-
ence of target did not change the longitudinal momentum
spread and the longitudinal shape of the proton bunches.
The barrier bucket itself (see Fig. 7) wasn’t able to sup-
press the target ionization loss. The particle escapes from
the bucket.

Horizontal width, mm
45 . :

4
35F
3
2,50
ol
1.5F
1k

05 100 300 300 00

t,s
Figure 5: Horizontal cooling at electron energy Ee=909
kV. Number of the proton is 3-108, the electron current is
800 mA.

The strength of the electron cooling enough to suppress
of the ionization loss and straggling without help of the
barrier bucket. Figure 8 shows the experiment with cool-
ing of the proton beam with target without barrier bucket.
One can see that the electron cooling practically sup-
pressed longitudinal and transverse growth induced by
target but the more precise tuning storage ring and e-
cooler is necessary.

Barrier Bucket +e-cool

1 1

Figure 6: Spectrogram of Schotkky signal at the combine
action barrier bucket RF and electron cooling (left pic-
ture) and barrier bucket, electron cooling and target (right
picture). The electron energy 909 kV, electron current is
570 mA, the proton number is 2:10°, U,~200 V. The

duration of the spectrum is about 300 s.

Barrier Bucket + e-cool+target
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Figure 7: Spectrogram of Schottky signal at the simulta-
neously action barrier bucket and target. The spectrum
duration is about 550 s.

Figure 8: Spectrogram of the cooling process with elec-
tron cooling and target. The electron energy 1259.6 keV,
the electron current is 500 mA, target with density is
n, =2-10' cm?2,

CONCLUSION

The first successful experiment was carried out in CO-
SY with electron energy 1257 keV. The experimental
results show usefulness the electron cooling device with
strong longitudinal magnetic field for improving quality
of the proton beam. The electron cooling may be useful in
combination with barrier bucket and usual RF. The elec-
tron cooling suppresses the action of the target with densi-
ty n, =2-10" cm?. The role of the working point and
optics of the storage ring at cooling process should be
investigated more carefully
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OPTIMIZATION AND SIMULATIONS OF BEAM DYNAMICS IN APF
ACCELERATORS

D. A. Ovsyannikov, V. V. Altsybeyev*,
Saint-Petersburg University, 7/9 Universitetskaya nab., St. Petersburg, 199034 Russia

Abstract

Design problem of APF accelerator for ensure enough
high quality of output beam is considered. As we know,
this problem is not easy because we have to achieve stabil-
ity of longitudinal and transversal motions simultaneously.
One of the first significant results in this subject were ob-
tained by V. V. Kushin [1]. In the work [2] the problems of
optimizations of ion beam are considered. The optimiza-
tion approaches for some beam characteristics improving
(acceleration and transmission ratios) are considered. Ob-
tained results are confirmed by particle in cell simulations.

INTRODUCTION

Linacs with focusing by an accelerating field have long
been part of the composition of any modern accelerating
complex. In particular, the combination of radio frequency
quadrupole (RFQ) [3-5] and APF linacs [1, 2, 6, 7] is a
good decision for the initial part of the accelerating channel
for high energies. In this case an ion beam is bunched in the
RFQ and injected into a resonator with APF. A linac with
APF has a high acceleration rate and no focusing magnetic
elements. Therefore, the development of these linacs and
the improvement of the beam quality remain important and
current problems. When a linac is developed, parameters
such as the linac length, beam current, current flow, effec-
tive emittance, etc. should be taken into account. These
parameters can be improved using different optimization
methods. Thus, the development of a linac based on the
optimization approach can be of wide practical importance.

THE MAIN STAGES

Let us give a brief description of the main stages of ac-
celerator modelling and optimization process.

1. Synchronous phase sequence calculation. At this
stage we have to obtain a first approximation of a syn-
chronous phase sequence. For example, application of a
some analytical approximation (e. g. proposed be Jame-
son [8]) and swarm optimization methods may give a good
enough results at this stage.

2. Cell lengths calculation and Drift tube structure gen-
eration. The lengths of accelerator cells are determined
by the synchronous phase sequence. The diversity of cells
lengths causes the deviation from the particular value of the
resonant frequency. So the distribution of accelerating field
may be non-uniform. This aberration can be eliminated
by the adjustment of other geometry parameters period’s

*v.altsybeev @spbu.ru
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length, gap ratio and drift tube diameter. For calculation
of gaps lengths we use approach based on the tuning of
resonant frequency of each cell on the operating frequency
[9]. Follow this approach we calculate preliminary the set
of dependences of resonant frequency of separate acceler-
ator cell on the main parameters of this cell (cell length,
gap length, drift tubes radii). These simulations are per-
formed using COMSOL Multiphysics using Comsol API
for Matlab in automatical mode. In following using these
precalculated dependences one can choose a gap length and
a drift tubes radii for a arbitrary cell length in order to tune
a resonant frequency of each separate cell on the operating
frequency.

3. PIC simulations. Then drift tube structure is gen-
erated one can compute the distribution of electric field
and simulate particle dynamics with taking into account the
space charge for the beam quality evaluation. Particle-in-
cell simulations can give the most accurate result. At this
stage we use the DAISI code [10-14].

4. Render decision on the optimization. If after simula-
tions one detect that beam quality is not good enough (e. g.
low transmission) we can render decision on the optimiza-
tion of the synchronous phase sequence.

5. Optimization can be conducted using different ap-
proaches. In this report in follow we will consider opti-
mization based on gradient descent method.

6. After optimization one have to regenerate the drift
tubes structure and repeat the PIC simulation in order to
estimate optimization process advances.

GRADIENT DESCENT OPTIMIZATION

Let us denoted 7 = ct, ¥ = ¢ — s, P = Vs — 7,
Oty = €Fpmaz/(2moc?). Here c is the light velocity; ¢ and
(s 1s the phases of synchronous particle and beam particle;
v and 7, is the Lorentz factors of synchronous particle and
beam particle; F,,., is the accelerating wave amplitude.
The approximation of accelerating field as an cos standing
wave allows to accept the following mathematical model of
beam dynamics in the an equivalent traveling wave:

dps gy

= 2 con(ip (1),
@ _ _2ﬂ_ﬂ B 65
dr A\Bs
9 (B cos(ipa(r)) — Beos(ipa(r) + ),
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x Y
T T
d i Y
S0 Qs+ St A= st + st
dS% - sy
d:z = 2Q8217 d7%2 = 2Q521,
Q= )\55 sm(gpS + ).

Here six variables S7;Y, So;¥, S54” are the elements of the
matrixes G*Y = ( S, S
S\ S S
ics of the initial transversal distribution ellipses G'¥ in
the phase planes (y, dy/dt),(x, da/dt). The phase of syn-
chronous particle is the following step-wise function

) , that describe dynam-

[—27; 27], T € [T Tit1),
— s, +m)/2m.

ps(T) = s, €

Tit1 = Ti = MPs; 1

Thus, the set of parameters ¢, determines the beam dy-
namics in this approximation. For evaluation the quality of
the beam we have to introduce some fitness function. For
example for improving the beam transmission the follow-
ing function may be used [7]

h:/<quﬂ+@&w#»x
Mt
Xd?/JTdPTdSﬁdeSu 7dS22"Yp,

(Y +11)2, W < —11;
F =10, or € [1h1,92];
(Y1 — 2)?, hr > 1.

0, SiY < S;
Fy = "
(Sll’y — S)Q, Siizw > 5.

Here ¢y, c2, 91, 12, S are non-negative constants, M,
is the set of the beam positions in the phase space. On
the base of the analytical representation presented in works
[15] the representation of the partial derivatives aaI were
obtained. Thus the gradient descent optimization may be
constructed and applied for correction the sequence of the
parameters @, .

RESULTS OF OPTIMIZATION

By using the proposed gradient descent optimization ap-
proach, an optimization of synchronous phase sequence
was carried out for APF linac. The main resonator parame-
ters are presented in Table 1. We assume that input bunches
for APF are extracted from RFQ linac without any match-
ing section. It is possible on the considered frequency 433
MHz. The optimized synchronous phase sequence is pre-
sented in Fig. 1. The electric field distributions calcu-
lated using electrodynamic (COMSOL) and electrostatic

WECAMHO05

approximations (DAISI) are presented in Fig. 2. From
Fig. 2 one can conclude that the electric field distribution is
enough uniform. It has been achieved using the described
above approach of the resonant frequency tuning on the de-
sign stage. The dependences of transmission ratio on input
impulse current before and after optimization are presented
in Fig 3.

Table 1: Main Parameters of Optimized Accelerator

Ion type deuteron
Operating frequency, MHz 433
Input emittance (XdX, YdY), cm-mrad 0.027
Input impulse current, mA 0—35
Voltage between drift tubes, kV 185
Number of cells 60
Input energy, MeV 4.1
Output energy, MeV (before optimization) 9.1
Accelerator length, m (before optimization) 1.72
Acceleration rate, MeV/m (before optimization) | 2.89
Ermaz/ Ekitpatric (before optimization) 1.81
Output energy, MeV (after optimization) 8.35
Accelerator length, m (after optimization) 1.64
Acceleration rate, MeV/m (after optimization) 2.57
Ernaz/ Ekitpatric (after optimization) 1.95

From presented results one can the conclude the follow-
ing observation:

1. it is possible to improve a capture ratio for the intense
beam using the proposed optimization approach;

2. acceleration rate after a capture ratio optimization
may rather decreases;

3. rather short gaps and drift tubes after optimization
may be appears, it results in increasing the maximal electric
field on the resonator surface. It is possible to eliminate this
effect by increasing the length of short cells up to 1.55\.

synchronous phase, degree

100

501

=501

_1 00 L L L L L L 1
0 10 20 30 40 50 60
cell number

Figure 1: Synchronous phase sequence after optimization.
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Figure 2: Electric filed distribution on the resonator axis.
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Figure 3: Transmission ratios before and after optimization.

CONCLUSION

In this paper the problem of optimizing the parameters of
longitudinal and transverse motion of the beam in an APF
accelerator is considered. The solution based on analyz-
ing the beam dynamics in an equivalent traveling wave is
proposed. This approach allows to provide tuning of res-
onator to produce the uniform field distribution. Analytic
representation of the gradient of the fitness function allows
us to provide the numerical optimization by different mo-
tion parameters. For instance it can be the width of the
output energy and phase spectrum, the radial divergence of
the beam, the effective emittance or the acceleration rate.
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DEVELOPMENT OF MHF CONCEPTION AT ITEP
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Abstract

The conception of Multi-purpose Hadrons Facility
(MHF) began to be discussed at ITEP in the late ~2010s
[1] when ITEP-TWAC facility was intensively exploited
for physical and applied research with the use of
accelerated proton and ion beams varied in a wide range
of operating parameters. Technological developments
have continued to expand the scope of beams utilizing in
diverse fields of science, medicine, industry and
education. The ITEP-TWAC facility was
decommissioned in 2012 and continues to remain in a
state of waiting for reasonable decision on its recovery
and upgrade, but conception of MHF is alive and aims at
reviving in ITEP a technological base of particle
accelerator technique intended for generation of proton
and ion beams, covering the needs of many areas of
fundamental, applied and technological research and
industrial applications, represents a significant scientific
and practical interest for modern and future engineering
community. Created MHF environment should obviously
be friendly and flexible for collaboration with industry,
universities, and other national and foreign labs to provide
continuous intelligent and technological progress. The
key components of the MHF mission and vision are
presented.

INTRODUCTION

The history of accelerator science and technology in
our country, spanning more than seven decades, contains
many glorious pages of the extraordinary contribution of
national research institutions, scientists and engineers in
the development and implementation of new ideas and the
creation of unique installations.

ITEP is historically related to innovative accelerator
center and it has been one of the basic institutions of the
accelerator industry  which specialized on the
technological peculiarities of proton and ion beam
accelerators. The ITEP School of accelerator science and
technology has a long tradition and is focused on
studying, invention, construction, creation, mastering and
implementation to operation of equipment, systems and
installations providing proton and ion beams for usage in
physical experiments and applied research works.

Main accelerator facility of ITEP until 2012 was ITEP-
TWAC which decommissioning not only significantly
reduced the innovative ability of the Institute in the field
of accelerator technology, but also virtually terminated all
experimental work with usage of accelerated beams. The
creation of MHF as a new generation of accelerator
facilities would help to restore and significantly expand
the accelerator technological base of the Institute and to
bring the possibility of physical experiments and
application works in usage of hadrons beams

Heavy ions accelerators

TRENDS IN ACCELERATOR
TECHNIQUE DEVELOPMENT

The project of MHF has to be elaborated on a base of
world trends in accelerator development. The main
motivation for the promotion of accelerator technologies
remains still high energy physics which after the
discovery of the Higgs boson has charted new frontiers of
research on the accelerated beams in two main ways: the
study of the properties of known and search for new
particles at increasingly high both energies of interaction
and luminosity; precision measurements of known
processes to look for possible, tiny deviations from the
SM expectations which require primarily high intensity
beams [2]. At a time when accelerator projects at the
high-energy frontier are experiencing difficulties in
gaining financial support, projects at the high-intensity
frontier are flourishing worldwide [3].

Super High Energy Colliders

There is international consensus that the priority for the
short and medium term future is the full exploitation of
LHC, including its luminosity upgrade (project HL-LHC).
Two similar projects of colliders are currently being
considered: SppC in China and FCC-hh in CERN [4]. The
conceptual design for both projects foresees to 100 km
ring equipped with 16-20 T magnets, to reach a pp centre-
of-mass energy 100 TeV. Two projects of linear colliders
being considered are: ILC [5], for which Japans has
expressed interest as host country; and the CLIC [6],
being developed at CERN. The needed RF gradients is 31
MV/m for 500 GeV ILC and 100 MV/m for 3 TeV CLIC.

High Intensity Proton Accelerators

Proton beam intensity is one of frontiers in advance of
physics research including [7]: neutrino experiments
(experimental studies of neutrino oscillations and neutrino
interaction physics); kaon, muon, nucleon, and neutron
precision experiments (studying ultra-rare kaon decays,
searching for muon-to-electron conversion and nuclear
electron dipole moments, exploring neutron properties at
very high precision); material science and nuclear energy
applications (critical input into the design of future energy
systems, including next generation fission reactors,
nuclear waste transmutation systems and future thorium
fuel-cycle power systems).

During the past decades, accelerator-based neutron-
generating facilities like SNS [8], J-PARC [9], PSI [10]
and LANSCE [11] advanced the frontier of proton beam
intensity to 1 MW power level. There are a number of
different types of accelerators running at 100 kW or more
today (TRIUMF, ISIS, FNAL MI, AGS, SPS). Many of
these involve rapid cycling synchrotrons (RCS) as part of
the acceleration chain. Many of these operate, or have
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operated, as part of a higher energy collider chain. There
are two accelerators that operate at the MW level: the PSI
cyclotron chain and the SNS linac. Many of the existing
accelerators have plans and on-going design for further
power increases more than 1 MW: ESS (5 MW, 2 GeV),
SPL (4 MW, 5 GeV), Project-X (3 MW, 3 GeV),
MYRRHA (2.4 MW, 0.6 GeV), Daejalus (3 MW, 0.8
GeV). Visible trend of reducing the energy of powerful
proton beam.

Main Some Key Technical Challenges for high power
proton accelerators are: management of beam loss to very
low fraction levels and improvements simulations to
predict beam behavior to the level <10 increase
gradients in SRF linacs, development of high power
coupler, high power RF sources, minimize cryogenic
loads; improvement charge exchange injection techniques
of ring injection; for ADS high reliability is a major
consideration.

High Intensity Heavy lon Accelerators

Extremely high energies of heavy ions (HI) is achieved
in hadron colliders (LHC) in which HI are used in the
experiments, a fraction of the time, for colliding with
protons [12]. The only collider, specialized for HI, is
RHIC operating successfully for over 10 years and
continuing to improve their operational parameters [13].
RHIC’s main objective is to increase its ability to study
quark-gluon plasma and the rare processes associated
with it. The project of HI collider NICA, which is realized
in JINR, Dubna, complements RHIC in the range of
extremely low for the quark-gluon plasma energies [14].

The largest HI project under construction is FAIR [15]
that allows acceleration of intense beams of stable
elements from protons (30 GeV) to uranium (10 GeV/u)
to be used for research in several scientific areas: physics
of hadrons and quarks in compressed nuclear matter
(CBM experiments); atomic and plasma physics; applied
sciences in the bio, medical, and materials sciences
(APPA); hadron structure and spectroscopy; strange and
charm physics; hypernuclear physics with antiproton
beams (PANDA) and the structure of nuclei; physics of
nuclear reactions and nuclear astrophysics with RIBs
(NuSTAR).

The main purpose of other high intensity HI
accelerators is rare isotope production using the projectile
fragmentation method (RIKEN [16], FRIB [17],
SPIRAL2 [18]). Deuteron beams are effectively used for
neutron production (SAFAR [19], IFMIF [20],
SPIRAL2). For HI, the power frontier is supposed to be
advanced to 400 kW with the construction of FRIB
currently underway at Michigan State University [21].

Key Technical Challenges for high intensity HI
accelerators includes: High Intensity (CW) and High
charge state Ion Source, Superconducting RF, Integrated
Cryogenics, Loss Detection and Machine Protection,
Collimation, Normal - and Superconducting RFQ,
Charge Stripping, High Vacuum, RCS Technology for
heavy ions, Accumulator Technology etc.
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Accelerators for Applications

About 30,000 accelerators are in use in the world, but
only few dozen of them are high energy and used for
scientific purposes [22]. All known methods of particle
acceleration are used for applied purposes:

Direct Voltage: DC voltage to accelerate -either
electrons or ions (Dynamitron & Cockcroft Walton
generator, energies to 5 MeV and currents up to 100 mA;
Van de Graaff, energies from 1 to 15 MeV at currents of a
few nA to a few mA; Inductive Core Transformer (ICT),
energies to 3 MeV at currents up to 50 mA)

RF Linacs: in a wide range of operating rf frequencies
for any charged particles (Electron linacs., standing wave
and traveling wave cavities from 0.8 to 9 GHz, energies
from 1 to 16 MeV at beam powers to 50 kW.; Proton and
Ion linacs, frequencies at 80 to 600 MHz, energies from 1
to 70 MeV at beam currents up to >1 mA)

Circular Accelerators (Betatrons, electron energies to
15 MeV at few kW beam power; Cyclotrons.,ion energies
from 10 to 70 MeV at beam currents to several mA;
Rhodotrons, electron energies from 5 to 10 MeV at beam
powers up to 700 kW; Synchrotrons, electron energies to
3 GeV, proton and ion energies to 300 MeV/u).

Energy, current, and beam power of application
accelerators span many orders of magnitude (10> — 10° V,
108-10% A, 10°-10° W).

Well established commercial applications of
accelerators are the following : Proton and C-ion therapy
for cancer treatment, medical isotopes, electron
microscopes, etc; lon implantation for semiconductors
and materials; Electron beam irradiators and material
processing; Production of radioisotopes; lon beam
analysis; Analysis using neutron generators; Non-
destructive testing & inspection; Synchrotron radiation
application in many areas.

Sales of accelerators for applications in the world is
>$5B/yr and growing ~10%/yr in products.

MHF: CONCEPTION

Following the trends of development and use of
accelerator technologies in the world, strategic goal of
MHF is aimed to revive at ITEP technological base of
accelerator science and technique for fundamental and
applied nuclear research and innovative development,
using beams of protons and heavy ions of intermediate
energies. Integration of technological base with
educational process will allow to train the skilled
workforce for accelerators construction and related
technologies development in the future.

The key objectives of the MHF mission and vision are:

- maintenance, improvement and expanding of ITEP
accelerator facility infrastructure as the basis of the
scientific and technological base;

- fundamental and applied research and technological
development using relativistic proton and ion beams with
energy to 10 GeV for protons and to 5 GeV/u for ions;

- applied research, technological development and
industrial application using proton and ion beams with
energy to 1 GeV/u;
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- fundamental research and technological development
using high power pulsed nuclei beams with energy of <1
GeV/u;

- technological research and development in the field
of generation, acceleration, accumulation, cooling,
compression, extraction and sharp focusing of high
intensity hadrons beams;

- expansion of scientific and educational activity in the
areas of nuclear technologies.

