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GENERATION STORAGE RINGS®

K. Vetter#, Oak Ridge National Laboratory, Oak Ridge, TN, 37831, USA
J. Mead, B. Podobedov, Y. Tian, W. Cheng, Brookhaven National Laboratory, Upton, NY, USA

Abstract

A custom state-of-the-art RF BPM (EBPM) has been
developed and commissioned at the Brookhaven National
Laboratory (BNL) National Synchrotron Light Source II
(NSLS-II). A collaboration between Lawrence Berkeley
National Laboratory (LBNL) Advanced Light Source
(ALS) and BNL has proven to be a key element in the
success of the NSLS-II EBPM.

High stability coherent signal processing has allowed
for demonstrated 200nm RMS spatial resolution and true
turn-by-turn position measurement capability. Sub-micron
24 hr. stability has been demonstrated at NSLS-II by use
of 0.01°C RMS thermal regulation of the electronics
racks without the need of active pilot tone correction
[1,2].

The intentional partitioning during the conceptual ar-
chitecture development phase of the RF and digital pro-
cessing into separate boards has enabled rapid independ-
ent development of the analog front end board (AFE) and
digital front end board (DFE). The partitioning of the
AFE and DFE has realized derivative instrumentation
platforms including the NSLS-II Cell Controller used for
Fast Orbit Feedback SVD computation and corrector
actuation, the NSLS-II photo-emission X-ray BPM. A
CVD diamond beamline BPM (DBPM) based on the
NSLS-II Xray BPM has been develop in conjunction with
Sydor Technologies via an SBIR arrangement that has
been implement on NSLS-II beamlines for local active
beamline stabilization [3]. An MOU with LBNL was
singed near the end of the NSLS-II EBPM development
in which complete transfer of technology was provided as
the basis of the LBNL ALS orbit upgrade.

INTRODUCTION

The development of the NSLS-II EBPM began in Au-
gust of 2009. The development was primarily motivated
in order to achieve world class performance using state-
of-the-art technology with the ability of local BNL ex-
perts to optimize and evolve the EBPM.

Although funds were provided to support a develop-
ment laboratory and personal, the NSLS-II project base-
line was based on commercial EBPM technology. The
criterion set to change the project baseline was to demon-
strate to an expert external and internal review committee
EBPM performance on an operational machine that suffi-
ciently demonstrated compliance of the NSLS-II EBPM
performance requirements, twelve months from the start
of the development project.

A collaboration with ALS staff was quickly established

*Work supported by DOE contract No: DE-AC02-98CH10886
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in which prototype NSLS-II EBPM beam tests would be
conducted at ALS. The ALS machine was chosen as the
optimal test facility as the machine RF frequency was
close to NSLS-II and only required a change in the ADC
sampling reference VCXO. The collaboration with the
ALS staff quickly evolved into ALS staff making signifi-
cant contributions to the physical design of the DFE
FPGA design, which were extremely critical at the time
do to the very aggressive proof-of-principal schedule that
had been set. The first EBPM beam test at ALS was con-
ducted in June of 2010, ten months after the start of the
EBPM development.

Early tests were performed prior to the full develop-
ment of the DFE and were structured to enable streaming
of raw ADC data to file via Matlab TCP/IP connection.
Capture of the raw ADC data in long data records (1Mpts
or greater) allowed for detailed time and frequency analy-
sis of the real world impairments imparted by the AFE. It
was also possible to explore optimal processing algo-
rithms with real-world impairments offline.

Rapid maturity of the EBPM AFE and DFE enabled de-
tail studies at ALS demonstrating sub 200nm performance
of 500mA dual-cam shaft user beam that served as the
basis for the EBPM review committee to recommend
changing the project baseline to include the custom
NSLS-II EBPM.

EBPM DESIGN FOR SUB-MICRON
PERFORMANCE

The design of and an EBPM for 3™ generation light
sources and beyond is primarily composed of two aspects;
spatial resolution, and stability. The first can be decom-
posed into turn-by-turn (TbT) and stored beam resolution.

User operation is typically concerned with stored beam
resolution and stability, however, TbT measurements can
be very useful for optimizing machine performance par-
ticularly at low bunch charge [4]. Achieving true TbT
measurements is dependent on sufficient RF bandwidth to
allow for the bunch energy to sufficiently decay within a
single turn, and stringent coherent processing.

Stored beam spatial resolution is typically set as 10% of
the beam size, qualified by projected fill patterns for nom-
inal storage ring operation, as an RMS value. For NSLS-
I early predictions assumed 80% fill of the storage ring.
Experiments at ALS with 500mA dual-cam shaft bunches
were a close representation of expected NSLS-II storage
ring performance, scaled by the ring circumference,
which closely compared with the NSLS-II booster.

Stability for synchrotrons is typically defined over time
scales of 8 to 24 hrs, and qualified by the Fast Orbit
Feedback (FOFB) bandwidth, often 2KHz for 3" genera-
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Abstract

Measurements of amplitude-dependent tune shift are
critical for understanding of nonlinear single particle
dynamics in storage rings. The conventional method in-
volves scanning of the kicker amplitude while having a
short bunch train at the top of the kicker pulse. In this
paper we present a novel, alternative technique that uses a
long continuous bunch train, or a sequence of bunch
trains, that are spread along the ring, such that different
bunches experience different kick amplitudes with a sin-
gle shot of a kicker pulse. With these beams, a curve of
tune shift with amplitude can be extracted from the re-
cently added new NSLS-II BPM feature called gated turn-
by-turn (TbT) BPM data that can resolve bunches within
a turn, either alone or together with a bunch-by-bunch
BPM data. This technique is immune to pulse-to-pulse
jitters and long-term machine drift.

INTRODUCTION

Third-generation light sources utilize strong focusing to
achieve an electron beam emittance as small as possible.
Stronger focusing leads to more negative natural chroma-
ticity, which needs to be compensated by stronger chro-
matic sextupoles to have positive chromaticity. Nonlin-
earity in electron beam motion introduced by strong
chromatic sextupoles needs to be then controlled by
strong geometric sextupoles or other higher-order multi-
poles. Otherwise, dynamic aperture and momentum ac-
ceptance of the lattice may collapse, resulting in poor
injection efficiency and reduced Touschek lifetime.
Hence it is important to be able to characterize the
nonlinearity of a storage ring lattice. One such nonlinear
characterization metric is tune shift with amplitude
(TSwA) [1].

Experimental measurement of TSwA can be performed
with a single shot of a kicker pulse while obtaining turn-
by-turn (TbT) data from which amplitude and tune can be
extracted, if coherent damping is faster than decoherence,
for example at LEP [1]. This excludes the possibility of
measuring tune shift at very large amplitude, since large
amplitude inevitably leads to fast decoherence. In order to
measure tune shift for large amplitude, multiple shots of
TbT data with different kick amplitudes are convention-
ally required.

CONVENTIONAL APPROACH

A conventional method to measure a TSWA curve for
an electron storage ring is to place a short train of electron
bunches in a ring and to kick the beam with a fast pinger

* Work supported by U.S. DOE under Contract DE-SC0012704.
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(kicker) pulse while acquiring a TbT data. Repeating this
while gradually increasing the kicker strength until the
beam is lost results in a TSwWA curve. This multiple-shot
measurement setup is depicted in Fig. 1(a). This method
is prone to short-term shot-to-shot jitter as well as long-
term machine drift due most likely to the limited stability
of the power supplies and RF system. This sometimes
makes the interpretation of the resulting TSwA curve
difficult even for a state-of-the-art facility like NSLS-II,
which is found to have tune jitter on the order of 10 that
may not be sufficient for high-precision nonlinear lattice
calibration. If we can obtain a TSwA curve with a single
shot, these issues can be eliminated completely.

;nger (Kicker(tilse
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Figure 1: Various setups for measurements of tune shift
with amplitude. (a) Conventional multiple-shot setup that
is prone to machine jitter and drift. New single-shot set-
ups with trains of bunches (b) discretely placed and (c)
continuously placed in a storage ring.

NOVEL SINGLE-SHOT TECHNIQUE

Our single-shot method involves placing trains of
bunches either discretely or continuously spread out in the
ring as shown in Figs. 1(b) and (c). Due to NSLS-II ping-
ers having half-sine pulses (FWHM of ~0.6 revolution
period), these bunches experience different kick strengths.
Then we save BPM ADC data from 180 regular RF BPMs
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Figure 2: One turn ADC signal from a button of a BPM
when 8 trains of bunches are roughly equally spread out
in the ring. Shaded regions contain signals of bunch mo-
tion. Gating one of these sections and applying the stan-
dard TbT extraction process results in TbT position data
only for the selected train of bunches.
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Abstract

The international Muon Ionization Cooling Experiment
(MICE) will demonstrate ionization cooling, the only tech-
nique that, given the short muon lifetime, can reduce the
phase-space volume occupied by a muon beam quickly
enough. MICE will demonstrate cooling in two steps. In the
first one, Step IV, MICE will study the multiple Coulomb
scattering in liquid hydrogen (LH,) and lithium hydride
(LiH). A focus coil module will provide focusing on the
absorber. The transverse emittance will be measured up-
stream and downstream of the absorber in two spectrometer
solenoids (SS). Magnetic fields generated by two match coils
in the SSs allow the beam to be matched into flat-field re-
gions in which the tracking detectors are installed. This
paper will present preliminary results and present plans for
data taking of MICE Step IV, together with the design of the
MICE Cooling Demonstration Step (Step DEMO), which
requires addition of RF systems in the current setup.

INTRODUCTION

A stored muon beam is capable of producing a high inten-
sity, precisely known, flavor-pure neutrino beam, and can
provide a source for a multi-TeV muon collider [1-3]. The
muon beam is generated from pion decay, where the pion
beam is produced by bombarding a target with a high-power
proton beam. Muons generated in this way occupy a large
phase space volume, which is hard to accept using traditional
accelerator components. In order to increase the acceptance,
the beam must be cooled before acceleration. Because of the
short lifetime of muons, traditional cooling methods do not
suffice. In ionization cooling, all components of the muon
momentum are reduced when the beam passes through an
absorber. The longitudinal momentum is then restored with
re-acceleration [4]. The dependence of the normalized trans-
verse emittance of a muon beam passing through a medium
is given by:

de, 1 €, [dE 1 B.(0.014GeV)? |

ds = B2E, <ds > i B3 2E,muXo M
where €, is the normalized transverse emittance, 8 = v/c,
E, the energy in GeV, B, the transverse Courant-Snyder
betatron function, m, the muon mass in GeV/ c2, and X,
the radiation length of the material. MICE will be the first
experiment to demonstrate the reduction of the transverse
phase space volume of a muon beam at a momentum useful
for neutrino factory and muon collider applications.

* Work supported by Fermilab, Operated by Fermi Research Alliance,
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Figure 1: The schematic drawing of the MICE Step IV beam-
line configuration. The red label marks the position of M1D,
which will stay powered off during Step IV due to a failure
in Sep. 2015.
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Step IV of MICE will make detailed measurements of
multiple Coulomb scattering and energy loss of muons in
the absorber materials over a range of momenta from 140 to
240 MeV/c. The collaboration also seeks to measure trans-
verse normalized emittance reduction in a number of lattice
configurations [5]. A schematic drawing of MICE Step IV
is shown in Figure 1. The phase space volume of the beam
is measured in the upstream and downstream spectrometer
solenoids (SSU and SSD) using scintillating-fiber (Scifi)
trackers. Time-of-flight (TOF) detectors upstream of SSU
and downstream of SSD are used for particle identification.
There are twelve coils in the channel. Three coils, E-C-E, in
each of the SSs provide constant fields within the trackers.
Two coils, M1 and M2, in each of the SSs provide matching
into the focus coil (FC) module, and two coils in the FC mod-
ule provide beam focusing onto the absorber. MICE Step IV
will be operated in both flip and solenoid modes, where the
direction of longitudinal magnetic field, B,, flips across the
absorber in flip mode and stays the same in solenoid mode.

In the next and final step of MICE, which is the demonstra-
tion of the ionization cooling, or Step DEMO, RF cavities
and two additional absorber modules will be introduced. In
this step, the unnormalized transverse emittance of the beam
will be reduced with RF re-acceleration. The goals of MICE
Step IV and Step DEMO are described in Table 1.

MICE STEP IV STATUS

MICE Step IV has completed its construction. Currently
all the detectors described above are in place and working.
MICE has developed its own comprehensive simulation soft-
ware package, the MICE Analyses User Software (MAUS).
MAUS was organized and written to combine the simulation
requirements: to not only perform Monte Carlo (MC) simu-
lations based on Geant4 core packages, but also to provide
online monitoring and offline reconstruction of experimental
data. MAUS has developed rapidly over the years and now is
in version 2.6.0. In parallel, a G4beamline [6] simulation en-
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Abstract

A design is presented for a hadron collider in which the
magnetic storage ring is configured as a circular pipeline,
supported in neutral buoyancy in the sea at a depth of
~100 m. Each collider detector is housed in a bathysphere
the size of the CMS hall at LHC, also neutral-buoyant.
Each half-cell of the collider lattice is ~300 m long,
housed in a single pipeline segment. A choice of ~3.2 T
dipole field, 1,900 km circumference provides a collision
energy of 500 TeV. Beam dynamics is dominated by
synchrotron radiation (SR) damping, which sustains lu-
minosity for >10 hours and supports bottoms-up injection
to replace losses and sustain high luminosity indefinitely.
We discuss how to connect and disconnect half-cell seg-
ments of the collider at-depth using remote submersibles,
and how to maintain the lattice in the required alignment.

INTRODUCTION

Several scenarios are being investigated [1,2] for a fu-
ture hadron collider that would extend well beyond the 14
TeV collision energy of LHC. Keil [3] showed that the
beam dynamics in a hadron collider operating at 100 TeV
or greater collision energy is dominated by synchrotron
damping. The choice of magnetic field strength B strong-
ly determines the cost and performance of such a collider.
The radius R of the storage ring is inversely proportional
to B; the total SR power P that is radiated by the beams is
proportional to B, and the achievable luminosity L is
limited by P and by the beam-beam tune shift &:

L= YENS

_ 3¢
erp, T3 L= (87Ty3ﬁxrpez) PR.

The lowest cost/TeV superconducting dipoles ever built
were those for the 3 T superferric SSC [4] and the 4 T
RHIC [5]. Thus both technology cost and performance
(~L) improve with decreasing field and increasing cir-
cumference. At the other pole is the choice of 15 T that
would be required to achieve 100 TeV collision energy
with tunnel circumference that could be built near CERN.

It is also important to keep in view the physics motiva-
tion that drives proposals for a future hadron collider — to
discover new particles and new gauge fields of nature.
There is a fundamental difference between the present
case and the successes of the last generation — the pro-
posal to build proton-antiproton colliders [6] was moti-
vated by the prediction that the weak bosons should have
a mass ~100 GeV/c?, and the proposals for SSC and LHC
were motivated by the prediction that the Higgs boson

__8mNfe? 4
SR ,
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should have a mass <500 GeV/c’. There is however no
compelling prediction today of a mass scale for new
gauge fields beyond the electroweak and Higgs scales.
This consideration suggests that the parameters for a new
hadron collider should be chosen to achieve the highest
possible collision energy for a given public investment.

In a previous paper [2] we presented the design of a ca-
ble-in-conduit (CIC) dual-dipole, shown in Fig. 1 that
minimizes the cost/TeV of the superconducting magnets
for a future hadron collider. In this paper we consider
using that design in a hadron collider that with radius
limited ultimately by the total synchrotron radiation heat
P that can be sustainably pumped from an intermediate-
temperature intercept in the cryogenics. Those parame-
ters optimize with a magnetic field of ~3.2 T, a circumfer-
ence of 1,900 km, and a collision energy of 500 TeV. We
further consider a new option that would eliminate the
tunnel: a Collider-in-the-Sea.

Figure 1: 4.5 Tesla C-dipole for an ultimate-energy had-
ron collider. Each beam tube has a side SR channel.

COLLIDER IN THE SEA

An example siting of the Collider in the Sea is shown in
Fig. 2 for an example site in the Gulf of Mexico. The

peas

Figure 2: Bathymetry of the Gulf of Mexico, showing
potential alignment of a 1,900 km circumference hadron
collider. Red =100=»200 m isobaths; = 0-100 m
isobaths; blue = detectors; green = surface topography.
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Abstract

Development of the superconducting RF crab cavities
is one of the major activities under the high luminosity
LHC upgrade project that aims to increase the machine
discovery potential. The crab cavities will be used for
maximizing and leveling the LHC luminosity hence hav-
ing tight tolerances for the operating voltage and phase.
RF field stability in its turn is sensitive to Lorentz force
and external loads, so an accurate modelling of these
effects is very important. Using the massively parallel
ACE3P simulation suite developed at SLAC, we perform
a corresponding multiphysics analysis of the electro-
mechanical interactions for the RFD crab cavity design in
order to ensure the operational reliability of the LHC
crabbing system.

INTRODUCTION

The high luminosity LHC upgrade project [1] aims to
broaden the machine potential after 2025. To increase the
accelerator luminosity beyond the design value the use of
the superconducting RF crab cavities [2] is planned.

Two cavity designs, namely RFD and DQW [3], are
now under development to demonstrate the beam crab-
bing scheme. One of the major operational concerns of
this scheme is the RF field stability that is sensitive to
Lorentz force and external loads. To ensure tight toleranc-
es for the deflecting voltage and phase a good understand-
ing of the complicated multiphysics interactions within
the crab cavity is required. In particular, the electro-
mechanical coupling parameters for the beam dynamics
and performance analysis must be determined.

Table 1: Selected Parameters of the RFD Crab Cavity

Cavity and stiffening Y FIXED

ﬁl Tank, Ti bars, Nb

X,Y FIXED

X,Y,Z FIXED

Flanges, SS

Flange, SS
Y FIXED

Figure 1: 3D structural model of the RFD crab cavity.
Table 2: Material Properties at 2 K

i ; Young’s
Material ﬁ(egl; :111?], Pﬁ:;zn MOdu%us
[GPa]
Nb 8700 0.38 118
Ti 4540 037 117
SS(316LN) 8000 0.29 193

Parameter Value
Frequency [MHz] 400
Crabbing Voltage [MV] 3.34
Operating Temperature [K] 2

In this paper we study the RFD cavity design (see Table
1 for the list of selected relevant parameters) and use the
parallel ACE3P simulation suite [4] to calculate the effect
of the Lorentz force and tuner displacement on the RF
frequency, determine mechanical eigenmodes as well as
their coupling to electromagnetic fields.

SIMULATION MODEL

We consider the 3D mechanical model of the RFD crab
cavity in a helium tank that was reconstructed based on
the original drawings preserving the total mass and exter-
nal dimensions, see Fig. 1 and Table 2 for more details.

* Work supported by DOE Contract No. DE-AC02-76SF00515
T Oleksiy.Kononenko@slac.stanford.edu
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The cavity mechanical interaction with the external
world is a function of a complex supporting geometry, not
fully designed at the time of the simulations. Same idea
applies to the tuner and its frame. The boundary condi-
tions are therefore a simplification, aimed at preserving
the modes of the cavity inside the helium tank and are
chosen as follows: the beam-pipe flanges are fixed in
transversal plane and free longitudinally; the tuner (not
shown in Fig. 1) is attached to the cavity constraining it
vertically; the fundamental power coupler is fixed in all
three directions.

Figure 2: Electric (top) and magnetic (bottom) fields
[a.u.] in the RFD cavity for the crabbing 400 MHz mode.
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HIGH ENERGY COULOMB SCATTERED ELECTRONS DETECTED IN
AIR USED AS THE MAIN BEAM OVERLAP DIAGNOSTICS FOR TUNING
THE RHIC ELECTRON LENSES*
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W. Fischer, D. Gassner, X. Gu, K. Hamdi, J. Hock, A. Marusic, T. Miller, M. Minty, C. Montag,
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Abstract

A new type of electron-ion beam overlap monitor has
been developed for the Relativistic Heavy Ion Collider
(RHIC) electron lenses. Low energy electrons acquire high
energies in small impact parameter Coulomb scattering
collisions with relativistic ions. Such electrons can traverse
thin vacuum windows and be conveniently detected in air.
Counting rates are maximized to optimize beam overlap.
Operational experience with the electron backscattering
detectors during the 2015 p-p RHIC run will be presented.
Other possible real-time non-invasive beam-diagnostic ap-
plications of high energy Coulomb-scattered electrons will
be briefly discussed.

The present RHIC luminosity limitation for the collision
of polarized protons, imposed by the beam-beam effect, is
due to the non-linear lens effect of the macroscopic field of
one bunch upon each proton in the opposite bunch. This
“bad lens” causing tune-spread, emittance growth and
gradual beam loss can be partially compensated with simi-
lar lenses of opposite polarity located at locations where
the phase advances are integer numbers of © with respect
to the pp interaction region. To accomplish this end, two
electron lenses where installed in the RHIC tunnel and suc-
cessfully used during the 2015 pp run [1]. To optimize the
performance of such electron lenses, the electron and pro-
ton beams need to be accurately superimposed. Fig. 1 illus-
trates the effect of a 0.3 o horizontal misalignment (100 um
for a 300 um rms beam size) which is close to the maxi-
mum that can be tolerated.

To achieve such alignment with beam position monitors
(BPMs) is challenging to say the least. The dc electron
beam needs to be periodically interrupted which is not de-
sirable for stable operation, and the signals thus generated
are very different from the proton bunch signals, making
electronic offsets practically unavoidable. It was realized
at an carly stage that a “luminosity” signal was required
that could measure the degree of overlap directly.

At first, detecting bremsstrahlung from small impact pa-
rameter p-e collisions was considered, but it was soon

* Work supported by Brookhaven Science Associates under Contract

No. DE-AC02-98CH10886 with the U.S. Department of Energy.
Most of this material appears in an article by the same authors enti-

tled "High energy Coulomb-scattered electrons for relativistic particle

beam diagnostics", Phys. Rev. Accel. Beams 19, 041002 (2016)
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Figure 1: The radial kick from the colliding bunch (red) is
partially compensated by an opposite kick from the elec-
tron lens (blue). The compensation is imperfect (grey)
when the beams are misaligned. These curves are approxi-
mations obtained with simplified short beam-beam lens
models for both the p-p and p-e interaction regions.

realized that the electrons participating in such collisions
would acquire high enough energies to allow these to be
detected instead.

The theory of small-impact parameter collisions be-
tween charged particles has been well known since 1911
[2] when Ernest Rutherford discovered the atomic nucleus
by studying the scattering of alpha and beta particles from
stationary targets. Our targets, the protons, far from being
stationary, are moving at relativistic velocities.

Fig. 2 illustrates the fact that a small angle deflection in
the proton frame leads to a backscattered high energy (up
to a several MeV) electron in the lab frame.

A simple theory (see [3] and references therein) was de-
veloped for estimating energies, angles and cross sections
for producing such backscattered electrons. A coordinate
transformation to the proton frame allows the application
of the standard equations for Rutherford scattering. The in-
verse transformation of the results back to the lab frame
yields electron energy and scattering cross sections such as
the ones shown in Fig. 3.