The concept is based on the core capabilities available
at ITEP and focuses on the multi-purpose use and
development of accelerator facilities, highlighting priority
and demanded activities, appropriate qualification of staff
and infrastructure capabilities, expanding within existing
constraints. The main competences required for the
implementation of the accelerator projects are:
Accelerator Science (beam dynamics, theory, simulation,
beam experiments); Technology (proton and ion sources,
linacs, RF systems, kickers, ring lattice, beam lines,
injection/extraction, correction systems, high vacuum);
Engineering (design, construction, integration of
electrical, RF, electronics, mechanical, cooling, vacuum
systems, etc.); Particle Detectors (advanced detector
development, beam test pickups, devices, tools and
instruments); Controls (processor control, interlock &
DAQ systems, machine adjustment, etc).

MHF: IMPLEMENTATION

The first phase MHF is implemented in the existing
infrastructure of the accelerator complex (Figure 1). Five
upgraded accelerator facilities will determine the
technological capabilities of MHF listed in Table 1.
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Figure 1: Existing Infrastructure of MHF.
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Table 1: Expected Parameters of MHF
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The MHF project can be built in two phases. The first
phase includes the revival of ring accelerators with
upgraded injection facility: intensity of proton injector 12
will be increased by order-of-magnitude to 1.2x10'* s';
energy of HI in injector I3 will be raised to 12xZ/A MeV
(A/Z=3+10); new injector 14 accelerating ions at A/Z<3
to 7 MeV/u will be installed [23].

Phase two should advance MHF to the frontier of high
intensity hadrons facilities providing a radical increase of
the beam intensity and expansion of infrastructure for
activation of a new actual scientific research and
applications.

Relativistic Proton and lon Beams

Beams of protons and ions, accelerated up to
relativistic energies, can be used for generation of
secondary beams on internal targets or directly at slow
extraction of particles to the Big Experimental Hall
(BEH) in particular, for the previously planned
experiments: FLINT - Search for and study of cold dense
baryonic matter; EPICURUS - Baryon spectroscopy;
FRAGM - Cumulative nuclear fragments [23].

Beams for Applications
Proton and ion beam applications are performed in the
energy range from 1 MeV/u up to 1GeV/u in different
modes of accelerator facilities operation (Table 2).
Table 2: Use of Beams For Applications

Application Beam | Accel. Energy | Place
Type MeV/u
Proton therapy | p 12/UK 50-250 | MB
lon therapy C 14/UK 90-400 | MB
Implantation p.P,B | 12,14 10-25 SI2,
S14
Protonography | p 12/UK 1000 TH
Rad. effects on | p, Fe, | [2/UK 10-800 BEH
Comp and Sys | Ag, U | I3M/UK | 90-500
Radiobiology p, C, | I2/UK 50-250 | MB
Fe 14/UK 90-400
Material p 12 25 SI2
properties
Radioisotopes | p 12 25 SI2
Production

Accel. Beam | Beam Energy | Beam
Type Duty MeV/u | Intens., s
12 p 2x107° 25 2x10™
12/U10 | p 4x10%,0.3 | 50-9300 | 1x10'?
12/UK p 4x10%,0.5 | 50-3000 | 1x10'?
13M FetoU | 1x107 12xZ/A | (2-8)x10°
I3M/UK | Feto U | 5x10%0.5 | 10-1000 | (1-4)x10°
14 dto Fe | 1x10* 7 10'0-1012
14/UK dto Fe | 5x10%0.5 | 10-1000 | 10'°-10!"
UK/U10 | CtoU | pulse,cw | 100-900 | to 10 p/p

Heavy ions accelerators

High Power Pulsed Nuclei Beams

A beam of high density nuclei of elements from C to Ni
is accumulated and formed in the Ring U10 using
technologies of multiple charge exchange injection,
stochastic cooling and longitudinal compressing. The
beam power of 10''-10'> W can be reached at the beam
energy ~1 GeV/u in pulse length of (50-100) ns.

Technological Research And Development

Ongoing technological research focuses on the
development of promising projects for modernization of
existing accelerators and creation of new equipment
components corresponding global trends and cardinally
expanding experimental and productive possibilities of
MHF. The main areas of technological research are the
key technical challenges for high power proton and heavy
ion accelerators.
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Scientific and Educational Activity

Expanding of educational activity is one of the most
important functions of MHF. On the basis of existing
relations with Universities (MEPhi, MIPT, MSU) will be
established practical classes, engineering and scientific
training of: engineers (bachelors, masters) in many fields;
physicist-experimenters; medical physicists and radiation
therapists for clinics; postgraduate and doctoral students.

The infrastructure of facility allows organizing the
work of interns in research groups and collaborations:
participation in the creation of installations, in physics
experiments, in commercial project.

Scientific and Educational Activity includes lectures,
symposia, technical meetings and seminars on issues
related to technical and methodological basis of
engineering developments, physics experiments and
implementation of physical research.

PERSPECTIVES-NEW PROPOSAL

Phase two of the concept will bring MHF to the level
of the next generation of accelerator facilities with
enhanced functional capabilities allowing a large variety
of frontier research in physics and applied science. New
200 MeV/1 mA proton linac 12M, which will be installed
instead of existing 12, will be used as the driver injector
for the updated synchrotron UK to RCS UKM operated at
the rep. rate of 25 Hz and delivering 1 GeV/100 kW
proton beam for nuclear physics, neutron and RIB
experiments.

Infrastructure

Enhanced infrastructure of MHF (Figure 2) includes
the following new buildings :

Proton Injector Building (PIB), reconstructed and
enlarged for installation of new proton injector 12M;

Isotope Production Building (IPB) adjacent to PIB;

Neutron Stand Building (NSB) for I2M beam;

Medical Building (MB), reconstructed and enlarged for
proton and ion therapy;

Special-Purpose Building (SPB) to be used for testing
of radiation effects on components and systems;

Radiation Protected Area (RPA) of BEH.
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Figure 2: Enhanced Infrastructure of MHF.
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High Current Proton Linac-Injector

The driver proton linac I2M (Figure 3) includes duel-
beam H*/H- injection scheme for the 4 m long, 4-vane,
3MeV RFQ operating at 300 MHz with a high duty
factor or in CW mode. The H" injector includes a
duoplasmatron  proton source delivering CW beam
current of 1 mA . The H beam injector includes a
cesiated, multicusp — field, surface — production ion
source with beam current ~10 mA at 25 Hz x 500 psec.
pulse length. The MEBT line will transport and match the
beam to the DTL which is ~40 m long and accelerates the
beam to 80 MeV in five tanks. A FODO focusing lattice
is used in DTL assumes permanent magnet quadrupoles.

The rest of the acceleration in the I12M linac will be
provided by superconducting cavities. Double spoke
cavities [24] can be used to accelerate the beam from 80
MeV to 200 MeV. The most prominent arguments for
spoke cavity are large aperture, operational flexibility,
high gradient, less real estate, lower operating costs, small
wakefields, excellent vacuum, and very high efficiency.

P P

my 80y ;
- - ———

Figure 3: Scheme of proton injector-driver 12M.

The H™ beam from linac is delivered to the RCS UKM
injection point, where it is multi-turn charge-exchange
injected with a carbon stripper foil.

Rapid Cycling Synchrotron

The UKM (Figure 4) is upgraded synchrotron UK to
25 Hz RCS accelerating proton beam to 1 GeV with
intensity 2.5x10'3 p/p corresponding to the beam power
100 kW. Ceramic vacuum chambers will be used in the
RCS dipole and quadrupole magnets, injection bumps and
extraction kickers to avoid the eddy current.
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Max. magnetic fieid, T 1.3 ¥ 4 LY
T Slow Exiraction i/ \
SR S T 1289 | o Medical Hall Bt s BT
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Inj. ion energy, MeViu 12x2IA (13} b \!
Tk | ) | Fam Extraction
Max. beam intensity for lons, pip Bxi0¥ A 4 1o BEH
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Max. intensity for protons, plp 2.5x101 T i
Tune shift Q, , 575 Hoavy lon Siow Extraction
Hor. acceptance, 1 mm mrad 200 i Farst Extraction Lo L]
r U-10 Ring and to
Ver. acceptance, , = mm mrad 120 Torged Hall
Required vacuum pressure, Torr 10"
Figure 4: Scheme and parameters of RCS UKM.
Auxiliary Ring

The Ring U-10 will be used as Accelerator—Stretcher—
Accumulator (ASA) and equipped with two injection and
three extraction systems (Figure 5). The proton beam,
injected from linac 12M or UKM Ring can be accelerated
in ASA to relativistic energy with following throwing on
the internal target or extraction (fast or slow) to BEH. The
proton beam in the energy range of 50-250 MeV will
delivered at slow extraction to MB. The ion beam injected
from UKM Ring can be accelerated up to relativistic
energy and extracted to BEH. Using multiple charge
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exchange injection technique, the beam of nuclei from C
to Ni in the energy range <1 GeV/u can be accumulated
and compressed to the extremal power level for extraction
to TH. The same technique will be used for stretching of
ion beam to duty factor of 1 and slow extraction to MB or
TH.
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Figure 5: Scheme and parameters of ASA Ring.

Isotope Production

The I12M accelerator will be designed to host six
beamlines to IPB for isotope production: three for 40-
MeV and other three for 80-MeV beam utilization. Large
variety of radio-isotopes can be produced by using the
high power accelerator. Among them, F-18 for PET
application, Sr-82 to monitor the blood flow in cardiac
tissue and can be produced by using RbCl as a target, Cu-
67 for cancer therapy and can be produced using ZnO as a
target [25].

Proton and C-Ion Therapy Facility

New medical facility will have three treatment rooms
and one for research. One treatment room equipped with
isocentric gantry for proton therapy. The other treatment
rooms for proton and ion therapy and equipped with
planar irradiation systems with a dedicated pencil beam
scanning nozzle.

The proton beam will be delivered to MB from ASA
Ring in the energy range of 50-250 MeV for protons and
100-450 MeV/u for C-ions with high duty factor or CW
mode.

Testing of Radiation Effects On Components

Radiation effects on microelectronic components and
systems, including single-event upsets in microprocessors
will be tested and studied with beams of proton and ions
to U delivered to SPB at slow extraction from ASA Ring
in the energy range up to 3 GeV for proton, and 100 (U)
— 800 (C) MeV/u for ions.

Experiments with an Intense Beam

Accelerators of MHF will deliver for high intensity
experiments proton beams with energy 40, 80, 200 MeV
and 1 GeV.

Usage area of 40 MeV and 80 MeV proton beams is
IPB, where in addition to the isotopes production will be
experiments with material neutron irradiation.

The 200 MeV proton beam will be used in NSB for
basic energy science and applications.

The proton beam accelerated in UKM up to 1 GeV
will be delivered to RPA for experiments with rare

Heavy ions accelerators
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isotope beams and study of nuclear structure, reactions
and astrophysics.

High intensity beams will be used also for generation
data required in applications like the transmutation of
nuclear waste (ADS), design of future fission and fusion
reactors, nuclear medicine (production of radio nuclei)
and biology (cell irradiation), basic data for evaluated
data bases.

CONCLUSION

The main goal of the presented concept is to call
attention to the absolute necessity of the forced
development the accelerator-technological base in the
country. Disengagement of Rosatom from the
management of the accelerator area in science and
industry was a serious mistake that destroyed the
Foundation of nuclear energetic of the future, which is
impossible without solution to global problems of nuclear
safety, transmutation of nuclear waste and closed cycle.
The purpose of MHF is to solve these and other problems
of nuclear science, and realization of this project at ITEP
is a strategically optimal for this time.
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Abstract

iThemba LABS is a multidisciplinary research facility
that provides accelerator-based facilities for physical,
biomedical and material sciences, treatment of cancer
patients with neutrons and protons and the production of
radioisotopes and radiopharmaceuticals. The demand for
beam time by the 3 main users, namely radioisotope
production, nuclear physics research and medical
applications, exceeds the available time by far.

During the past 3 years a feasibility study for a new
radioactive ion beam and radioisotope production facility
at iThemba LABS has been in progress. A dedicated
isotope production facility is proposed which will free up
the existing K=200 separated-sector cyclotron facility for
nuclear physics research with stable beams. A facility for
the production of low-energy radioactive ion beams is
planned using the K=200 cyclotron as driver for the
production of radioactive beams. A technical overview of
the proposed isotope production and radioactive-ion beam
facility will be given.

INTRODUCTION

iThemba LABS, located at Faure near Cape Town,
operates a number of accelerators of which the Separated-
Sector Cyclotron (SSC) is the largest. The SSC, a variable-
energy machine, is extremely versatile and capable of
producing high-intensity proton beams, a large variety of
heavy ions and polarized protons at energies sufficient to
probe the structure of sub-atomic matter. The SSC is
primarily shared by three disciplines: nuclear physics
research, proton/neutron therapy — along with radiation
biology research — and radioisotope production. Over the
past number of years it has become increasingly evident
that the current beam allocation schedule is
counterproductive and cannot satisfy the high demand for
beam time from both research disciplines and radioisotope
production.

The usual mode of operation is that nuclear physics
research is conducted over weekends, while the rest of the
week is scheduled for radiotherapy and the production of
both short- and long-lived radioisotopes. iThemba LABS
uses a 66 MeV proton beam from the SSC with currents of
up to 250 pA to produce radioisotopes. The available beam
time for radioisotope production is essentially fixed due to
the current schedule and in order to expand the isotope
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production capacity, it became necessary to introduce a
number of innovations. These include the installation of
flat-topping systems for the injector cyclotron (SPC1) and
the SSC, a new vertical-beam target station and beam-
splitting. For operation with higher beam currents it also
became essential to develop and implement non-
destructive beam diagnostic equipment. Since, under
present operating conditions, any further increase in the
beam time for radioisotope production can only be
achieved at the expense of one or more of the other
programmes, it has now become essential to acquire a
dedicated cyclotron for radioisotope production.

The long-term research strategy for the SSC includes the
study of neutron-rich nuclei, which is rapidly becoming the
focus of international research in order to understand how
the elements were formed in astrophysical environments
such as stars and supernovae. A forerunner to the long-term
strategy is the already partially funded Low-Energy Rare
Isotope Beam (LERIB) project, which aims at
understanding the astrophysical processes that led to
element formation. LERIB will make use of a high
intensity 66 MeV proton beam from the SSC to produce
different neutron-rich species. For the second phase it is
envisaged that low-energy RIBs (<50 keV) will be
accelerated to high energies, using a post accelerator.

The various projects will be carried out in phases. Phase
1 will involve the installation of a dedicated 70 MeV H-
minus cyclotron for radioisotope production and the
LERIB project. During Phase 2, a post-accelerator capable
of accelerating radioactive beams from the LERIB project
to an initial energy of ~ 5 MeV per nucleon will be
installed.

RECENT INFRASTRUCTURE UPGRADE
Cooling Towers and Chillers Upgrade

The facility relies on a central cooling plant comprising
four water-cooled chillers, seven cooling towers and
associated pumps to supply chilled water at 6 °C with a
cooling capacity of 4.4 MW. Chillers are operated in
parallel and switched on demand as the heat load increases.
During 2011 the cooling towers were replaced.
Subsequently funds have been approved to replace the
chillers and pumps this year. The new equipment will not
only be more reliable, but will also offer a sustainable
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energy saving due to the high Coefficient of Performance
(COP) of the modern technology chiller units.

4 MVA Uninterruptable Power Supply Battery
Replacement

A total of 4 banks, each consisting of 264 X BAE 25 OGI
2000 batteries, were installed. The new installation of low-
antimony alloy, vented lead-acid batteries has a lifespan of
20 years. The capacity of the installation is designed to
keep the accelerator facilities operational for 20 minutes at
full load.

New Digital Low-Level RF Control System

A new digital low-level RF (DLLRF) control system to
replace the 30-year-old analogue RF control systems has
successfully been developed. The system [1] shown in Fig.
1 is field-programmable-gate-array (FPGA) based and is
capable of synthesizing RF signals between 5 MHz and
100 MHz in steps of 1 pHz. It can achieve a closed-loop
amplitude stability of better than 1/10000 and a closed-
loop phase stability of less than 0.01°. Six of the systems
are currently in operation on the two injector cyclotrons.
In total, 35 production systems have been manufactured
and installation will be completed during the coming
months.

Figure 1: The new digital, low-level RF control system.

THE RADIOISOTOPE PRODUCTION
FACILITY

To increase beam time for research and to the production
capacity of radioisotopes, a dedicated production facility is
proposed. Full use will be made of existing building
infrastructure to establish an independent radioisotope
production facility. A commercial 70 MeV H-minus
cyclotron will be installed in the current underutilised
neutron therapy vault, while the proton therapy vault and a
third redundant vault will house a number of isotope
production target stations (see Fig. 2). Repurposing of
existing building infrastructure makes this configuration
the least complex and potentially realises significant
savings from an investment and future maintenance point
of view. The existing radioisotope production facilities will
provide increased opportunities for research regarding new
radioisotopes and will also be available as an emergency
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backup for the new facilities. With this proposal, beams
from the 70 MeV cyclotron could also service all the
nuclear physics vaults as well as the target ion source of
the LERIB project. An additional vault can be added next
to the current proton therapy vault for dedicated radiation
biology research. This approach is preferred, because of
the cost saving aspect and the versatility of delivering
beams to a large number of different end users and it also
does not preclude neutron and proton therapy research
from continuing. The department concerned is currently
drafting long-range plans to support the continuation of the
research, closely linked to radiation biology and
radioisotopes research.

The proposed timeline realises the completion of Phase
1 in four years, i.e. three years to build the cyclotron and
the fourth year for installation, testing, commissioning and
ramping up of the beam intensities to the required levels
for routine radioisotope production and research.

70 MeV H-Minus Cyclotron

The 70 MeV cyclotron will be procured from a
commercial manufacturer. The cyclotron will have a dual
beam delivery system with beam current up to 350 pA on
each delivery port. Preliminary studies and discussions
with two manufacturers have shown that it will be possible
to fit the cyclotron from either manufacturer into the
neutron therapy vault, as shown in Fig. 2. Detail
information regarding the two commercially available
cyclotrons can be found in references [2, 3]. Procurement
will be done by means of a tender process that will request
the 70 MeV cyclotron to be supplied inclusive of the
switching magnets at the two extraction ports. Determining
factors for a successful bid will include aspects like the
maximum beam current delivery per extraction port, beam
loss in the cyclotron and beamlines, ease of
maintenance/service of cyclotron and final cost.

The components required for the beamlines that will
deliver the beams to the four target stations will be
designed and manufactured by iThemba LABS.

Radionuclide Production Target Stations

The design of the bombardment stations for radionuclide
production with 70 MeV proton beams of high intensity
will be similar (but not identical) to the existing horizontal-
beam target station (“Elephant”) that has been in routine
operation at iThemba LABS for 26 years [4]. The targets
will be irradiated outside the beamline vacuum, surrounded
by a composite radiation shield during bombardment (see
Fig. 3). A helium-cooled, double-foil Havar window will
serve to isolate the vacuum from the station. A four-sector
graphite collimator located in the radiation shield
immediately upstream of the double-foil window will
assist with the beam focusing and centering, by providing
current read-out on each sector. The beam will be swept in
a circular mode around the beam axis in order to spread the
thermal load over a larger surface area of the target. An
electro-pneumatically controlled pusher arm will connect
the cooling water to a target holder.
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All target stations will be serviced by an electrically-
driven target transport trolley which moves on rails,
connecting the irradiation vaults to a hot-cell complex,
target loading facility and a target store. The transfer of
target holders to and from a target station and the transport
trolley will be facilitated by means of a remote-controlled
robot arm. Each target station will be electrically isolated
from earth and the beam transport infrastructure in order to
permit accurate measurement of the beam current and
accumulated charge. Each target station will therefore act
as a faraday cup.

Development of new targetry, compatible with a 70
MeV proton beam and intensities up to 350 pA, has
commenced. An optimized tandem target for the
simultaneous production of 82Sr and 68Ge will consist of
a stainless-steel (S316) encapsulated Rb disc in the high-
energy slot and a Nb-encapsulated Ga disc in the low-
energy slot. The relevant energy windows of the Rb and Ga
target materials will be 61.8 —37.7 MeV and 24.8 -0 MeV,
respectively. The “dead layers” in the target are due to the
encapsulation materials, cooling water layers and the beam
entrance window located on the target holder: such dead
layers are unavoidable.

The evaluation of the local radiation shield has recently
been performed by means of Monte Carlo simulations with
the code FLUKA [5]. The cylindrical geometry of a target
station and the off-centre location of the target holder were
modelled accurately, as shown in Fig. 3. Also, the tandem
target described above was accurately modelled, including
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the cooling-water. Fig. 4 shows the results of a neutron
fluence scan when a 70 MeV proton beam of 350 pA is
incident on the target. The origin was defined as the center
of the beam spot on the front face of the target, the z-axis
along the beam direction, a vertical y-axis and a horizontal
x-axis. The scan shown in Fig. 4 is along the positive x-
axis. A similar plot is shown with the local radiation shield
omitted. The vertical dashed lines indicate the intersection
of the shielding material boundaries and the x-axis. It is
clear that at the location of the outer surface of the target
station, the neutron fluence is between 2 and 3 orders of
magnitude lower than what would be the case if the
shielding is omitted. Inside the station, the presence of the
shield leads to a build-up of the neutron fluence. Most of
the attenuation and absorption occurs in the paraffin wax
layer (20 cm thick, containing 4% B4C by weight). This
hydrogenous layer, however, is only effective for
thermalizing neutrons entering with relatively low energies
(below about 4 MeV) and finally capturing more than 99%
of them. This is why a 50 cm thick inner Fe layer is
required. The Fe layer effectively slows down fast neutrons
to intermediate energies by inelastic scattering. The outer
Pb layer mainly serves to attenuate gamma-rays, in
particular the 2.2 MeV photons emitted in the capture of
thermal neutrons by hydrogen. The total thickness of the
local radiation shield is largely dictated by the available
space, while the optimum thicknesses of the three
complementary shielding materials have been determined
by means of Monte Carlo simulations.

-

ITT T TT0]
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Figure 2: Layout of the new cyclotron and radioisotope production facilities utilising the existing and redundant
therapy vaults shown on yellow background. The 70 MeV cyclotron is shown in red and the 4 target stations are
shown in brown. The LERIB facility in relation to the existing infrastructure is shown on the brown background.
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Iron

Figure 3: A vertical section along the beam axis through
the local radiation shield of the target station.
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Figure 4: Neutron fluence scan, performed with the
FLUKA code, along the x-axis (see text) through the target
station for the case of an incident 70 MeV proton beam of

350 pA intensity on a tandem Rb/Ga target.

Shielding/Radiation Safety

To accommodate the cyclotron, beamlines and target
stations, extensive modifications have to be made to the
shielding of therapy vaults. To enlarge the vaults parts,
mainly corner sections, of the vault walls will have to be
modified. Because the planned beam intensities are much
higher and the beam directions will be different, additional
shielding, in the form of large blocks, will have to be
attached to some walls. For the same reasons the existing
labyrinths, for access of staff and equipment, will no longer
provide sufficient shielding and they also partly block the
installation route for the cyclotron. Some of the existing
blocks will be rearranged to form a new, much narrower,
labyrinth for the cyclotron vault. For the two production
vaults lack of space does not allow the use of labyrinths
and a combination of movable doors and blocks is planned.
An essential requirement is provision for transport of the
targets from the four target stations through labyrinths to
the existing radioisotope production vault.

The existing air-conditioning equipment and ducts in the
shielding walls will be used. The installed cooling capacity
allows nine air changes per hour. In the existing
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radioisotope production vault the air is changed six times
per hour. The only modification required is installation of
HEPA filters and extraction fans in the air outlets from the
vaults.

A radiation and equipment safety-interlocking system
will monitor the status of vaults, doors, faraday cups,
neutron shutters, radiation monitors and power supplies to
prevent unsafe conditions and interrupt the beam in case of
equipment failure.

Tentatively, the maximum permitted dose rate in areas
where radiation workers will regularly work has been
specified as 2.5 puSv/h. In less accessible regions, such as
on top of the roof beams, at a height 7 m and more, a dose
rate of 15 uSv/h is considered acceptable.

It is foreseen that during the early stages of operation,
beam currents of several tens of micro-amperes will be
stopped on copper faraday cups to optimize the cyclotron
and beamline settings. In the cyclotron vault, it will
sometimes be necessary to insert faraday cups in the
beamlines from both ports. Because of the low beam losses
in the cyclotron and its self-shielding characteristics,
radiation from the faraday cups will be the determining
factor for the shielding dimensions.

The present design of the new shielding layout, taking
into account access for services, equipment and personnel,
is based on reports about the design of the existing facilities
[6, 7, 8, 9] and more recent data [10, 11], as well as on
radiation dose rate measurements at iThemba LABS.
Scaling and interpolation of the data, as well as
calculations, led to the present design.

To verify that the calculations are not too crude,
measurements of the dose rates were made, using a 10 pA,
66 MeV proton beam on faraday cups in vaults with
different roof beam dimensions. The results were
compared with calculations based on the graphs and table
of Chen et al. [11], from which the neutron source term and
attenuation lengths in concrete were determined. For
comparison with results in the literature it is important to
note the differences in concrete densities that are used.

Neutron dose rates of 21 puSv/h and 0.6 uSv/h per pA
were measured for 1.5 m and 2 m thick roof beams,
respectively, for a beam height of 1.5 m and a roof height
of 3 m, below the concrete beams, which have a density of
2.35 g/cc. The copper thickness of the faraday cup and its
support from the beam position to the top is 5 cm. The wall
thickness of the stainless steel vacuum chamber is 3 mm.

For the cyclotron vault, 4 layers of roof beams with a
total thickness of 3 m are planned. For the production
vaults three layers with a total thickness of 2.25 m will be
sufficient. The foundations of the vault basements consist
of an 800 mm thick layer of concrete which can be
increased to a total thickness of 2 m to limit ground water
activation. Finally, Monte Carlo simulations will be done
to determine whether the objectives have been met and if
significant savings can be made by reducing the number of
roof beams and simplifying the labyrinth of the cyclotron
vault. The maximum permitted dose rates and beam
currents that will be stopped on the faraday cups have to be
reconsidered and finally specified.
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LOW-ENERGY RARE ISOTOPE BEAM
FACILITY

To enhance and supplement existing research platforms
and to stay globally competitive through the promotion of
new research opportunities in the field of nuclear physics,
iThemba LABS initiated a flagship project to establish a
Rare Isotope Beam (RIB) facility. Specific areas of interest
include the study of neutron-rich nuclei, which is only
achievable by way of the production and analysis of RIBs.

A Strategic Research Infrastructure Grant from the
National Research Foundation (NRF) had been approved
to fund a pilot project for the construction of a Low-Energy
RIB (LERIB) facility. The facility will be used to develop
and refine the techniques for RIB production and analysis.
Knowledge, experience and equipment gained through this
endeavour will be carried forward into a full-fledged RIB
facility that will include beam cooling, high-resolution
mass separation, charge-breeding and post-acceleration.

The LERIB facility and infrastructure will be housed in
a new building as illustrated in Fig. 2. The new building
will be strategically placed to allow the SSC to be used as
a driver to deliver high intensity 66 MeV proton beams to
the LERIB test facility. The location of the new building is
such that future expansion to the north of the current
accelerator complex will be possible. A number of end-
stations for low-energy (<50 keV) experiments will be
provided. The isotope of interest will be transported to the
end-stations after passing through magnetic mass separator
with a mass resolution of 1 in 3000.

Target lon Source

A formal collaboration agreement between the NRF and
the Instituto Nazionale di Fisica Nucleare (INFN) in
Legnaro, Italy had been signed in February 2015. As part
of the collaboration a replica of the fully developed Front
End containing the Target Ion Source (TIS) which had
been developed by Laboratori Nazionali di Legnaro (LNL)
in Legnaro, Italy for their SPES project, has been
constructed for iThemba LABS. The TIS exploits the
Isotope Separation On-line (ISOL) method of producing
neutron-rich radioactive ions and will form the basis of the
proposed LERIB test facility at iThemba LABS.

The required characteristics of the ISOL target are both
a high fission production yield and the capability to release
the fission products as fast as possible. The most critical
element of the TIS unit is the Multi-Foil Direct Target. The
target configuration consists of several thin disks suitably
spaced in the axial direction in order to improve the cooling
of the UCx target by thermal radiation and to avoid large
temperature differences with respect to the graphite box
containing the target discs. The open structure of the target
assembly also promotes the quick release of fission
products. The advantage of this configuration is the
simplicity of the cooling system and the consequent
relatively low cost.

To guarantee an efficient RIB production rate the TIS
target has to work at elevated temperature levels up to
2200°C. The proton beam power is not sufficient to heat
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the graphite box and the target discs in a uniform
temperature profile. Therefore it was crucial to introduce
an additional and independent electrical heating system.

Neutral atoms diffuse from the target assembly into the
hot-cavity surface ionizer via a transfer tube. The surface
ionization mechanism produces mainly singly charged
particles that are accelerated up to 50 keV by the extraction
electrode assembly. Accelerated particles then enter the
low-energy beam transport system for transportation via a
mass separator to the low-energy experimental areas.

During 2014 an online test had been performed at
iThemba LABS [12] to validate the theoretical results of
the thermal finite element simulations of the multi-foil
target system. A 60 puA, 66 MeV proton beam from the
SSC was stopped on the target assembly comprising 13
thin silicon carbide discs housed in a graphite container.
The test results confirmed that the power dissipation
capability of the multi-foil target system is suitable for
ISOL-RIB production.
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Abstract Table 1: Main parameters of the cavity
The future experimental program of super heavy element B v/c) 0.059
synthesis at GSI desires high intense heavy ion beams at Frequency MHz 216.816
or above the coulomb barrier, exceeding the capabilities Accelerating cells 15
of the GSI-UNILAC (Universal Linear Accelerator). Ad- Effective length (82) mm 612
ditionally, the existing GSI accelerator chain will be used Diameter mm 409
as an injector for FAIR (Facility for Antiproton and Ion Re- Tube aperture mm 18720
search) primarily providing high power heavy ion beams at G Q 52
a low repetition rate. Due to this limitations a new dedi- R./Qo 3240
cated superconducting (sc) continuous wave (cw) linac is R.Rs kQ? 168
proposed to keep the Super Heavy Element (SHE) research E, (design) MV/m 5.5
program at GSI competitive. The construction of the first E,/E, 6.3

linac section has been finished in the 3™ quarter of 2016. It B,/E, mT/(MV/m) 5.7
serves as a prototype to demonstrate its reliable operability

in a realistic accelerator environment. This demonstrator

cryomodule comprises the sc 217 MHz crossbar-H-mode RF TESTS OF THE CAVITY

(CH) multigap cavity as the key component of the whole
project and two sc 9.3 T solenoids. The performance of the
cavity has been extensively tested at cryogenic temperatures.
In this contribution the measurement results of initial cold

A first rf test of the sc 217 MHz CH cavity (without
helium vessel) at the Institute of Applied Physics (IAP)
of Goethe University Frankfurt has been performed begin-

tests will be presented. ning of 2016 [5]. At that time the performance of the
cavity was limited by field emission caused by insufficient
surface preparation. Regarding this, rinsing could be per-

formed along the beam axis only. Due to a technical re-

INTRODUCTION

Regarding the future construction of a sc cw linac at GSI
an R&D program has been initiated. It is intended to build
and test the first linac section with beam [1]. In this context,
a sc 217 MHz CH cavity [2] with 15 equidistant accelerat-
ing cells, B = 0.059 was built (see Table 1). The beam dy-
namics layout of the cavity is based on the special EQUUS 10° LT
(EQUidistant mUlIti-gap Structure) [3]. Three dynamic bel- : a3
low tuners inside the cavity adjust frequency changes during o x
operation [4]. Furthermore, a helium vessel made from tita-
nium provides a closed helium circulation around the cavity. 108 L
Several flanges in each quadrant of the cavity allow an ade- E . Vertical test w/o He vessel
quate surface processing. For future beam tests a 5kW cw L« Horizontal test with He vessel
power coupler is available. After final surface preparation % Design cw LINAC
steps the new cavity has been extensively tested with low 10’
level rf power at 4.2 K.
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T out of business Figure 1: Qg vs. E, curves at 4.2 K for two different rf tests.
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striction of the provided High Pressure Rinsing (HPR) de-
vice, rinsing was not possible inside each quadrant of the
cavity. Nevertheless, a maximum accelerating gradient of
E;, = 69MV/m at Qg = 2.19 - 108 was reached (see Fig-
ure 1).
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Figure 2: Superconducting 217 MHz CH Cavity during
manufacturing (left) and finally mounted into the support
frame (right).

After the final assembly of the helium vessel and further
HPR preparation the cavity was delivered to GSI and pre-
pared for a second rf test in a horizontal cryomodule (see
Figure 2). A 50 W broadband amplifier was used to de-
liver the required rf power. The cavity was operated as a
generator driven resonator directed by an rf control system.
Further equipment, namely a network analyzer, three power
meters and a scope has been used for rf measurements. To
validate the measuring system all power meters have been
calibrated via the X-ray spectrum of the cavity recorded at a
gradient of 5.5 MV/m. X-rays arise from field emission; it
is assumed that electrons, coming from the drift tube where
the highest voltage is located, are accelerated to the neigh-
bouring tube inside the cavity. Consequently, a continuous
Bremsstrahlung spectrum is generated by hitting the neigh-
bouring drift tube. The maximum energy as well as the
maximum electron energy of the measured sprectrum was
574keV (see Figure 3), confirmed by the related absolute
voltage determined by the power meters (567 + 7kV).

Initially, the cavity has been passively precooled down to
218 K by the N, shield of the cryostat. Hereafter, the temper-
ature was quickly lowered (3 K/min in average) applied by
liquid helium to 4.2 K avoiding hydrogen related Q-disease.
A mean residual pressure of 4- 10~ mbar could be achieved
applying evacuation by a turbomolecular and an ion getter
pump. Subsequently, rf conditioning has been performed.
All multipacting barriers up to 4 MV/m could permanently
be surmounted.

In a next step the rf performance of the cavity was re-
viewed. Figure 1 shows the related Q¢ vs. E, curves
measured in vertical position (without helium vessel, red
curve) and in horizontal orientation (with helium vessel,
blue curve), respectively. The maximum Q-value at a low
field level (Q})OW) was measured for 1.37- 10 which is 4.9 %
lower in comparison to the first vertical test. This minor dis-
crepancy is caused by worse magnetic shielding leading to a
less residual surface resistance Rg (38 nQ instead of 36 n(2,
see Table 2). Nevertheless, recently the cavity showed an
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improved performance due to an advanced HPR treatment.
The initial design quality factor at 5.5 MV/m has been ex-
ceeded by a factor of 4. Furthermore, a maximum accel-
erating gradient of E, = 9.6MV/m at Qy = 8.14 - 10®
was reached, which is a promising result considering the
complex multigap structure of the cavity. The maximum
gradient is limited by cavity quenches presumably caused
by a thermal defect since the degeneration of the Q-value is
still quite low. Table 2 summarizes the main measurement
results of both rf tests.

10" e ' ' '
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10° / \ 5
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O 10 \ AN :
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ey g |
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Figure 3: X-ray spectrum of the cavity at £, = 5.5MV/m.

Table 2: Main results of the vertical and horizontal rf test

Vertical test
w/o He vessel

Horizontal test
with He vessel

oY 1.44 -10° 1.37-10°
Ry nQ 36 38
RBCS nQ 15 15
Rnag  nQ 9 12
Ro nQ 12 11
E, MV/m 6.9 9.6
Qo 2.19-10% 8.14- 108
V, MV 42 5.9
E, MV/m 43 60
B, mT 39 55
FURTHER ANALYSIS

Respectively the evaluation of the power consumption
shows that the cavity was no longer limited by field emission
at low field levels contrary to earlier measurements. Fig-
ure 4 shows the total power losses inside the cavity as func-
tion of the gradient in comparison to the expected ohmic
losses asuming a constant Q-value. Related to the previous
test (red curve) the total losses increase due to field emission
from E, = 2MV/m while the related peak electric field £,
is estimated in the range between 12MV/m or 43 MV/m
referred to the maximum gradient. At E, = 5MV/m
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repectively at E,, = 32 MV/m the total power consumption
increases rapidly suggesting an activation of a field emit-
ter. This behaviour can be confirmed by considering the
corresponding non-ohmic losses which increase exponen-
tially starting at the same field level as shown in Figure 5.
After the cavity’s surface was rinsed again a central field
emitter could be removed or at least significantly smoothed.
Thus, extremely reduced non-ohmic losses occur and a mi-
nor field emitter activation only beyond E, = 7.8 MV/m
can be observed (see Figure 5, blue curve). In that case
E, is 49 MV/m or up to 60 MV/m at the maximum acceler-
ating gradient. Figure 6 shows the corresponding Fowler-
Nordheim plot illustrating the different enhancement fac-
tors Spn of the emitting spots for the two different surface
qualities. Due to the extensive HPR treatment and the re-
sulting improvment of the surface quality the enhancement
factor could be decreased from Sy = 403 to Bpy = 176
reflecting a distinct difference in emitter activity.
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Figure 4: Total losses inside the cavity in comparison to
pure ohmic losses for the vertical and horizontal rf test.
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Figure 5: Non-ohmic losses inside the cavity before and
after the improved surface preparation.
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Figure 6: Fowler-Nordheim plot for the two different sur-
face qualities.

SUMMARY & OUTLOOK

The sc 217 MHz CH cavity has been successfully tested
at GSI with low level rf power at 4.2 K. A very promising
gradient of 9.6 MV/m could be reached after an advanced
surface preparation. In a next step a full performance test
with beam is planned for the 1% quarter of 2017. After-
wards an optimized HPR device will be used allowing to
rinse the cavity additionally inside each quadrant. Other
methods, like an argon plasma discharge or a 300°C bake-
out, are foreseen to improve the surface quality of the cavity.
Furthermore, two short sc 217 MHz CH cavities [6] with a
simplified geometry for the advanced demonstrator [7,8] are
currently under construction, at least reproducing or proba-
bly improving the excellent results made so far.
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Abstract

In November 2013, the FAIR management delegated the
responsibility for the technical design, construction,
installation, and commissioning of the whole Collector
Ring and its components from GSI to Budker Institute of
Nuclear Physics (BINP). Since that time a lot of
modifications of the original design were made aiming to
improve the beam parameters and the machine
performance. This work shows the present status of the
development.

INTRODUCTION

Collector Ring (CR) is one of the key installations of the
FAIR project (Darmstadt, Germany). It is dedicated for
stochastic cooling (SC) of incoming beams of antiprotons
and rare ions. The cycle of the CR operation consists of
injection, RF stretching, SC and finally extraction towards
the HESR. Additionally there is a mode of operation for
experiments with precise mass measurements of the
particles in the ring. Main parameters of the storage ring
for three main modes of operation are shown in Table 1.
The sketch of the ring is presented in the Figure 1.

Table 1: The CR Main Parameters

Antiprotons  Ions
Perimeter, I1 221451 m
Rigidity, Bp 13T'm
Number of particles, N 108 10°
Kinetic energy, K 3 GeV 740 MeV/u
Velocity, v 0.971c 0.830c
Relativistic factor , y 4.20 1.79
Betatron tunes, vy, vy 4.39,3.42 3.40, 3.44
Revolution frequency, @9 1.35 MHz 1.16 MHz

The work of BINP was based on the final version of the
Technical Design Report (TDR) for the CR that was
released by the GSI team in February 2014 [1]. Since that
time a lot of modifications of the original design were made
aiming to improve the beam parameters and the machine
performance. All these changes were reported to the
Machine Advisory Committee (MAC) in 2014 and 2015
and following its recommendations were published as a
TDR Annex in 2016 [2]. These two Annexes to the TDR
summarize all changes to the CR design made since
February 2014. Here the part of the work done in BINP is
presented.

*The work is carried out with the financial support of FAIR-Russia
Research Center
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Figure 1: The Collector Ring overview.

LATTICE

The huge work was done to adopt the projects lattice to
various demands coming from RF-system, SC-system,
Injection/Extraction system and HESR team, taking into
account all modes of operation. The apertures and lengths
of magnets as well as conceptual design of all the
correctors and beam diagnostic components were changed.
Some magnetic elements were rearranged. Totally new
concept for vacuum system was proposed.