20 6: Accelerator Systems: Beam Instrumentation, Controls, Feedback, and Operational Aspects



ISBN 978-3-95450-180-9

Proceedings of NAPAC2016, Chicago, IL, USA

MOA3CO03

BUNCH SHAPE MONITOR MEASUREMENTS AT THE LANSCE LINAC*

L Draganic"', C. Fortgang, R, McCrady, L. Rybarcyk, R. Garnett, J. O’Hara, H. Watkins, C. Taylor
and D. Baros, Los Alamos National Laboratory, Los Alamos, NM, USA
A. Feschenko, V. Gaidash, and Yu. Kisselev, Institute of the Nuclear Research, Moscow, Russia

Abstract

Two Bunch Shape Monitors (BSM) have been devel-
oped, fabricated and assembled for the first direct longi-
tudinal beam measurements at the LANSCE linear accel-
erator. The BSM detectors use different radio frequencies
for the deflecting field: first harmonic (201.25 MHz) and
second harmonic (402.5 MHz) of the fundamental accel-
erator radio frequency. The first BSM (BSM 201) is de-
signed to record the H' beam phase distribution after the
new RFQ accelerator at the beam energy of 750 keV with
a phase resolution of 1.0° and covering phase range of
180° at 201.25 MHz. The second BSM (BSM 402) is
installed between DTL tanks 3 and 4 of the LANSCE
linac in order to scan both H and H beams at a beam
energy of =73 MeV with a phase resolution of 0.5° in a
phase range of 90° at 201.25 MHz. Preliminary results of
bunch shape measurements of both beams for different
pulse lengths and repetition rates will be presented.

INTRODUCTION

The Los Alamos Neutron Science Center (LANSCE)
sustains a broad user program that includes the neutron
scattering studies, radioactive isotope production, basic
science research and national security programs by
providing multiple accelerated beams to several different
experimental areas. The LANSCE linac accelerates pro-
tons (H") and negative hydrogen ions (H’) to 800 MeV
simultaneously. Accelerated H beam is delivered at 20 Hz
to the proton storage ring, delivered to a moderated neu-
tron production target for neutron-scattering experiments
at the Lujan Center, at 100 Hz to an un-moderated spalla-
tion target for weapons nuclear research programs (WNR)
and commercial programs, an on-demand or low repeti-
tion rate for proton radiography experiments (pRad), and
at 20 Hz for ultra-cold neutron production (UCN). At
present, protons are only delivered for isotope production
(IPF) at 100 MeV. The LANSCE accelerator operates at
120 Hz [1, 2]. Operational parameters are listed in Table
1. All beams are delivered to the LANSCE experimental
areas on a pulse-by-pulse basis, initially accelerated in
separate Cockcroft-Walton-based injectors, to energy of
750 keV, and to a final beam energy of 800 MeV by a
201.25-MHz-drift tube linac (DTL) and 805-MHz cou-
pled cavity linac.

In order to better understand longitudinal dynamics of
both beams during tuning and operations we have pur-
chased bunch-length measurement systems from the Insti-
tute for Nuclear Research of Russian Academy of Science

* Work supported by the United States Department of Energy, National
Nuclear Security Agency, under contract DE-AC52-06NA25396
T draganic@lanl.gov

in Moscow in 2012. Both BSMs were delivered and as-
sembled at LANSCE during summer 2014. Preliminary
monitor commissioning, instrument calibrations, laborato-
ry tests and tuning without beams were performed at that
time. Based on a project review in 2015, the decision was
made to install the first BSM 402 between DTL tanks 3
and 4 during the next extended maintenance period. The
second BSM 201 installation is awaiting completion of
the RFQ test stand. The BSM 402 detector was success-
fully mounted and aligned in the beam line in July 2016.
First bunch monitor shape measurements of low current
tuning H- beam (1 mA) were recorded on August 7, 2016
during start-up of the LANSCE linac. With BSM 402
located between DTL tanks 3 & 4 we are now able to
measure the bunch shapes for both beam species under
variable operating conditions up to a 4-Hz repetition rate
(Table 1). In this paper we discuss the first direct meas-
urements of H+ and H- bunch profiles.

Table 1: Typical 120-Hz LANSCE Beam Parameters

Area/Beam Duty Factor Chopping Specs

Lujan, H 20 Hz x 625 us=1.25% 290 ns burst every
358 ns

WNR, H 100 Hz x 625 pus=6.25%  Single micropulse
every 1.8 us

pRad, H" 1 Hzx 300 ps =0.03%  20-30, 60 ns beam
bursts, variable
spacing

UCN, H 20 Hz x 625 us=1.25%  Variable

IPF, H" 100 Hz x 625 us=6.25% None

BUNCH SHAPE MONITOR

The basic working concept of the bunch shape moni-
tor is straightforward. First, the device transforms longi-
tudinal distribution of ion beam into a spatial distribution
of secondary electrons emitted from a thin wire, inserted
into the beam. These electrons are then analysed using a
transverse modulation from an RF deflector synchronized
with the basic RF frequency of the linac, which selects a
specific phase slice of the original ion beam to be sam-
pled. The detailed description of the operation of the
BSM detector is published elsewhere [3, 4]. The LANL
BSMs which use two different frequencies for the RF
deflecting field are shown in Fig 1. The fundamental linac
frequency of 201.25 MHz is used in BSM 201 with the
phase resolution of 1°. BSM 402 uses second harmonic
frequency of 402.5 MHz with corresponding phase reso-
lution of 0.5°. Both detectors have an energy-selecting
bending magnet which separates low energy secondary
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Abstract

Fast fiber-optic (FFO) beam loss monitors (BLMs) in-
stalled with the first two superconducting undulators (SCUs)
in the Advanced Photon Source storage ring have proven
to be a useful diagnostic for measuring deposited charge
(energy) during rapid beam loss events. The first set of
FFOBLMs were installed outside the cryostat of the short
SCU, a 0.33-m long device, above and below the beam cen-
terline. The second set are mounted with the first 1.1-m-long
SCU within the cryostat, on the outboard and inboard sides
of the vacuum chamber. The next 1.1-m-long SCU is sched-
uled to replace the short SCU later in 2016 and will be fitted
with FFOBLMs in a manner similar to the original 1.1-m
device. The FFOBLMs were employed to set timing and
voltage for the abort kicker (AK) system. The AK helps to
prevent quenching of the SCUs during beam dumps [1] by
directing the beam away from the SC magnet windings. The
AK is triggered by the Machine Protection System (MPS). In
cases when the AK fails to prevent quenching, the FFOBLMs
show that losses often begin before detection by the MPS.

INTRODUCTION

High-purity, fused silica fiber optic (FO) cables allow for
fast beam loss diagnosis and their use is becoming more
widespread [2—4]. They show no transmission loss up to
doses of 1 MGy. This rad hardness distinguishes the high-
purity fibers from radiation induced attenuation (RIA) fibers;
the latter employ transmission loss as a measure of absorbed
dose [5,6]. The FO beam loss monitors (BLMs) provide
fast dosimetry [7, 8].

Superconducting undulators (SCUs) have been installed
in the insertion device (ID) straight sections of Sectors 1 and
6 (IDO1 and ID06) of the Advanced Photon Source (APS)
storage ring (SR). SCUOQ has been in Sector 6 and SCU1 is
in Sector 1; in September 2016, the prototype SCUO was
replaced with a full length 1-m SCU. In [9], we described
calibration of the FO BLM for SCUQ. The same approach
was employed in IDO1; however, a constant 4-mm horizontal
orbit bump was required in addition to the injection kicker
bump.

INSTALLATION

Both CeramOptec and FiberGuide fused-silica fiber bun-
dles are employed; the bundles are composed of individual

* Work supported by the U.S. Department of Energy Office of Science,
under contract number DE-AC02-06CH11357.
T jedooling@anl.gov

200 um silica core with 220 um step-index silica-cladded
fibers. All bundles are fabricated with a numerical aperture
of 0.22. In the case of the FiberGuide cables, bundles of 7
and 61 fibers are used; whereas, the CeramOptec cables are
all 61-fiber bundles. The SCU1 fiber bundles are positioned
near beam elevation on either side of the vacuum chamber
within the cryostat. Both internal SCU1 bundles are com-
posed of 7 fused-silica fibers. A photograph of the upstream
end of the inboard portion of the cryostat is presented in Fig-
ure 1. The end of the inboard fiber, covered with aluminum
foil, is visible on the lower right-hand side (circled in white).

Figure 1: Looking downstream at the inboard FO bundle
installed in the SCU1 cryostat (end circled in white).

ANALYSIS

Calibration is done by depositing the charge of a single
bunch in the ID straight section where the fibers are lo-
cated [9]. During multi-bunch fill pattern losses, the charge
deposited by each loss pulse is determined from the in-
tegrated photomultiplier tube (PMT) output charge over
the pulse period calibrated against the single-bunch loss
data. For 24-bunch and 324-bunch uniform fill patterns, the
loss pulses are clearly resolved. The SR circumference is
1104 m and the rf operates at a harmonic number of 1296
(frr = 352 MHz); thus, in a 24-bunch fill pattern, the loss
charge is determined from summing the calibrated charge in
each spacing of 54 rf buckets or 154 ns.

Calibration shows the responses of the PMTs to be nonlin-
ear with respect to the lost (deposited) charge. The degree of
saturation depends on both the intensity of light striking the
PMT photocathode as well as the HV bias distributed across
the dynode chain. The PMT output charge as a function of
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Abstract

The SuperKEKB B-Factory at KEK (Japan), after few
years of shutdown for the construction and renovation, has
finally come to the Phase-1 commissioning of the LER and
HER rings, without the final focus system and the Belle II de-
tector. Vacuum scrubbing, optics tuning, and beam related
background measurements were performed in this phase.
Low emittance tuning techniques have also been applied in
order to set up the rings for Phase-2 with colliding beams
next year. An update of the final focus system construc-
tion, as well as the status of the injection system with the
new positron damping ring and high current/low emittance
electron gun is also presented.

INTRODUCTION

The SuperKEKB collider [1] is an asymmetric-energy
and a double-ring electron-positron collider. The energy
of the electron ring is 7 GeV(HER) and the positron ring
is 4 GeV(LER). The collision point is one and the circum-
ference is 3 km. The target luminosity is 8x10% cm™2s7!,
which is 40 times as high as the predecessor KEKB col-
lider [2]. In order to accomplish the extremely high lumi-
nosity, a nano-beam scheme [3] is adopted. A large crossing
angle and a small beam spot size in the both horizontal and
vertical direction are applied in the nano-beam scheme. The
crossing angle between two colliding beams is 83 mrad and
the horizontal beam size is approximately 10 um. When
the overlap region of two colliding beams is considered, the
nano-beam scheme can exchange the coordinate x with z as:

Ty = 0z¢x (1
&, = %<,B;~300pm, )

where the & and &, are the effective horizontal beam size
at the interaction point(IP) and the effective bunch length,

* yukiyoshi.onishi @kek.jp
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respectively. Because the geometrical reduction of the lu-
minosity depends on the effective bunch length in the nano-
beam scheme, it must be smaller than the vertical beta func-
tion at the IP. The low emittance and the low beta function at
the IP in the horizontal direction can realize the requirement
of “hourglass condition” although the real bunch length is
long. The nominal bunch length, o, is 6 mm in SuperKEKB.
In the case of SuperKEKB, the vertical beta function can be
squeezed down to approximately 300 um from this criterion.

The famous luminosity formula is modified by replacing
with the effective values as:

_ NiN_f _ NyN_f
4noy 0’; dro,dx VEy ﬁ;

and the vertical and horizontal beam-beam parameter is

expressed by
1 By
& x —— |2 “
O 0x &y

& By ~ 0.003 4)
¥ (2x)? ’
where ¢, is the half crossing angle. Because there is an
upper limit for the beam-beam parameter, both the vertical
beta function at the IP and the vertical emittance must be
small with keeping their ratio constant in order to achieve
the higher luminosity. The horizontal beam-beam parameter
is almost constant and very small in the nano-beam scheme
even though the small horizontal emittance and the small
horizontal beta at the IP are realized. Consequently, the
dynamic beta and the dynamic emittance becomes small.
The alternative formula of the luminosity is

I¢,
w2

By

In order to achieve 40 times as high luminosity as the
KEKB collider, the vertical beta function at the IP is

3)

L

(©)
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Abstract

LHC operation restarted in 2015 after the first Long Shut-
down, planning for a 4-year long run until the end of 2018
(called Run 2). The beam energy was fixed at 6.5 TeV. The
year 2015 was dedicated to establishing operation at the high
energy and with 25 ns beams, in order to prepare production
for the following three years. The year 2016 was the first
one dedicated to production, and it turned out to be a record-
breaking year, in which the goals in both peak and integrated
luminosities with proton-proton beams were achieved and
surpassed.

This paper revisits 2015 and 2016, shortly highlighting
the main facts in the timelines, recalling the parameters that
characterized luminosity production, and sketching the main
limitations and the main highlights of results for selected
topics, including a particular focus on the beam physics
issues.

INTRODUCTION

The year 2015 marked the restart of LHC [1] operation
with beam after its first Long Shutdown (LS1) [2]. The
first three months were devoted to hardware commission-
ing, which included the dipole training campaign to 6.5 TeV.
The machine checkout interwove with the end of the hard-
ware commissioning, and finally the first probe beams were
circulated on Easter Day (5 April). Eight weeks of beam
commissioning followed, which included recommissioning
of all systems, including machine protection systems. The
summer was devoted to a step-wise scrubbing run and in-
tensity ramp-up: first with 50 ns, then with 25 ns beams. A
total of ~ 3 weeks were dedicated to electron-cloud scrub-
bing at 450 GeV [3]. In September and October the intensity
ramp-up with 25 ns continued, mostly limited by the heat
load induced on the cryogenic system [4]. The month of
August was particularly difficult as the machine availability
was impaired by Single Event Effects on the Quench Pro-
tection Systems [5] and by high UFO rates (Unidentified
Falling Objects, [6]), so much that most of the luminosity
production happened mostly in the months of September
and October.

The year 2016 required only 4 weeks of recommissioning
with beam, followed directly by operation with 25 ns beams.
The 2015 performance with respect to electron-cloud could
be recovered with only ~ 12 hours dedicated to scrubbing at
injection energy [7]. Until mid-July, operation concentrated
on proton-proton physics production, in order to accumulate
as much data as possible for the summer physics confer-

1: Circular and Linear Colliders

ences. The Machine Development (MD) program was then
condensed in the second part of the year. The year was char-
acterized by a much improved machine availability [8] that
allowed integrating more than the yearly target despite a few
limitations on the number of bunches and intensity.

This paper first reviews the luminosity performance
achieved in 2015 and 2016, and then draws attention to
the main limitations encountered, and some highlights of
results for selected topics. This paper does not cover the lead
ion runs (Pb-Pb in 2015 [9], and p-Pb and Pb-p in 2016),
nor the special physics runs (e.g. van der Meer, high-beta,
i.e. 90 m in 2015 and 2.5 km in 2016).

LUMINOSITY PERFORMANCE

The year 2015 was devoted to establishing proton-proton
operation with 25 ns beams at 6.5 TeV, in order to establish
a solid base for production in the rest of Run 2. The choice
of B* in ATLAS and CMS was 80 cm, which was cautious
to allow some extra margins for machine protection pur-
poses. At the end of the proton physics running period, the
peak instantaneous luminosity reached ~ 0.5x10% cm=2s7!,
achieved when the number of bunches per ring was max-
imum for the year (i.e. 2244, see Fig. 1). The main beam and
machine parameters that allowed reaching such luminosity
are shown in Table 1, where also the Design Report and
2016 values are shown.

Table 1: Beam and Machine Parameters from [1], and
Achieved in 2015 and 2016

Parameter Design 2015 2016
energy [TeV] 7 6.5 6.5
bunch spacing [ns] 25 25 25
B* [m] 0.55 0.80 0.40
half crossing angle [prad] 142.5 185 140
N, [10'! ppb] 1.15 .15 1.1

transverse emittance [um] 3.75 3.5 2

number of bunches/ring 2808 2240 2220
L [10** cm™2s7!] (peak) 1 0.5 1.4
pile-up u (peak) 20 18 41
stored beam energy [MJ] 360 270 260

After the experience gained in 2015, in 2016 SB* was
pushed to 40 cm. Additionally, the beam production scheme
was changed from the standard one [1] to “Batch Compres-
sion, Merging and Splitting” [10], which creates brighter
bunches (in particular, ~2 um emittances reach collisions, to
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Abstract

In order to achieve higher instantaneous and integrated
luminosities, the average Au bunch intensity in RHIC has
been increased by 28% compared to the preceding Au
run. This increase was accomplished in part by merging
bunches in the RHIC injector AGS. Luminosity levelling
for one of the two interaction points (IP) with collisions
was realized by continuous control of the vertical beam
separation. Parallel to RHIC physics operation, the elec-
tron beam commissioning of a novel cooling technique
with potential application in eRHIC, Coherent electron
Cooling as a proof of principle (CeCPoP), was carried
out. In addition, a 56 MHz superconducting RF cavity
was commissioned and made operational. In this paper
we will focus on the RHIC performance during the 2016
Au-Au run.

INTRODUCTION

The Relativistic Heavy Ion Collider (RHIC) at
Brookhaven National Laboratory is a circular collider that
has been operated successfully for more than a decade. It
has provided heavy ion collisions of several species at
different energies. In 2016, at the beginning of the FY16
physics run, RHIC provided Au-Au beam collisions at
100 GeV/n beam energy for 10 weeks, followed by 6
weeks of d-Au (Deuteron-gold) energy scan physics run-
ning. The last week of the run, which was originally de-
voted to the CeC PoP experiment, was eventually re-used
for the 100 GeV Au-Au physics run.

INJECTION CHAIN

The Au injection chain of RHIC includes EBIS/Tandem
as an injector, followed by Linac, Booster and AGS. At
the beginning of Runl6, eight bunches in the AGS were
merged into two bunches using a bunch merge scheme of
8§—4—2.

To shorten the filling time, the merge scheme of
12—6—2 (Figure 1) was tested and adopted for RHIC
operation after reaching the maximum intensity (2.1x10°)
in the AGS with the 8—4—2 merge scheme. To make
this scheme work, EBIS also needs to provide 12 pulses
per cycle reliably; additionally the Booster merge energy
has to be raised to meet the power limit from the local
power grid.

* Work supported by the US Department of Energy under contract num-
ber DE-SC0012704
T xgu@bnl.gov
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Figure 1: Merge scheme in the AGS for 8—4—2 (top)
and 12—6—2 (bottom).

With the merging scheme of 12—6—2, the peak bunch
intensity at AGS extraction has reached 3.15x10°. How-
ever, the AGS injection intensity was limited to
2.4~2.5x10°, which was imposed by the amplifier of the
RHIC Landau cavity.

With the upgrade of the Booster low-level RF, the sat-
ellite bunch intensity was only 2% of the Au intensity in
Run 14, while it is around 4~5% in Run 16 because of the
larger number of bunches merged. The longitudinal emit-
tance in the AGS was about 0.7eVs, which is similar to
Run 14. The normalized transverse rms emittance in the
AGS was about 1.7-1.8um. The duty cycle was also ex-
tended from 5.4 seconds to 6.4 seconds, although was
reduced to 6 seconds later. Because of the longer cycle
time, the filling time of RHIC was extended. The increase
emittance growth during the extended filling time resulted
in about 5% smaller ramp efficiency that Run 14.

The Tandem also achieved a record Au intensity of
2.5%10° and met the limited RHIC intensity requirement
during EBIS outages.

RHIC LATTICE AND BEAM LOSS
The 100 GeV Au-Au lattice for Run 16 was similar to
the configuration used in Runl4 [1, 2]. The integer tunes
were (28, 29), and the lattice had a better off-momentum
1: Circular and Linear Colliders
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Abstract

The energy scale for new physics is known to be in the
multi-TeV range, signaling the potential need for a collider
beyond the LHC. A 103 cm™ s~! luminosity 100 TeV
proton-antiproton collider is explored. Prior engineering
studies for 233 and 270 km circumference tunnels were
done for Illinois dolomite and Texas chalk signaling man-
ageable tunneling costs. At a pp the cross section for high
mass states is of order 10X higher with antiproton collisions,
where antiquarks are directly present rather than relying
on gluon splitting. The higher cross sections reduce the
synchrotron radiation in superconducting magnets, because
lower beam currents can produce the same rare event rates.
In our design the increased momentum acceptance (11 +
2.6 GeV/c) in a Fermilab-like antiproton source is used with
septa to collect 12X more antiprotons in 12 channels. For
stochastic cooling, 12 cooling systems would be used, each
with one debuncher/momentum equalizer ring and two ac-
cumulator rings. One electron cooling ring would follow.
Finally antiprotons would be recycled during runs without
leaving the collider ring, by joining them to new bunches
with synchrotron damping.

PROTON ANTIPROTON COLLIDER
REMARKS

Physics beyond the standard model will motivate searches
for new high mass states at present and future colliders for
years to come. It is readily understood that direct gg an-
nihilation processes make a significant contribution to the
production cross section for high mass states, in addition to
gluon splitting present in both pp and pp collisions. The
presence of the anti-quark in the p gives a significant advan-
tage to pp colliders for production of high mass states near
threshold [1-4].

q q
3
s d
S q
q
g w
a) b)

Figure 1: Feynman diagrams for W’ production in (a) ¢g
collision, and (b) gq collision (t channel). The two final state
quarks cross in the u channel, which is not shown.

Figure 1 shows the Feynman diagram for W’ production
from gq and ggq collision. Using the event generator, Mad-
graph [5], the W’ cross section is obtained for different W’

* solivero@go.olemiss.edu
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masses using proton-proton and proton-antiproton collisions
at a center of mass energy of 100 TeV. The results are shown
in the Fig.2. As the mass increases the W’ cross section
obtained with pp collisions is greater compared to pp col-
lisions, becoming approximately 10 times larger at higher

masses.
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Figure 2: W’ boson production cross section as a function

of the mass for pp and pp collisions with a E.,,, = 100 TeV.

Synchrotron radiation (SR) effects, growing as E*/p?,
may become a serious problem in a collider’s superconduct-
ing magnets and vacuum systems, but less so in pp designs.
See the recent design of a 100 km high energy (100 TeV) pp
collider (FCC-hh) [6]. With higher cross sections available
at a pp collider it can be run at lower luminosities, with less
SR effect, and even less detector pileup. Scaling to a 200 km
pp ring, the SR is reduced from 35 W/m [6] to 1.75 W/m.

OBTAINING HIGH LUMINOSITY

An important goal in designing the 100 TeV pp collider
will be achieving a luminosity of 103%*cm™2s7!. As a
starting point, taking as reference the Tevatron collider, the
gain in luminosity for the 100 TeV pp collider, for which the
beam energy is 50 TeV, the ring circumference is 200 km,

and B8* = 14 cm (half of the Tevatron), the luminosity can
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Figure 3: Configuration to divide the beam into two parts.
An initial beam with momentum acceptance p = 11.0 GeV/c
+ 24% is collected by the Li lens and dispersed by a magnetic
dipole to be then divided by a electrostatic septa ES and two
magnetic dipoles MS.