Figure 2: The 1attlce ﬁmctlons of the CR for the amtproton
mode of operation and matching of the beam sizes to the

aperture in the elements: the bending magnet, wide
quadrupole and narrow quarupole (from left to right).

All these numerous changes were supported by
adaptation of linear lattice with control of self-consistence
of beam sizes, betatron phase advances between key
azimuths, magnets apertures etc. Finally, in the end 0f 2015
the acceptable solution of overall CR conceptual design
was found and the lattice (for all three operation modes)
was frozen (see Fig. 2).

Since the momentum spread is very large in injected
beam the natural betatron tunes chromaticity must be

Heavy ions accelerators
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compensated to fit beam footprint between resonances.
Also it is important to control second-order chromatic
effects (second-order dispersion function, lattice function
chromaticity) to avoid strong chromatic variation of beam
sizes where the aperture is limited, and variation of
betatron phase advances between SC components.

Bx By 3 /\ /\
30 / /

A

= S g o Gy L L e B I

. i
-20 -10 0 10 20

X, cm

Figure 3: The chromatic effects of the lattice functions in
one half of the ring (up) and the dynamic aperture
estimation for the CR in the antiproton mode (bottom). The
black rectangle in the middle matches to the physical
aperture of the ring.

There was found a scheme to suppress these effects with
use of 6 families of sextupole magnets [3]. However
sextupole magnets are the main source of nonlinear fields.
The dynamic aperture was checked for this scheme taking
into account the nonlinearities of main magnetic elements
and random deviations in strength and rotation of the quads
and sextupoles (see Fig. 3).

MAGNETIC ELEMENTS

Extremely high acceptance of the ring (240 mm*mrad)
leads to large apertures of all magnetic elements including
the septum magnets. Meanwhile desired parameters of the
magnetic field and magnetic field quality are
comparatively strict. All magnets are iron dominated with
laminated yoke. The standard production technology will
be used while the quality is achieved by the yoke
geometry. Here the short review of all the magnetic
elements is given.

Bending Magnet

The CR will use normal conducting dipole magnets (see
Fig. 4). There will be 24 H-type sector magnets with a
deflection angle of 15° with a maximum field value of
1.6 T. The usable magnet gap will be 140 mm, while the
horizontal good field region amounts to 380 mm. The
integrated 5,37 cmover the length of the magnet field
quality as a function of radius is AB-I/B-1=+1x10"* as
required from the beam dynamics simulations. This
challenging field quality is necessary mainly for precise
experiments with ion beam in ISO regime. Below 1.6 T the
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value AB-I/B-I can be higher with a linear approximation up
to £2.5x10 at the field level of 0.8 T.

Figure 4: The 3D model of the designed dipole.

The present layout proposes a coil with total current of
88x1420 A. The required DC power for this magnet
amounts to 126 kW. To change the polarity between
maximum field levels within a minute the ramp rate of
0.054 T/s is required presently for the dipole power
converter.

Quadrupole Magnets

Because of the large acceptance of the CR, it is important
to use large aperture magnets only where they are needed.

Table 2: Main Parameters of the CR Quarupole Magnets

Short Extend
Wide Wide ed Narrow
Wide

Number of 14 D 3 1
magnets
Maximum
gradient 4.7 4.7 3.5 6.2
[T/m]
Inscribed 160 160 185 100
radius [mm]
Effective
length [m] 1.0 0.7 1.0 0.5
Integrated
aradient [T] 4.7 3.29 35 3.1
Field homo- 4 4 3 4
gencity AB/B +5x10 +5x10 +1x10 +5x10
E;’]ﬂ current 470 1480 1470 1210

The extremely wide aperture quadrupole magnets with
useful aperture 450 mm x 180 mm are used for the
injection section (inscribed to poles radius 185 mm) (see
Table 2). In the arcs two other types of wide aperture
quadrupoles with pole radius 160 mm will be installed.
One group of 14 quadrupoles has the useful aperture
400 mm x 180 mm and the effective magnetic length 1 m.
The other group of 12 quadrupoles has the same aperture
but shorter effective length equal to 0.7 m. The narrow
quadrupole magnets (useful aperture 180 mm x 180 mm,
pole radius 100 mm) are installed only in the straight
sections.
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Sextupole Magnets

24 sextupole magnets are used in CR. 3D modelling (see
Fig. 5) was done to achieve the desired parameters: the
maximum strength of 10 T/m?, the effective length of 500
mm, the inscribed radius of 201 mm, the useful aperture
of 430 x 180 mm?, the field uniformity of +5x10-. Coils
have 22 turns for each pole with the maximum current of
500 A.

Figure 5: The 3D model of the sextupole magnet.

Dipole Correctors

Three types of steering magnets for orbit correction are
proposed in the CR: additional separately powered coils
embedded into dipoles; wide-aperture vertical; narrow-
aperture combined-functions X/Y steering magnets.

The embedded correctors should provide angle of £3
mrad with use of 270 turns coils with maximum current of
5.5A. The vertical correctors are of a frame type and
envelope the beam position monitors. With maximum
current density of 1.7 A/mm? the maximum field is 0.045T
over the effective length of 740mm.

Figure 6: The 3D model of the combined steering magnet.

Combined Steering Magnets (see Fig. 6) with narrow
aperture are window-frame magnets with two pairs of
separately powered coils. The maximum field of 0.067 T
over the effective length of 300 mm is achieved with the
current density of 1.9 A/mm?2 and gives the maximum
angle of +1.5 mrad.

Octupole Correctors

Octupole correction coils will be installed into 12 wide
quadrupoles of the CR arcs (see Fig. 7) to increase the
parameters of the experiment in the isochronous mode. The
maximum achievable octupole gradient is 13 T/m* with
268 turns of the coil and the current of 6 A.
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Figure 7: 3D model of the one quarter of the quad yoke
with octupole coils.

Injection Septum Magnet

Three pulsed magnets (see Fig. 8) form the Injection
Septum Magnet (I1JS) and bend the beam for 124 mrad. C-
type laminated yoke is used [4]. Magnetic field in the gap
is formed with two coils — primary multiturn coil connected
to the power source and secondary one-turn coil connected
to the knife. The length of the pulse is 3ms. Maximum
magnetic field of 0.6T is reached with the current of SkA.
The ceramic vacuum tube is used to reduce the heat losses
of eddy currents.

Figure 8: The magnets of ISM with the vacuum chamber.

Injection-Extraction Kicker Magnets

There are 6 kicker magnets (KM) grouped in two
vacuum tanks (see Fig. 9) [5]. Same KM are used for both
injection and extraction. The length of the pulse is variable
from 150 to 1500 ns. The pulse of 70kV produces
integrated magnetic field of 1944 mTxm that allows the
kick of 15mrad in the beam. Ferrite yoke forms the
magnetic flux.

PRODUCTION PLANS

Production plans for the elements of the ring are mainly
dictated by the production of the bending magnets.
According to the design 65 months are needed. It matches
to the schedule of the FAIR installation procedure. All
other elements fit into these dates.
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SPALLATION NEUTRON SOURCE AT THE 1 GeV
SYNCHROCYCLOTRON OF PNPI

O.A. Shcherbakov#, E.M. Ivanov, G.F. Mikheev, G.A. Petrov, G.A. Riabov, A.S. Vorobyev,
B.P. Konstantinov Petersburg Nuclear Physics Institute, NRC “Kurchatov Institute”, Gatchina,
Leningrad district, 188300, Russia

Abstract

A description of the spallation pulsed neutron source
and neutron TOF spectrometer GNEIS based on the 1
GeV proton synchrocyclotron of PNPI in Gatchina is
presented. The main parameters of the GNEIS are given
in comparison with the analogous world-class facilities.
The experimental capabilities of the GNEIS are
demonstrated by the examples of some nuclear physics
and applied research experiments carried out during four
decades of its operation.

DESCRIPTION OF NEUTRON SOURCE

The 1 GeV proton synchrocyclotron SC-1000 at the
PNPI was commissioned in 1970 [1]. A few years later
(1975), spallation neutron source and TOF spectrometer
GNEIS have been developed at the accelerator and put
into operation [2]. Since that time GNEIS was effectively
used for neutron-nucleus interaction studies utilizing the
time-of-flight technique over a wide range of neutron
energies from thermal up to hundreds of MeV, both for
basic nuclear physics and applied research.

The water-cooled lead target (40x20x5 cm3) of the
GNEIS neutron source is located inside the accelerator
vacuum chamber (Fig. 1) below the median plane of the
accelerator magnet magnetic field.
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When the circulating proton bunch is deflected to strike
the target, the short (~10 ns) pulses of fast neutrons are
produced at a repetition rate of <50 Hz. At the average
internal proton current of 3 A and neutron yield of ~20
n/p for 1GeV protons, the average intensity of fast
neutrons is equal to ~3-10'* n/s. Neutron source is
supplied with a polyethylene moderator (30x10x5 cm’)
located above the target and median plane. The target and
moderator are moved remotely in vertical and radial
directions for optimum position during the accelerator and
neutron source tuning. Five neutron beams are transported
using evacuated flight tubes through the 6 m thick heavy
concrete shielding wall of the accelerator main room into
the experimental hall of the GNEIS. The beams are
equipped with brass/steel collimators, steel shutters and
concrete/steel beam dumps. Measurement stations for
experimental installations are located in the GNEIS
building (15x30 m?) at the flight path distances of 35-50
m. Neutron beams #1- 4, whose axes pass through the
moderator, are characterized by a 1/E* (o = 0.75-0.95)
neutron spectrum shape (Fig.2) being well suited for
measurements at resonance energies (1 eV — 100 KeV).
Neutron beam #5, whose axis “looks” at the surface of
“bare” lead target, has a typical spectrum shape with
spallation and cascade components in the neutron energy
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——| MEASUREMENTS OF FISSION
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MEASUREMENT OF ANGULAR
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FRAGMENTS AT INTERMEDIATE
NEUTRON ENERGIES 1-200 MeV
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Figure 1: General layout of the GNEIS facility.
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Figure 2: The neutron spectra of the beam #3 measured at
the 40 m flight path station with 3 cm and 5 cm thick
polyethylene (PE) moderators. The data are normalized to
an average neutron production rate of 1.5-10"* n/s.
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Figure 3: Neutron spectrum from the “bare” lead target
measured at the 36.5 m flight path station of the beam #5.
The data are normalized to an average neutron production
rate of 2.5-10" n/s.

range 0.1-1000 MeV (Fig. 3). The cascade component
extends up to the energy of the incident protons (1 GeV)
and is strongly peaked in the forward direction. The
evaporation component which is dominant below ~ 20
MeV has the shape of a Maxwell distribution with a
characteristic temperature of 1-3 MeV and is practically
isotropic.

For non-relativistic neutron energies below ~ 10 MeV,
the commonly used expression for evaluation of the
energy resolution of a neutron TOF-spectrometer is

AE/E=278-10E"*(At/ L), (1)

where E (eV) is the neutron energy, L (m) is the flight
path length and A¢ (us) is the total timing uncertainty. It is
convenient to approximate the resolution function by a
Gaussian-type curve

Medical and industrial applications

WEZMHO01

(E-E')
—
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The relation of the practically used quantity H (full
width at half-maximum) and parameter W is defined by

H =2W-+/In2. 3)

The basic components of the total width of resolution
function are as follows

W2 =W, +W, + W/, “)

where W), is the width of Doppler broadening due to the
thermal motion of investigated nuclei, W, is the
moderator contribution, and Wy is determined by the
various timing uncertainties, such as the neutron burst
width 7, the TDC’s channel width 7., the electronic jitter

7j, etc. The energy resolution of the GNEIS (relative
half-widths of the resolution function) and its basic
components are shown in Fig. 4 for the 40 m flight path
length, the 5 cm thick PE moderator, and the accelerator
burst width of 10 ns. For comparison, the resolution
functions for similar TOF facilities with 100 ns and 1ps
neutron burst widths are also shown. It should be noted
that inclusion of other timing uncertainties mentioned
above leads to the broadening of resolution function.
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Figure 4: The energy resolution of the GNEIS facility.

COMPARISON WITH OTHER
FACILITIES

At present, on the European neutron landscape, 4
pulsed neutron sources located in Russia can be specified,
namely: GNEIS (Gatchina), IREN and IBR-2 (Dubna),
IN-06 (Troitsk). Currently, only first 2 facilities are used
for neutron resonance TOF spectroscopy and only the
GNEIS can effectively compete with the best neutron
sources/TOF facilities operated in other countries. In a
Table 1 below, a comparison of the GNEIS with the
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world-class facilities is given. It should be emphasized
that the GNEIS and other spallation neutron sources have
much higher upper limit of neutron spectra (up to 1 GeV)
than those based on the electron Linacs (below 100
MeV). This feature makes spallation neutron sources
indispensible for investigations at intermediate energies
(several hundred MeV).

Table 1: Parameters of the GNEIS and other neutron
sources. The quality coefficient of the neutron source is

defined as: intensity/(pulse width)>. The quality
coefficient value marked by ~ corresponds to 10 ns pulse
width.

Neutron source Intensity  Pulse Quality

(laboratory) (10%n/s)  width  (10% n/s?)

(ns)

GNEIS (PNPI, 0.3 10 3.0

Gatchina, Russia)

IREN (JINR, Dubna, 1.0 400 0.0062

Russia project)

n_TOF (CERN, 0.4 6 11

Switzeland)

LANSCE (LANL, 10 1-125 100"

USA)

ORELA (ORNL, 0.13 2-30 13"

USA)

GELINA (IRMM, 0.025 1 25

Belgium)

EXPERIMENTS AT THE GNEIS

High intensity and energy resolution of the GNEIS
enable to perform measurements of neutron total and
partial cross sections (e.g. capture, fission, etc.) with
high precision and reliability. In the inserts of Fig. 1 are
shown titles of the main experiments carried out at the
GNEIS. The first one was dedicated to study of the
(n,yf)-reaction in *°U and *’Pu in energy range 1-200
eV, which means a neutron-induced fission after
preliminary emission of one or more y-quanta [3-5]. In
the other experiment, a so-called “type-II” 720 eV-
resonance was investigated in the subthreshold fission
of U [4]. An accuracy of the cross section
measurements of the next experiment was increased
from 1-2% to 0.2-0.5 % with the aim to evaluate effect
of “forward-backward” asymmetry of fission fragments
and parameters of the very weak p-resonances non-
observed by usual methods in slow neutron fission of
3y and U [6, 7]. A value of neutron electric
polarizability was reliably obtained from the results of
high-precision measurements of the total cross sections
of lead isotopes 204Pb, 20(’Pb, 27ph and 2®Pb below 10
keV [8, 9]. The unique experimental data for a number
of actinides (**Th, 23U, 25U, 2*U, *'Np, 2°Pu, %Py,
2$Am) and non-fissile nuclei ("“Pb, **Bi, "*W) have
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Figure 5: Fission cross sections and fission fragment
anisotropy measured at the GNEIS spectrometer.
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been obtained from the measurements of fission cross
sections [10-12] and fission fragment anisotropy [13,14]
in the energy range 1-200 MeV (Fig.5), where the
GNEIS facility successfully competes with LANSCE and
n_TOF. During the last years, a neutron beam #5 of the
GNEIS with atmospheric-like neutron spectrum is
intensively used for SEE (single event effect) radiation
testing of the electronic components.

NEUTRON TEST FACILITY

The ISNP/GNEIS test facility is operated since 2010 at
the neutron TOF-spectrometer GNEIS [15, 16]. The main
feature of this facility is a neutron spectrum resembling
that of terrestrial neutrons in the energy range of 1-1000
MeV. The ISNP/GNEIS test facility is located inside the
GNEIS building on the neutron beam #5, which has the
following parameters:

e neutron energy range: 1-1000 MeV;

e neutron flux: 4-10° n/cm*s (at 36 m flight path);

e beam diameter: 50-100 mm (at 36 m flight path);

¢ uniformity of the beam profile plateau: + 10%.

The neutron beam profile (Fig. 6) is measured by means
of MWPC - the 2-coordinate position sensitive multiwire
proportional counter used for registration of fission
fragments from the >**U target deposited on the MWPC’s
cathode. The neutron flux of 4-10° n/(cm*s) is an integral
over neutron spectrum in the energy range 1-1000 MeV.
It corresponds to the maximum value of 3pA of the
internal average proton beam current. The neutron flux
and shape of the neutron spectrum are measured using
FIC (neutron monitor) and TOF-technique (Fig. 7). The
FIC is a fast parallel-plate ionization chamber which
contains two targets of >”U and **U. The neutron fission
cross sections of these nuclei are recommended standards
in the energy range 1-200 MeV. These data are taken

Profile meter
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Figure 6: Neutron beam profile measured using MWPC.

from the ENDF/B-VII.1 Library [17] while the data above
200 MeV are taken from the JENDL High Energy Library
[18]. The neutron spectrum of the ISNP/GNEIS is shown
in Fig. 7 together with the JEDEC standard terrestrial
neutron spectrum from JESD89A [19] referenced to New
York City and multiplied by scaling factor 7-10, as well
as the neutron spectra of leading test facilities [21-25].
The corresponding values of 1-hour neutron fluence in the
energy range above 1 MeV are given in Table 2. Both the
shape of the neutron flux and neutron intensity
demonstrate that the ISNP/GNEIS is successfully
competing with the other first-grade test facilities with the
atmospheric - like neutron spectrum. It should be noted
that presently in Russia the ISNP/GNEIS test facility is
the only one with atmospheric-like neutron spectrum.
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Figure 7: Left: General layout of the ISNP/GNEIS test facility. Right: Neutron spectrum of the ISNP/GNEIS
comparison with standard terrestrial neutron spectrum [5] and spectra of other world-class test facilities [6-10].
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Table 2: Integrated (E, > 1 MeV) neutron flux of various
neutron test facilities and Standards.

Standard/Facility (location, proton  Neutron Flux

energy, target material) (n/cm? hour)
JEDEC (NYC, sea level, outdoors, 20

mid. solar activity) JESD89A [19]

IEC (altitude 12 km, latitude 45°) 8760
IEC TS 62396-1 [20]

ISNP/GNEIS (PNPI, Gatchina, 1.5-10°
1000 MeV, lead)

ICE House (LANSCE, Los Alamos, 3.4-10°
USA, 800 MeV, tungsten) [21]

RCNP (Osaka University, Japan, 5.4-10°
180 MeV, lead) [23]

ANITA (TSL, Uppsala, Sweden, 9.9-10°
400 MeV, tungsten) [22]

NIF (TRIUMF, UBC, Vancouver, 1.3-10'°
Canada, 500 MeV, aluminum) [24]

VESUVIO (ISIS, RAL, Chilton, UK,  2.5-10°

800 MeV, tungsten/tantalum) [25]

The SC-1000 possesses a potential of the neutron
intensity growth. A new irradiation station located at a
distance of 5-6 m from the neutron-production target
operated on the extracted proton beam enables to increase
neutron flux at least 10 times at the DUT (device under
test) position. Simultaneously, an irradiation of the bulky
equipment will be possible.

CONCLUSION

Four decades of operation have showed that owing to
its unique parameters, the GNEIS neutron source and
TOF spectrometer still occupy an important place in the
world list of neutron facilities effectively used for science
and technology. High neutron intensity up to 3-10" n/s
and short neutron burst of 10 ns, as well as a convenient
repetition rate of 50 Hz, enable to cover neutron energy
range from thermal up to hundreds of MeV in a single
TOF-measurement. At present, the same experimental
conditions are achievable only at the n_TOF facility at
CERN. Also, it is important that both low-energy (< 10
KeV) and high-energy (above 10 MeV) measurements are
carried out simultaneously due to availability of a few
flight paths with different neutron spectra. Nuclear data
measured using the GNEIS, primarily the high accuracy
neutron cross sections, demonstrate the unique
experimental capabilities of this spallation neutron source.
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Abstract

The accelerator mass spectrometer (AMS) created at
BINP is used for biomedical, archaeological and other
applications. Present status and experimental results are
described.

INTRODUCTION

The accelerator mass spectrometry is an ultra-sensitive

method of isotopic analysis for archaeology, geology,
biomedical science and other fields. It’s based on
measurements of the ratio between isotopes. The ratio
between isotopes in sample can be less than 107'%. So, the
counting methods are used for detection of such low
radiocarbon concentration [1-5]. The AMS is based on the
electrostatic tandem accelerator. The AMS system
consists of the ion source, low energy channel, tandem
accelerator and high-energy channel [6-8]. The low
energy beam line is used for initial isotopes selection. The
tandem accelerator is applied for rejection of the
molecular ions and of course for obtaining necessary
beam energy for radioisotopes detector. The high-energy
beam line is used for the subsequent ions selection and for
radioisotopes detection.
. The most distinguishing feature of our AMS machine is
the use of additional electrostatic separator of ion beam,
located inside the terminal. In this configuration of the
AMS, the ions background is significantly reduced by the
energy filter in the high voltage terminal. Interfering
isobaric molecules are destroyed by collisions in the
stripper into the terminal and are selected immediately
after the stripping process. It is important to decrease the
background from molecular fragments before the second
stage of acceleration [9-10], because the energy of
fragments is always less then the ion energy (at this
moment). The next important distinguishing feature is
magnesium vapours stripper [11] instead of the gas
stripper. The gas flow into the accelerator tubes leads to
big energy spread in the beam thus limiting the sensitivity
and accuracy of spectrometer. The molecular destruction
and ion recharging by magnesium are localized into the
hot tube of the stripper. Moreover, the moment of time for
ion detection can be registered with 16 ps channel width
by TOF detector [12,13]. This data is used for calculation
of number of detected ions per unit time, allowing
filtering the background ions from electrical breakdowns.

Medical and industrial applications

AMS ANALYSIS ALGORITHM

During the measurements of user samples, the injection
energy of radiocarbon beam was about 25 keV. The
terminal voltage of tandem accelerator was 1 MV. The
180° electrostatic bend was set to transmit the ions with
charge state 3+. The magnesium vapors stripper was
heated for obtaining the equilibrium charge state
distribution, but not more. The vacuum in the
beam line was about 10 Torr.

The 20 graphitized samples are setted in the ion source
sample wheel to measure the concentration of
radiocarbon. Furthermore, the 3 control sample with a
known concentration of radiocarbon is setted in ion
source sample wheel for control and normalization of the
measurement samples. Typically, this sample are two
carbon wire with a carbon concentration on the natural
content of modern plants and one sample of graphite
MPG with radiocarbon concentration at 2*10~ compared
to modern plants. It should be noted that the control
samples did not require the procedure of graphitization
and setted in the sample wheel in natural form.

When measuring the concentration of radiocarbon in
the samples, the switching algorithm is used. The isotope
4C is detected by TOF telescope and '*C currents are
measured at the exit of AMS. For switching algorithm the
high voltage of ion source is changed. The energy of the
cesium ions remains constant. The electrostatic lens and
correctors at the exit of the ion source are changed for
each isotope. Thus, the passage of isotopes is carried out
through a first dipole magnet, without changing the
magnetic field. The magnetic field in high energy magnet
is not changed to, because the radial aperture is wide
enough for passing radiocarbon ions to TOF detector and
13C ions to shifted FC.

The cycle of AMS-analysis of samples is represented as
follows. For each sample, the '“C ions are counted four
times (10 seconds each) and twice the *C currents are
measured for each 10 seconds counting. After that, the
samples wheel is turned to the next sample for process
repetition. Measuring of whole graphitized sample wheel
(20 samples) takes about 15 minutes. For a set of statistics
the wheel are moving to the second turn, third, etc.
Typically, the measurement will take approximately 5
hours, with a statistical error of measurement for modern
samples less than 1%. The process of isotope measuring
and sample changing (wheel rotation) is fully automated.
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SAMPLES FOR AMS ANALYSIS

For AMS analysis, all samples must be converted to so-
called “graphite”. For these purposes, a sample is
combusted in vacuum. Then the carbon from formed CO»
gas catalytically deposited on iron powder. The Fe-C
mixture is pressed in aluminum sample holder (cathode
for ion source) for AMS analysis.

Now at BINP AMS used two types of sample holders:
with inner diameter of 2 mm (for about 3 mg of carbon
sample) and with inner diameter of 1 mm (for 1 mg or
less of carbon sample). The 1 mm and 3 mm samples can
be installed in the sample wheel together. The sputtering
by Cs beam region of the sample is about 0.5 mm in
diameter. The new alignment system was manufactured
for the Cs beam hitting in the center of the 1 mm target.

Now at BINP AMS used graphitized samples from
NGU and LAE SB RAS chemists and a number of
samples graphitized at IG RAS. Samples are produced
from a variety of natural materials: bone, charcoal, wood
etc.

The quality of sample preparation is crucial for
formation of negative carbon ions from ion source,
because sufficiently good thermal conductivity of samples
is needed. The sputtered carbon atoms capture electrons
from the cesium, which was accumulated on the surface
of the sample. If thermal conductivity of samples is low,
the cesium atoms are evaporated from sample surface.
Typically, the maximum current is obtained from graphite
without sample preparation. The currents from
graphitized natural samples are in the range from graphite
currents level to much smaller level.

Contamination during sample preparation can
significantly affect to the dating results. The "dead"
carbon pollution (for example, the carbon from technical
oil) increases the age of dating objects. The "modern"
carbon pollution (for example, the carbon from
atmospheric CO;) decreases the age of dating objects.

RADIOCARBON MEASUREMENTS

Over the last year, more than 1000 samples were
analyzed at BINP AMS. The typical carbon beam currents
from samples during samples wheel rotation are present at
the Fig. 1 (a). As seen, the beam current of sample from
sample position 14 (spl4) is so much smaller than the
other. The vacuum is worse, when the spl4 sample is
sprayed by cesium beam Fig. 1 (b). The vacuum remains
good enough and does not affect to the beam transmission
efficiency. During the measurement, the gassing from
such sample is reduced, but the carbon current is not
increased significantly. The mean currents for the time of
AMS analysis are present at the Fig. 1 (c). Typically, the
currents from samples can differ twice. The carbon beam
current ratio from the different samples can be changing
during the measurement. This depends on the special
features of graphitization for each sample. However,
beam current from some samples can be very small (as
from spl4 sample). Significant number of the samples
with a small current is contaminated by external carbon
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during graphitization. The radiocarbon dating of samples
with small current is not reliable and usually necessary
graphitize additional sample. Moreover, the statistical
error of measurements for such samples is significantly
greater than for the other samples.
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Figure 1: The carbon beam current a), mean current c)
and the residual gas pressure b) for samples.

The kinds of pollution can differ in the graphitized
samples. The oxygen current from samples during sample
wheel rotation are present at the Fig. 2. The AMS was
tuned to the passage of oxygen beam. The sample in
position 2 is a graphite MPG (without sample
preparation), the samples in positions 1, 12 are carbon
wires (without sample preparation), the other samples -
graphitized natural objects. As seen, the oxygen content
in graphitized samples is significantly higher than in
technical graphite MPG. Many other chemical elements
can be present even in "clean" samples. For example, the
boron concentration normalized to the carbon is about
10 in graphite MPG without sample preparation, the
lithium concentration - about 10?. But, if the radiocarbon
selection in AMS is good enough, it is not a problem for
radiocarbon dating. The light atoms can pass the injection
magnet as part of the molecule 14 am.u. mass as if
radiocarbon ions. Such atoms are separated from
radiocarbon beam by energy filter in the high voltage
terminal at BINP AMS.
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Figure 2: The oxygen beam currents from the samples.

The isotope ratio may differ significantly before and
after graphitization (fractionation effect). The measured
radiocarbon concentrations in graphitized samples of
OXII (oxalic acid natural standard) are present at the
Fig. 3. The data are normalized to the radiocarbon

concentration in carbon wire (without sample
preparation). As seen in Fig.3, the radiocarbon
concentration in the samples is less for sample

preparation by NSU than by IG RAN. This should be
considered when calculating the radiocarbon age of the
samples. So, the concentration of radiocarbon in the
unknown samples is normalized to the radiocarbon
concentration in standards prepared by the same
laboratory. This is necessary for the correct dating of the

sample position

samples.
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Figure 3: The radiocarbon standards from different
laboratories.

Atmospheric carbon is permeated into the samples
during graphitization. Samples used for radiocarbon
dating must be handled carefully to avoid contamination.
The contamination level in the samples during the sample
preparation procedure is estimated by the radiocarbon
content in graphite after combustion and graphitization
(the radiocarbon concentration in graphite is insignificant
before this procedure). The concentration of radiocarbon
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in the prepared graphite depending on the weight of the
sample is presented in Fig.4.
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Figure 4: The concentration of radiocarbon in the
prepared graphite as a function of sample mass.

The results are reported using the unit pMC (percent
modern carbon). The radiocarbon concentration in
atmospheric CO; is about 100 pMC. As seen from Fig. 4,
the level of sample contamination decreases with
increasing of sample mass. Moreover, the contamination
level depends on the sample type and the technology
being used for sample graphitization. It is different for
different sample preparation laboratories. Typically, the
contamination level is about 1 pMC. Note that the
radiocarbon concentration of graphite MPG without
sample preparation procedure is about 0.2 pMC.
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Figure 5: The radiocarbon concentrations in old

rhinoceros with and without collagen extraction (a), the
radiocarbon age of young mammoth with and without
collagen extraction (b).
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Usually, the specific functions of natural samples are
used for graphitization. For example, collagen is used for
the bone samples or cellulose - for wood samples. This
reduces the influence of natural pollution on the
radiocarbon dating. The results of AMS measurements of
old rhinoceros with and without collagen extraction are
presented in Fig.5 (a). As seen, the radiocarbon
concentration in samples is smaller with collagen
extraction than without. This is because the rhinoceros
bone is contaminated by modern carbon. Similarly, for a
young mammoth: the measured mammoth age is older
with collagen extraction than without. As is known, the
radiocarbon dating of bone is more correct with collagen
extraction from natural samples than without.

As an example of AMS-analysis, the data from
geological samples - lake Sargul sediments, depending on
the depth from surface level (samples of Krivonogov
S.K., IGM SB RAS), presented in Fig. 6. Such analyzes
are necessary to obtain a timescale for lake sediments.
Such results are quite revealing, since in the absence of
mixings deposits should be observed dependence - the
deeper the ancient.

7000

3000 —T T T I T 1T T "~ T T ™ 17
0 20 40 60 80 100 120 140 160 180 20C
depth from surface, cm

Figure 6: The radiocarbon age of lake sediments,
depending on the depth from surface level.

SUMMARY

The BINB AMS is used for radiocarbon analysis of
graphitized natural samples. The algorithm of the AMS
analysis was described. Currently, the samples measured
by BINB AMS are prepared from some independent
chemical laboratories. The natural and chemical
contamination of samples can be detected at BINB AMS.
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Abstract

We present the results of the commissioning of the
pulsed linear electron accelerator with beam energy of 10
MeV, developed with the participation of scientists and
engineers of the SINP MSU, LEA MSU Ltd. and JSC
"RPE "Toriy". The source of RF power for accelerator is a
multibeam klystron KIU-147A operating at 2856 MHz
with pulse output power 6 MW and an average power of
25 kW. As a result of commissioning we received at the
output of accelerator scanning system an electron beam
with an energy of 10 MeV and an average power of more
than 15 kW. Capture ratio and electronic efficiency of 1.24
m long accelerating structure are greater than 60% and
75%, respectively.

INTRODUCTION

Described in this paper a prototype of industrial electron
linear accelerator for beam energy and average power of
10 MeV and 15 kW is based on our previous studies [1,2].

We describe the main accelerator systems: accelerating,
RF, high-voltage power supply, beam scanning and
diagnostic. Finally, a description of methods and results of
measurements of the basic beam parameters is given.

ACCELERATING SYSTEM

Our linear accelerator is based on a standing wave bi-
periodic on-axis coupled accelerating structure. In the
process of the accelerating structure optimization we chose
sufficiently large beam hole diameter and large webs
thickness, thus increasing the vacuum conductivity,
reducing the beam losses and increasing the limit of
average RF losses in the walls. These features of
accelerating structure are reason of a moderate value of the
effective shunt impedance Z.rr = 70 MOm/m. High
overall efficiency of the accelerator is achieved by high
value of accelerated pulse current.

The next relations provide rough estimation of
accelerator parameters. Pulsed RF power required to get
beam energy E = 10 MeV is:

EZ

Py =5~ 114 MW (1)

for accelerating structure electrical length L =1.25 m. With
maximum klystron pulsed RF power P,; = 6 MW, taking
into account losses in the waveguide system, about P, =

. a_ermak1978@mail.ru
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4.5 MW pulsed beam power can be reached which
corresponds to pulsed beam current [, = 450 mA and
average beam power 18 kW with maximum duty cycle of
klystron KIU-147A D4, = 0.4 % [3].
Electronic efficiency of accelerating structure thus is:
—_P —

m= 100% = 80 %, 2)
which is obtained with optimal coupling coefficient of the
accelerating structure with waveguide:

B =1+P,/P, =494 3)

Detailed computer simulation of accelerating structure
and beam dynamics was done in [4]. Parameters of the first
three accelerating cells were optimized to provide high
capture efficiency and proper beam focusing with space
charge forces taken into account. The rest 21 accelerating
cells are = 1. With total electric length of the accelerating
structure is L = 1.24 m, RF power losses in the walls
necessary to reach 10 MeV are 1.5 MW.

About 60% of nominal 750 mA electron gun current is
accelerated to final energy within energy spread of £0.3%.
Beam current losses take place mainly in the initial part of
accelerating structure, so beam power losses in the
structure do not exceed 1.4% of accelerated beam power.

Two more features of our accelerating structure should
be mentioned. First, if a focusing coil is installed at the
initial part of accelerating structure, then the beam energy
can be changed in the range 5 — 10 MeV by regulation of
accelerating field level within 70%, wherein the capture
efficiency is varied in the range 45 — 60% (for energy
spectrum width £0.3 MeV).

Second, for pulsed RF power losses in the walls 1.5 MW
and duty cycle 0.4%, average RF power losses per unit of
accelerating structure length are 4.8 kW/m. Due to large
webs thickness cooling channels can be drilled in them as
described in [1]. In this case, the limit for RF power
dissipation is about 200 kW/m [5] and maximum possible
average beam power with appropriate RF source is above
700 kW.

Three electrodes electron gun operating at -50 kV
cathode voltage is used as an injector. Injected beam
current can be regulated between 200 — 900 mA by
changing control electrode voltage in the range 2 — 15 kV
with respect to cathode.
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TEST STAND

The accelerator commissioning was done at a stand
shown in Fig. 1. Besides the accelerating structure with
electron gun, manufactured by JSC "RPE "Toriy" [6], the
stand included low and high power RF systems, high
voltage klystron modulator and gun power supply, vacuum
system, cooling system, beam scanning, beam diagnostic
and control systems.

Figure 1: Test stand photo.

High power RF system consisted of klystron, ferrite
isolator, directional coupler and isolating gas system.

Two variants of low power RF systems were tested: one
based on an autooscillation principle with the accelerating
structure in the klystron feed-back loop [7], and another
with external excitation by master oscillator with
adjustable frequency, and with a p-i-n attenuator followed
by a solid state amplifier at klystron RF input.

To power klystron we used solid-state modulator [8]
with pulsed/average power supplied to klystron
13.2 MW/60 kW, high voltage pulse length regulated in
the range 6 - 12 ps and pulse repetition rate regulated from
10 to 400 Hz. Photo of modulator pulses is shown in Fig. 2.

Figure 2: Modulator high voltage (upper trace) and current
pulses with amplitudes 50 kV/270 A, respectively. Time
scale is 2 ps/div.

Electron gun was powered by -50 kV DC power supply,
current pulses were produced by providing regulated in the
range 2 — 15 kV pulsed voltage to control electrode. Gun
current pulse duration and position with respect to RF pulse
can be regulated in a wide range.

Two configurations of the stand we used during the
accelerator commissioning: one with cooled high power
Faraday cup (FC) at accelerator exit (Fig. 3) and another
with scanning magnet and scanning horn with 50 pum Ti
foil window followed by cooled beam dump.

We used two methods to control accelerating field
level: measurement of RF signal from antenna, installed in
coupler cell, and measurement of average power losses in
accelerating structure walls. To estimate pulsed RF power
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dissipated in the wall via antenna signal, the average power
measured by power meter was divided by duty cycle,
determined with RF diode, and multiplied by known
attenuation factor of antenna and RF cable.

Figure 3: Stand configuration with FC at exit.

To estimate pulsed RF power dissipated in the structure
walls by another method we measured average power
using data from temperature sensors installed at structure
cooling circuit inlet and outlet and from flowmeter. Pulsed
power value was obtained by dividing average power by
duty cycle. The results obtained by two methods were in
good agreement and were used to estimate beam energy via
a calibration curve found in beam dynamics calculations.

We controlled pulsed accelerated beam current also by
two methods (Fig. 3): by beam current transformer (BCT)
with sensitivity about 5 V/A, installed at accelerating
structure exit, and by current of FC (or beam dump) loaded
by 50 Ohm resistor. Example of signals from BCT and
from FC, corresponding to about 430 mA current, is given
in Fig. 4.

Upe (V)

A T Iy "
Bl 1.0 30 50 70 R~

t (fs)

Figure 4: BCT (read curve) and FC (blue) pulses. Time
scale is 2 ps/div.

We measured average beam power absorbed by FC or
by beam dump using precise calorimeter consisting of inlet
and outlet water temperature sensors, flowmeter and power
calculator. The beam power measured by this method is
somewhat underestimated (up to 10%) due to power
escaped via bremsstrahlung radiation.

Average beam power, Pp, and average beam current, I,
were used to estimate average beam energy:

Ebzpb/l_b (4)

Beam scanning along the horn exit window following a
saw-tooth law with a frequency in the range 0.5 — 30 Hz
and scanning width, regulated in the range 400 — 600 mm,
was reached by powering the scanning magnet by a fast
four-quadrant programmable power supply. We controlled
current density distribution at the horn exit by measuring
average current from 20 mm diameter cooled cylinder
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remotely movable along the exit window. Finally, to check
the beam spot dimensions and form during the scanning we
covered the beam dump wall by luminophore, tilted it for
450 and registered moving beam image with CCD camera
synchronized with the beam pulses.

THE MAIN RESULTS

After accelerating structure training with FC at exit and
reaching the average beam energy, estimated with
expression (4), in the range 9.8 — 9.9 MeV for average
beam power of a few kW, we installed scanning horn and
did following measurements of beam power with the beam
dump. Keeping constant average beam energy, we
gradually increased the duty cycle by increasing the pulse
length and pulses repetition rate. Dependence of the beam
power on the duty cycle is shown in Fig. 5. To get the
project value of beam power 15 kW it took about 16 hours
of accelerator operation. Given value of maximum beam
power does not include more than 1 kW of power escaped
with bremsstrahlung radiation.

20000

16000
12000 ]
g 8000 '/'/'

o e
/0/'/
4000 |-o—=—1

0

0,1 0,15 0,2 0,25 0,3 0,35 04 0,45
Duty Cycle (%)

Figure 5: Dependence of measured beam power on the duty
cycle.

In Fig. 6 we show results of measurement of the beam
current distribution along the scanning horn exit window at
10 cm from the exit for two amplitudes of scanning magnet
coils current. Current distribution uniformity is about £3%.

e
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o 400
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Figure 6: The beam current distribution at the scanning
horn exit for two amplitudes of scanning magnet coils
current.

Instantaneous beam images registered during the
scanning at three positions along the exit window are
shown in Fig. 7. Central image corresponds to about zero
scanning magnet field. Two symmetrical images at upper
and lower pictures correspond to beam position at exit
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window of about +150 mm with respect to center. One can
clearly see the beam dispersion due to energy spread. The
dispersion, which can influence on the dose distribution
during irradiation process, can be decreased by decreasing
the energy spread. The energy spread is defined in part by
specific of beam dynamics in accelerating structure, but the
main contribution is due to variation of accelerating field
at front and rear edges of the RF pulse. This contribution
can be decreased by proper positioning of the gun current
pulse with respect to RF pulse.

Figure 7: The moving beam spot images during the
scanning.