45



ISBN 978-3-95450-180-9

Proceedings of NAPAC2016, Chicago, IL, USA

MOA41001

PERFORMANCE OF THE LOW CHARGE STATE
LASER ION SOURCE IN BNL*

M. OkamuraT, J. Alessi, E. Beebe, M. Costanzo, L. DeSanto, S. Ikeda, J. Jamilkowski, T. Kanesue,
R. Lambiase, D. Lehn, C.J. Liaw, D. McCafferty, J. Morris, R. Olsen, A. Pikin, R. Schoepfer,
A. Steszyn , Brookhaven National Laboratory, Upton, NY USA

Abstract

In March 2014, a Laser Ion Source (LIS) was commis-
sioned which delivers high brightness low charge state
heavy ions for the hadron accelerator complex in
Brookhaven National Laboratory (BNL). Since then, the
LIS has provided many heavy ion species successfully.
The induced low charge state (mostly singly charged)
beams are injected to the Electron Beam Ion Source
(EBIS) where ions are then highly ionized to fit to the
following accelerator’s Q/M acceptance, like Au*?*. A LIS
has been known as high current high charge state ion
source, however we demonstrated it can provide stable
long pulse low charge state heavy ion beam with a good
emittance.

INTRODUCTION

Laser ion source has been used to deliver high charge
state high current beams. In fact, it can provide fully
stripped carbon beam with more than a few tens mA of
beam current [1, 2]. In spite of the known unique features,
we are developing a low charge high brightness laser ion
source. In this report we introduce the laser ion source
which is providing singly charged heavy ion beams to the
electron beam ion source (EBIS) followed by the linacs
and the chain of synchrotrons in BNL.

The new laser ion source was nicknamed as “LION” by
one of the authors. We started to develop the LION in
2009 since the project was funded by NASA. The NASA
has a user facility in BNL which is called as NASA Space
Radiation Laboratory (NSRL) and we provide various
heavy ion beams from the booster ring to simulate high
energy cosmic rays in the NSRL. By installing the LION,
the beam species can be switched in a minutes and the
facility can operate with more versatile and more flexible
modes. Before intfg\roducing LION, all the initial seed
beams were provided from a set of hollow cathode ion
sources [3]. The typical beam currents were only around
ten microamperes with long pulses and the beam transport
line from those external sources to the EBIS was designed
to accommodate the range of the hollow cathode source’s
beam current. The LION beams also need to go through
the same beam transport line comprised of electro static
optics devices with the limited area of good field region.
So that the LION needs to provide relatively low current
comparing a standard LIS, less than a milliampere, with a
very good beam emittance.

In 2014, the first beam from LION was delivered to the

* Work supported by NASA and US Department of Energy under con-

tract number DE-SC0012704.
+ email address okamura@bnl.gov
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EBIS. The beam commissioning was very successful and
since then LION has been used to provide various heavy
ion beams to the NSRL. In 2015, we installed another
laser and additional target to provide gold beam to relativ-
istic heavy ion collider (RHIC). Now most of solid based
species and oxygen are supplied by the LION in BNL.

FEATURES OF LASER ION SOURCE

The principle of a laser ion source is simple. In vacuum
condition, a solid target is irradiated by a pulsed laser
beam and a plasma is formed. The plasma is heated by
successive laser irradiation and the plasma temperature
becomes higher. The typical total laser pulse width is
from sub-nanoseconds to several tens of nanoseconds. By
controlling deposited power on the target, the plasma’s
temperature and expansion speed can be adjusted. For the
LION development, we only need singly charged ions and
the laser power density was controlled just above 10E8
W/em®. We use 850 mJ 6 ns Nd-YAG lasers [4] and the
typical spot size is 3 mm to 5 mm in diameter. As we
stated, the heating process is defined only by the laser and
target. Other factors like effect of vacuum vessel’s wall or
background confinement forces do not contribute the
plasma production. As long as we control the laser stabil-
ity and target surface condition, stable ion beam can be
easily obtained.

Extraction
Electrode

Laser

>

Plasma
lon Beam

Target

Figure 1: Expanding plasma and extracted ion beam.

Figure 1 shows expanding laser ablation plasma. The
gravity centre of the plasma has a velocity perpendicular
to the target surface. While the plasma travels from the
target to the extraction point, it expands three dimension-
ally. After the heating stage, each particle in the expand-
ing plasma can be considered to move on the straight
path, and the envelope of the entire plasma has conical
shape. This conical angle corresponds to the thermal
distribution in the plasma. Generally, the solid angle de-
fined by an extraction hole is much smaller than the
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RECENT PROGRESS IN HIGH INTENSITY OPERATION OF THE
FERMILAB ACCELERATOR COMPLEX *

M. E. ConveryT, Fermi National Accelerator Laboratory, Batavia, IL, USA

Abstract

We report on the status of the Fermilab accelerator
complex. Beam delivery to the neutrino experiments
surpassed our goals for the past year. The Proton Im-
provement Plan is well underway with successful 15 Hz
beam operation. Beam power of 700 kW to the NOvA
experiment was demonstrated and will be routine in the
next year. We are also preparing the Muon Campus to
commission beam to the g-2 experiment.

INTRODUCTION

The Fermilab accelerator complex, shown in Fig. 1, has
surpassed its beam delivery goals for the past year, has
demonstrated 700 kW beam power to the NOVA experi-
ment, and is preparing the Muon Campus to begin com-
missioning beam to the g-2 experiment. These accom-
plishments would not be possible without the successful
execution of the Proton Improvement Plan (PIP) which,
among many other improvements, has enabled beam from
the Booster at 15 Hz. Other near-term upgrades are
planned for increasing beam flux to the Short Baseline
Neutrino experiments. For the longer term, the PIP-II
project is underway to provide protons with more than 1
MW beam power to the Long Baseline Neutrino Facility.

High-Energy
Neutrino
Experiments

periments,
Beam
ity

Ex;
Test
Facili

Figure 1: The Fermilab accelerator complex.

BEAM POWER OF 700 KW

Prior to the Accelerator NOvA Upgrade (ANU) in
2013, 8-GeV protons from the Booster were RF slip-
stacked in the Main Injector, ramped to 120 GeV, and
extracted to the NuMI target every 2.2s, for a beam power
of about 320 kW. The Recycler, a ring with fixed 8 GeV
kinetic energy which shares a tunnel with the Main Injec-

* Operated by Fermi Research Alliance, LLC under Contract No. DE-
AC02-07CH11359 with the United States Department of Energy.
T convery@fnal.gov
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tor, was used for storing antiprotons for the Tevatron
collider. ANU provided RF in the Recycler to allow the
slip-stacking to occur there, thus reducing the cycle time
of the Main Injector to only the 1.3s needed to accelerate
the beam and ramp back down [1]. Along with other
smaller changes, this allows us to reach 700 kW with only
about a 10% increase in intensity per pulse. The biggest
challenge is maintaining high efficiency and low beam
losses.

Slip-stacking in the Recycler was commissioned in
steps, first operating with 6 non slip-stacked bunches, and
then slip-stacking in an additional 2, 4, and 6 bunches
successively. At each step, the beam intensity was in-
creased over time while tuning to decrease losses. The
increase in beam power and integrated number of protons
delivered to NuMI over the past two years are shown in
Fig. 2. (Note that the SY120 slow-spill program takes
10% of the timeline, which reduces the beam power to
NuMI accordingly. Thus the goal of 700 kW will mean
operating at 630 kW when SY 120 is running.) The record
beam power delivered to the NuMI target averaged over
an hour is 613 kW. 700 kW has also been demonstrated
for less than an hour. A collimator system is currently
being installed in the Recycler to capture beam losses
from slip-stacking which will allow us to run routinely at
700 kW in 2017.

Challenges at High Intensity

Slip-stacking is achieved by decelerating the first set of
batches before injecting the second set of six which re-
main on-momentum. Batches of twice the intensity are
captured when the two sets overlap. Overlapping batches
during the slip-stacking process interfere with the ability
of the transverse dampers to pick up the beam position.
The resistive wall instability is instead avoided by in-
creasing the chromaticity. This does introduce a tune shift
between the decelerated bunches and those on the central
RF frequency which results in losses.

A tune shift due to space charge is also present at these
high intensities, and is larger when two bunches overlap
during slip-stacking. Additional details are given in [2].

PROTON IMPROVEMENT PLAN

The Proton Improvement Plan (PIP) was initiated in
2011 as a multi-year campaign funded through operations
to increase the beam repetition rate from ~7 Hz to 15 Hz
and double the proton source flux to more than 2x10'
protons/h without increasing total beam losses. Other
goals are to eliminate major reliability vulnerabilities and
obsolescence issues in order to ensure a useful operating
life of the proton source through at least 2030.

4: Hadron Accelerators
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COMPLETE BEAM DYNAMICS OF THE JLEIC ION COLLIDER RING
INCLUDING IMPERFECTIONS, CORRECTIONS, AND DETECTOR
SOLENOID EFFECTS

G.H. Wei', V.S. Morozov, F. Lin, F. Pilat, Y. Zhang,
Jefferson Lab, Newport News, VA 23606, USA
Y .M. Nosochkov, M.-H. Wang, SLAC, Menlo Park, CA 94025, USA
M.-H. Wang, Mountain View, CA 94040, USA

Abstract

The JLEIC is proposed as a next-generation facility for
the study of strong interaction (QCD). Achieving its goal
luminosity of up to 10** cm™s™ requires good dynamical
properties and a large dynamic aperture (DA) of ~ +10
sigma of the beam size. The limit on the DA comes
primarily  from  non-linear = dynamics, element
misalignments, magnet multipole components, and
detector solenoid effect. This paper presents a complete
simulation including all of these effects. We first describe
an orbit correction scheme and determine tolerances on
element misalignments. And beta beat, betatron tunes,
coupling, and linear chromaticity perturbations also be
corrected. We next specify the requirements on the
multipole components of the interaction region magnets,
which dominate the DA in the collision mode. Finally, we
take special care of the detector solenoid effects. Some of
the complications are an asymmetric design necessary for
a full acceptance detector with a crossing angle of 50
mrad. Thus, in addition to coupling, the solenoid causes
closed orbit excursion and excites dispersion. It also
breaks the figure-8 spin symmetry. We present a scheme
with correction of all of these effects.

IR REQUIREMENT AND CHANLLENGES

Follow the step of the HERA, a new lepton-proton
collider with a luminosity of several 10> cm™sec!, which
called the JLEIC, is designed to meet the new physics
researches in quantum chromo-dynamics (QCD). To
realize such high luminosity and physics purposes, a full-
acceptance detector [1] in the first IP is designed as
shown in Fig. 1.

Figure 1: IR design in the first IP of the JLEIC.

" gwei@jlab.org
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The IR design needs a long space for detector solenoid.
And considering forward hadron detection, a highly
asymmetric IR optics is studied as shown in Fig. 2. This
new structure [2] makes a B*,/B*, of 0.1/0.02 meter at IP
(Interaction Point) with very different expended beta in
upstream FFB (Final Focusing Block) and downstream
FFB, ~ 750 m in upstream FFB and ~ 2500 m in
downstream FFB. It would cause some design challenges
on linear optics, chromaticity compensation, detector
solenoid compensation, magnet quality issue, and beta
squeeze etc.
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Figure 2: Asymmetric optics of IR design.

CHROMATICITY ISSUE

We use two non-interleaved —I sextupole pairs (X & Y)
to compensate chromatic B*. And remaining linear
chromaticity is cancelled using two-family sextupoles in
arc section [3]. Final optics can be seen in Fig. 3.
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Figure 3: Beam optics of the JLEIC ion collider ring.
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COMPACT CARBON ION LINAC™

P.N. Ostroumov**, A. Goel, B. Mustapha, A. Nassiri, A.S. Plastun
Argonne National Laboratory, Lemont, IL, USA
L. Faillace, S.V. Kutsaev, E.A. Savin, RadiaBeam Technologies, Santa Monica, CA, USA

Abstract

Argonne National Laboratory is developing an
Advanced Compact Carbon Ion Linac (ACCIL) in
collaboration =~ with  RadiaBeam Technologies. =~ The
45-meter long linac is designed to deliver up to 10°
carbon ions per second with variable energy from
45 MeV/u to 450 MeV/u. To optimize the linac design in
this energy range both traveling wave and coupled-cell
standing wave S-band structures were analysed. To
achieve the required accelerating gradients our design
uses accelerating structures excited with short RF pulses
(~500 ns flattop). The front-end accelerating structures
such as the RFQ, DTL and Coupled DTLs are designed to
operate at lower frequencies to maintain high shunt
impedance. In parallel with our design effort ANL’s RF
test facility has been upgraded and used for the testing of
an S-band high-gradient structure designed and built by
Radiabeam for high pulsed RF power operation. The
S5-cell S-band structure demonstrated 52 MV/m
acceleration field at 2 us 30 Hz RF pulses. A detailed
physics design, including a comparison of different
accelerating structures and end-to-end beam dynamics
simulations of the ACCIL is presented.

INTRODUCTION

There is strong worldwide interest in carbon ion beam
therapy [1, 2], but no such facility exists or under con-
struction in the USA. A variable energy carbon beam with
a maximum energy of 450 MeV/u is required for the most
advanced treatment. We propose a high-gradient linear
accelerator, the Advanced Compact Carbon Ion Linac
(ACCIL) which includes the following main sections: a
radiofrequency quadrupole (RFQ) accelerator, a drift-tube
linac (DTL), coupled DTL tanks, operating at a sub-
harmonic of the S-band frequency, and followed by an S-
band either traveling wave or standing wave accelerating
structure for the energy range from 45 MeV/u to
450 MeV/u. ACCIL is designed to accelerate the proton
beam as well.

LINAC SECTIONS

In order to satisfy the requirements of compactness, re-
liability and efficiency we examined S-band accelerating
structures and other structures operating at the sub-
harmonics for the low energy section. The following
criteria have defined the set of accelerating structures and
their operating frequencies: a high real-estate average
accelerating gradient of 20 MV/m, a reasonable heat load

* This work was supported by the US DOE, Office of Nuclear Physics
and High Energy Physics, under contract number DE-AC02-06CH11357
**Ostroumov @frib.msu.edu
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(pulsed and average), less than 10 breakdowns per pulse
per meter, a repetition rate of 120 Hz and a beam pulse
width of 0.5 ps.

lon Source

The typical radiation dose for hadron therapy is deliv-
ered at the rate of (3-10)-10% carbon ions/sec and 10"
protons/sec [3]. This rate can be achieved at 120 Hz repe-
tition rate, beam pulse width below 0.5 ps, and a pulsed
electric current of 13.3 A for '*C°" and 27 pA for proton
beam. Commercially available ECR ion sources [4] can
provide the required beam intensity for both C** and pro-
tons. C* ions are preferable to avoid contamination by
residual gas ions. The DC beam extracted from the ECR
should be chopped into 0.5 ps pulses. Typically, ECRs
can provide carbon and proton beams with a normalized
transverse emittance of 0.35 m-mm-mrad containing 90%
of ions.

RFQ

To meet the alignment specifications of high frequency
RFQ, we will apply high temperature furnace brazing
technology [5-7]. Currently, we are considering asymmet-
ric 4-vane structure [8] for the RFQ, which can provide a
good separation of non-operational modes [9, 10]. The
transverse cross-section of the RFQ is shown in Fig. 1.
The RFQ accelerates the carbon '*C°* jon beam to
3 MeV/u over the length of L =4 m. The operating fre-
quency f=476 MHz provides a reliable accelerating
gradient, moderate field sensitivity to local random errors
of resonator geometry, which scales as (#L)* [11], and
sufficient beam acceptance. Right after the RFQ, the C°*
beam will be converted into C** by stripping with a thin
carbon foil.

140 mm

200 mm

Figure 1: Transverse cross-section of the compact asym-
metric 4-vane RFQ.

DTL and Coupled DTL

The effective shunt impedance per unit length of an
RFQ drops as B like in any other accelerating structure
based on a TE-mode resonator. In order to provide both
high efficiency and high accelerating gradient, a TM-
mode is preferred in the sections following the RFQ. The
most efficient TM-mode-structure in the 3 —20 MeV/u
energy range is a multi-gap DTL (also known as Alvarez
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ERL-RING AND RING-RING DESIGNS FOR THE eRHIC ELECTRON-ION
COLLIDER *

V. Ptitsyn, Brookhaven National Laboratory, Upton, USA

Abstract

Two design options explored for eRHIC accelerator de-
sign are described: the ERL-Ring and the Ring-Ring.
Both are capable to provide the Iuminosity level
(10** em™s™) required for an eRHIC Initial stage. Both
options are upgradable to the Ultimate ERL-Ring design
(L~10* s'em™). Present status of eRHIC R&D program
is reported.

FROM RHIC TO ERHIC

RHIC collider at BNL has been operating from begin-
ning of the century with heavy ion and polarized proton
collisions in several experiments. The collider has been
successfully fulfilling the physics goals it was built for.
Experiments with heavy ion collisions led to a discovery
and consequent detailed study of properties of quark-
gluon perfect fluid matter, a substance existed at the very
origin of the Universe. And, using collisions of polarized
proton beam, the study of proton spin composition has
been carried out, especially, gaining the knowledge of a
gluon component of the proton spin. Besides producing
remarkable nuclear physics results the RHIC collider has
demonstrated consistent improvements in the machine
luminosity of both heavy ion and proton collisions, liter-
ally every year. Presently, RHIC is an only place in the
world with high energy polarized proton beams. It em-
ploys numerous techniques and devices throughout the
injector chain and in RHIC itself to achieve high proton
polarization level (up to 60%) of colliding beams at the
store energy.

Present plan is to continue the experiments with heavy
ion and polarized proton collision at RHIC till 2024. After
that a transition to eRHIC, an electron-ion collider (EIC),
can be realized. Recent US Nuclear Physics Long Range
Plan [1] recommended a high-energy high-luminosity
polarized EIC as the highest priority for a new NP facility
construction. The transition from RHIC to eRHIC in-
cludes adding an electron accelerator to the existing
RHIC ion complex. Building the EIC at BNL has a com-
pelling advantage of using available $2.5B RHIC ion
complex. Besides the existing ion machine, eRHIC will
re-use the existing infrastructure: RHIC tunnel and build-
ings, detector halls and cryogenic facility. eRHIC will
take a full advantage of present capability of RHIC to
provide polarized protons (up to 275 GeV) and heavy
ions (up to Uranium).

The physics goals of the proposed electron-ion collider
are well described in the EIC White paper [2], the eRHIC

* Work supported by the US Department of Energy under contract num-
ber DE-SC0012704
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Design study report [3], as well as in a EIC physics
presentation made at this conference [4]. One major area
or the EIC physics is related with 3D nucleon imaging
and with completely resolving the nucleon spin puzzle.
For these studies the high luminosity of polarized electron
on polarized proton collisions is required. Other major
direction of EIC exploration is related with studies of a
dense gluon matter, ideally, discovering a predicted gluon
saturation state, color-glass condensate. These studies are
most effectively done with electron - heavy ion collisions
with high center-of-mass energy (but, not necessarily
requiring high luminosity).

Reaching into the gluon saturation conditions calls for
highest eRHIC electron energy to be 18 GeV. In the same
time the experiments require wide coverage of center-of-
mass energy range, so that the electrons must be provided
in the range from 5 GeV to 18 GeV. Other collider design
goals are:

e Reaching L ~10%-10** cm?s™! (exceeding HERA
luminosity by 2 orders of magnitude).

e Providing high electron and proton polarization
(>70%). Realizing complex spin pattern on the same
fill.

o Satisfying full (or near full) acceptance detector, with
detector elements integrated in the accelerator IR for
forward particle detection.

e Minimizing the construction and operational cost of
accelerator.

TWO ERHIC DESIGN OPTIONS

To achieve the accelerator design goals two design op-
tions are being evaluated, accordingly to a type of elec-
tron accelerator employed. An ERL-Ring design option
uses an energy-recovery linac for electron beam accelera-
tion. Alternative design option, Ring-Ring, considers
storing high current electron beam in a storage ring.

The Iuminosity of ERL-Ring design is not limited by
the electron beam-beam limit. This design option pro-
vides a straightforward way to high luminosity by using a
small beam size at the interaction point. Application of a
hadron cooling provides a simple possibility to increase
the luminosity even further. This design option is also
more efficient in terms of construction and operation cost.
On the other side it calls for some accelerator technology
beyond the present state-of-the-art, especially demanding
high current polarized electron source.

The Ring-Ring design has less technological challenges
than the ERL-Ring one. High luminosity is achieved by
utilizing high circulating beam currents. Large synchro-
tron radiation power, produced by high electron current,

1: Circular and Linear Colliders
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DESIGN OF MUON COLLIDER LATTICES*

Y. Alexahin’, Fermi National Accelerator Laboratory, Batavia, Illinois, USA

Abstract

A Muon Collider (MC) promises unique opportunities
both as an energy frontier machine and as a factory for
detailed study of the Higgs boson and other particles (see
e.g. ref. [1]). However, in order to achieve a competitive
level of luminosity a number of demanding requirements
to the collider optics should be satisfied arising from short
muon lifetime and relatively large values of the transverse
emittance and momentum spread in muon beams that can
realistically be achieved with ionization cooling. Basic
solutions which make possible to achieve these goals with
realistic magnet parameters are presented.

INTRODUCTION

There are a number of requirements that are either spe-
cific or more challenging in the case of a muon collider:

e Low beta-function at IP: £+ values of a few millime-
ters are considered for muon colliders in the c.o.m.
energy range 3-6 TeV.

e Small circumference C to increase the number of
turns (and therefore interactions) the muons make
during their lifetime.

e High number of muons per bunch: N, ~ 2:10'2 and
higher is envisaged.

e Protection of magnets from heat deposition and de-
tectors from backgrounds produced by secondary
particles.

Other requirements are specific to either high energy
MC or the Higgs factory and will be analysed in the sub-
sequent sections.

Though short muon lifetime, ~ 2000 turns, creates a
number of problems, but there is a positive side of it: such
short time is not enough for high-order resonances to
manifest themselves. Other sources of diffusion like IBS
or residual gas are also too weak to produce a halo, so if
the muon beams were pre-collimated e.g. at 3o before
injection into the collider ring their distribution is likely to
stay bounded by a close value. This would relax the
requirements on the dynamic aperture and on the
efficiency of the halo removal from the ring.

LATTICES FOR HIGH-ENERGY MC

In order not to lose much in luminosity due to the hour-
glass effect (see e.g. ref. [2]) the bunch length should be
small enough: o < S+ With longitudinal emittance ex-
pected from the final cooling channel this will render the
momentum spread op/p ~ 0.001 which is an order of
magnitude higher than in hadron colliders like Tevatron or
LHC. Therefore a high energy MC must have a large
momentum acceptance and - to obtain small o; with a

* Work supported by Fermi Research Alliance, LLC under Contract DE-

ACO02-07CH11359 with the U.S. DOE
1 alexahin@fnal.gov
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reasonable RF voltage - low momentum compaction
factor |a. | ~ 1073

Also, for beam energies £ > 2 TeV there is a peculiar
requirement of absence of straights longer than ~0.5 m in
order not to create "hot spots" of neutrino radiation [3].
As a consequence quadrupoles must have a dipole com-
ponent to spread out the decay neutrinos. This creates
difficulties with f*-tuning sections which must allow for
[+ variation in a wide range without breaking the disper-
sion closure.