CONCLUSION

The design accelerator parameters: beam energy of
10 MeV and average beam power of 15 kW have been
reached during the accelerator commissioning. Electronic
efficiency of accelerating structure of about 75 % have
been obtained. Taking into account the efficiency of the
klystron and modulator the overall efficiency of accelerator
is close to 30% in nominal mode.

As the next series of experiments we plan to conduct
beam parameters measurements in the range of energy
regulation 5 — 10 MeV and to measure the beam energy
spread depending on relative position of the gun current
pulse with respect to RF pulse.
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Yu.V. Zuev, Z.A. Andreeva, M.A. Kalinichenko, A.P. Klinov, A.S. Krestianinov,
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Abstract

The paper outlines design parameters and construction
features of an electron linear accelerator to be operated in
the Mendeleyev Institute for Metrology (VNIIM). The
accelerator system is intended to form bremsstrahlung and
electron radiation fields of variable intensity.

INTRODUCTION

A designed facility should be included into the National
standard of wunits, which is used for metrological
assurance of measurements in the nuclear-physical
instrumentation, ship and aircraft building, rocket
production, radiation processing and in the accelerating
equipment for industry and medicine [1].

The accelerating facility consists of an electron source,
accelerating structure, magnet—separator, and radiation
head with an electrically-operated mechanism used for
replacement of bremsstrahlung targets, foils and
collimators. Table 1 presents the main design
characteristics of the facility designated as follows: Wy is
the energy of electrons in the spectrum maximum, AW is
the energy spread, Ij is the average electron current, Dy is
the beam diameter in the plane of an extraction window.
A required range of radiant flux is obtained by changing
the pulse-repetition frequency and fine adjustment of the
beam current in a pulse. This imparts a high spatial
stability to radiation fields.

Table 1: Specification of the Facility

Radiation head input:

W;g, MeV 5-20
AW/Wg, % +5

Iy, pA 0.1-10
Dg, mm(FWHM) <5
Electron radiation field at the 100 cm SSD:

Area, cm? 10x10
Flatness, % <2
Particle flux density (aver.), c¢lem? 6:10'"'- 610"
Bremsstrahlung field at the 100 cm SSD:

Area, cm? 10x10
Flatness, % <2
Energy flux density (aver.), W/cm? 0.5-200
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ELECTRON SOURCE

The accelerator is equipped with a three-electrode
electron source of a typical construction. Electrons are
emitted from an oxide-nickel hot cathode 5 mm in
diameter. The control electrode is closed with a grid of
0.1 mm-thick wires. The geometric transparency of the
grid is 73 %. The grid voltage of 250-300 V provides
70-90 mA current at the gun output. Under these
conditions, the electron beam has a minimum emittance
well matched with the accelerator acceptance, Fig. 1. The
energy of the beam injected into the accelerator is 50 keV.
A separate gun modulator specifies the beam pulse
duration of 5 ps; the pulses follow with a frequency from
2 up to 200 Hz.

300 350 400 450 %00 550 0 35
U, V U, V

Figure 1: Calculated characteristics of the beam at the
electron source output. Ioyr is the beam current, E, . is
the rms emittance (norm.), Rg, R'p are the envelope size
and slope, Uc is the grid voltage.

ACCELERATING STRUCTURE

A biperiodic electrodynamic structure with internal
coupling cells is used for acceleration of electrons. The
structure operates in the m/2 standing wave mode at
2856 MHz and comprises sixty one cells. The first ten
bunching cells have cylindrical shape optimized for a
minimum of high-energy particle losses over the whole
beam line. The rest elements of the structure are standard
Q-shaped accelerating cells alternating with cylindrical
coupling cells. The total length of the accelerating
structure is 1.5 m.

The electric field of the structure is used both to
accelerate particles and to confine transverse dimensions
of the beam, consequently there are no external focusing
elements. Energy of electrons is varied by changing the
accelerating field amplitude (the field excitation power)
and is accompanied with some degradation of the electron
spectrum [2].
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Design parameters of the structure are given in Table 2
and are designated as follows: Py is the pulsed RF power
consumption; Ey is the maximum field strength on the
beam axis; Inp (Ioyr) is the pulsed beam current at the
structure input (output); Iy is the pulsed working current,
i.e. the current being in the energy interval + 5% relative
to W and passing through the magnet—separator;
k=Iour / Iinp is the beam transmission; n=ly / [oyt is the
fraction of the working current in the output one; VSWR
is the voltage standing wave ratio in a supplying
waveguide.

Table 2: Design Parameters of the Accelerating Structure

5 1.59 17.7 86 065 036 20 1.50
8 1.86 18.7 80 0.69 065 36 1.38
11 231 204 80 073 071 41 1.28
14 295 227 80 0.78 0.77 48 1.18
17 395 262 80 0.84 084 57 1.08
20 5.00 29.8 80 0.88 0.87 61 1.01

Computational distribution of the accelerating field on
the structure axis is shown in Fig. 2. The maximum
average lost power in resonator walls is 1.3 kW, the
pulsed power loss is 3.7 MW.

An amplifying klystron KIU-168 is planned to be used
for excitation of the accelerating structure. The RF line of
the facility also comprises a circulator, 2 waveguide loads
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and 2 dielectric RF windows; the RF power pulse
duration is 6 ps.
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Figure 2: Accelerating field on the structure axis.

MAGNET-SEPARATOR

The beam-bending magnet-separator (MS), Fig. 3, is
intended to change the travel direction of electrons
(horizontal instead of vertical) and to remove the non-
working part of the spectrum from the beam. The magnet-
separator is installed between the accelerating structure
and the radiation head. The distance from the structure to
the MS input is 700 mm; that from the MS output to the
extraction window, behind which the radiation head will
be placed, is 525 mm.

Figure 3: 3D model of the magnet-separator.
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The separator consists of 1 electromagnet with an
angular length of 270° and a constant pole gap of 14 mm.
To make the system stigmatic and non-dispersive, which
is necessary to keep the azimuthal symmetry of the
radiation field, pole face angles are chosen to match with
the working position of the bremsstrahlung target. The
electromagnet bends the beam with energies 5-20 MeV
along the circumference with a radius of 70 mm and
consequently provides a change in the guiding magnetic
field in the range of 0.26-0.97 T.

To restrict the extent of stray fields around the beam
path, the MS is equipped with two field clamps. The
clamp is a split-type thick-walled magnetic shielding
jacket put on the vacuum chamber. The construction
allows the gap between the clamp and poles to be
adjusted within the limits of 5-20 mm.

A maximum power consumed by the magnet is
2x500 W, the excitation coil voltage amounts to 20 V and
current is equal to 45-50 A. A required stability of the coil
power supply is 1-107 (AL /).

A prescribed momentum acceptance determines a
minimum width of the MS working area and the distance
between the walls of the vacuum chamber, onto which the
non-working part of the beam will be dumped [2]. The
power of the heat released in the walls depends on the
current flow and spectrum of accelerated electrons. In the
nominal operating mode of the accelerator the power is
lower than 140 W. The distance between the walls is
16 mm, and it is the same over the whole bend length.

The vacuum chamber walls are made of tinless bronze,
Fig. 4. Both the walls and the magnet excitation coils are
cooled with water. The beam is extracted into the
atmosphere though a titanium foil.

Figure 4: Vacuum chamber with cooling channels.

COMPONENTS OF LOCAL RADIATION
SHIELDING

The non-working part of the beam dumped on the
vacuum chamber walls is a source of high-energy
background ionizing radiation. The magnet yoke,
excitation coils, clamps and vacuum chamber walls
attenuate the radiation in part. For this reason, special
absorbers made of non-magnetic material were provided
in the magnet-separator. Lead absorbers meet the
customer requirements for the maximum level of the
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induced (residual) radioactivity, which is 2-6 uSv/h on the
magnet-separator surface, Fig. 5.

H, mkSv/h

t, min

Figure 5: Calculated data on the induced activity of the
magnet-separator. A — magnet separator without special
radiation shielding. B — magnet separator with added Al
absorbers. C — magnet separator with added Pb absorbers.

RADIATION HEAD

To form bremsstrahlung fields, a system of replaceable
units is installed in the radiation head. It consists of a
tungsten-rhenium target, cone-shaped collimator made of
W-Ni-Cu alloy and copper flattening filter. To form
electron radiation fields, the radiation head houses
replaceable units comprising a primary collimator made
of aluminium, and a pair of foils: tantalum scattering foil
and aluminium compensating foil. To define the shape of
flattening filters and compensating foils, we used the
GEANT4 code.

STATUS OF THE PROJECT

The electron source has passed testing, and design
parameters were confirmed. The accelerating structure
has been manufactured (see Fig. 6) and RF-tuned. All the
main systems of the facility are ready for delivery to the
customer.

Figure 6: Accelerating structure with cooling jacket.
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Abstract

In PNPI RNC KI a universal center for testing
electronic components for the needs of aviation and space
and other applications is created on the synchrocyclotron
SC-1000 with the proton energy of 1 GeV. The center
consists of two protons and one neutron stands for test
facilities developed at the PNPI in collaboration with the
ROSCOSMOS Interagency Testing Center. The PNPI
center is equipped with all necessary systems of
diagnostics and monitoring of a beam, installation of
targets on a beam. There is an opportunity to vary
temperature of exemplars in the wide range. A unique
conjunction of proton beams with variable energy 60-
1000 MeV and atmospheric like neutron beam with broad
energy range (1-1000 MeV) spectrum enable to perform
complex testing of the semiconductor electronic devices
at the SC-1000 within a single testing cycle.

INTRODUCTION

The proton synchrocyltrotron SC-1000 with the proton
energy of 1 GeV and intensity of extracted proton beam
of 1 pA [1] is one of the basic installations of the PNPI
NRC “Kurchatov Institute”. It was commissioned in 1970
and during exploitation it was significantly modernized.
The experimental complex of the SC-1000 is used for
investigations in fields of elementary particle physics,
atomic nucleus structure and mechanisms of nuclear
reactions, solid state physics and for the purposes of
applied physics and nuclear medicine. Radiation
resistances testing of electronics are conducted at the SC-
1000 during more than two decades. Sharp growth of the
needs in accelerated Single-Event-Effect (SEE)-testing of
electronic components and systems intended for
avionic/space and other applications has led to the
development of new test facilities at the high-energy
accelerators used as powerful sources of protons and
neutrons.

In present report, a short description is presented of the
proton (IS SC-1000 and IS OP-1000) and neutron (IS
NP/GNEIS) test facilities developed at the PNPI in
collaboration with the Branch of JSC “United Rocket and
Space Corporation‘ “Institute of Space Device
Engineering”, a Head Organization of the ROSCOSMOS
Interagency Testing Center. A unique conjunction of

#artamonov_sa@pnpi.nrcki.ru
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proton beams with variable energy 60-1000 MeV and
atmospheric like neutron beam with broad energy range
(1-1000 MeV) spectrum enable to perform complex
testing of the semiconductor electronic devices at the SC-
1000 within a single testing cycle.

PROTON TEST FACILITIES

At present, 2 of 3 proton beam lines of the SC-1000 are
used for radiation testing of electronics. The IS SC-1000
test facility has fixed proton energy of 1000 MeV and is
located on the P2 beam line. At the IS OP-1000 facility
located on the P3 beam line, proton energy can be varied
from 1000 MeV down to 60 MeV by means of a system
of copper degrader (absorber) of variable thickness from
73 mm (at 900 MeV) to 530 mm (at 60 MeV). A scheme
of the proton beams and irradiation workstations placed in
the experimental room, as well as a photo of the degrader
system located in the SC-1000 main room are shown in
Fig.1. The parameters of both proton test facilities are
given in Table 1.

An adjustment of the proton beam profile is carried out
roughly by means of quadrupole lenses whereas for final
tuning a 2m-long steel collimator with 20 mm aperture is
used. All irradiations are carried out at open air and room
temperature. Both proton and neutron beam lines are
equipped with a remotely controlled system intended for
positioning the device under test (DUT) and heating in
20°-125°C temperature range.

Table 1: Parameters of the Proton Test Facilities

Parameter IS SC -1000 IS OP - 1000
Irradiation Atmosphere Atmosphere
conditions

Particle Protons Protons
Energy, MeV 1000 60 -1000
Flux, protons/cm2 S 10° - 108 10° - 10®
Irradiation area, mm @ >25 Ad>25
Uniformity, % <10 <10

Status In operation

(1998)

In operation
(2015)
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Main room

i
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i

Figure 1: Left: scheme of the proton beam lines, P2 - protons with the energy of 1000 MeV, P3 — protons with variable
energy of 60 — 1000 MeV. Right: device for remote variation of the absorber length and the proton energy.

Parameters of the proton beam at the outlet of copper
absorber of variable thickness have been evaluated by
means of the Geant-4 code calculation. Energy
distribution of the initial proton beam was supposed to be
of Gaussian-type with the parameters of 1000 MeV and
3.84 MeV for proton energy and standard deviation,
respectively. The results of Geant-4 calculations are given
in Table 2 and Figure 2. Both incoming and outcoming
proton beam  parameters have been verified
experimentally by means of the TOF-measurements
carried out using microstructure of the proton beam (~73
ns between proton micropulses).

Table 2: Parameters of the proton beam after transmission
through the copper absorber (Geant-4 calculation).

Proton Standard Absorber Absorber
energy, deviation, thickness, transmission,
MeV MeV mm %

62.1 28.20 530.5 1.6
100.09 24.63 521.2 2.3
197.93 15.77 490.8 3.4
300.21 12.12 448.7 54
399.12 10.24 398.0 8.4
499.24 8.92 340.9 135
601.03 7.89 279 22.0
699.88 7.01 213.1 35.6
800.18 6.13 144.3 56
899.85 5.13 73.11 82.1

Beam diagnostics is carried out using a set of standard
tools which includes: (1) thin scintillator - screen coupled
with a CCD-sensor for rapid evaluation of the beam
profile image; (2) 2D-moving Se-stripe-type beam profile
meter; (3) double-section ionization chamber for “on-
line” control of the proton intensity (fluence); (4) Al-foil
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activation technique in conjunction with a high-resolution
HPG-detector as absolute “off-line” monitor of proton
fluency.
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Figure 2: Dynamics of protons losses at different
energies along a beam line P3: DG — absorber, 20K50 —
quadrupole, SP — 40 — bending magnet, wall, coll. 3 —a
wall with the collimator #3 between the main and
experimental room of the accelerator, TG — target.

NEUTRON TEST FACILITY

The ISNP/GNEIS test facility is operated since 2010 at
the neutron TOF-spectrometer GNEIS [2,3]. Its main
feature is a spallation source with neutron spectrum
resembling that of terrestrial neutrons in the energy range
of 1-1000 MeV. The water-cooled lead target located
inside the accelerator vacuum chamber (Fig. 3) produces
short 10 ns pulses of fast neutrons with a repetition rate of
45-50 Hz and average intensity up to 3-10' n/s. The
ISNP/GNEIS test facility is located inside the GNEIS
building on the neutron beam #5, which has the following
parameters:

e neutron energy range: 1-1000 MeV;

e neutron flux: 4-10° n/cm* s (at 36 m flight path);

Medical and industrial applications
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Figure 3: Left: General layout of the neutron time-of-flight spectrometer GNEIS and ISNP test facility. Right: Neutron
spectrum Figyp(E) of the ISNP/GNEIS facility in comparison with standard terrestrial neutron spectrum and spectra of

other world-class test facilities.

e beam diameter: 50-100 mm (at 36 m flight path);

¢ uniformity of the beam profile plateau: + 10%.
The neutron flux of 4-10° n/(cm*s) is an integral over
neutron spectrum in the energy range 1-1000 MeV. It
corresponds to the maximum value of 3puA of the internal
average proton beam current. The neutron flux and shape
of the neutron spectrum are measured using FIC (neutron
monitor) and TOF-technique (Fig. 4). The FIC is a fast
parallel-plate ionization chamber which contains two
targets of *°U and **U. The neutron fission cross
sections of these nuclei are recommended standards in the
energy range 1-200 MeV. The neutron beam profile is
measured by means of MWPC - the 2-coordinate position
sensitive multiwire proportional counter used for
registration of fission fragments from the *°U target
deposited on the MWPC’s cathode [4].

Neutron
beam

Profile meter

Figure 4: FIC (neutron monitor) and MWPC (profile
meter).

The neutron spectrum Figyp(E) is shown in Fig. 3
together with the JEDEC standard terrestrial neutron
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spectrum from JESD89A referenced to New York City
and multiplied by scaling factor 7-107, as well as the
neutron spectra of leading test facilities. Both the shape of
the neutron flux and neutron intensity demonstrate that
the ISNP/GNEIS is successfully competing with the other
first-grade test facilities with the atmospheric - like
neutron spectrum. The SC-1000 possesses a potential of
the neutron intensity growth. A new irradiation station
located at a distance of 5-6 m from the neutron-
production target operated on the extracted proton beam
enables to increase neutron flux at least 10 times at the
DUT position. Simultaneously, an irradiation of the bulky
equipment will be possible.

CONCLUSION

A versatile complex of test facilities has been
developed at the SC-1000 accelerator of the PNPI. At
present, a growing number of Russian research
organizations specialized in radiation testing of the
electronics conduct their research on the proton and
neutron beams under direct agreements with the PNPI or
with the Branch of JSC “URSC” - “ISDE”.
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Abstract

This report describes industrial accelerators type 1LU
as well as their basic parameters and characteristics. Their
current applications in a cable industry, medicine and
other fields are outlined. Recent experiments with food
products irradiation are described, new features and ILU
machines application in food industry are discussed.
Some information about problems in the Russian
legislation related tofoodstuff treatment by ionizing
radiation is given.

INTRODUCTION

Research results in fields of radiation physics,
chemistry and biology are a basis for the development of
many industrial technologies. At present, the application
of radiation technologies has been expanding in many
developed and developing countries, such as USA, Japan,
South Korea, China and others. Cost-effectiveness of the
radiation technologies is attractive for industrial use.

Development of new technologies creates a demand for
new industrial electron accelerators with improved
parameters, namely increased energy and electron beam
power, while maintaining operation ease and
management.

Table 1: Basic Parameters of the ILU-type Accelerators

Parameters ILU-6 | ILU-8 | ILU- | ILU-
10 14
Energy of 1.2-2.5 | 0.6-1.0 | 3.0- 7.0-
electrons, MeV 5.0 10.0
Average beam 20 25 50 100
power (max), kW
Average beam 20 30 10 10
current (max),
mA
Power 100 80 150 450
consumption, kW
Accelerator 2.2 0.6 2.9 5
weight, tons
Weight of local - 76 - -
protection, t

Budker Institute of Nuclera Physics (BINP) is one of
the largest Russian research centers, it is widely known in
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Russia and abroad. BINP is known for fundamental
works on problems of high energy physics, plasma
physics and controlled thermonuclear fusion physics.

Applied works are also carried out in the BINP, namely
creation and use of synchrotron radiation sources and
powerful electron accelerators.

Powerful industrial electron accelerators type ILU are
working round the clock operation in industrial lines for
decades since 1970-s.

The ILU machines cover the energy range from 0.7 to
10 MeV at an accelerated beam power of up to 100 kW.
The intrinsic features of these accelerators are simple
design, ease in maintenance and a long term reliable
operation under conditions of industrial production. Table
1 shows the basic parameters of the ILU-type accelerators
produced by BINP [1-3].

GENERAL DESCRIPTION OF ILU
MACHINES

A basic model of the ILU accelerators is the ILU-6
accelerator [1]. This machine has rather high parameters
at modest dimensions and can be used for wide spectrum
of technological processes. The protected hall with inner
dimensions 3*4*5 m is big enough for its placement. The
required volume of concrete for construction of such hall
is about 180 m? (the required wall thickness is of about
1.5 m).

The model ILU-6 is widely used as in our country and
abroad. A principle of high-voltage acceleration is used in
majority of modern accelerators, i.e., the energy of
electrons corresponds to the voltage generated by the
rectifier. The industrial accelerators type ILU are an
exception of this rule. A principle of acceleration of
electrons in the gap of radio frequency (RF) resonator is
used in the ILU machines. Such accelerator does not
contain details, potentials of which in respect to the
ground is comparable to accelerating voltage. So the
complex high-voltage units (accelerating tubes, sections
of rectifiers and etc.) which are damaged by the
occasional discharges are not used in ILU machines. And
so there is also no necessity to use insulating gas and
high-pressure vessels.