In the following subsections we consider different parts
of the ring.

Interaction Region (IR)

The dipole component in the IR quadrupoles may play
a positive role sweeping away from the detector the
charged secondary particles created by decays in incom-
ing muon beam. To maximize this positive effect the
strongest quadrupole in the Final Focusing (FF) multiplet
— which is usually the second one from the Interaction
Point (IP) — should be defocusing.

Another important requirement to the FF multiplet is
that the last quadrupole was also defocusing in order to
reduce the “dispersion invariant” generated by the follow-
ing strong dipole used in the chromaticity correction
scheme discussed later.

r(em)

QB @ Q4 Ml Q4 Qs Bl

40 50 s(m)

141 Q2

1 2 %
Figure 1: 6 TeV IR magnet apertures and 5o beam enve-
lopes for f* =3 mm and normalized emittance ey =25
(m) mm-mrad. Defocusing magnets are shown in cyan.

Table 1: 6 TeV IR Magnet Parameters

Parameter | Q1 Q2 Q3 Q4 Q5
ID (mm) 160 200 240 240 240
G (T/m) 200  -125 -100 103 -78
Bipote (T) 0 3.5 4.0 3.0 6.0
L (m) 53 3.0 5.1 5.1 5.1

To satisfy both requirements simultaneously the multi-
plet should be either a doublet or a quadruplet. The first
option was used in the E.om= 1.5 TeV design [4]. For
higher energies it is advantageous to use the second op-
tion which allows for much smaller 3.
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FOR A MULTI-ION LINAC INJECTOR*
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Argonne National Laboratory, Lemont, USA
Ialso at FRIB, Michigan State University, East Lansing, MI, USA

Abstract

A pulsed multi-ion injector linac is being developed by
ANL for Jefferson Laboratory’s Electron-Ion Collider
(JLEIC). The linac is designed to deliver both polarized
and non-polarized ion beams to the booster synchrotron at
energies ranging from 135MeV for hydrogen to
43 MeV/u for lead ions. The linac is composed of a
5 MeV/u room temperature section and a superconducting
section with variable velocity profile for different ion
species. This paper presents the results of the RF design
of the main components and the beam dynamics
simulations of the linac front-end with the goal of
achieving design specifications cost-effectively.

INTRODUCTION

A pulsed multi-ion linac with a normal conducting
front-end up to 5 MeV/u and a superconducting section
for higher energies as an injector for the JLab Electron-
Ion Collider (JLEIC) was discussed in ref. [1, 2]. Further
modifications and improvements of the front-end design
are described below.

FRONT-END

A block-diagram of the injector linac is shown in
Fig. 1. The JLEIC ion injector linac will consists of both
heavy and light ion sources including polarized H, *D,
*He*", °Li*" ion sources. The emittance of the polarized
beams is usually larger than the emittance of heavy ion
beams. For this reason, we propose to use two separate
Radio-Frequency Quadrupole (RFQs) sections. The room
temperature front-end consists of 2 RFQs, a Medium
Energy Beam Transport (MEBT) system to accommodate
and match beams from 2 separate RFQs and three tanks
of 100 MHz drift tube linac (DTL) as shown in Fig. 1.
The FODO lattice of the DTL provides adequate focusing
and the required transverse acceptance for both heavy
ions and polarized light ion beams. To minimize the
overall linac cost, the transition energy between normal

and superconducting sections is selected to be 5 MeV/u.

AZ=T7 Carbon

@/ RFQK 100MHz 100 MHz 100 MHz 100 MHz Stripper 100 MHz 100 MHz 200 MHz 200 MHz
1oure > DTL+ DTL + DTL -QWR 4 - QWR-QWR " HWR : HWR -
B RFQ ) .
ANZS2
500 keV/u

Normal conducting } Superconducting
'

(Pb) 44 MeV/u

5 MeV/u 8.7 MeV/u (H) 135 MeV/

Figure 1: A schematic layout of the JLEIC ion linac.

* This work was supported by the U.S. Department of Energy, Office of
Nuclear Physics, under Contract DE-AC02-06CH11357. This research
used resources of ANL’s ATLAS facility, which is a DOE Office of
Science User Facility.
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Ion Sources

Several types of ion sources are being considered: an
Atomic Beam Polarized Ion Source (ABPIS), an
Optically-Pumped Polarized Ion Source (OPPIS), an
Electron Beam Ion Source (EBIS) and an Electron
Cyclotron Resonance ion source (ECR). Table 1 provides
design parameters of the beams based on the recent data
[3] and the JLEIC requirements.

Table 1: Design Parameters of the Beams

lons  Source current,  Polari-  Emittance,
mA zation  m-mm-mrad
Iyy- ABPIS .
B oppis 2 >90% 1.0
»..  ABPIS .

b OPPIS 2 >90% 2.0
SHe?" EBIS 1 70% <1
°Li*  ABPIS 0.1 70% <1

205pp3**  ECR 0.5 0 0.5
LEBT

Low Energy Beam Transport (LEBT) systems for both
polarized light ion and non-polarized heavy ion beams
have been designed with TRACE3D [4]. The light ion
LEBT (see Fig. 2) is based on the BNL OPPIS LEBT
design [5]. Two dipole magnets of opposite bend
directions are used to keep the spin orientation of
polarized ions. Detailed spin dynamics studies in the
LEBT will be performed later.

JLEIC lon Injector
Light lon LEBT

ION SOURCE ===

L——— ap1 Qb3

Figure 2: Light ion LEBT.

The heavy ion LEBT, presented in Fig. 3, is based on
the CERN Lead Linac3 LEBT design [6]. Here two
dipoles act as a mass - spectrometer separating
neighbouring charge states.
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TOKAMAK ACCELERATOR
Ge Li, Institute of Plasma Physics, Chinese Academy of Sciences, Anhui 230031, China

Abstract

Tokamak accelerator within plasma is analyzed to be
implemented in existing machines for speeding the
development of fusion energy by seeding fast particles
from external high current accelerators — the so-called
two-component reactor approach [J. M. Dawson, H. P.
Furth, and F. H. Tenney, Phys. Rev. Lett. 26, 1156
(1971)]. All plasma particles are heated at the same time
by inductively-coupled power transfer (IPT) within an
energy confinement time. This could facilitate the
attainment of ignition in tokamak by forming high-gain
high-field (HGHF) fusion plasma. Tokamak as an
accelerator could decrease the circulating power of fusion
power plant and HVDC voltage of the external
accelerators by simply inserting in-vacuum vertical field
coils (IVC) within its vacuum vessel, as is suggested on
Experimental Advanced Superconducting Tokamak
(EAST) for designing efficiency China Fusion
Engineering Test Reactor (CFETR).

INTRODUCTION

Up to 1h long-pulse accelerators with 40A beam
current at IMV are designed for externally heating ITER
plasma — safety concern occurs due to its 1MV extra-
high-voltage design[1]. The compressed plasma by
Magnetic Compression (MC) is thus suggested as High-
Gain High-Field (HGHF) plasma for efficiency tokamak
heating [2]. In work here, ion accelerator within the
plasma is further analyzed as the second accelerating
stage for designing China Fusion Engineering Test
Reactor (CFETR) with much low external accelerating
voltage and circulating power. The safety problem could
thus be mitigated by the two-stage accelerating scheme.

Fast particles are further accelerated by Magnetic
Compression (MC) in tokamak major radius [3], as is one
step of HGHF plasma. Physical process of HGHF is
formulated for studying the efficiency plasma on
Experimental Advanced Superconducting Tokamak
(EAST). EAST can simulate the HGHF fusion plasma of
CFETR for high efficiency tokamak with low circulating
power requirements by upgrading EAST with MC
technology.

MC ANALYSIS TO TOKAMAK
ACCELERATOR

Transformer model is not only used for designing
tokamak, but also used for analyzing its discharged
plasma current as its second winding in real time
condition. Recent study [4] suggest the ratio of its
bootstrap current, i.e. the fraction of self-generated
current in plasma current could reach over 85% by
external heating and current drive (H&CD) — it is the
nonlinear and non-inductive part of the plasma current.

76

DC mode of operation is thus arrived at the tokamak
transformer when the fraction is driven to 100% by the
inductive and non-inductive effects, i.e. external H&CD
for high plasma pressure where no inductive fraction exist
and plasma current is free of inductive limitation with
zero-loop-voltage and VS consumptions. Limited by
plasma boundary safety factor g, the flat-top amplitude of
plasma current and plasma normalized pressure 5
determine the output power of the tokamak fusion
machine where MC could save lots of expensive external
H&CD power by simultaneously enhance plasma
temperature, density and confinement time, as suggested
for EAST in [2]. The safety factor g is the number of
toroidal transits of a field line for one poloidal transit [5].
For CFETR, boundary safety factor ¢ is designed to be=
3.

Formulas for Compressed Plasma

The equivalent circuit of compressed plasma is an
inductor- series-connected with a resistor, similar to a
lossless superconductor circuit while neglecting its
resistance. Because the flux in such a circuit is conserved
or constant [2-3], the equations specifying the
conservation of toroidal and poloidal flux as well as
plasma entropy are derived as

a2b’t = const. (1)

where B, is the toroidal field (TF) and « is the horizontal

minor radius of the plasma ellipse model.

The safety factor is
g = const. 2)

As the temperature and density constraints of the
collisional plasma compression,

2/
""" = const. (3)

LI = const.it R, =0 4)

where L, and R, are the plasma inductance and resistance
in an electric circuit with plasma current /,. L,=L;+L.. L;
and L, are respectively the internal and external
inductances of the current bordering at the plasma
boundary of its current flux [2].

After compression, other plasma variables scaling with
the major (R) or minor (a) radius are derived as follows

[2]:
Poloidal field (PF)

B, ca'R o« C,C, )
Where C, and C; are, respectively, the compression ratios
of the plasma in the minor radius and major radius by
external MC fields.
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MAX IV AND SOLARIS LINAC MAGNETS PRODUCTION SERIES
MEASUREMENT RESULTS

M. Johansson*, MAX IV Laboratory, Lund, Sweden
R. Nietubyc, NCBJ, Otwock, Poland

Abstract

The linacs of the MAX IV and Solaris synchrotron ra-
diation light sources, currently in operation in Lund,
Sweden, and Krakow, Poland, use various conventional
magnet designs. The production series of totally more
than 100 magnets of more than 10 types or variants,
which were all outsourced to industry, with combined
orders for the types that are common to both MAX IV and
Solaris, were completed in 2013 with mechanical and
magnetic quality assurance conforming to specifications.
This article presents an overview of the different magnet
types installed in these machines, and mechanical and
magnetic measurement results of the full production se-
ries.

INTRODUCTION

The MAX IV Laboratory, located in Lund, Sweden, is a
synchrotron radiation facility, consisting of two storage
rings, 3 GeV and 1.5 GeV, and a full energy injector linac.
A principle sketch of the linac is shown in Fig. 1. The
choice of a linac to inject the storage rings also provides
short pulse X-rays at the end the linac, and allows an
upgrade path to an FEL. [1]

Whereas the MAX IV storage ring magnets are de-
signed as “magnet blocks”, with many consecutive mag-
net elements machined out of a common iron block [2],
all the linac and transfer line magnets are conventional
designs. The different types are listed in Table 1 and some
example photos are shown in Figures 3-5.

The Solaris National Synchrotron Radiation Centre, lo-
cated in Krakow, Poland, consists of a 1.5 GeV storage
ring identical to the MAX IV 1.5 GeV ring, and a 600
MeV injector linac using the same components as MAX
IV [3]. A schematic of the facility is shown in Fig. 2.

SPECIFICATION AND PROCUREMENT

All magnets were purchased as fully assembled and
tested units. Depending on whether they were new de-
signs for MAX IV [4,5], or old re-used designs, and what

bunch compressor 1 (BC1)

thermionic gun

material was provided from MAX-lab, the procurements
can be categorized as follows,

a) New magnetic design and full set of manufacturing
drawings from MAX-lab.

b) New magnetic design from MAX-lab. Manufactur-
ing drawings made by supplier based on instruc-
tions in the technical specification from MAX-lab.

c¢) Existing MAX-lab design, including drawings.

d) Existing design from supplier.

Common for all cases was that the supplier was respon-
sible for mechanical tolerances and for performing field
measurements according to MAX-lab instructions, and
MAX-lab was responsible for field measurement results.

The contracts were awarded to a total of five different
suppliers, as listed in Table 2. All Solaris contracts were
awarded to the same suppliers as chosen by MAX IV, so
that each type constituted a common production series.

PRODUCTION SERIES RESULTS

Following the technical specifications/instructions that
were given to the suppliers, all mechanical tolerances <
0.1 mm were verified for every yoke part of the whole
series, for each magnet order, typically by 3D coordinate
measurement machine. We have not made a statistical
treatment of the mechanical data like for the storage ring
magnets [6,7], but generally for each magnet type the
tolerances listed in Table 1 were met.

m Imactunn\?el /klystronlgallery H

7e

o ]

- 2L 5 GeV storage ring

Figure 2: Solaris facility layout. The linac consists of six

accelerator structures with a thermionic gun as source.
bunch compressor 2 (BC2)

SP2
1-10to 19 -

\ 1-00,01, MS1
photo cathode gun

MS2, 1-02 to 09 /

transfer line to 3 GeV storage ring (TR3)

transfer line to 1.5 GeV storage ring (TR1)

Figure 1: MAX IV linac schematic used in the control system “linac synoptic” application (illustration courtesy of J.
Forsberg, MAX 1V), with section names indicated. The schematic is not entirely to scale but it contains all essential
features. Each “I-xx” section contains two 5 m S-band accelerator structures (except I-00 with one), giving a total of 39
S-band structures in the machine. The nominal beam path is 361.5 m from end of I-00 to entrance of SP2 beam dump.

* martin johansson@maxiv.lu.se
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OFF-ORBIT RAY TRACING ANALYSIS FOR THE
APS-UPGRADE STORAGE RING VACUUM SYSTEM

J. Carter, K. Harkay, B. Stillwell, Argonne National Laboratory, Lemont, IL, USA

Abstract

A MatLab program has been created to investigate off-
orbit ray tracing possibilities for the APS-Upgrade storage
ring vacuum system design. The goals for the program in-
clude calculating worst case thermal loading conditions
and finding minimum shielding heights for photon absorb-
ers. The program computes the deviation possibilities of
synchrotron radiation rays emitted along bending magnet
paths using discretized local phase space ellipses. The sizes
of the ellipses are computed based on multi-bend achromat
(MBA) lattice parameters and the limiting aperture size
within the future storage ring vacuum system.

For absorber height calculations, rays are projected from
each point in the discretized ellipse to the locations of
downstream absorbers. The absorber heights are mini-
mized while protecting downstream components from all
possible rays. For heat loads, rays are projected until they
hit a vacuum chamber wall. The area and linear power den-
sities are calculated based on a ray’s distance travelled and
striking incidence angle. A set of worse case local heat
loads is collected revealing a maximum condition that each
vacuum component must be designed to withstand.

MOTIVATION

The goal of performing off-orbit ray tracing calculations
is to better understand missteering possibilities and their
consequences for the APS-U vacuum system design. It is
straight forward to construct the paths of perfectly steered
synchrotron rays using a 2D CAD application and this pro-
vides an initial idea of both distributed heat loads and
shielding requirements for critical vacuum system compo-
nents. Introducing local orbit errors [1] increases the ray
path possibilities which leads to higher local heat loads and
requires more conservative shielding.

Spatial and angular deviation possibilities from an ideal
beam path are dictated by local phase space ellipses and
present a continuum of ray path possibilities. A worst case
ray path within the vacuum system is not necessarily found
by choosing extreme points on the local ellipses therefore
2D CAD is not an ideal tool for investigating missteering
due to the large quantity of ray possibilities which need to
be constructed. More ideal would be a numerical method
which discretizes each local ellipse and tests the travel of
all ray possibilities within a model of the vacuum system.
The approximations of the worst rays should converge to-
wards a unique solution with increased mesh density.

METHODS

Off-orbit ray tracing possibilities can be calculated from
local phase space ellipses in both the horizontal (x,x”) and
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vertical (y,y’) phases spaces. The local ellipses are calcu-
lated for either phase space based on the Courant-Snyder
parameters using equations (1) and (2) where Ay is calcu-
lated based on the half size of the limiting aperture in the
storage ring and the beta function value at the limiting ap-
erture’s location. Figure 1 shows a schematic of a phase
space ellipse and a corresponding mesh of ray deviation
possibilities.

J@ax)Z—4B(yx?—Ay)
2ax + ax)?-4B(yx?—Ax)

’
X = — 1
2 M
2
a
A = @
Bu
+
+X X
) Koo
X rax
f:
\ | %
X STE X0 = =
Xnax R
i
X'min x S O T
M . X tin Typical local orbit mesh
X

Deviation possibility ‘ellipse’
computed for local orbit

Possible ray paths
from local orbit

Figure 1: Local orbit ellipse concept and ray possibilities
when meshed (top) and diagram of basic ray tracing sche-
matic (bottom)

A MatLab program has been written to discretize both
the horizontal and vertical local phase space ellipses along
APS-U bending magnet paths and to trace out every ray in
the mesh. The quantity of ellipses and their respective sizes
are found using an input file containing both the global lo-
cations and Courant-Snyder parameters along finely space
points of the APS-U magnet lattice. The rays are traced un-
til they intersect geometric elements representing either
vacuum system walls or photon absorbers.

Figure 2 shows maximum horizontal deviations from the
(x,x’) ellipses calculated along the APS-U bending magnet
paths. The MatLab program computes the ray paths for all
spatial and angular combinations within this envelope as
determined by the ellipse mesh. The photon absorbers
within APS-U’s 22 mm L.D. multiplet vacuum chambers
create an 18 mm limiting aperture for the vacuum system.
The spatial deviations fit well within the typical 22 mm
[.D. beam aperture found along most of the APS-U vacuum
system.
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STREAK CAMERA MEASUREMENTS
OF THE APS PC GUN DRIVE LASER*
J. C. Dooling’
Advanced Photon Source, Argonne National Laboratory, Argonne, 1L, USA

A. H. Lumpkin
Fermi National Accelerator Laboratory, Batavia, IL, USA

Abstract

We report recent pulse-duration measurements of the
APS PC Gun drive laser at both second harmonic and fourth
harmonic wavelengths. The drive laser is a Nd:Glass-based
chirped pulsed amplifier (CPA) operating at an IR wave-
length of 1053 nm, twice frequency-doubled to obtain UV
output for the gun. A Hamamatsu C5680 streak camera
and an M5675 synchroscan unit are used for these measure-
ments; the synchroscan unit is tuned to 119 MHz, the 24th
subharmonic of the linac s-band operating frequency. Cal-
ibration is accomplished both electronically and optically.
Electronic calibration utilizes a programmable delay line in
the 119 MHz rf path. The optical delay uses an etalon with
known spacing between reflecting surfaces and is coated for
the visible, SH wavelength. IR pulse duration is monitored
with an autocorrelator. Fitting the streak camera image pro-
jected profiles with Gaussians, UV rms pulse durations are
found to vary from 2.1 ps to 3.5 ps as the IR varies from
2.2psto 5.2 ps.

INTRODUCTION

To optimize beam quality, minimize emittance, and com-
pare with simulations, we measured the pulse duration of
the APS photocathode (PC) gun drive laser. Drive laser
pulse duration measurements have shown conflicting re-
sults. At SLAC, the UV harmonic component was found to
be greater than that of the fundamental or visible harmon-
ics [1]; whereas, at the FNAL Laser Lab, recent data have
shown the pulse duration of the UV to be comparable than
that of the green [2] with a multi-pass amplifier. The non-
linear dependence on fundamental wavelength power den-
sity should cause the pulse duration of the second harmonic
beam to decrease [3]; however, this effect may be offset by
group velocity mismatch. The last streak camera measure-
ment of the APS drive laser was made approximately 15
years ago [4]. Before the streak camera could provide pulse
duration measurements, calibration of the unit was required.
Calibration data was obtained employing two methods: 1)
a high-precision Colby delay generator and 2) at the visible
wavelength, using an etalon cavity.

EXPERIMENTAL ARRANGEMENT

The streak camera with attenuation and focusing optics
was installed in the APS Injector Test Stand (ITS); a plan

* Work supported by the U.S. Department of Energy Office of Science,
under contract number DE-AC02-06CH11357.
T jedooling@anl.gov
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view schematic is presented in Figure 1. The dichroic filter
is 99.5% reflecting at 263 nm. Roughly 5.5 orders of atten-
uation were required to safely and accurately measure the
UV component at nominal full energy, E,, =100pJ; this
energy is achieved at an IR amplifier pump current setting,
Iy = 170 A. The dichroic filter provided an optical density
(OD) of 2.5 and protected the downstream optics for fourth
harmonic wavelength measurements. For second harmonic
measurements, the mirrors in the transport line between the
Laser Room and the ITS provided an equivalent level of at-
tenuation. In addition, the input slit to the streak camera

beam 24"x24" breadboard
UVFS N ” O~
ND filters  filter dump 1" center-to-center
vary from  wheel
0D 0.1-8 T
dichroic beam height: 7.00"
filter ITS trans- above breadboard

visible surface

port down
pipe and
mirror

—@

calibration
etalon (527 nm
only)

N

slitand
~ input
optics

Streak Camera
Hamamatsu C5680 with
M5675 Synchroscan unit

fused silica
+10 cm lens
(UV AR coated)

Figure 1: Streak Camera schematic.

was set at 5um to further limit the power density on the
photocathode.

Laser

The APS PC Gun drive laser has been upgraded since
first being described in Ref. [5]. The most significant mod-
ification to the CPA system was the replacement of the
two flashlamp-driven amplifiers with a pair of laser diode-
driven heads. The laser diodes operating at 808 nm pump
electrons directly to the closely placed 2H, /2 and 4F; /2 €X-
cited states from which they rapidly decay to the nearby
“F3,, upper level of the Nd** atoms [6]. Efficient pumping
results in substantially less energy deposition and reduced
thermal effects in the laser rods; however, thermal lensing
effects are still noticeable as rep rates or pump levels are
varied. Harmonic light is generated in a pair of 1-mm-thick
B-barium borate (BBO) crystals. Second harmonic (SH),
visible (527 nm) green light is measured after the second
doubling crystal; therefore, its temporal profile is likely to
be slightly broadened.
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DESIGN OF THE HGVPU UNDULATOR VACUUM CHAMBER
FOR LCLS-IT*

J. Lerch®, J. Carter, P. Den Hartog, G. Wiemerslage
Argonne National Laboratory, Advanced Photon Source, Lemont, IL USA

Abstract

A vacuum chamber has been designed and prototyped
for the new Horizontal Gap Vertically Polarization Undu-
lator (HGVPU) as part of the LCLS-II upgrade project. Nu-
merous functional requirements for the HGVPU assembly
constrained the vacuum chamber design. These constraints
included spatial restrictions to achieve small magnet gaps,
narrow temperature and alignment specifications, and min-
imization of wall erosion and pressure drop within the
cooling channels. This led to the design of a 3.5-meter
length, thin walled, extruded aluminium chamber with in-
terior water cooling. FEA stress analysis was performed to
ensure the chamber will not fail under vacuum and water
pressure. A cooling scheme was optimized to ensure water
flow is sufficient to maintain temperature without the risk
of erosion and to minimize pressure drop across the cham-
ber.

INTRODUCTION

SLAC contracted the APS to design and manufacture a
3.5-meter undulator vacuum chamber (UVC) for use in an
HGVPU as part of the LCLS-II upgrade project. The de-
sign process involved solving complex challenges that are
becoming commonplace in next generation accelerator
projects. The following is an overview of the UVC design
process with an emphasis on the structural and thermal de-
sign challenges encountered.

STRUCTURAL DESIGN

Unlike most planar permanent magnet undulators, the
HGVPU magnetic gap closes horizontally. This requires
the UVC and its alignment fixture to be mounted directly
to the HGVPU strongback in a vertical orientation (See
Figure 1).

HGVPU Magnet
Assembly

UVC Alignment
Fixture

Figure 1: HGVPU and UVC final assembly.

* Sponsor: Argonne National Laboratory and Stanford Linear Ac-
celerator Center
T Author Email: jlerch@aps.anl.gov
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The chamber called for a straightness of +100 um
along its length and to have a vertical position adjustment
precision of < 50um. This was accomplished by designing
an extruded aluminium fixture that allowed the chamber
straightness to be adjusted at 65 places along its 3.3-meter
length. Tolerance control was used to maintain the vertical
position precision. Figure 2 shows the final design of the
alignment fixture.

Figure 2: Alignment fixture end-isometric view.

The HGVPU closed gap is 7 mm during operation.
SLAC defined the vacuum aperture geometry as a 5x11
mm racetrack. This called for the wall on either side of the
aperture to have a thickness of 0.5 mm (See Figure 3).

4x EARTH—
FIELD COIL

CHANNEL

Figure 3: UVC nose cross section (dimensions are in mil-
limetres).

To ensure that aperture wall deflection is minimized,
6063-T5 aluminium was used for the chamber material.
This choice was based on previous design experience and
verified using FEA (see Figure 4).

Total Deformation
Type: Total Deformation
Unit: ym

Time: 1

8/9/2015 2:11PM

1.84Max
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L43

L22

L02
0.816
0612
0.408
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Figure 4: FEA deformation study. Max deformation found
along aperture thin wall.
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RESEARCH AND DEVELOPMENT ON THE STORAGE RING VACUUM
SYSTEM FOR THE APS UPGRADE PROJECT*

B. Stillwell, B. Brajuskovic, J. Carter, H. Cease, R. Lill, G. Navrotski, J. Noonan, K. Suthar,
D. Walters, G. Wiemerslage, J. Zientek, Argonne National Laboratory, Lemont, USA
M. Sangroula, Illinois Institute of Technology, Chicago, USA

Abstract

A number of research and development activities are un-
derway at Argonne National Laboratory to build confi-
dence in the designs for the storage ring vacuum system
required for the Advanced Photon Source Upgrade project
(APS-U) [1]. The predominant technical risks are: exces-
sive residual gas pressures during operation, insufficient
beam position monitor stability, excessive beam imped-
ance, excessive heating by induced electrical surface cur-
rents, and insufficient operational reliability. Present ef-
forts to mitigate these risks include: building and evaluat-
ing mock-up assemblies, performing mechanical testing of
chamber weld joints, developing computational tools, in-
vestigating design alternatives, and performing electrical
bench measurements. Status of these activities and some
of what has been learned to date will be shared.

OVERVIEW OF THE SYSTEM DESIGN

A typical sector arc of the envisioned APS-U storage ring
vacuum system is described in Figure 1. Each arc will be
built of nine separable modules of four basic types which
will be preassembled for rapid installation in the APS stor-
age ring tunnel. Generally, the chambers are required to
have a circular cross-section with 22 mm inner diameter
and 1 mm wall thickness to fit inside of magnets. However,
consideration of cost, performance, and required mainte-
nance has led to a design by which the details of the cham-
ber construction varies according to local spatial con-
straints and synchrotron radiation loading. The central
“FODO” section, where intercepted bending magnet radi-
ation is the greatest, will use tubular copper chambers with
non-evaporable getter (NEG) coating and a single water
channel on the outboard side. Chambers in the longitudinal
gradient dipole, or “L-bend,” sections will be built from
bent aluminum extrusions which provide three water cool-
ing channels and an antechamber to house NEG strips and
photon absorbers. Chambers in the doublet and multiplet
sections, where intercepted bending magnet radiation is
relatively low, will be built from simple tubular aluminum
extrusions with a single water channel. Gauges, pumps,

and valves for pump out and venting will be accommo-
dated using crosses at five locations per arc. In addition,
the system includes four RF-shielded gate valves and four-
teen RF beam position monitor (BPM) assemblies which
use a fixed feedthrough mounting block nested inside a pair
of RF-shielded bellows.

In addition to a demanding set of performance criteria,
there are a few aspects of the design that are somewhat un-
conventional and therefore warrant careful study. First, the
design forgoes distributed pumping in some sections, ex-
acerbating the challenge of maintaining sufficiently low
pressures with such small chamber apertures. Second,
while the approach to mechanical stability not unprece-
dented [2], it is atypical. Rather than attempting to control
chamber temperatures so as to make motion of critically-
aligned components like BPMs negligible, the design calls
for each BPM to be mechanically decoupled from cham-
bers using bellows. Third, because the vacuum system
must be separable between modules for rapid installation
and also to allow removal of BPMs without disassembly of
magnets, a relatively large number of flange joints is re-
quired. To give confidence that the incidence of leaks will
be sufficiently low, testing is needed to validate metallic
flange joint designs and joining techniques, particularly
those for dissimilar metals. Finally, the relatively large
number of BPMs, bellows assemblies, and photon absorb-
ers required to protect them requires a high degree of con-
fidence in electrical impedance predictions for those com-
ponents.

MOCK-UPS

Building and testing mock-up assemblies is helping to
address many of the concerns described above. Two sets
of mock-up activities are underway. The first involves fab-
ricating, assembling, and studying a full sector arc of pro-
totyped vacuum components. The second involves assem-
bling integrated prototypes of vacuum, magnet, and sup-
port components for each of the four sector module types.

* Work supported by U.S. Department of Energy, Office of Science, un-
der Contract No. DE-AC02-06CH11357.
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Figure 1: Layout of typical sector arc with and without magnets.
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A HIGH BANDWIDTH BIPOLAR POWER SUPPLY FOR THE FAST
CORRECTORS IN THE APS UPGRADE*

Ju Wang and Gary Sprau
ANL, Argonne, IL 60439, USA

Abstract

The APS Upgrade of a multi-bend achromat (MBA)
storage ring requires fast bipolar power supplies for the fast
correction magnets. The key requirement of the power
supply includes a small-signal bandwidth of 10 kHz for the
output current. This requirement presents a challenge to the
design because of the high inductance of the magnet load
and a low input DC voltage (40V). A prototype DC/DC
power supply using a MOSFET H-bridge circuit with a
500kHz PWM control has been developed and tested
successfully through the R&D program. The prototype
achieved a 10-kHz bandwidth with less than 3-dB
attenuation for a signal 0.5% of the maximum operating
current of 15 amperes. This paper presents the designs of
the power and control circuits, the component layout, and
the test results.”

INTRODUCTION

At TPAC2015, we reported a switching-mode bipolar
power supply to be used to achieve the required high
bandwidth performance [1]. Since then, we have
completed the schematic designs, manufactured the PCBs
(printed-circuit board), and constructed a prototype power
supply. The test showed that the 10-kHz bandwidth
requirement had been achieved with a load of the similar
resistance and inductance to the expected magnet.

POWER CIRCUIT

The circuit, shown in Figure 1, for the fast corrector
power supply is a typical four-quadrant buck converter.
The circuit consists of three sections — an input filter, L;
and C;; a standard H-bridge with four MOSFET switches,
Q; — Q4 and an output filter, Ly, Lp, Cr, Cyand Ry.

Ly
o—o oYV Vg

Fuse

L
— Y Y Y g

Q —I Q; —Iﬁ

= €
T G =
V. f

B
Q; —I Q —I'j]
Ly,
. 2228

Figure 1: Power circuit.

Rd

The parameters of the components in the circuit are:

L;: common mode, 0.5mH, C;: 8000uF
0, - 0,: IRFB4610, 100V, 73A, 11mQ /7

*This work is supported by the U.S. Department of Energy, Basic
Energy Sciences, Office of Science, under contract # DE-AC02-
06CH11357.

96

Lg, Lp: 10uH, Cr 0.05pF, Rs:20Q, C4:0.2uH
LEM: LA 25-NP, 1000:1 current transfer ratio

The size of the input filter capacitor bank is based on the
available space. This is to reduce ripple voltage and voltage
fluctuations from the unregulated DC distribution that will
be used in the final installation. MOSFET IRFB4620 is
chosen as the switch for its low on-resistance of 11 mQQ.
The output filter is a second order and damped filter. With
the chosen parameters, the cut-off frequency of the filter is
160 kHz, which effectively removes the fast voltage spikes
in the output without causing excessive
delays and hence without affecting the
speed of the power supply. A hall-effect
current sensor, LEM LA 25-NP, is used to
measure the current and provide the
feedback signal for the current regulation.

LA 25-NP

SCHEMATIC DESIGNS

Triangular Waveform Generator

To generate the triangular waveforms for the PWM
control, an 8-MHz oscillator, LTC6930CMS8-8.00 from
Linear Technology, is configured to produce a 250-kHz
clock signal. The clock signal then drives a MOSFET to
charge and discharge an integrator through an AC coupling
circuit to produce a symmetrical triangular waveform.

o T
=
%)
2 agok |
® 3
RSk c2 o1 Re 1K ]
2
Luang
L
3 04
1

Lﬂ@

Figure 2: Triangular waveform generator.

In Figure 2, the value of RS can be used to adjust the
amplitude of the triangular waveform. When U2 is
configured for 250kHz, R5 is not needed to produce a 10V
amplitude.

Current Sensing and Conditioning Circuit

Figure 3 shows the current sensing and conditioning
circuit. The signal from the LEM sensor drives a 200
burden resistor to produce a 3V signal at the full scale of
15A. This signal is filtered to reduce the unwanted ripple
components and further scaled to an appropriate level
before compared with the reference signal. The first stage
of the circuit provides a precision gain of two with an

7: Accelerator Technology Main Systems
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POST IRRADIATION EXAMINATION RESULTS OF THE
NT-02 GRAPHITE FINS NUMI TARGET"
K. AmmiganT, P. Hurh, V. Sidorov, R. Zwaska, FNAL, Batavia, IL 60510, USA

D. M. Asner, A. M. Casella, D. J. Edwards, A. L. Schemer-Kohrn,
D. J. Senor, PNNL, Richland, WA 99352, USA

Abstract

The NT-02 neutrino target in the NuMI beamline at Fermi-
lab is a 95 cm long target made up of segmented graphite fins.
It is the longest running NuMI target, which operated with a
120 GeV proton beam with maximum power of 340 kW, and
saw an integrated total proton on target of 6.1 x 10%°. Over
the last half of its life, gradual degradation of neutrino yield
was observed until the target was replaced. The probable
causes for the target performance degradation are attributed
to radiation damage, possibly including cracking caused by
reduction in thermal shock resistance, as well as potential
localized oxidation in the heated region of the target. Under-
standing the long-term structural response of target materials
exposed to proton irradiation is critical as future proton ac-
celerator sources are becoming increasingly more powerful.
As aresult, an autopsy of the target was carried out to facil-
itate post-irradiation examination of selected graphite fins.
Advanced microstructural imaging and surface elemental
analysis techniques were used to characterize the condition
of the fins in an effort to identify degradation mechanisms,
and the relevant findings are presented in this paper.

INTRODUCTION

The NT-02 neutrino target in the NuMI beamline at Fer-
milab produced neutrinos for the MINOS and MINERVA
high energy physics experiments. The NT-02 target, 95 cm
long and composed of segmented graphite fins as shown
in Fig. 1, was bombarded with 340 kW beam of 120 GeV
protons. During operation from 2006 to 2009 and again in
2011, it was subjected to an integrated total of 6.1 x 10?°
protons on target with a Gaussian beam sigma of 1.1 mm
and peak fluence of 2.5 x10?? p/cm?. With the 10 us beam
pulse length and cycle time of 1.87 s, the target experienced
rapid temperature cycling from 60 °C to 330 °C during op-
eration. The target is operated in a helium environment and
the graphite fins bonded to water cooling tubes, as shown in
Fig. 1.

Over the last half of the NT-02 target’s lifetime, a gradual
decline in neutrino yield of 10-15% was observed [1]. This
performance degradation was not detected in preceding NT
targets, although their lifetimes were roughly half that of the
NT-02 target. The probable causes for the target performance
degradation was therefore attributed to material radiation
damage, cracking caused by reduction of thermal shock
resistance, or localized oxidation in the heated region of

* Work supported by Fermi Research Alliance, LLC, under Contract No.
DE-AC02-07CH11359 with the U.S. Department of Energy.
T ammikav @fnal.gov
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the target. The peak radiation damage in the graphite fins
was estimated to be 0.63 displacements per atom (DPA), as
calculated by the MARS Monte Carlo code [2].

Graphite fins
composed of 47

Cooling water segmented fins

lines

Figure 1: NuMI graphite target.

During the removal and disassembly of the NT-02 tar-
get at Fermilab, several graphite fins were discovered to be
cracked near the centerline or broken away from the cooling
water tubes as shown in Fig. 2. It was unclear whether the
separation and fracture of the fins had occurred during the
removal and disassembly operations. As a result, studies
were initiated to explore the NT-02 graphite fins. The main
objectives of the investigation were to determine whether
the neutrino yield degradation was a result of radiation dam-
age, by measuring bulk swelling, evaluating the fin fracture
surfaces to determine whether they occurred in service or
during disassembly, and finally by evaluating the microstruc-
tural condition to assess the extent of radiation damage of
the POCO ZXF-5Q [3] graphite.

Figure 2: Boroscope images of NT-02 graphite fins during
target autopsy. Broken fins from cooling tubes (left) and
fractured fin at centerline (right).

POST IRRADIATION EXAMINATION

Four NT-02 fins were retrieved and shipped in a Type-A
container to Pacific Northwest National Laboratory (PNNL),
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EXPERIMENTAL RESULTS OF BERYLLIUM EXPOSED TO
INTENSE HIGH ENERGY PROTON BEAM PULSES*
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Abstract

Beryllium is extensively used in various accelerator beam
lines and target facilities as a material for beam windows, and
to a lesser extent, as secondary particle production targets.
With increasing beam intensities of future accelerator facili-
ties, it is critical to understand the response of beryllium un-
der extreme conditions to reliably operate these components
as well as avoid compromising particle production efficiency
by limiting beam parameters. As a result, an exploratory
experiment at CERN’s HiRadMat facility was carried out
to take advantage of the test facility’s tunable high intensity
proton beam to probe and investigate the damage mecha-
nisms of several beryllium grades. The test matrix consisted
of multiple arrays of thin discs of varying thicknesses as well
as cylinders, each exposed to increasing beam intensities.
This paper outlines the experimental measurements, as well
as findings from Post-Irradiation-Examination (PIE) work
where different imaging techniques were used to analyze
and compare surface evolution and microstructural response
of the test matrix specimens.

INTRODUCTION

Beryllium is currently widely used as the material of
choice for critical accelerator components such as beam
windows and secondary particle production targets in var-
ious accelerator beam lines and target facilities. With the
increasing beam intensities of future accelerators [1], it is
crucial to understand the response of beryllium to even more
extreme operational environments for successful design and
reliable operation of these components, without having to
compromise particle production efficiency by limiting beam
parameters.

One of the main challenges facing windows and targets
exposed to high intensity particle beams is thermal shock [2].
These are dynamic stress waves that are generated due to
the rapid expansion of the material surrounded by cooler
material upon interaction with high intensity particle beams.
Consequently, the material may undergo plastic deformation
and eventually fail. As a result, an experiment at CERN’s
HiRadMat facility [3] was carried out to expose beryllium
specimens to intense proton beams. The test facility aims
to deliver high intensity proton beams, up to 4.9 x 1013

* Work supported by Fermi Research Alliance, LLC, under Contract No.
DE-AC02-07CH11359 with the U.S. Department of Energy.
T ammikav @fnal.gov
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protons per 7.2 us pulse, with Gaussian beam spot sigmas
ranging from 0.1 mm to 2 mm [4]. The objectives of the
experiment were to explore the onset of failure modes of
beryllium under controlled conditions at highly localized
strain rates and temperatures, identify any thermal shock
limits, and validate highly non-linear numerical models with
experimental measurements. The primary goal was to push
beryllium to its limit, by imposing a temperature jump up
to close to its melting point (~1000 °C) from a single beam
pulse.

EXPERIMENTAL SET-UP

The experimental chamber is based on a double contain-
ment design to ensure containment of the beryllium speci-
mens and mitigate any radioactive contamination upon inter-
action with beam. Figure 1 shows the experimental chamber
attached to a vertical lift tower and positioned on the HiRad-
Mat mobile table.

Experiment

Optical path
chamber -

o

Mirrors

BPKG/BTV
assembly

Vertical
lift tower

Rad-hard

HiRadMat camera

mobile table
HEPA

filter

Figure 1: Experimental chamber assembled on mobile table.

The experiment contained two types of specimens: thin
discs for deformation, strain, and crack/failure analyses dur-
ing Post Irradiation Examination (PIE), and slugs for online
measurements of strain, temperature and vibration. Strain
and temperature gauges were attached to the external cylin-
drical surface of the slugs to measure the circumferential
strain and temperature response to the pulsed beam. Dy-
namic radial vibrations of the cylindrical edge of the slugs
were recorded with a Laser Doppler Vibrometer (LDV) sys-
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HIGHER ORDER MODES ANALYSIS OF FERMILAB’S
RECYCLER CAVITY"

M. Awida#, J. Dey, T. Khabiboulline, V. Lebedev, and R. Madrak
Fermilab, Batavia, IL 60510, USA

Abstract

Two recycler cavities are being employed in Fermilab’s
Recycler Ring for the purpose of slip stacking proton
bunches, where 6 batches of 8 GeV protons coming from
the Booster are stacked on top of 6 circulating batches.
Slip stacking requires two RF cavities operating near
52.809 MHz with frequency slip of 1.26 kHz. In this
paper, we report on the analysis of higher order modes in
the Recycler cavity, and present their values for R/Q and
shunt impedances. Knowing the frequencies and
properties of higher order modes is particularly critical for
understanding beam stability margins.

INTRODUCTION

Two RF cavities are utilized in Fermilab’s Recycler
Ring to achieve the slip stacking of proton bunches [1, 2].
Each cavity is a quarter wave resonator, as shown in
Figure 1, but they are tuned to slightly different
frequencies. One is operating near 52.809 MHz, while the
other is detuned by -1.26 kHz. A relatively small ferrite
loaded transmission line is used to electronically tune the
cavity to the target resonance value. Several ports exist on
the cavity. They are used for sensing the RF power with
field probes and for the initial mechanical tuning of
resonance frequency.

The Recycler cavities are made of copper and are
designed to sustain a gap voltage of 150 kV with a
maximum power of 150 kW. The designed value of shunt
impedance for the fundamental operating mode is 75 kQ,
while R/Q is 13 Q.

RF MODEL

A full 3D model for the Recycler cavity was created to
analyse the cavity’s higher order modes (HOM). Figure 2
illustrates the electric field of the fundamental mode
resonating at 51.518 MHz. The field is scaled to produce
a 150 kV gap voltage. Assuming a conductivity of
5.998¢7 S/m for copper, the corresponding dissipated
power is 111 kW.

The scope of this work is to compute the R/Q for the
monopole modes, and the transverse R/Q,, for the dipoles
and quadrupoles, up to 500 MHz. In this perspective the
computed quantities are defined as follows:

R/O = v|?
/Q _ZZwU )
Wiick | Vicick|
RIQuw == 5k =

*Operated by Fermi Research Alliance, LLC, under Contract
DE-AC02-07CH11359 with the U.S. DOE
#mhassan@fnal.gov
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where o is the angular frequency, U is the cavity’s stored
energy, k is the propagation constant, V' is the longitudinal
gap voltage, and V., is the transverse kick voltage.

Ports for fixed
tuning slugs

(b)
Figure 1: Fermilab’s Recycler cavity. (a) 3D model. (b) Cross
sectional view.

(2)

(b)

Figure 2: Surface electric field in MV/m of the fundamental
mode resonating at 51.518 MHz inside the Recycler cavity. (a)
3D view. (b) Cross sectional view.

7: Accelerator Technology Main Systems
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Abstract

For the PIP-II Injector Test (PI-Test) at Fermilab, a
four-vane radio frequency quadrupole (RFQ) is designed
to accelerate a 30-keV, 1-mA to 10-mA, H  beam to 2.1
MeV under both pulsed and continuous wave (CW) RF
operation. The available headroom of the RF amplifiers
limits the maximum allowable detuning to 3 kHz, and the
detuning is controlled entirely via thermal regulation.
Fine control over the detuning, minimal manual interven-
tion, and fast trip recovery is desired. In addition, having
active control over both the walls and vanes provides a
wider tuning range. For this, we intend to use model pre-
dictive control (MPC). To facilitate these objectives, we
developed a dedicated control framework that handles
higher-level system decisions as well as executes control
calculations. It is written in Python in a modular fashion
for easy adjustments, readability, and portability. Here we
describe the framework and present the first control re-
sults for the PI-Test RFQ under pulsed and CW operation.

INTRODUCTION

The resonant frequency of the RFQ may be maintained
despite changes in RF heating through thermal control.
For the PI-Test RFQ, we use an internal water-cooling
system [1]. Both the thermal time constants and transport
delays present in such systems limit the efficacy of stand-
ard PI control. The control problem is further complicated
by the cavity geometry: different rates of thermal expan-
sion and contraction of the main internal components (the
walls and the vanes/pole tips) result in a large transient
frequency response under changes in average RF power.
At present, the resonant frequency of other RFQs is regu-
lated with a PI loop around the vanes, while the walls are
held constant [2,3]. In contrast, a joint control loop that
governs both the wall and vane temperatures enables
simultaneous exploitation of their individual impacts on
the resonant frequency. As discussed previously [1,4,5],
these system characteristics motivate the use of MPC.

In support of this, a dedicated control framework was
developed to handle high-level decisions and execute
control calculations. Because multiple operational modes
are required, the framework is written in Python and in a
modular fashion to facilitate easy modifications to the
code. The framework interfaces with ACNET (Fermilab’s
main control system) and the RFQ/cooling system via a
custom protocol generated with a novel protocol compiler
[6,7]. This framework is operational for the RFQ and
could be modified for similar control tasks at Fermilab.