RF acceleration has allowed us to create rather simple
design of the machine having modest dimensions and
weight. As a result the machine can be placed inside the
hall of smaller dimensions comparing with the halls for
high-voltage accelerators having the same parameters.
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The model ILU-8 is the result of further development.
It is designed mainly for processing of cables and tubes.
This accelerator does not require construction of a special
protected premise (hall) as it can be placed in usual
industrial shop due to local biological shield hosting the
machine and equipment for products transportation. The
local shield is designed as a box made from steel plates.
Inside the box is divided into two parts (Fig. 1). The top
part is used to place accelerating system with RF
resonator, spallation vacuum pumps and some other
systems. A beam extraction device, ventilation system air
pipes and technological equipment are placed in the
bottom part of the shield. A back wall of the shield has
the channels (labyrinths) for input of cables, air and water

pipes.

igure 1: ILU-8 accelerator inside the local biological
shield.

The removable front wall serves as a door of a
protective box. The thickness of radiation shield in side
walls part is 330 mm and in top is 240 mm. Gross weight
of shield is 76 tons. The reduction factor for brake
radiation (Bremsstrahlung) at electron energy of 1.0 MeV
is not less than 5*107.

On the base of the ILU-6 accelerator, an ILU-10
accelerator was developed to satisfy the needs of
technological processes requiring the energies up to 5
MeV (Fig. 2).

A Dbasic component of the accelerator is a toroidal
copper cavity with an operating frequency of 116 MHz
with axial protrusions forming the accelerating gap
having length of 270 mm.

The protrusion shape was chosen from the conditions
of the formation and focusing of an electron beam in the
processes of its injection, acceleration and further passage
through the extraction system with minimum losses.
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Figure 2: ILU-10 accelerator.

The ILU-10 accelerator is a pulse machine, maximum
pulse repetition rate is 50 Hz, pulse duration is 400-500
mks. It can be supplied with a tantalum X-ray converter,
a rather homogenecous dose distribution on irradiated
material surface can be obtained. At the scanning width
of 60 cm, the average dose value was 17 kGy with the
conveyor equivalent speed of 1 mm/s [4].

APPLICATION OF ILU ACCELERATORS
FOR MEDICAL PRODUCT
STERILIZATION AND FOOD
TREATMENT

The important directions in BINP works are medical,
biological and pharmacological applications of our
accelerators. The electron beam sterilization technology
for medical single use products is well studied and widely
used both in our country and abroad [1]. The ILU-10
machine that can reach maximum energy of 5.0 MeV
ideally suits for the irradiation centers purposed for
treatment of wide spectrum of goods. The electron energy
of 5 MeV permits to treat the products that can have the
surface density up to 4 g/cm? if the two-sided irradiation
is organized. It means that the products can be treated in
the packed form — in the cartoon boxes containing the
several sets of products.

The maximum beam power of ILU-10 machine is 50
kW, so the productive rate of the irradiation facility can
be up to 1000-2000 kg per hour assuming the sterilization
dose of 25 kGy.

Now one ILU-10 machine in BINP is regularly used
for sterilization of single use medical cloths and sets of
instruments (Fig. 3). The market for sterilization services
is now actively growing and the demand for the
irradiation of different products is constantly increasing.
A phytogenous raw materials (herbs, ground roots, etc.)
are efficiently sterilized by electron beam treatment
without loosing of their medicinal action.
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Figure 3: Box of disposable medical linen on the line
under the exhaust device of the accelerator ILU-10.

In recent years, many countries in addition to
sterilization develop the use of radiation technologies in
industry for pasteurization of food products. However,
some problems arise. For example, the penetrating power
of electron beam is relatively small, which puts limits on
the volume of the irradiated material.

In some cases it may be necessary treatment of food
products having a complex geometry and with a large
mass thickness (20 g/cm2 or more). For this treatment,
the use of accelerated electrons is inefficient (their
penetration is of the order of 4 g/cm2 for two-sided
irradiation and energy 5SM»aV). As according to IAEA
recommendations, the energy of the electron accelerators
shall not exceed 10 MeV when using the electron beam
tretment and 5 MeV when using X-rays (7.5 MeV in the
USA).

ILU machines suits for pasteurization of food products,
they can operate in the electron beam mode and can
generate X-rays having penetration depth of 40 g/cm? for
two-sided irradiation. This allows to cover whole range of
processed food products using electron beam or X-rays
treatment The performance of the accelerator when
operating in X-ray generation mode can be up to 300
kg/hour at dose of 10 kGy. Operation mode change (from
electron beam treatment to X-rays and back) recquires
not more than 30 minutes. This technique significantly
expands treated products range.

Electron beam treatment of food products (cool
pasteurizatrion process) by ILU machines gives a number
of positive effects: reduction of pathogenic
microorganisms, an increase in products storage time,
insects desinfestation, increase in amount of consumed
food due to the increased storage period (import
substitution), cheaper products pasteurization compared
to traditional methods (for example, the possibility of
production of canned meat and canned goods in a plastic
bag), improve population health and reduce disability by
improving the quality of food consumed.

International studies show that currently about 40% of
food is thrown away by customers or sales networks due
to the expiry of their shelf life. Pasteurization of food by
X-rays generated by ILU machines will help to
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significantly reduce these losses. It's important to
consider the impact of this radiation on the properties of
food. In 1980-s the joint Committee of experts (FAO,
IAEA and who) reviewed the international research
project on the toxicity of irradiated foods and concluded
that they are no more harmful than regular foods
containing volatile small amounts of mutagen, the dose
not exceeding 10 kGy. The doses required for food
products pasteurization are usually in a range from 1 to 6
kGy.
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Abstract

The RIC-80 (Radioactive Isotopes at cyclotron C-80)
radioisotope complex which is constructed at the beam
of cyclotron C-80 at the Petersburg Nuclear Physics
Institute for the production of a wide spectrum of medical
radionuclides for diagnostics and therapy has been
discussed. The results of a new method utilization for the
target development for the production of generator PET
radioisotope %2Sr and radionuclide %*Cu are presented.

INTRODUCTION

The production of radionuclides that decay with
emission of positrons, allowing their use for PET
(Positron Emission Tomography), is very important for
diagnostics of different diseases. The nuclear physics
experimental methods, combined with very sensitive
detectors of nuclear radiation, give a very good possibility
for modern medicine in diagnostics and therapies.

In this paper the first results on the development of a
new method of a high temperature separation of
radioisotopes from different kind of target materials are
presented, which has been worked out in the Petersburg
Nuclear Physics Institute.

THE RIC-80 FACILITY

The proton beam energy of the C-80 [1] can be varied
in the interval 40-80 MeV. The proton beam intensity will
be up to 200 pA. This cyclotron is intended mainly for the
production of a wide spectrum of medical radionuclides
for diagnostics and therapy. A photograph of the C-80
cyclotron with three proton beam lines to the target
stations is presented in fig.1. The RIC-80 radioisotope
complex [2,3] is being constructed in the cellar of the
experimental hall of the PNPI synchrocyclotron. The
proton beam line is directed from the ground floor to the
cellar where it can be deflected and focused to one of
three target stations. The mass-separator with its target
station [3] will allow for the production of separated
medical radionuclides of a high purity, which will be
implanted into corresponding collectors from which they
can be easily extracted. The target stations will be
equipped with special devices to transfer the highly
radioactive targets into protection containers so that they
can be transported safely to special storage places, or to
hot cells for the after-treatment and corresponding
preparations for pharmaceutics. The proton cyclotron C-
80 gives a possibility to obtain sources of a high activity
practically for the whole list of radionuclides produced at
accelerators.

Medical and industrial applications

Figure 1: Cyclotron C-80 (ground floor) with three proton
beam lines to the target stations (cellar).

These are *¢7Cu, 8Ge, 82Sr, 1, 123124, 223.224R5 and
others, which are at present under discussion in
corresponding publications as perspectives for diagnostics
and therapy. The mass-separator method [3] will give the
possibility of the production of very pure beams of some
radioisotopes. As the first steps they can be 3!Rb, ¥2Sr,
Hlp, 223224Ra, as radionuclides with respectively low
ionization potentials, which can be produced by a mass-
separator method with a high efficiency.

Experiment Description and Experimental
Results of #’sr Production and Extraction From
RbClI Target Material

In the experimental tests for the production of 32Sr the
powder of RbCl was used as a target material.
Radionuclide #Sr with a half-live T, = 25.55 days is a
generator for its daughter isotope #Rb (T2 = 1.25 min)
which is widely used in PET diagnostics. For separation
of the target material and produced strontium isotopes a
new developed, high temperature method was utilized [4].
After irradiation by the 1 GeV proton beam at the PNPI
synchrocyclotron RbCl powder was placed into a vessel
manufactured from stainless steel which was put into Ta-
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W oven heated by the direct current. In a high vacuum the
powder was heated slowly to the temperature up to 900
°C to be evaporated to a separated volume specially
constructed to minimize the waste of irradiated material
in the process of its evaporation. At that temperature the
process of complete evaporation of the target material of
one gram mass took about one hour. For the evaporation
process control the y-spectrum of the vessel with
irradiated RbCl was measured before and after each stage
of the heating process. Additionally after each heating the
vessel was weighted for the evaporated material mass
control. In fig. 2 a), b) a part of gamma-spectra of the
irradiated sample of rubidium chlorine is presented. They
were measured with a high purity germanium detector.
The gamma-line of the energy 552 keV belongs to the
decay of ¥Rb with half-life 86.2 days and its decreasing
indicates the efficiency of the target material evaporation.
The gamma-line of the energy 776 keV belongs to the
decay of ®2Rb with half-life 1.27 min, which is the
daughter isotope of 82Sr and its decreasing indicates the
strontium radionuclide evaporation. In Fig. 2 by squares
the spectrum of the vessel with the irradiated RbClI before
the heating is shown. The spectrum after one hour vessel
heating at a temperature 500 °C is shown by circles. In
Fig. 3 comparison of the spectra after the heating at a
temperature 500 °C (circles) and at a temperature 900 °C
(triangles) are shown.
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Figure 2: Gamma spectrum of RbCl before heating.

As one can see from Fig. 2, the heating of the irradiated
sample at a temperature 500 °C for one hour does not
give any effect on the target material evaporation. The
same result was obtained by the sample weighting before
and after its heating at 500 °C. At the same time Fig. 3
shows, if the vessel with the RbCl is heated up to 900 °C,
the target material has been evaporated completely with
almost hundred percent conservation of strontium. The
fact of complete evaporation of the irradiated target
material has been confirmed by the sample weighting
before and after its heating at 900 °C. Finally conserved
radioactive Sr atoms can be evaporated from the vessel at
higher temperature, or washed by a small amount of an
acid solution.

ISBN 978-3-95450-181-6
112

Proceedings of RuPAC2016, St. Petersburg, Russia

14x10° Ml

« 509 01 —

S109 02 .

3
S

2

S
3|

r

)

e

g
— B

-n-n—al’\w
0,0 l l T T
550 560 770 780

EpkeV

Figure 3: Gamma spectrum after 1 hour heating.

Therefore, as one can see from Fig. 2, 3 for the
separation of strontium isotopes, should be some stages of
the evaporation of the target material and produced
species in the process of the target heating in a high
vacuum at different temperatures. To separate strontium
from the rubidium chloride target, the target heating was
started at a low temperature (500 - 900) °C to evaporate
the target material RbCl which has considerably lower
boiling point, than strontium. After that, strontium was
selectively extracted by washing of internal vessel
volume by the HCI solution. Another way of strontium
extraction was the niobium or tantalum vessel use with
the heating it up to 1700 °C after the target material
evaporation at 900 °C. The evaporated strontium atoms
were directed to the collector cooled by floating water.
The experiments carried out gave the efficiency of the
target material separation better than 99,9%. The
efficiency of the strontium radionuclide extraction was
about 95%.

Experiment Description and Experimental
Results of ®’Cu Production and Extraction from
Zn Target Material

In the experimental tests for the production of ¢’Cu
natural metallic Zn was used as a target material.
Radionuclide ’Cu with a half-live 2.57 days is considered
as a very perspective radioisotope for therapy of some
kinds of malignant tumours. For separation of the target
material and produced ’Cu radionuclide a new so called
“dry”, high temperature method, similar to the described
method of strontium isotope extraction [4] was utilized.
After irradiation by the 1 GeV proton beam at the PNPI
synchrocyclotron metallic zinc was placed into a vessel
manufactured from tantalum, which was put into Ta-W
oven heated by the direct current. In a high vacuum
irradiated zinc was heated slowly up to the temperature
700 °C to be evaporated to a separated volume specially
constructed to minimize the waste of irradiated material
in the process of its evaporation. At that temperature the
process of complete evaporation of the target material of
one gram mass took about one hour. For the evaporation

Medical and industrial applications



Proceedings of RuPAC2016, St. Petersburg, Russia

process control the y-spectrum of the vessel with
irradiated zinc was measured before and after the heating
process. Additionally after the heating the vessel was
weighted for the evaporated material mass control. In Fig.
4, 5 a part of gamma-spectra of the irradiated sample of
zinc is presented. The gamma-line of the energy 1115
keV belongs to the decay of ®Zn with half-life 244.3 days
and its disappearance indicates the efficiency of the target
material evaporation. The fact of complete evaporation of
the irradiated zinc material has been confirmed by the
sample weighting before and after its heating at 700 °C.
The gamma-line of the energyl85 keV belongs to the
decay of ¢’Cu (T,=2.57 days), which is the produced
required radioisotope. In Fig. 4 by squares the spectrum
of the vessel with the irradiated Zn before the heating is
shown. The spectrum after one hour vessel heating at a
temperature 700 °C is shown by circles.
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Figure 4: Gamma spectrum of the vessel before and after
heating at 700 °C.
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Figure 5: Gamma spectrum before and after heating at
1460 °C.

As one can see, after the heating the target material has
been completely evaporated, that was confirmed by the
weighting the vessel before and after heating. At the same
time radioactive atoms of cooper, having considerably
higher boiling point (2562 °C), than the target material
zinc (907 °C), remained in the vessel. Also the presence
of the gamma-line of the energyl121 keV of *Sc
(T1,=83.8 days) at the spectrum measured after the target
material evaporation demonstrates, that atoms of
scandium, which is a rather hard volatile element (boiling
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point 2830 °C) does not evaporate from the target vessel
at a temperature of 700 °C. In Fig. 5 in lower part the
spectrum of evaporated cooper atoms collected at the cold
finger cooled by floating water after the vessel heating at
a temperature 1460 °C in two hours (circles) is presented.
For comparison by squares the spectrum of the vessel
with the irradiated Zn before the heating is shown.
Therefore, as one can see from Fig. 4, 5 for the separation
of cooper radionuclides and zinc target material should be
two stages: the first one is a slow evaporation of the target
material at a temperature about 700 °C; the second one is
the evaporation of produced cooper species in the target
heating process at a temperature 1460 °C.

The first experiments carried out gave the efficiency of
the target material separation better than 99%. The
efficiency of the cooper radionuclide extraction and
collection was about (90 + 15)%.

SUMMARY

At PNPI a high current cyclotron C-80 with the energy
of extracted proton beam of 40-80 MeV and the current
up to 200 pA will be put into operation at the end of 2016
— beginning of 2017. One of the main goals of C-80 is
production of a large number of medical radio nuclides
for diagnostics and therapy. At present time the
construction of radioisotope complex RIC-80 at the beam
of C-80 is carried out. The peculiarity of the proposed
radioisotope facility is the use of the mass-separator with
the target-ion source device as one of the target stations
for on-line, or semi on-line production of a high purity
separated radio isotopes. The important part of the work
was devoted to the target and ion source developments for
the new project RIC-80. The tested target materials and
developed ion sources will be used for manufacture real
target prototypes for PNPI radioisotope complex. R@D
of new high temperature methods of separation of
produced radionuclides #2Sr and ¢’Cu from rubidium and
zinc irradiated targets has been carried out. The
following stage of the work will be the target unit
prototype construction with the amount of the target
material 40-60 grams, which is required for the effective
medical radionuclide production at the RIC-80.
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Abstract

The projected MCC-30/15 cyclotron system is intended
for operation in high-technology nuclear medicine
centers. The system consists of a cyclotron, target
systems for production of radionuclides in liquid, gaseous
and solid states and a system for transport of accelerated
ions to final units. The updated MCC-30/15 cyclotron
with new systems for external injection, RF power supply
and acceleration will ensure production of accelerated
proton and deuteron beams in energy ranges of 18-30 and
9-15 MeV and currents not lower than 200 and 70 pA,
respectively. Target systems are equipped with
mechanisms for remote replacement of gaseous and liquid
targets. Modular configuration of the beam transport
system will allow the production of isotopes and carrying
out of researches to be performed in separate
experimental halls.

INTRODUCTION

The strategy for the development of nuclear medicine
in RF is aimed at solving import substitution problems
and providing international competitiveness of the
equipment, which is one of the most high-technology
products of industry. One of the main purposes of nuclear
medicine is early diagnostics of diseases, which can
significantly increase the efficiency of treatment and
reduce the time needed. The most important tool for early
diagnostics is functional diagnostics based on application
of modern radiopharmaceuticals and apparatus for
visualization of radionuclides’ distribution in a patient’ s
body. Diagnostic studies in cardiology, oncology,
neurology, etc. need a wide assortment of
radiopharmaceuticals, for which purpose radioisotopes of
high purity and a possibility for their production in close
vicinity to a consumer must be provided. It is evident that
organization of studies aimed at the development and
application of new radiopharmaceuticals is possible only
in research centers equipped with cyclotron equipment
generating accelerated beams of hydrogen ions in a wide
energy spectrum, which is proved by the world practice.
The most expedient seems the use of a cyclotron with the
energy of protons ranging from 18 to 30 MeV and that of
deuterons varying from 9 to 15 MeV.

THE MAIN OBJECTIVES
OF THE PROJECT

Prototype of the MCC-30/15 cyclotron has been
designed and manufactured in the Efremov Institute (JSC
“NIIEFA”). Put into operation in 2010 (see Fig. 1) [1-2].
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Figure 1: General view of the MCC-30/15 cyclotron.

The experience gained in the process of the cyclotron
operation has demonstrated the correctness of engineering
solutions made at stages of its designing, development
and manufacturing. However, more stringent current
requirements for such facilities brought into being an
urgent need for updating the cyclotron equipment while
keeping unchanged its basic concept, namely, vertically
located median plane, shielding-type magnet (which
requires a radiation-shielded hall of a minimum size and
offers easy maintenance/repair), combined functions of
the magnet yoke and vacuum chamber, acceleration of H-
and Diions at one operating frequency (the 2™ and 4™
harmonics).

The main purpose of the updating is attaining of
higher intensity of accelerated ion beams and reliability of
the system under long-term operation modes as well as
designing of a new project of a system for beam transport
to six remote targets. The main parameters and
characteristics, which are supposed to be attained as a
result of the updating are shown in Table 1.

Table 1: The main parameters of the cyclotron with
updated systems.

Parameters Values
Type of ions

e Accelerated H/D
o Extracted H*/D*
Energy of accelerated ions, variable, MeV

e Protons 18-30
e Deuterons 9-15
Number of devices for simultaneous beams 2
extraction.

Total current of extracted beam, not less than, pA

e Protons 200

e Deuterons 70
Power consumption, no more than, kW

e Stand-by mode 30

e Operating mode 120

High intensity cyclic and linear accelerators
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The main tasks to be solved in the course of updating:

o External injection system.Development of a new
source of hydrogen ions based on a cold cathode,
which will allow an increase in the time of its
continuous operation (with a heated cathode it is not
more than 500 hours).

e Attaining of higher injection energy up to 24-26 keV,
which will improve conditions of the beam forming
in the injection line and increase the ion beam
capture in the acceleration process.

o Resonance accelerating system. Development of
new dee and dee stems constructions with an
enhanced mechanical strength and thermal stability.

e Development of a new construction of the central
cyclotron region providing higher capture of the ion
beam in the acceleration process and offering
enhanced mechanical strength.

e Development of a new construction of the AFT
trimmer with the frequency tuning maximally close
to linear.

e Development of an additional system for water
cooling of the resonance accelerating system meeting
more stringent requirements for thermal stabilization
compared to the water cooling of the whole
cyclotron system (water temperature stabilization at
the resonance system output is in the range oft1°C).