*Fermilab is operated by Fermi Research Alliance, LLC under Contract
No. De-AC02-07CH11359 with the United States Department of Energy.
T auralee.morin@colostate.edu
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In this paper we describe the operational needs for the
RFQ, the design of the control framework, and initial
control results. This work represents a first test of reso-
nant frequency control over the RFQ, a first test of the
framework, and a first test of using a dedicated Python
program at Fermilab interfaced with the main control
system via the protocol compiler.

SYSTEM DESCRIPTION AND
OPERATIONAL GOALS

More details on the system and control challenges
therein are described in [1, 5]. The low-level radio fre-
quency (LLRF) system can compensate for detuning of
the cavity only up to 3 kHz by taking advantage of the
available overhead in the RF power amplifiers. This limi-
tation translates directly to challenges for the resonance
control system: detuning beyond 3 kHz occurs rapidly
under changes in average RF power, particularly in CW
mode, due to the frequency response of the vanes [8, 9].
In addition, the RFQ operates in both CW and pulsed RF
modes, resulting in variable RF heating. Other challenges
are imposed by the architecture of the water-cooling sys-
tem. Transport delays and thermal time constants result in
open-loop settling times on the order of tens of minutes
during normal operation (e.g. see Figure 1). Finally, the
coupling between the wall and vane circuits, the transient
frequency response, the nonlinear valve flow curves, and
fluctuations in the temperature of the cold water supply
make the system more difficult to control.

The LLRF system [10] is capable of operating in either
SEL mode (in which the drive frequency follows the
cavity resonant frequency) or GDR mode (in which the
drive frequency is set). In SEL mode, the use of RF over-
head is minimized due to the changing of the drive fre-
quency to match the RFQ, thereby also minimizing the
reflected power. As such it is useful to switch into SEL
mode automatically when the detuning increases beyond a
tolerable threshold.

Additionally, accommodation of multiple control algo-
rithms is desired. MPC frequency control will be the main
method; however, PI frequency control using the vane
valve is also desired as an auxiliary mode. In addition, for
fast trip recovery it is useful to control the water tempera-
ture directly. Next, another desired mode is control of the
RF forward power magnitude during a cold start or recov-
ery from a trip. This would start out as a simple ramp, but
could eventually be incorporated into an MPC routine.

In the event of an RF trip, the required recovery time
for the RFQ is no more than 10x the length of the trip,
with a target requirement of 2x the duration of the trip.
These constraints and desired system flexibility motivate
the development of a modular control system architecture
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Abstract

The accelerating gradient of superconducting resonators
can be enhanced by engineering the thickness of a dirty layer
grown at the cavity’s rf surface. In this paper the description
of the physics behind the accelerating gradient enhancement
by meaning of the dirty layer is carried out by solving nu-
merically the the Ginzburg-Landau (GL) equations for the
layered system. The calculation shows that the presence of
the dirty layer stabilizes the Meissner state up to the lower
critical field of the bulk, increasing the maximum accelerat-
ing gradient.

INTRODUCTION

The possible enhancement of the accelerating gradient by
meaning of layered structures in accelerating cavities was
introduced by A. Gurevich [1]. He showed that high x (GL
parameter) superconducting layers separated by insulating
layers (SIS structure) deposited at the rf surface can in prin-
ciple enhance the superheating field, and allow for higher
gradients.

In the same direction T. Kubo [2, 3] and S. Posen et al.
[4] explored thoughtfully the behavior of the SIS structure.
T. Kubo in particular, described also the SS structure [3,
5], i.e. a high « (dirty) superconducting layer on top of
a low « (clean) bulk superconductor. He approached the
problem in the high « approximation by meaning of the
London equations as done for the SIS structure, showing
that the dirty layer can in principle enhance the superheating
field even if no insulating layer is present.

In the present paper an alternative description of the SS
structure is presented. The approach here is different since
the calculation is carried out numerically from the GL equa-
tions, where the dirty layer is assumed to behave as a per-
turbation on the magnetic induction profile in the material.
We show that the dirty layer stabilizes the superconductor
against the vortex nucleation, and shifts the lower critical
field of the whole structure up to the bulk’s value, increasing
the magnetic field range in which the Meissner state is stable.

THE BEAN-LIVINGSTON BARRIER FOR
NON-CONSTANT «

Let us assume a semi-infinite superconductor, where the
normal to the surface directed towards the material bulk is %,

* Work supported by the US Department of Energy, Office of High Energy
Physics.
T checchin@fnal.gov
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the external magnetic field is applied along the z direction
and the screening currents are flowing along the y direction.
On top of such superconductor we assume the presence of a
thin superconducting dirty layer with higher « than the bulk
(grown by diffusion of impurities for example), so that the
profile of the system can be described by the analytic form:

Ks — Kb

K(x) = _1 + e~ (x—x0)/c

+ K, 1)
which corresponds to a sigmoidal function, where « and «p,
are the superficial and bulk GL parameters, c is a constant
that defines the steepness of the function (normally ¢ =
0.018) and x( corresponds to the inflection point assumed
as the thickness of the dirty layer.

Since we are dealing with dimensionless units x =
depth/A, with A the penetration depth 4 = Ag+/1 + &o/I,
[ the mean free path, xg = d/4, ép = 38 nm and 19 = 39 nm
[6].

Forces Acting on the Vortex

The forces acting on a vortex penetrating from the surface
can be calculated in first approximation by implementing
the same description of C. P. Bean and J. D. Livingston [7].
The repulsive force (with respect the surface) due to the
interaction of the vortex with the magnetic induction profile
in the material is:

4g 0 br(x) <
k(x) Ox ’

where by(x) = a’(x) is calculated numerically from the GL
equations modified in order to account also for the variation

fr(x) = -

)

% h=h,(1.04)

o0 KSZZ.S
K =2
K = 1.5
k=1.04
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Figure 1: Gibbs free energy density as a function of x a)
for different values of « calculated at & = h.(x}p), b) for
increasing applied fields, with x5 = 2.5 and d = 15 nm. In
both cases x, = 1.04.
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MENTS (RaDIATE) COLLABORATION R&D PROGRAM - STATUS AND
FUTURE ACTIVITIES

P. G. Hurhf, Fermi National Accelerator Laboratory*, Batavia IL, USA

Abstract

The RaDIATE collaboration (Radiation Damage In Ac-
celerator Target Environments), founded in 2012, has
grown to over 50 participants and 11 institutions globally.
The primary objective is to harness existing expertise in
nuclear materials and accelerator targets to generate new
and useful materials data for application within the accel-
erator and fission/fusion communities. Current activities
include post-irradiation examination of materials taken
from existing beamlines (such as the NuMI primary beam
window from Fermilab) as well as new irradiations of
candidate target materials at low energy and high energy
beam facilities. In addition, the program includes thermal
shock experiments utilizing high intensity proton beam
pulses available at the HiRadMat facility at CERN. Status
of current RaDIATE activities as well as future plans will
be discussed, including highlights of preliminary results
from various RaDIATE activities and the high level plan
to explore the high-power accelerator target relevant
thermal shock and radiation damage parameter space.

INTRODUCTION

In 2012, at a Proton Accelerators for Science and Inno-
vation Workshop (PASI) held at Fermilab, workshop
participants from a range of high power accelerator facili-
ties (high energy physics, nuclear physics, spallation
sources) identified radiation damage to materials as the
most cross-cutting challenge facing high power target
facilities [1]. The RaDIATE collaboration was formed to
address this challenge by bringing together experts from
the fields of nuclear materials (fission and fusion power)
and accelerator target facilities. The collaboration has
grown to 11 participating institutions globally with 3
more institutions set to join this year (listed in the
acknowledgements section). Some of the more significant
current and planned RaDIATE activities are described
here.

Radiation damage effects in materials are dependent
upon several irradiation parameters including irradiation
temperature, dose rate, and gas production (from transmu-
tation). These irradiation parameters are quite different
between the nuclear power environment (relatively lower
dose rate, lower gas production, continuous irradiation)
and the accelerator target environment (relatively higher
instantaneous dose rate, higher gas production, pulsed
irradiation). In addition, there are significant differences
between the nuclear and accelerator applications resulting

* Operated by Fermi Research Alliance, LLC under Contract No. DE-
ACO02-07CH11359 with the United States Department of Energy.
+ hurh@fhal.gov
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in somewhat different material properties of interest. For
instance, accelerator target and beam window are typical-
ly non-life-safety critical components and generally have
localized volumes of intense cyclic irradiation (particle
surrounded by cooler, non-irradiated material that chal-
lenge the limits of the material. Typical beam spot sizes
range from a few millimeters to a few centimeters in
radius. This gives rise to localized, cyclic thermal gradi-
ents (referred to as thermal shock), creating dynamic
stress waves moving through the material. So, in the ac-
celerator application, high-cycle fatigue and thermal dif-
fusion are of prime concern. Whereas in a reactor applica-
tion, structural materials often play a life-safety critical
role, but are, during normal operation, exposed to a more
uniform, continuous bulk irradiation. Reactor structural
materials are only pushed to the limits by accident scenar-
ios where they must retain damage tolerance. So, in the
nuclear application, ductility and fracture toughness are of
prime concern. Therefore, the differences between irradia-
tion parameters and application-specific loading envi-
ronments require research activities tailored specifically
to the accelerator target and beam window application.

CURRENT RADIATE ACTIVITIES

To address these high power target research needs, a
program of activities was undertaken. Recent RaDIATE
activities focused upon candidate materials primarily
useful for neutrino target facilities and as beam window
materials for various facilities, namely graphite and beryl-
lium. Status and highlights of major current activities are
given below. Although preliminary findings are listed
below, full results will be published soon in relevant sci-
entific journals.

Graphite Studies

High-Energy Irradiation of Graphite In 2010, four
grades of fine-grained, isotropic graphite, one grade of
hexagonal boron-nitride, and one grade of carbon-carbon
composite (3-D fiber weave) were irradiated with
181 MeV protons at Brookhaven National Laboratory’s
Linac Isotope Producer facility (BLIP). The resulting
post-irradiation examination (PIE) of these specimens
supported the target material choice for the Long Baseline
Neutrino Facility (LBNF) [2]. Figure 1 shows tensile
specimens being recovered after irradiation. More recent-
ly, additional PIE of these specimens has continued as
part of the RaDIATE R&D program.

e Specimens were exposed to 6.7 x 10?° protons/cm? or

about 0.1 DPA (displacements per atom) at an irradi-
ation temperature of 120-150 °C.
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OF PIP-II PROJECT*

O. Pronitchev”, S. Kazakov, FNAL, Batavia, IL 60510, USA

Abstract

Proton Improvement Plan-II at Fermilab has designed an
800MeV superconducting pulsed linac which is also
capable of running in CW mode. The high energy section
from 185MeV to 800MeV will be using cryomodules with
two types of 650MHz elliptical cavities. Both types of
cryomodules will include six 5-cell elliptical cavities. Each
cavity will have one coupler. Updated design of the 650
MHz main coupler is reported.

INTRODUCTION

A multi-MW proton accelerator facility based on an H-
linear accelerator using superconducting RF technology,
Proton Improvement Plan-II (PIP II), is being developed at

Fermilab to support the intensity frontier research in
elementary particle physics. The high energy section from
185MeV to 800MeV will be using two types of 650MHz
elliptical cavities. The low beta (LB), Bg =0.61 portion
would accelerate proton from 185MeV-500MeV, while
high beta (HB), Bg = 0.92 portion of the linac would
accelerate from 500 to 800 MeV. Both types of
cryomodules will include six 5-cell elliptical cavities. [1]
Each cavity will have one coupler, see Figure 1. Coupler is
compatible with both types of 650 MHz cavities. Each HB
cavity requires ~100 kW CW RF power for 5 mA beam
current operation This paper presents updated mechanical
design of main coupler for PXIE HB and LB 650 MHz
cavities.

Figure 1: Cross sectional view of HB 650 MHz cryomodule.

* Work supported by DOE.
#olegp@fnal‘gov
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THE USE OF KF STYLE FLANGES IN LOW PARTICULATE
APPLICATIONS#*

K. R. Kendziora', J. Angelo, C. Baffes, D. Franck, R. Kellett, Fermi National Accelerator
Laboratory, Batavia, U.S.A.

Abstract

As SCRF particle accelerator technology advances the
need for “low particulate” and “particle free” vacuum sys-
tems becomes greater and greater. In the course of the op-
eration of these systems, there comes a time when various
instruments have to be temporarily attached for diagnostic
purposes: RGAs, leak detectors, and additional pumps. In
an effort to make the additions of these instruments easier
and more time effective, we propose to use KF style
flanges for these types of temporary diagnostic connec-
tions. This document will describe the tests used to com-
pare the particles generated using the assembly of the,
widely accepted for “particle free” use, conflat flange to
the proposed KF style flange, and demonstrate that KF
flanges produce comparable or even less particles.

INTRODUCTION

It is well established that particulate contamination can
be damaging to SCRF cavities [1]. Conventionally, all-
metal sealing systems with specific assembly practices are
used for permanent vacuum assembly on such systems
(e.g. [2]). When an accelerator with “particle free” com-
ponents operates, vacuum diagnostics need to be per-
formed. Diagnostics are used to discover the cause of
strange beam behaviour, why the vacuum pressure is high,
or even if the vacuum gauges are still working properly.
When diagnostics need to be performed, often equipment
such as RGAs, vacuum pumps, and additional gauges need
to be added and then removed from the system once the
diagnostics have been completed.

The preferred flange type for particle free applications at
Fermilab has been a conflat flange with 316 stainless steel
studs and either silicon bronze or titanium nuts. This com-
bination provides a reliable, non-permeable seal. The
drawbacks to using a conflat are the time it takes to prep
the hardware, the cost of the hardware, the time required to
make up the flange and more particulates are released
while making up the flange. For temporary diagnostic
equipment that has to be installed and removed in a rela-
tively short time span, it would be more cost effective and
time efficient to use a KF style flange. A KF style flange
not only would cut down on time required to process the
hardware but also in assembling the flange. This time sav-
ings becomes most critical in a “shutdown” situation where
the accelerator has to be turned off for repairs, and there is
a limited amount of time to perform the needed tasks. By
not having to prepare 12 nuts and 6 studs (in the case of a

* Operated by Fermi Research Alliance, LLC under Contract No. DE-
AC02-07CHI11359 with the United States Department of Energy.
T kylek@fhnal.gov
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2.75” conflat), but only a seal and clamp, time is saved in
cleaning and prep-work. Making up a conflat flange can
take approximately one minute per fastener, a KF connec-
tion can be assembled in a matter of seconds.

A KF style flange can be assembled with the same, or
even less particles generated in the vacuum space, as a tra-
ditional conflat flange.

Figure 1: Test Fixture.

TEST ENVIRONMENT AND SETUP

A 2.75” conflat and a KF-40 flange were used since they
are similar in size and are fairly common interfaces for vac-
uum diagnostic equipment. All the hardware was cleaned
ultrasonically in a 1% solution of deionized (DI) water and
Micro 90 for stainless steel hardware and a 1% solution of
DI water and Citranox for the Si bronze hardware. The
hardware was rinsed off with clean DI water. The tests
were performed in a class 10 cleanroom. The KF and con-
flat flanges where blown off with ionized boil-off nitrogen
until 0 counts were achieved on a Climet 450t particle
counter. The hardware was also blown off to the same 0
count level of cleanliness. The conflat flanges were assem-
bled on a test stand to mitigate the introduction of particles
generated from the flanges rolling around on the cleanroom
bench. (see Fig. 1)

To help ensure repeatable results, a torque wrench was
used to tighten the nuts on the conflat flange and the clamp
on the KF flange. The conflat flange nuts were tightened to
16 Nm per the manufacturer’s specification. The KF-40
flanges were tightened to 3.4 Nm to simulate finger tight
since these clamps are typically tightened by hand.

7: Accelerator Technology Main Systems
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SUPERCONDUCTING COIL WINDING MACHINE CONTROL SYSTEM*

J. M. Nogiec', S. Kotelnikov, A. Makulski, K. Trombly-Freytag, D. Walbridge
Fermi National Accelerator Laboratory, Batavia, IL 60510, USA

Abstract

The Spirex coil winding machine is used at Fermilab to
build coils for superconducting magnets. Recently this ma-
chine was equipped with a new control system, which al-
lows operation from both a computer and a portable remote
control unit. This control system is distributed between
three layers, implemented on a PC, real-time target, and
FPGA, providing respectively HMI, operational logic and
direct controls. The system controls motion of all mechan-
ical components and regulates the cable tension. Safety is
ensured by a failsafe, redundant system.

INTRODUCTION

The need to wind superconducting coils for LHC Accel-
erator Research Program (LARP) led to a project to equip
the Spirex coil winding machine with a control system
based on up-to-date technology and to provide the machine
with a safety system that meets current safety policies [1].

The winder machine is about 11 m long with a bridge
that moves along a track and supports a rotating boom
holding a spool of cable and providing cable tension, and
the mandrel supporting the coil with its winding fixture
(Fig. 1).

The control system was designed to provide necessary
functionality for winding coils, including automatically
keeping the proper cable tension and cable spool elevation,
synchronizing motors for mandrel tilt and bridge motion,
and providing interlocks to prevent material or equipment
damage.

L -
k'\m‘) display | ==
8\ -
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Figure 1: Coil winding machine.

COMPUTERS AND INSTRUMENTATION

The computer and data acquisition (DAQ) hardware
consists of a PC-based station connected via a private net-
work to a CompactRIO (cRIO) [2] crate with I/O modules
and a processor running a real-time operating system. An
extension crate is connected via Ether CAT to the cRIO

* Work supported by the U.S. Department of Energy under contract no.
DE-AC02-07CH11359
T nogiec@fnal.gov
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crate. All of the control signals to and from the machine
hardware are routed through an interface box, which also
contains a heartbeat watchdog circuit.

Two wireless CAN transmitters are connected to the
cRIO crate, allowing for control of the machine from the
remote console. Vital machine parameters are displayed on
two large LED displays located on both sides of the bridge.

SOFTWARE ARCHITECTURE

The control system was designed with the following lay-
ered architecture:

e HMI Layer - modules residing on the HMI com-
puter implementing the user interface and data
storage.

e  Operational Logic Layer - modules that provide
operational logic residing on the real-time (RT)
target computer.

e Direct Control Layer - FPGA code that interfaces
I/O signals and implements fast and deterministic
behavior, such as motion control, motion syn-
chronization, tension and reel regulation and in-
terlocks.

e Hardware Layer — actual hardware elements in-

cluding motors, sensors, actuators, and switches.

R e v 1m BooKG*E ;|

Figure 2: Touch screen user interface.

HMI Computer

The HMI computer’s software starts the tension con-
trol, and provides a graphical user interface (GUI) for con-
trolling and monitoring the machine (Fig. 2). Although the
primary method of controlling the machine is via the re-
mote console, the GUI on the HMI computer can perform
a larger set of functions. The current state of the machine,
including its position, tension, mandrel angle etc. can be
viewed on the HMI computer display, even when the ma-
chine is being controlled by the remote console. All soft-
ware exceptions as well as important events are both
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PROGRESS ON THE DESIGN OF A PERPENDICULARLY BIASED 2nd
HARMONIC CAVITY FOR THE FERMILAB BOOSTER*

R. L. MadrakT, J. E. Dey, K. L. Duel, J. C. Kuharik, W. A. Pellico, J. S. Reid, G. Romanov,
M. Slabaugh, D. Sun, C. Y. Tan, I. Terechkine,
Fermilab, Batavia, IL 60510

Abstract

A perpendicularly biased 2nd harmonic cavity is being
designed and built for the Fermilab Booster. Its purpose is
to flatten the bucket at injection and thus change the lon-
gitudinal beam distribution to decrease space charge ef-
fects. It can also help at extraction. The cavity frequency
range is 76 — 106 MHz.

The power amplifier will be built using the Y567B tet-
rode, which is also used for the fundamental mode cavi-
ties in the Fermilab Booster. We discuss recent progress
on the cavity, the biasing solenoid design and plans for
testing the tuner's garnet material.

HISTORY

Perpendicularly biased prototype cavities have been
constructed in the past: at LANL, where the same cavity
was later shipped to TRIUMF and tested with some modi-
fications. SSCL was planning to use a perpendicularly
biased cavity for the Low Energy Booster (LEB). Both
the LANL/TRIUMF and SSCL cavities were tested at
high power but neither have ever operated with beam.

The required tuning range of the FNAL 2nd Harmonic
cavity (76 — 106 MHz) is even larger than that of its pre-
decessors, (46.1 — 60.8 MHz for LANL and 47.5 — 60
MHz for SSCL [1]) so the design is challenging. Among
the concerns are: 1) Achieving the required tuning range
using a realistic bias magnetic field, 2) Taking into ac-
count higher local permeability and heating of the garnet
in areas with low magnetic field, 3) Keeping the magnetic
field in the tuner as uniform as possible, 4) Transfer and
removal of heat without the use of toxic materials (i.e.
BeO), or those that would generate mixed waste (oil), 5)
Including the power tetrode in the RF model to take into
account the impact of its output capacitance and strong
coupling to the cavity on the tuning range, 6) Avoiding air
bubbles (which could cause sparking) in the adhesive
used to fill any air gaps in the tuner, and 7) Choosing the
adhesives and assembly techniques to minimize RF losses
in this adhesive without compromising heat transfer.

CAVITY DESIGN

The tuner is constructed using a stack of rings of garnet
(National Magnetics AL-800), for tuning, and alumina, to
transfer the heat to the outer and inner surfaces, where it

* Operated by Fermi Research Alliance, LLC under Con-
tract No. DE-AC02-07CH11359 with the United States
Department of Energy

+madrak@fnal.gov
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will be removed by water cooling. The required gap volt-
age in the cavity to improve capture during injection (75 —
82 MHz) is Vjeax = 100 kV. The cavity can only be
useful at transition if two are available because the re-
quired voltage exceeds 100 kV. For extraction, the re-
quired voltage is smaller. In the present CST model of the
cavity, the shunt impedances (R, = V?/P) are 192 kQ at
76 MHz and 361 kQ at 106 MHz. The design has con-
verged regarding issues 1 - 6 enumerated above. Solutions
to such problems, such as the use of magnetic shimming
to make the magnetic field in the tuner more uniform, are
discussed in previous proceedings including [2].

Tube ceramic window

Power tube cavity

s

Solenoid coil

Garnet/alumina
disks )

Ceramic windows

Figure 1: The present cavity design

Since the magnetic field in the garnet rings of the tuner
is not uniform, it is critical to know the static permeability
u(B) and magnetic loss tangent for any bias magnetic
field level within the tuner. As the vendor does not pro-
vide such data, it was necessary to measure these quanti-
ties in material samples. These first measurements are
discussed in [3].

The size of the power tube and various mechanical re-
quirements made the power tube cavity comparable in
size and stored energy with the accelerating cavity itself.
Implementation of the initial design of the power tube
cavity in the cavity design dramatically lowered the oper-
ating frequency, and reduced the tuning range and overall
effectiveness. Our attempts to take the power tube into
account using simplified models with lumped elements to
find a solution were not entirely successful. Progress was
made after we developed a power tube model as close as
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MEASUREMENTS OF THE PROPERTIES OF GARNET MATERIAL FOR
TUNING A 2ND HARMONIC CAVITY FOR THE FERMILAB BOOSTER*

R. L. Madrak’, W. A. Pellico, G. Romanov, C. Y. Tan, I. Terechkine
Fermilab, Batavia, IL 60510, USA

Abstract

A perpendicularly biased 2nd harmonic cavity is being
designed and built for the Fermilab Booster, to help with
injection and extraction. Tunable accelerating cavities were
previously designed and prototyped at LANL, TRIUMF,
and SSCL for use at ~45-60 MHz (LANL at 50-84 MHz).
The required frequency range for FNAL is 76 - 106 MHz.
The garnet material chosen for the tuner is AL-800. To
reliably model the cavity, its static permeability and loss
tangent must be well known. As this information is not
supplied by the vendor or in publications of previous studies,
a first order evaluation of these properties was made using
material samples. This paper summarizes the results of the
corresponding measurements.

INTRODUCTION

A perpendicularly biased (as opposed to parallel biased)
design of a second harmonic cavity has been pursued be-
cause the former should have a substantially higher shunt
impedance. The cavity design and status is discussed in [1].
Various types of garnets are available and the choice of
National Magnetics AL-800 (aluminum doped garnet) was
based on a balance between an acceptable saturation mag-
netization (4 M) and Curie temperature. In the case of
perpendicular bias, operation is in the saturation region and
this results in much lower power loss than in the case of the
“traditional” parallel biased ferrite.

As the magnetic bias is achieved by using a realistic
solenoid, non-uniformity of the magnetic field in the garnet
can have a significant impact on the local permeability and
the loss tangent. If a local working point is near gyromag-
netic resonance, significant local power loss can render the
device non-operational if the temperature exceeds the Curie
temperature, and even result in mechanical damage due to
temperature gradient induced stress.

Knowing the local working point of the garnet over
the whole tuning range requires reliable information about
the permeability (u), permittivity (€), and loss tangents
tan 6,and tan 6. This paper presents results of first studies
of the static permeability and RF losses that were performed
using existing material samples and a biasing solenoid which
was already on-hand. This approach helped to deliver the
necessary information, but required an elaborate (and iter-
ative) approach. More precise measurements are planned,
using witness samples of the material fabricated for the cav-

ity.

* Operated by Fermi Research Alliance, LLC under Contract No. DE-
AC02-07CH11359 with the United States Department of Energy.
* madrak @fnal.gov
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MATERIAL PROPERTIES

The ability to accurately model the cavity is key to the
success of the design. In particular, it is necessary to know
the permeability as a function of magnetic field. The real
and imaginary parts y” and y’’ determine the tuning range
and losses, respectively. The magnetic field in the tuner is
never perfectly uniform, and in order to properly model the
device, these properties must be known at every point in
the tuner for all bias settings. In the following sections, we
describe our measurements of the static permeability and
the loss tangent using the available set of AL-800 garnet
rings (3.0” OD, 0.65” ID, and 0.5” thick).

STATIC PERMEABILITY

The static magnetization curve was extracted by iteratively
adjusting the magnetization curve used in the simulation of
the setup, until the simulation results matched measurements.
The initial u(B) curve was a guess based on the vendor’s
data for the initial permeability (~ 50 ) and a theoretical
value for large B.

A sketch of the setup is shown in Fig. 1. The ten stacked
rings are placed inside of the solenoid, which has a flux
return on the bottom and sides, made from CMD-10 and
G4 ferrite. The solenoid’s length, ID and OD are 177.8 mm,
100 mm, and 305 mm, respectively. The number of turns
is 112. A steel plug was inserted on top to improve the
uniformity of the magnetic field within the samples.

Three different magnetometer/hall probe pairs were avail-
able for measurement, and they were cross calibrated inside
of the solenoid with no garnet. The hall probes were placed
between rings, on the top, bottom, and middle of the stack.
Magnetic field was measured with each probe as a function
of solenoid current.

Flux return

Steel
plug
\, Solenoid

\ windings /

garet

\(
/\

LTI

i -

11111

Figure 1: Setup concept for the measurement of the static
magnetization.

The iteratively obtained magnetization curve was gradu-
ally changed starting with low current. At each new current
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DEVELOPMENT AND COMPARISON OF MECHANICAL STRUCTURES
FOR FNAL 15 T Nb;Sn DIPOLE DEMONSTRATOR"
I. Novitski, A.V. Zlobin", FNAL, Batavia, IL 60510, USA

Abstract

Main design challenges for 15 T accelerator magnets
are large Lorentz forces at this field level. The large
Lorentz forces generate high stresses in the coil and
mechanical structure and, thus, need stress control to
maintain them at the acceptable level for brittle Nb;Sn
coils and other elements of magnet mechanical structure.
To provide these conditions and achieve the design field
in the FNAL 15 T dipole demonstrator, several
mechanical structures have been developed and analysed.
The possibilities and limitations of these designs are
discussed in this paper.

INTRODUCTION

Nb;Sn magnets with a nominal operating field of 15-
16 T are being considered for the LHC energy upgrade
(HE-LHC) and a post-LHC Very High Energy pp
Collider (VHEppC) [1]. To demonstrate feasibility of the
15 T accelerator quality magnets, FNAL has started the
development of a single-aperture Nb;Sn dipole
demonstrator based on a 4-layer graded cos-theta coil
with 60 mm aperture and cold iron yoke [2].

Main design challenges for 15 T accelerator magnets
include large Lorentz forces at this field level. The large
Lorentz forces generate high stresses in the coil and
mechanical structure and, thus, need stress control to
maintain them below 150 MPa, which is acceptable for
brittle Nbs;Sn coils. To provide these conditions and
achieve the design field in the FNAL 15 T dipole
demonstrator, several mechanical structures have been
developed and analyzed. The possibilities and limitations
of these designs are discussed in this paper.

BASELINE MAGNET DESIGN

The baseline design of the 15 T dipole demonstrator
being developed at FNAL is described in [3]. It consists
of a 4-layer 60-mm aperture graded coil and cold 587
mm ID iron yoke separated from the coil by 2 mm spacer.
The baseline mechanical structure of the dipole
demonstrator is shown in Fig. 1. The coil uses two 15 mm
wide cables with 28 strands in the two innermost layers
and 40 strands in the two outermost layers. The inner and
outer cables are based on 1.0 mm and 0.7 mm Nbs;Sn
strands respectivelly. The magnet maximum design bore
fieldis 15.61 Tat4.2 K and 17.04 T at 1.9 K.

The coil assembly is surrounded by a 2 mm thick
stainless steel spacer and supported by a vertically split
iron yoke locked by aluminum clamps. The yoke is
surrounded by a 12 mm thick stainless steel skin. The I-
shaped clamps interleave with the iron yoke laminations

* Work supported by Fermi Research Alliance, LLC, under contract No.
DE-AC02-07CH11359 with the U.S. Department of Energy
* zlobin@fnal.gov
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in the top and bottom sectors of the iron yoke, thus
reducing the iron filling factor in these areas to ~50%.
The axial Lorentz forces are supported by two thick end
plates connected by eight stainless steel tierods placed in
the dedicated holes in the iron yoke. This support
structure provides better stress management then the
original concept with stainless steel C-clamps and a thick
skin [4]. The cold mass transverse size is 610 mm. It is
limited by the inner diameter of the FNAL test cryostat.

Figure 1: Baseline mechanical structure of FNAL 15 T
dipole demonstrator: 1 — Nb;Sn coil; 2 — stainless steel

coil-yoke spacer; 3 — iron yoke laminations; 4 —
aluminum I-clamp; 5 — stainless steel bolted skin; 6 —
axial tie rod; 7 — stainless steel end plate with

instrumented bullets; 8 — pusher ring.

The average transverse (azimuthal) stress in the pole
and mid-plane turns of the coil layers after assembly,
cooldown and at the design bore field of 15 T is shown in
Table 1. The peak equivalent stress after assembly and
after cooldown in pole 1 turn is 133 and 176 MPa
respectively. The increase of pre-stress in the pole turns
after cooldown is achieved by optimizing the gap between
the two iron yoke halves during assembly. The gap is
closed after cooldown and stays closed up to 15 T. At the
design bore field of 15 T, the peak equivalent stress is in
the innermost layer mid-plane turns and is less than 170
MPa.

ALTERNATIVE STRUCTURE

Mechanical structure based on cold iron blocks inside a
thick aluminium cylinder and key&bladder assembly
technique was selected as an alternative mechanical
structure for the FNAL 15 T dipole demonstrator [5]. This
structure concept was used for the HD magnet series at
LBNL [6] and by US-LARP for several large-aperture
high-field quadrupole models [7].
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DESIGN AND TEST OF THE PROTOTYPE TUNER FOR 3.9 GHz
SRF CAVITY FOR LCLS II PROJECT

Y. Pischalnikov, E. Borissov, J. C. Yun, FNAL, Batavia, IL 60510, USA

Abstract

Fermilab is responsible for the design of the 3.9 GHz
cryomodule for the LCLS-II that will operate in continuous
wave (CW) mode [1]. The bandwidth of the SRF cavities
will be in the range of 180 Hz. In the tuner design, the slow
tuner-mechanism slim blade tuner was adopted, which was
originated by INFN for the European XFEL 3.9 GHz [2].
The bandwidth of the SRF cavities for LCLS II will be in
the range of 180 Hz and fine/fast tuning of the cavity
frequency required. A fast/fine tuner made with 2
encapsulated piezos was also added to the design. The first
prototype tuner has been built and went through testing at
warm conditions. Details of the design and summary of the
tests are presented in this paper.

REQUIREMENT FOR THE TUNER

3.9 GHz Cryomodules (and cavities) designs for the
LCLS II Project accumulated its best features from the
previous 3.9 GHz cryomodule designed and built by FNAL
(for DESY/FLASH) [3] and by INFN for EuXFEL [2].
Parameters of the 3.9 GHz cavity for LCLS II project are
presented in the Table 1. The significant difference is in the
bandwidth of the cavity. For the LCLS II project half
bandwidth must be 90 Hz and peak detuning (with active
resonance control) must be less than 30 Hz.

TUNER DESIGN

Schematics of the tuner design are shown in Figure 1. The
coarse tuner is a slim blade tuner (with a 1:20 ratio) with a
design that is very close to the design of the tuner
developed by the INFN for EuXFEL 3™ harmonics
cryomodules [2].

Piezo

| —— /
- Safetyrods | _'L,!
Figure 1: Schematic of the 3.9GHz SRF cavity tuner.

*This manuscript has been authorized by Fermi Research Alliance,
LLC under Contract N. DE-AC02-07CH11359 with U.S.
Department of Energy.

#pischaln@fnal.gov
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Table 1. 3.9 GHz SRF Cavity and Tuner Parameters

RF frequency 3900 MHz
Operating temperature 2 K
Total voltage available (16 cavities) 80 MV
Average operating gradient 14.5 MV/m
Average Q 2.0x10° -
Cavity length (L) 0.346 M
R/Q (r/Q) 750 (2168)| Q (©/m)
Geometry constant (G) 275 Q
Longitudinal Cavity Stiffness 5.4 kN/mm
Cavity Tuning Sensitivity 2.3MHz mm
Coarse (slow) tuner range 750 kHz
Fine (fast) tuner range ~1 kHz
HOM damped Q value (monopole and p

dipole) =10 -
Lorentz detuning <0.6  |Hz(MV/m)*
Number of cryomodules 2 -
Number of cavities per CM 8 -
Cavity alignment requirements (RMS) 0.5 mm
Peak detune (with piezo tuner control) 30 Hz
Required cavity field amplitude 0.01 % (ms)
stability”

Required cavity field phase stabilityT 0.01 deg (rms)
Qen 2.2x10’ -
Halfbandwidth of the cavity 90 Hz
Active length of 9 cells 345.96 mm
i{)l;db)eam power per cavity (@300 u 5 W
RF power needed per cavity 1 kW
Cavity dynamic load 17 4

The major modification of this tuner design introduced
by FNAL is adding a fast/fine tuner. Two piezo-stacks have
been installed between the slow/blade tuner and the ring
welded to the He-vessel. Safety rods have been designed
between the cavity end flange and main lever of the tuner.
These safety rods protect the cavity during transportation
and from non-clastic deformation during cavity/helium
vessel system pressure tests.

Set-screws and special washers were included to prevent
loosening of the assembly screws during warmup and cool-
down cycles [4].

The 3.9 GHz SRF cavity tuner will include the same
active components (electromechanical actuators and piezo-
stacks) as used on the 1.3 GHz cavity tuner. [4,5].

The electromechanical actuator LVA 52-LCLS II-UHVC-
X1 built by Phytron per FNAL specification was found to
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LCLS-II TUNER ASSEMBLY FOR THE PROTOTYPE
CRYOMODULE AT FNAL

Y. Pischalnikov, E. Borissov, T. Khabiboulline, J.C. Yun
FNAL, Batavia, IL 60510, USA

Abstract

The tuner design for LCLS-II has been thoroughly ver-
ified and fabricated for used in the LCLS-II prototype mod-
ules [1,2]. This paper will present the lessons learned dur-
ing the installation of these tuners for the prototype module
at FNAL, including installation procedures, best practices,
and challenges encountered.

TUNER COMPONENTS QC AND
PREPARATION STEPS BEFORE
INSTALLATION INTO CM

SRF cavity tuners frames arrived from vendor pre-as-
sembled (Figures 1, 2). As the first Quality Control (QC)
step tuner frame installed on the cavity/He vessel mock-
up” frame (Figure 2). As preparation step for installation
on the cavities string tuner frame dis-assembled on three
large components (Figure 2).

*This manuscript has been authorized by Fermi Research Alliance,
LLC under Contract N. DE-AC02-07CH11359 with U.S. Depart-
ment of Energy.

#*pischaln@fnal.gov
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Figure 2: Tuner frame assembled on the aluminium fixture.
Partially disassembled tuner before installation on pCM.

The electromechanical actuator LVA 52-LCLS II-UHVC-
X1 (and two limit switches) [1, 2] terminated to rad-hard
Hypotronics connectors at FNAL (Figure 3). Each actuator
tested at FNAL before installation on the tuner. For pro-
duction cryomodule Phytron, Inc will terminate motor and
limit switches wires to 9 pin Hypotronics connectors. Com-
pany will also conduct details test of each actuators (in-
cluding testing each units at LN2 temperature).

The 16 piezo-actuators P-844K075 [1, 2] were termi-
nated to rad-hard Hypotronics connectors and tested at
FNAL before to be install on prototype cryomodule
(pCM). Each piezo-capsule has two 10*10*18 mm? piezo-
stack and following parameter was measured for each
19 mm long piezo-stack: capacitance, dissipation factor,
stroke for V=60 V.

For production cryomodule Physik Instrumente (PI)
will supply piezo-capsules already terminated to connector
and tested. Protocol for testing agreed between PI and
LCLS 1II project.

Figure 3: Active components of the tuner: electromechan-
ical actuator and piezo-capsule.

TUNERS INSTALLATIONS
AND CHALLANGES

Tuners installed many times on the single dressed cav-
ity but installation on the cold mass was much challenging
adventure: tight space, significant amount of the other cav-
ity components.

Our previous experience reflected into travellers / tuner
installation procedure. It roughly divided into several steps
(Figure 4):

1. Removing safety brackets (that protect cavity dur-
ing previous production steps)

2. Installation on the He vessel right tuner arm and
main levers around beam pipe (Figure 4 (A))

3. Installation on the He vessel tuner left arm and
connecting together left and right side of tuner
(Figure 4 (B))
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DESIGN OF THE LBNF BEAMLINE TARGET STATION*

S. TariqT, K. Ammigan, K. Anderson, S. A. Buccellato, C. F. Crowley, B. D. Hartsell, P. Hurh,
J. Hylen, P. Kasper, G. E. Krafczyk, A. Lee, B. Lundberg, A. Marchionni, N. V. Mokhov,
C. D. Moore, V. Papadimitriou, D. Pushka, I. Rakhno, S. D. Reitzner, V. Sidorov, A. M. Stefanik,
I. S. Tropin, K. Vaziri, K. Williams, R. M. Zwaska, Fermilab, Batavia, IL 60510, USA
C. Densham, STFC/RAL, Didcot, Oxfordshire, OX11 0QX, UK

Abstract

The Long Baseline Neutrino Facility (LBNF) project
will build a beamline located at Fermilab to create and aim
an intense neutrino beam of appropriate energy range to-
ward the DUNE detectors at the SURF facility in Lead,
South Dakota. Neutrino production starts in the Target Sta-
tion, which consists of a solid target, magnetic focusing
horns, and the associated sub-systems and shielding infra-
structure. Protons hit the target producing mesons which
are then focused by the horns into a helium-filled decay
pipe where they decay into muons and neutrinos. The target
and horns are encased in actively cooled steel and concrete
shielding in a chamber called the target chase. The refer-
ence design chase is filled with air, but nitrogen and helium
are being evaluated as alternatives. A replaceable beam
window separates the decay pipe from the target chase. The
facility is designed for initial operation at 1.2 MW, with the
ability to upgrade to 2.4 MW, and is taking advantage of
the experience gained by operating Fermilab’s NuMI facil-
ity. We discuss here the design status, associated chal-
lenges, and ongoing R&D and physics-driven component
optimization of the Target Station.

INTRODUCTION

The Target Station is a central component of the LBNF
Beamline and it is expected to produce the highest power
neutrino beam in the world. The driving physics consider-
ation is the study of long baseline neutrino oscillations. The
initial operation of the facility will be at a beam power of
1.2 MW on the production target, however some of the in-
itial implementation will have to be done in such a manner
that operation at 2.4 MW can be achieved without major
retrofitting [1]. In general, components of the Target Sta-
tion which cannot be replaced or easily modified after sub-
stantial irradiation at 1.2 MW operation are being designed
for 2.4 MW, mainly the shielding around the target chase
and the associated remote handling equipment. Approxi-
mately 40% of the total beam power is deposited in the tar-
get chase and surrounding shielding. Experience gained
from operating Fermilab’s NuMI target facility [2] is being
extensively employed in the design of the LBNF facility.

The Target Station design has to implement a stringent
radiological protection program for the environment,
workers and members of the public. The relevant radiolog-
ical concerns: prompt dose, residual dose, air activation,
and water activation are being extensively modelled (to-

* Work supported by Fermi Research Alliance, LLC under Contract No.
DE-AC02-07CH11359 with the United States Department of Energy.
T tariq@fnal.gov
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gether with NuMI benchmarking) and the results incorpo-
rated in the system design. Tritium build-up in the shield-
ing infrastructure has to be managed and the choice of gas
in the target chase has to be selected taking into considera-
tion the impact on air emissions plus any corrosion related
issues due to the ionizing radiation. The replaceable beam
window separating the target chase from the helium-filled
decay pipe needs to seal reliably and adequately between
these two beamline volumes.

The reference design utilizes a NuMI-style two horn sys-
tem and a two-interaction length carbon fin target. Further
physics-driven component optimization work has shown
that a three horn focusing system with a longer target pro-
vides improvements in the neutrino flux.

Radiation damage, cooling of elements, radionuclide
mitigation, remote handling and storage of radioactive
components are all essential considerations for the design
of the LBNF Target Station. This paper gives a snapshot of
the present design status of the Target Station and discusses
the associated challenges, ongoing R&D, and physics-
driven optimization of the target and horn system.

STATUS OF THE TARGET STATION
DESIGN

LBNF/DUNE obtained CD-1 approval in November
2015 for the reference design. A longitudinal section
through the reference LBNF Target Station design is shown
in Fig. 1. It closely follows the design of the NuMI focus-
ing system where components are loaded from the top. It
includes in order of placement (1) a beryllium window that
seals off and separates the evacuated primary beamline
from the neutrino beamline, (2) a baffle collimator assem-
bly to protect the target and the horns from mis-steered
beam, (3) a 95 cm long target, (4) two magnetic horns. The
LBNF horns operate at higher current (230 kA) and lower
pulse width (0.8 ms) compared to NuMI. These elements
are all located inside a heavily shielded, air-filled, air/wa-
ter-cooled chamber, called the target chase, that is isolated
from the decay pipe at its downstream end by a replaceable,
thin, metallic window. The target chase has sufficient
length and cross-section to accommodate an optimized fo-
cusing system (currently being studied). In order to miti-
gate potential corrosion issues and release of air-born radi-
onuclides we are studying alternative gases (nitrogen and
helium) for the target chase atmosphere, and a complete
conceptual design is currently being developed for the ni-
trogen-filled option. The remote handling facilities in the
Target Hall include a shielded work-cell for remotely ex-
changing radioactive components and a storage rack
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DESIGN OF THE HIGH BETA 650 MHz CRYOMODULE - PIP II *

V. Roger, T. H. Nicol, Y. Orlov
Fermi National Accelerator Laboratory, Batavia, IL 60510, USA

Abstract

In this paper the design of the high beta 650 MHz cry-
omodule will be presented. This cryomodule is composed
of six 5-cell 650 MHz elliptical cavities, designed for
=0.92. These cryomodules are the last elements of the Su-
per Conducting (SC) linac architecture which is the main
component of the Proton Improvement Plan-II (PIP-II) at
Fermilab.

This paper summarizes the design choices which have
been done. Mechanical, thermal and cryogenic analyses
have been performed to ensure the proper operation. First
the concept of having a strong-back at room temperature
has been validated. Then the heat loads have been esti-
mated and all the components have been integrated inside
the cryomodule by designing the supports, the beam line,
the thermal shield and the cryogenic lines. All these ele-
ments and the calculations leading to the design of this cry-
omodule will be described in this paper.

INTRODUCTION

The high beta 650 MHz cryomodule is based on the de-
sign of the SSR1 325 MHz cryomodule with a strong-back
at room temperature supporting the cavities [1]. These two
cryomodules are parts of the SC linac architecture of PIP 11
in order to accelerate a beam current in the energy range
11 MeV - 800 MeV. The high beta 650 MHz cryomodule
is composed of six superconducting 5-cell 650 MHz ellip-
tical cavities. One particularity of these cavities is that the
chimney makes an angle with the vertical axis. This re-
quirement comes from the test station for which without
this angle the cavity would not fit.

Figure 1: Cross section of the high beta 650 MHz dressed
cavity with its tuner.

These cavities will be operated at 2K. Cryogenics lines
have been designed in order to meet the requirements ac-
cording to heat-loads and flux trapping during the cool-
down.

This cryomodule is 9.8 m long with a diameter of 1.2 m.
Thus insertion tooling of the cold mass inside the vacuum
vessel has been designed and particular attention has been

* Work supported by Fermi Research Alliance, LLC under Contract No.
DE ACO02 07 CH11359 with the United States Department of Energy
T vroger@fnal.gov
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taken considering the shrinkage of the material during the
cool down.

MECHANICAL DESIGN

This cryomodule shares several elements of design with
the SSR1 cryomodule in order to minimize the design cost
and to use similar tooling and procedures during the assem-
bly and operation.