* Main electromagnet. Modification of
shims’ construction to simplify the correction of the
magnetic field topology when changing the type of
ions to be accelerated.

e Modification of the vacuum chamber casing and
central region of pole pieces with allowance for the
new construction of the resonance system.

e The RF power supply system. Designing of a new
specialized RF generator adapted for the cyclotron
equipment. This necessity results from a negative
experience gained in installation and operation of the
purchased equipment including foreign firms.

e Using of a home-made 4 kW transistor amplifier as
the 1* stage of the power amplifier seems reasonable.

e Designing of a module for control and stabilization
of the signal amplitude on the basis of positive
experience gained at designing and installation of
similar equipment of the C-80 cyclotron system.

e Vacuum system. Keeping in mind requirements for
import substitution, we made a decision to stop using
of foreign high-vacuum pumps and apply diffusion
and cryopumps of home manufacture.

e Pressure sensors with an extended service life will be
used in measurements (possibility for long-term
failure-free operation under intensive neutron fields
and y-radiation).

e Hookup elements. When designing hookup elements
(probes, stripping devices, trimmer), vacuum linear
translators are provided for to ensure a high
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positioning accuracy and reliability under long-term
operation.

o The beam transport system is built by the modular
principle using standard electromagnets, quadrupole
lenses, diagnostic devices designed in the Efremov
Institute. Any beam transport to remote targets
meeting the requirements of the End User can be
provided.

o Target systems. Development of a mechanism for
remote replacement of liquid and gaseous targets (up
to five targets of different yields and applications),
(see Fig. 2).

e Designing of a liquid target for production of '*F
isotope with a yield of not less than 8 Cifor 2-hour
irradiation. Possibility for work at an accelerated
proton beam current up to 100 pA.

e Designing of a special system for irradiation of solid
targets (production of 64Ci, 67Ga, 1I1In, 124 isotopes,
etc.), which allows an irradiated target to be
automatically discharged to a shielded box or to a
system delivering an irradiated material to this box.

Figure 2: System for remote replacement of liquid and
gaseous targets (three in total).

Systems of power supply, water cooling and automatic
control will undergo no fundamental updating. Their final
configuration is defined at the stage of approval of the
beam transport system and target systems’ composition
by the End User. The cyclotron system to be updated
meets to the utmost the needs of university centers
planning a wide spectrum of researches in the fields of
nuclear medicine, neutron and radiation physics, beam
neutron therapy, diagnostic and therapeutic practice
applying nuclear medicine methods as well as training of
specialists in all the aforementioned fields.

An example of such a research center is a center created
by cooperative efforts of specialists from the Efremov
Institute, Russia and the Jyvaskula University, Finland.
The equipment of the MCC-30/15 cyclotron system was
designed in parallel with the elaboration of construction
documents; manufacturing of the equipment and
construction works were finished simultaneously. The
whole cycle of works has been performed within 2 years,
(see Figs. 3 and 4).
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Figures 3, 4: Works on creation of a research center on the site of the University in Jyvaskula, Finland.

CONCLUSION

Guided by far-reaching plans of a number of
Universities, both in Russia and abroad, to date we have
designed several possible layouts of cyclotron centers
equipped with a cyclotron with a maximum energy of
30 MeV. The main lines of activities of similar centers
will be the following:

e Development and testing of new
radiopharmaceuticals on the basis of promising
isotopes for PETand SPECT diagnostics.

e Carrying out of a wide range of applied researches
on the practical use of neutron therapy methods for
the treatment of especially dangerous oncologic
diseases.

e Preparation of radiopharmaceuticals obtained on the
basis of radioisotopes produced by cyclotron for
routine diagnostics by nuclear medicine methods.

e Production of radioisotopes, synthesis  of
radiopharmaceuticals  on  their  basis  and
commercialization, which will provide income and
profitability of a center.

Door opening

//%/

Quadrupole lens doubler ~ater distribution board

The MCC. 3015 gyclotron

=7 ' & 3
2 N> = ‘ P)
Correcting magnet ¥ 1 L 4

e Studies, including those on a commercial basis, on
the effect of radiation on radio - -electronic
components and units.

e Research studies in the radiation material science
using high-energy flows of hydrogen ions, neutrons
and y-radiation.

Such centers will prove rather important in training and
re-training of specialists for nuclear medicine, applied
physics, etc. One of possible layout of the cyclotron
system is shown in Fig. 5.
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Figure 5: One of possible layouts of the cyclotron system.
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Abstract

The CC-18/9M cyclotron system has been designed,
manufactured and delivered to JSC “NIITFA”, Moscow to
be operated in a pilot PET center. Acceptance tests have
been conducted. Design parameters of the updated
cyclotron have been obtained: energy of accelerated
proton and deuteron beams was varied within the ranges
of 12-18 and 6-9 MeV with currents of 150 and 50pA,
respectively. For the first time in NIIEFA practice the
cyclotron is equipped with a target system intended for
production of F-18 and C-11 radionuclides for PET. At
present, the cyclotron system is put into commercial
operation in the PETcenter.

INTRODUCTION

Successful treatment of a series of diseases in
cardiology, oncology and neurology to a great extent
depends on their early diagnostics, which provides a
significantly higher efficiency and less time needed for
treatment. Nuclear medicine is an undisputable leader in
early detection of diseases, and wide application of
nuclear medicine methods is proved by the fact that more
than a half of radioactive isotopes produced in the world
are intended for medicine. Absolute leaders in
introduction of nuclear medicine into practice are the
USA, Japan and some European countries. In particular,
in the USA the nuclear medicine methods were used in
46% of the total diagnostic studies performed in
cardiology, 34% in oncology and 10% in neurology.

Establishing of centers rendering high-tech medical
assistance based on modern methods of nuclear medicine
allowing us to make an early diagnosis of the most
important socially significant diseases is highly urgent in
the Russian Federation is highly urgent in the Russian
Federation.

A pilot PET-center primarily intended for further
development and optimization of the home-made
equipment with the future aim of its serial production has
been created in the JSC*“NIITFA”, Moscow. A CC-189M
cyclotron system was designed and manufactured in JSC
“The D.V. Efremov Scientific Research Institute of
Electrophysical Apparatus” (NIIEFA) to be used in this
PET-center. The machine was put into operation in 2014.

Medical and industrial applications

NEW ENGINEERING SOLUTIONS.
COMPARATIVE CHARACTERISTICS

The cyclotron system is based on an updated CC-189M
machine, which prototype is the CC-18/9 cyclotron [1, 2].
Three CC-18/9 cyclotrons have been previously
manufactured and delivered to PET-centers of the Turky
University, Finland (2005), the Russian research Center
for Radiology and Surgical Technologies, Pesochny, St.
Petersburg, Russia (2006) and Snezhinsk town,
Chelyabinsk region, Russia (2010). In the updated
cyclotron, the energy of accelerated proton and deuteron
beams is varied in the ranges 12-18 and 6-9 MeV
respectively, which widens fields of its application and
raises its competitiveness. Simultaneously the design
current of protons increased half as much compared to
that of the basic model

It was for the first time in the NIIEFA practice that the
cyclotron was delivered together with the target system
providing the production of isotopes necessary for PET-
diagnostics. The general view of the cyclotron [3] is
shown in Fig. 1.

Figure 1: The CC-189M cyclotron system.

When designing the updated machine, the major
engineering solutions proved by practice when operating
CC-18/ cyclotrons were kept unchanged:

o Shielding-type electromagnet with vertically located
median plane to give an easy access to in-chamber
devices by moving apart the movable part of the
magnet along the guides (see Fig. 2). In addition, the
radiation exposure of the operating personnel in the
process of scheduled maintenance and repair works is
significantly reduced.
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e Choice of negative hydrogen and deuterium ions as
particles to be accelerated and extraction of proton
and deuteron beams practically without loss of the
beam intensity by stripping negative ions on thin
carbon foils.

e Use of the external injection system [4], which
appreciably reduces the inflow of the working gas
from the source to the vacuum chamber, makes easier
the high vacuum production and consequently
reduces ion losses in the process of acceleration by
charge exchange on the residual gas molecules.

e Acceleration of hydrogen and deuterium ions at a
fixed frequency (the 2-nd and 4-th harmonics,
respectively).

Figure 2: The CC18/9M cyclotron with an open vacuum
chamber.

When designing the CC-18/9M cyclotron, special
attention was paid to upgrading of output parameters as
well as making easier its maintenance/repair.

e A new resonance accelerating system allowing the
power losses to be reduced from 18 to 13 kW has
been designed. The operating frequency of the RF
power supply system is 40.68 MHz.

Proceedings of RuPAC2016, St. Petersburg, Russia

¢ A new manufacturing technology of the main magnet
yoke was developed, which made easier the process
of the electromagnet assembly and obtaining a
necessary topology of the magnetic field.

e A new system was designed for on-line correction of
the magnetic field topology when changing the type
of particles to be accelerated.

¢ A new construction of hookup elements was designed
providing a reduction in their cost, lower labor
expenditures and less working hours needed for their
manufacturing.

The main characteristics of the cyclotron system are

given in Table 1.

TARGET SYSTEM

The target system designed and manufactured in the
Efremov Institute is adapted to parameters of the
CC-18/9M cyclotron beam. The system comprises water
and gaseous target devices (see Fig.3 and Fig.4) [5]
providing production of radioisotopes for PET-
diagnostics.

Target devices can be mounted both directly on the
output flanges of cyclotrons and on the end flanges of
beamlines. Each target device comprises a unit providing
targets’ loading with a target material, system to deliver
the activity to shielded boxes and system for monitoring
the target status under irradiation.

Control of the target system is completely automated
and is performed from the operator workstation [6].
Screens of the user interface are shown in Fig. 5.

The target system is designed by the modular principle.
This allows a larger number of targets to be used and a
wider assortment of radioisotopes to be produced. The
target system is a completely self-contained system and
can be adapted to any cyclotron used for commercial
production.

Table 1: Main Characteristics of the CC-18/9M Cyclotron System Compared with Available Analogues

Main parameters CC-18/9 CC-18/9M Cyclone 18/9 PET trace TR-19/9ACS,
JSC "NIIEFA", JSC "NIIEFA", IBA, GE, Canada
Russia Russia Belgium Great Britain
Type of accelerated particles H /D H/D H/D H/D H/D
. + o+ +  + +  + +  + + o+
Type of extracted particles H /D H /D H /D H /D H /D
Beam energy, MeV 18/9 12-18/6-9 18/9 16.5/8.4 19/9
Max beam current, uA, not /5 150/50 150/50 150/60 300
less than
Energy variation - + - - +
Number of simultaneously ) > > > >
irradiated targets
Total power consumption, 60 60 55 70 65

kW, no more than
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Figure 3: Target device for production of fluorine-18
('*F) radionuclide.

Figure 4: Target device for production of carbon-11
("'C) radionuclide.

MuweHs 1

Figure 5: Status of water and gaseous targets on the
monitor of the target system operator.

CURRENT STATUS AND PROSPECTS

In the tests of the target system with a proton beam
current of 50 pA, the 5 Ci activity yield was attained with
a 3ml water target device for 2 hours of irradiation
(production of '®F). In this case, pressure in the working
cavity of the target was 8 bars, which allows us to expect
a higher yield after testing at a higher current of the beam
of protons.

During 2016, the cyclotron system was operated in the
mode of routine production of 'SF. More than 100
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irradiation sessions were performed, and 7500 uAh of the
beam time was used. The average proton beam current
was 40 pA, average activity after 2-hour irradiation was
4.5 Ci and average yield of FDG was 70%.

As this cyclotron system is a pilot project, works to
upgrade the performances of the external injection
system, RF power supply system and automated control
system were performed in parallel with its commercial
operation. The near-future task to be solved is reduction
of the beam intensity loss in the process of acceleration
and beam transport through the beam line. Solution of this
problem will allow us to increase the extracted proton
beam current and to define the maximum and
recommended yields of water targets.

The system comprising the cyclotron and target devices
successfully demonstrated its service capability and
proved an opportunity for commercial production of the
radionuclides used in PET diagnostics.
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GANTRY FREE TRANSPORT LINE FOR A PROTON/ION THERAPY

M.M. Kats”
FSBI SSC RF ITEP “Kurchatov Institute”, Moscow

Abstract

For a long time a gantry was considered as a mandatory
element for proton/ion therapy facility. However medics
from MGH (Boston) suggested alternative concept which
leads to decrease both cost and size of the facility [1]. The
concept is based on the following provisions:

- immovable isocenter;

- active scanning of a target volume;

- different positions of patients at different fractions:

- using CT on the place of irradiation after each
change of positions of the patient for improvement
plan;

- using small change direction of the beam (like +10°).

The "Planar isocentric system" developed by author
can be used to enlarge the flexibility of the concept [2].
It's relatively chip, small and can be realized for short
time. It can be used for treatment for 90% of
localizations. The system can replace gantry in centers of
proton/ ion therapy providing significant decreasing of
treatment price. The details of the system are presented
and discussed.

INTRODUCTION

A therapy by beams of protons and ions is the technology
of the twenty-first century. It is effective and necessary
method to save human life. Its benefits in a cancer
radiation therapy were known for a long time (see Figure
1). It is implemented in the radiation treatment for 20
years. But with the current technology today and in two
years later the proportion of patients to whom it can be
applied is about 1% of patients who are treated with
beams of gamma rays [1-3].
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Figure 1: A scheme of energy distribution in the patient's
body at irradiation by one direction at using different
beams. 1 -target, 2 — gamma, 3 - protons, 4 - ions.

To generate beams of protons and ions useful for
the treatment and for the further transportation of the
beams to the patient it is necessary to use expensive and
bulky equipment. Therefore, the treatment by proton and
ion beams is significantly more expensive in a
comparison with the treatment by gamma rays. In USA
insurance companies pay now for the use of this treatment
only for certain cancer locations, which need particularly
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important accuracy dose distribution (e.g., eyes), or for
children treatment in order to prevent (on many years)
reactions on small doses in healthy parts of the body.

In the world specialists are searching for more compact
and less expensive equipment for proton and ion therapy.
Compact and easy to use accelerators with
superconducting magnets have been proposed. But beam
transportation systems to the patient from different
directions stay still bulky and expensive. Why a choice of
directions of irradiation is necessary? In order not to
irradiate those parts of body that must not be irradiated,
and to spread the inevitable release of the energy in
healthy parts of the body in a large volume, to different
organs, in order to remain them at a relatively safe level.

Many years ago doctors formulated requirements for
such equipment: the patient lies horizontally, motionless,
the beam is transported from any direction of the plane
perpendicular to the longitudinal axis of the patient.
Systems that implement these requirements are generally
called as a gantry. The gantry is expensive and bulky
equipment because conventional electromagnets can
rotate a beam of protons with a radius of about 1.5m and a
beam of ions with a radius of about 4m. As a result, the
standard gantry for proton’s has a size of about 10m* and
the weight of the equipment rotated precisely in this
volume is about 100t. Similar parameters of the HIT
gantry for ion beam transport is 13m*13m* 18m and
660t. An optimal scheme for the proton’s gantry is shown
in Fig. 2.
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Figure 2: An optimal scheme of the gantry for a proton

beam.

A significant part of the cost of a treatment is
associated today with gantry systems (up to 70% for
centers with four gantries). Attempts to develop a simple
low-cost compact gantry based on superconductivity had
not real success so far. A special conference of experts of
this topic took place in the autumn of 2015 in Switzerland
[4]. The problem is the necessity of fast enough
distribution of the beam energy for the target volume
("scanning").

It were proposed in the form of compact "one room's"
complexes by IBA, VARIAN, MEVION firms during
recent years. But these complexes with one accelerator
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and one treatment room can work only with beams of
protons, have a limited annual productivity and can not
significantly reduce the price of the treatment.

Does a therapy by proton and ion beams have a real
future in a competition with a gamma therapy? Yes, if its
treatment cost will be comparable to the cost of treatment
by gamma rays. Much less expensive and more compact
equipment is necessary instead of the gantry.

PREVIOUS SOLUTIONS WITHOUT
GANTRY

V.E. Balakin proposed a system with a fixed horizontal
beam, which is directed to the standing or sitting patient
(see Figure 3). An initial horizontal beam is focused by
quadrupole lenses and deflected by scanning magnets.
The patient turns around a vertical axis in this system to
change the direction of irradiation. A CT scanner with
vertical displacement was proposed to control the shape
of the body and of the target.
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Figure 3: Balakin's scheme of changing the direction of
irradiation.

In 2002 we proposed a "Simple Planar System" - "SPS
(F)" [5]. Initial horizontal beam is focused by quadrupole
lenses and deflected by scanning magnets too. A fixed
magnet with increased gap is used to bend the beam in a
vertical plane at an angle of less than F. A treatment table
(with the patient fixed on it) is shifted in the vertical plane
so as the rotated beam hits the target (see Figure 4). It is
compact system with a possibility to change direction of
the irradiation in the interval (-F<f<+F). A CT scanner
shifted vertically together with the treatment table was
proposed to control the shape of the body and the target.
The scanner has additional possibilities of horizontal
displacements.

| Ve iy
Figure 4: Three dimensions scheme of a simple planar
system.

NEW REQUIREMENTS

AND A NEW SOLUTIONS
In 2016, the doctors of MGH (Boston) analyzing the
experience of a treatment of 4300 patients with different
cancer localization [6], take thought about the
appropriateness of the cumbersome and expensive gantry
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and its replacement by a new equipment with the
following requirements to it:

1. Motionless irradiation center.

2. An active dose distribution in the target volume
(scanning).

3. The admissibility of various positions of the patient in
different fractions (the patient lying with limited (<t 15°)
turns of the table relative to the horizontal longitudinal
axis of the patient or if the patient is sitting under
rotations around of the vertical axis).
4. The use of a CT scanner in the place of irradiation after
each change of the position of the patient.
5. The use of beam direction changes in a small interval
(like <= 109).

In addition to the new doctor’s requirements we
proposed in 2016 the use of a "Planar Iso-centric System"
with a fixed irradiation center and with three significantly
different fixed beam directions in the vertical plane
("PIS"). The patient in this system can be irradiated both
in lying and sitting positions. Each additional magnetic
channel has small magnets and a simple optic. The patient
can be irradiated from its second side in the next fraction.
(About 20 fractions are in treatment process). A lot of
designs versions are possible (see Figure 5 for example).
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Figure 5: A scheme the PIS for a proton beam with three
fixed directions.

Compared with the conventional gantry system in PIS
at the beam direction of £40° the beam rotation into PIS is
decreased from 180° to 80°. There is no complex and
expensive mechanical system for precision turns of heavy
magnets in a large volume and no complex magnetic
focusing of a beam. There is no practically power
consumption at the irradiation in a horizontal direction.
The position of the scanning magnets allows reduce the
weight, power and cost of the last magnet at saving
scanning distance of about 3m. This limits the weight,
power and cost of the entire PIS system. Dimensions of a
treatment rooms with the PIS system are mainly
determined by the patient's comfort transportation and
installation to the working position. They are 5-10 times
smaller than the dimensions of the room for the gantry.

Small rotations (like <+ 15°, without discomfort to the
patient) of the treatment table around a horizontal axis
with the fixed lying patient can be used under the control
of a body shape and a target by sliding horizontally the
CT scanner to increase a possibility directions of the
irradiation (see Figure 6).
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Figure 6: A scheme of the PIS with the patient lying on
an inclined table under the control by a CT scanner.

A treatment armchair with sitting fixed patient can be
rotated around a vertical axis under the control of the
body shape and the target with shifted vertically CT

scanner (see Fig. 7) for the expansion of choices of the
irradiation direction in addition to three fixed directions.
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Figure 7: The scheme of PIS with sitting patient and with
a CT scanner sliding vertically.

Using the PIS allows for any selected fixed position of
the patient after one application of a CT scanner to clarify
irradiation plans for all three possible directions of the
irradiation. The proposed system allows to choose
different directions of the irradiation in different fractions
in a rather wide spread for the treatment of any cancer
sites.

PIS SYSTEM FOR ION TRANSPORT

The 