Description of the Cryomodule

Figure 2 presents the cryomodule with its main compo-
nents. One of the main issues during the design stage was
to integrate the two phase helium pipe with the chimney.
For this a custom elbow with a belled connection has been
used in order to be able to weld the chimney once the cold

mass is inside the vacuum vessel.
2 Phase helium pipe

Thermal shield

Support-post

Strong-back Cryogenic valves

Figure 2: Cross-section of the high beta 650 MHz cry-
omodule.

Vacuum Vessel Design

Two big openings are located in the middle of the vessel.
The first one is dedicated to the cryogenic valves and the
other one to the chimney and the heat exchanger in order
to reach 2K. Other ports are dedicated to the coupler, tuner,
instrumentation, and relief valve.

‘ Exchanger and chimney port Cryogenic valves port ‘

Support posts of the
strong-back (half of
them are temporary)

Figure 3: Vacuum vessel.

The alignment of the cavities will be done on the strong-
back outside the vacuum vessel. To keep the alignment the
strong-back needs to be supported in the exact same way
when it will be inside the vessel. For this laser trackers will
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A 600 VOLT MULTI-STAGE, HIGH REPETITION RATE
GaN FET SWITCH*

D. Frolov, H. Pfeffer, G. Saewert!, Fermilab, Batavia, USA

Abstract

Using recently available GaN FETs, a 600 Volt three-
stage, multi-FET switch has been developed having 2 na-
nosecond rise time driving a 200 Ohm load with the poten-
tial of approaching 30 MHz average switching rates. Pos-
sible applications include driving particle beam choppers
kicking bunch-by-bunch and beam deflectors where the
rise time needs to be custom tailored. This paper reports
on the engineering issues addressed, the design approach
taken and some performance results of this switch.

INTRODUCTION

Currently available gallium nitride (GaN) transistors are
at least a factor of five times both lower in capacitance and
faster in switching speed than MOSFETs. This technology
enables drivers for particle beam deflecting devices to be
built that achieve new performance levels in terms of
speed. Although the development of this switch was tar-
geted for driving a particular beam deflector at Fermilab,
pulse generators in general employ switches with which
high switching speed and high voltage are desired.

One requirement at Fermilab for which a hard-switching
driver has been proposed is a fast beam chopper in the 2.1
MeV Medium Energy Beam Transport (MEBT) section of
what is now referred to as PIP-II Injector Test facility at
Fermilab [1]. This is to be a CW operating LINAC deliv-
ering unique beam patterns concurrently to numerous ex-
periments. Bunch pattern creation will be done on a bunch-
by-bunch basis by the MEBT chopper having 6.15 ns
bunch spacing (162.5 MHz). Operational requirements in-
clude greater than 500 Volts on each traveling wave kicker
plate, more than 80% beam chopped out, and particle re-
moval to better than 10 of each chopped-out bunch [2].
The ramifications on a hard-switching circuit as the driver
for this chopper are to have an absolute worst case 4.0 ns
rise/fall time (5-95%), be able to switch at 81.25 MHz in
100 ns bursts at 1 ps intervals and handle average switch-
ing rates of more than 30 MHz when the PIP-II LINAC
eventually operates CW.

Having the ability to build a switch in house is conven-
ient for building deflection plate drivers that must ramp lin-
early at controlled rates rather than simply turn on as fast
as possible. A version of this switch is under development
for an electron beam profiler in the Fermilab Main Injector
[3]. A pair of deflection plates needs to be ramped to plus
and minus 500 V linearly in 18 ns to sweep an electron
beam longitudinally across proton bunches.

A previous attempt had been made to build a fast switch

* Work supported by Fermi Research Alliance, LLC under Contract
No. De-AC02-07CH11359 with the US Department of Energy.
T saewert@fnal.gov
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for this PIP-II MEBT chopper using a different design ap-
proach. This paper reports on achieving better results by
driving each FET stage individually and the employment
of different GaN FETs rated for higher voltage.

DESIGN REQUIREMENTS

This switch was designed to meet several requirements
that include:

(1) Operation to voltages of at least 500 V,

(2) Turn-on transition times of 2 ns,

(3) The capability of switching at tens of megahertz CW
and hopefully over 30 MHz,

(4) Pulse patterns of virtually any duty factor

(5) Pulse widths down to 2 ns at flat top.

Additionally, understanding that to operate at such high
CW switching rates, the switch needs to be constructed of
multiple FETs in series to share the power dissipation. So
the design needed to include the ability to assure that mul-
tiple FETs can be made to be timed simultaneously and
held to small fractions of a nanosecond. Development of
this switch thus far were constructions of 2- and 3-FET as-
semblies.

Certainly lead inductance needs to be minimized. So
this switch design needs to be physically as small as possi-
ble.

DESIGN ISSUES

A number of design issues must be addressed besides
switching fast. Foremost are switching losses. At tens of
megahertz and 600 Volts these losses are high even for
GaN to use only one FET as a switch. A FET’s internal
dissipation when discharging its own drain-to-source (Cds)
capacitance is 0.5C;V %f = 108 W; where Cds = 20 pF, and
f =30 MHz switching CW. We are referring to parameters
for the GS66502 GaN FET from GaN Systems, Inc., used
in this design. Add to this the transition switching loss that
arises during turn-on and turn-off. There are 36 Watts tran-
sition switching losses with a 4.0 ns rise time driving a 3.0
A load at 30 MHz CW. (These losses drop proportionately
with rise time, however.) Not a switching loss, but each
FET’s drain-to-source I°R loss conducting 3 A DC is only
2 W.

It is interesting that total switching losses of a multi-FET
in series are less than if the switch is comprised of only one
FET. The reduction in Cds switching loss is evident from
the expression for the total when three FETs are in series:

1 V\2 1 1
3+3Cds (%) f=3+2CdsV?f (Watts).

Where V is the operating voltage, and f'is switching rate,
the total is 1/3 compared when only using one FET. Share
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QUENCH TRAINING ANALYSIS OF Nb3;Sn ACCELERATOR MAGNETS*
S. StoyneVT, K. Riemer. A. V. Zlobin, FNAL, Batavia, USA

Abstract

Present Nb;Sn accelerator magnets show long training
compared to traditional NbTi magnets. It affects the re-
quired design margin or the nominal operation field re-
sulting in higher magnet production and operational costs.
FNAL has initiated a study aiming to find and explain
correlations between magnet design, fabrication and per-
formance parameters based on existing Nb;Sn magnet
training data. The paper introduces the core investigation
points and shows first results.

INTRODUCTION

Nb;Sn accelerator magnet technology has made signifi-
cant progress during the past decades. Thanks to that 11-
12 T Nb;Sn dipoles and quadrupoles are planned to be
used in accelerators such as LHC in near future for the
luminosity upgrade [1], [2] and in a longer term for the
LHC energy upgrade or a Future Circular Collider [3].
However, all the state of the art Nb;Sn accelerator mag-
nets show quite long training. This specific feature signif-
icantly raises the required design margin or limits the
nominal operation field of Nb;Sn accelerator magnets
and, thus, increases their cost.

To resolve the problem of Nb;Sn accelerator magnet
training FNAL has launched a study aiming to analyze the
relatively large amount of Nb;Sn magnet test data accu-
mulated at the FNAL magnet test facility. The ultimate
goal of this study is to correlate magnet design and manu-
facturing features and magnet material properties with
training performance parameters which would allow in
the future optimizing the magnet design and fabrication to
minimize or even eliminate magnet training. This paper
describes the general strategy of the analysis, discusses
the main parameters and parametrization techniques and
presents first results based on partial data processing.

DATASET

At current times there are several tens of accelerator
magnets based on NbsSn technology produced world-
wide. A big fraction of those magnets were fabricated and
tested at FNAL albeit in collaboration with others. Part of
the initial models suffered from unavoidable first-attempt
missteps and data should be carefully vetted before ac-
cepting them for analysis. For that reason magnets that
were tested latest in time are the ones to start analysing
first. Currently MBHS [4] series magnets (dipoles and
mirror models) are fully included and HFDA [5] (dipoles
and mirror models), TQC [6], HQ [7], [8] and MQXF [2]
series (quadrupoles and mirror models) are partially in-

* Work supported by Fermi Research Alliance, LLC, under contract No.
DE-AC02-07CH11359 with the U.S. Department of Energy
+ stoyan@thal.gov

7: Accelerator Technology Main Systems

T10 - Superconducting Magnets

cluded in the study. Further plans are to include data from
outside FNAL, notably from LBNL and CERN tests.

TRAINING PARAMETRIZATION

To be able to correlate magnet parameters with its train-
ing, parametrization of the training evolution is needed.
Figure 1 shows an example of magnet training curve and
its possible parametrization. Training examples given here
and later are from MBHSP02 — a dipole model from the
11 T program at FNAL [4], [9]. It is worth noting that
training is sometimes conducted at different temperatures.
Magnet training could be normalized to magnet short
sample limit (SSL). In the analysis, those points were
taken into account as well.

Manimum gquench Cument =, L
12500 ¢ sne® o
ate b .
» .
ot®
e .
o

MNumber of guerches
o reach 95% of

Max. current

30 a0 50 80

Training Quench Number

Figure 1: Magnet training and training curve parametriza-
tion.

The parametrization of magnet training curves chosen
in this study includes the following parameters:
e  First quench current and highest quench current
It is assumed that the magnet remembers its maximum
current after the training cycle which is sometimes not
completely accurate. If the magnet is far from trained or if
the training was unsuccessful for other reasons (damaged
cable, etc.) a careful consideration about including those
data is needed.
e  Number of training quenches to chosen current
Currently we work with 80% and 95% from the train-
ing plateau. The latter is considered a threshold beyond
which a magnet is nearly at the plateau. The former serves
as a threshold for assessing initial (typically faster) train-
ing. Both are subject to further optimization.
e  Current differentials

The difference between currents in consecutive training
quenches is called current differential. An example of
current differentials vs. quench number is shown in Fig.
2. The points from consecutive quenches with significant
magnet temperature differences (typically 1.9 K vs 4.5 K)
are removed from consideration and analysed inde-
pendently. Detraining quenches have negative differential
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FIELD QUALITY MEASUREMENTS IN THE FNAL TWIN-APERTURE
11 T DIPOLE FOR LHC UPGRADES’

T. Strauss, G. Apollinari, E. Barzi, G. Chlachidze, J. Di Marco, F. Nobrega, I. Novitski, S. Stoynev,
D. Turrioni, G. Velev, A.V. Zlobin#, FNAL, Batavia, IL 60510, USA
B. Auchmann, S. Izquierdo Bermudez, M. Karppinen, L. Rossi, F. Savary, D. Smekens
CERN, CH-1211 Geneva 23, Switzerland

Abstract

FNAL and CERN are developing an 11 T Nb;Sn dipole
suitable for installation in the LHC to provide room for
additional collimators. Two 1 m long collared coils
previously tested at FNAL in single-aperture dipole
configuration were assembled into the twin-aperture
configuration and tested including magnet quench
performance and field quality. The results of magnetic
measurements are reported and discussed in this paper.

INTRODUCTION

The development of the 11 T Nb;Sn dipole for the LHC
collimation system upgrade, started in 2011 as a
collaborative effort of FNAL and CERN magnet teams
[1]. The recent R&D status of the project was reported in
[2]. A single-aperture 2-m long dipole demonstrator and
two 1-m long dipole models have been assembled and
tested at FNAL in 2012-2014. The 1 m long collared coils
were then assembled into the twin-aperture configuration
and tested in 2015-2016 [3]. The first magnet test was
focused on the quench performance of twin-aperture
magnet configuration including magnet training, ramp
rate sensitivity and temperature dependence of magnet
quench current [4]. In the second test performed in July
2016 field quality in one of the two magnet apertures has
been measured and compared with the data for the
corresponding single-aperture model. These results are
reported and discussed in this paper.

MAGNET DESIGN AND PARAMETERS

The design concepts of FNAL 11 T NbsSn dipole in
single- and twin-aperture configurations are described in
[1, 5]. Fabrication details and performance parameters of
the two configurations are compared in [3, 6].

Magnet design is based on two-layer coils, stainless
steel collar and cold iron yoke supported by strong
stainless steel skin. The twin-aperture magnet MBHDPO1
consists of two collared coils inside a common iron yoke
with coils 5 and 7 around one aperture and coils 9 and 10
around the other aperture. Coil position inside the yoke
and coil electrical connections in the twin-aperture
magnet MBHDPO1 are shown in Fig. 1. The coils 5 and 7
and the coils 9 and 10 were previously tested in single-
aperture dipole models MBHSP02 and MBHSPO03
respectively.

* Work supported by Fermi Research Alliance, LLC, under contract
No. DE-AC02-07CH11359 with the U.S. Department of Energy and

European Commission under FP7 project HiLumi LHC, GA no.284404
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158

Figure 1: Coil layout and connetion inside the yoke.

MAGNETIC FIELD MEASUREMENT

MBHDPO1 was tested at the FNAL Vertical Magnet
Test Facility. Magnetic measurements were performed
using 26 mm and 130 mm long, and 26 mm wide 16-layer
Printed Circuit Board (PCB) probes [7]. The probe
rotation speed was 1 Hz. The resolution of magnetic
measurements is estimated better than 0.5 unit. The
rotating coil system was installed in the aperture with
coils 9 and 10.

The field induction B in magnet aperture was
represented in terms of harmonic coefficients defined in a
series expansion using the complex functions

n-1
B,+iB, =3110‘4Z(bn+ian){xR:_yJ .M
where B, and B, are horizontal and vertical field
components in the Cartesian coordinate system, b, and a,
are 2n-pole normal and skew harmonic coefficients at the
reference radius R,,~17 mm.

n=1

RESULTS AND DISCUSSION

Figures 2-4 show the dependences of the magnet
Transfer Function (7F=b,/I) and low-order “normal” (b,,
bs, by, bs) and “skew” (a,, a;3) field harmonics measured
in MBHDPO1 and MBHSPO3 vs. the magnet current. The
measurement data are compared with 2D and 3D
calculations of geometrical harmonics and iron saturation
effect in the twin-aperture MBHDPO1 using ROXIE [8].

The measurements were done in current loops with the
current ramp rate of 20 A/s. The effect of eddy currents
on the field quality was studied previously in single-
aperture models MBHSP02 and 03 by performing
measurements in current loops with current ramp rates up
to 80 A/s. It was found that this effect it small thanks to
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THYRATRON REPLACEMENT?*

Ian Roth, Marcel Gaudreau, Michael Kempkes, Matthew Munderville, Rebecca Simpson,
Diversified Technologies, Inc., Bedford, MA, USA

Abstract

Semiconductor thyristors have long been used as a re-
placement for thyratrons in low power or long pulse RF
systems. To date, however, such thyristor assemblies have
not demonstrated the reliability needed for installation in
short pulse, high peak power RF stations used with many
pulsed electron accelerators. The fast rising current in a
thyristor tends to be carried in a small region, rather than
across the whole device, and this localized current con-
centration can cause a short circuit failure. An alternate
solid-state device, the insulated-gate bipolar transistor
(IGBT), can readily operate at the speed needed for the
accelerator, but commercial IGBTs cannot handle the
voltage and current required. It is, however, possible to
assemble these devices in arrays to reach the required
performance levels without sacrificing their inherent
speed. Diversified Technologies, Inc. (DTI) has patented
and refined the technology required to build these arrays
of series-parallel connected switches. DTI is currently
developing an affordable, reliable, form-fit-function re-
placement for the klystron modulator thyratrons at SLAC
capable of pulsing at 360 kV, 420 A, 6us, and 120 Hz.

BACKGROUND

The Stanford Linear Collider (SLC) has used thyratrons
in its klystron modulators since its inception in 1963.
While the thyratrons function, they need replacement
every 10,000 hours at a cost of $13,000 each, plus labor.
Furthermore, periodic maintenance is required to adjust
their reservoir heater voltage over the thyratron lifetime.
As the Stanford Linear Accelerator Center (SLAC) con-
tinues to run its accelerator over the next two decades,
replacing the thyratrons with a solid-state switch that
would last 25 years or more, and does not need mainte-
nance, would provide significant savings — both in the
avoided cost of thyratrons as well as the labor in replacing
and adjusting them.

SLAC is presently funding the development of a solid-
state switch, based on thyristor technology to replace the
thyratrons (Figure 1), meeting the requirements of exist-
ing klystron modulators (Table 1). The difficulty is that a
fast rising current in a thyristor tends to be carried in a
small region, rather than across the whole device, and this
localized current concentration can cause a short circuit
failure.

*Work supported by DOE under contract DE-SC0011292
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Figure 1: DTI solid-state replacement for the L-4888
thyratron used at SLAC. The switch, which operates at
48 kV and 6.3 kA, fits in the same location as the legacy
thyratron assembly.

Table 1: ESS Klystron Modulator Requirements

Specification

Voltage 48 kV
Current 6.3 kA
Pulse Width 6 us
Risetime 1 ps, 10 A/us
Frequency 120 Hz

DESIGN

An alternate solid-state device, the insulated-gate bipo-
lar transistor (IGBT), can readily operate at the speed
needed for the accelerator, but commercial IGBTSs cannot
handle the voltage and current required. It is, however,
possible to assemble these devices in arrays to reach the
required performance levels without sacrificing their
inherent speed. Diversified Technologies, Inc. (DTI) has
patented and refined the technology required to build
these arrays of series-parallel connected switches. DTI
has shipped more than 500 systems leveraging this tech-
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DESIGN AND OPERATION OF PULSED POWER SYSTEMS

BUILT TO ESS SPECIFICATIONS
Ian Roth, Marcel Gaudreau, Michael Kempkes, Matthew Munderville, Rebecca Simpson
Diversified Technologies, Inc., Bedford, MA, USA
Julien Domenge, Jean-Luc Lancelot, SigmaPhi Electronics, Vannes, France

Abstract

Diversified Technologies, Inc. (DTI), in partnership
with SigmaPhi Electronics (SPE) has built three long
pulse solid-state klystron transmitters to meet spallation
source requirements. Two of the three units are installed
at CEA Saclay and the National Institute of Nuclear and
Particle Physics (IN2P3), where they will be used as test
stands for the European Spallation Source (ESS). The
systems delivered to CEA and IN2P3 demonstrate that the
ESS klystron modulator specifications (115 kV, 25 A per
klystron, 3.5 ms, 14 Hz) have been achieved in a reliable,
manufacturable, and cost-effective design. There are only
minor modifications required to support transition of this
design to the full ESS Accelerator, with up to 100 klys-
trons. The systems will accommodate the recently-
determined increase in average power (~660 kW), can
offer flicker-free operation, are equally-capable of driving
Klystrons or MBIOTSs, and are designed for an expected
MTBCF of over ten years, based on operational experi-
ence with similar systems.

INTRODUCTION

Diversified Technologies, Inc. (DTI), in partnership
with SigmaPhi Electronics (SPE), has designed and in-
stalled advanced, high voltage solid-state modulators for
European Spallation Source (ESS)-class klystron pulses
(Figure 1). These klystron modulators use a series-switch
driving a pulse transformer, with an advanced, patent-
pending regulator to maintain a precise cathode voltage as
well as a constant load to the external power grid. The
success of the design in meeting the ESS pulse require-
ments (Table 1) is shown in Figure 2.

Figure 1: DTI’s prototype solid-state ESS-class klystron
modulator, developed under a DOE SBIR grant.
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Table 1: ESS Klystron Modulator Requirements

Specification
Voltage -115kV
Current 25 A per Klystron
Pulse Width 3.5ms
Frequency 14 Hz (max)
Average Power 160 kW (per Klystron)
Droop <1%
Pulse Repeatability <0.1%

Tek Run : | E —] Trig'd

Ch2 Ampl
5.26 v
.......... Ch2 Rise
56.55M5
Wi 1.00V M 400us| A Chi 4 2.20¥
18 Dec 2015
5.400 % 11:23:19

Figure 2: Modulator pulse at 108 kV, 3.5 ms, 0.07% flat-
top into a Thales TH2179A klystron during site ac-
ceptance testing at IN2P3, 18 December 2015.

The DTI/SPE klystron modulator is now a fully proven
design, delivering significant advantages in klystron per-
formance through:

e Highly reliable operation, demonstrated in hundreds
of systems worldwide, and predicted to significantly
exceed ESS requirements

e Flicker- and droop-free operation over a range of
operating parameters
e  All active electronics in air for easy maintenance

With the delivery of these initial modulators, the transi-
tion to production for the ESS system itself is straightfor-
ward.

DESIGN

The heart of the DTI/SPE modulator design is a high
voltage solid-state switch driving a pulse transformer. The
switch is made of seven series-connected IGBT modules,
and operates at 6.7 kV. This design enables a measured
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BEAM COUPLING IMPEDANCE CHARACTERIZATION OF THIRD
HARMONIC CAVITY FOR ALS UPGRADE"

T. Luo’, K. Baptiste, M. Betz, J. Byrd, S. De Santis,
S. Kwiatkowski, S. Persichelli, Y. Yang, LBNL, Berkeley, CA 94720, USA

Abstract

The ALS upgrade to a diffraction-limited light source
(ALS-U) depends on the ability to lengthen the stored
bunches to limit the emittance growth and increase the beam
life time. In order to achieve lengthening in excess of four-
fold necessary to this end, we are investigating the use of
the same passive 1.5 GHz normal-conducting RF cavities
currently used on the ALS. While the upgraded ring RF pa-
rameters and fill pattern make it easier as long as the beam-
induced phase transient is concerned, the large lengthening
factor and the strongly non-linear lattice require particular
attention to the cavities contribution to the machine overall
impedance budget. In this paper we present our estimates
of the narrow-band impedance obtained by numerical sim-
ulation and bench measurements of the cavities’ resonant
modes.

INTRODUCTION

The ALS upgrade to a diffraction-limited light source
(ALS-U) [1] depends on the ability to lengthen the stored
bunches to limit the emittance growth and increase the beam
life time. In order to achieve lengthening in excess of four-
fold necessary to this end, we are investigating the use of
the same passive 1.5 GHz normal-conducting RF cavities
currently used on the ALS. While the upgraded ring RF
parameters and fill pattern make it easier as long as the
beam-induced phase transient is concerned [2], the large
lengthening factor and the strongly non-linear lattice require
particular attention to the cavities contribution to the ma-
chine overall impedance budget. In this paper we present
our estimates of the narrow-band impedance obtained by nu-
merical simulation and bench measurements of the cavities’
resonant modes.

The short range wake of the cavity has been discussed
in [3]. In this paper, we will focus on the narrow band
impedance below the beam pipe cutoff frequency.

To characterize the beam coupling impedance of the cav-
ity, we have simulated its wakefield and beam coupling
impedance with CST [4] to identify the resonant modes
with significant contribution to the beam impedance. Low
power RF bench measurement has been carried out on three
cavities identical to the ones currently installed in the ALS.
Combing the CST simulation and the bench measurement
results, we have estimated the beam coupling impedances
of the undamped TM110 modes in the cavity.

* Work supported by the Office of Science, U.S. Department of Energy
under DOE contract number DE-AC02-05CH11231
 tluo@1Ibl.gov
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NUMERICAL RF SIMULATION

To identify the higher order modes with considerable
impedances, we have carried out the wakefield simulation
with CST Particle Studio. The cavity model is built from
the mechanical drawings with piston tuner and two HOM
dampers, as shown in Figures 1 and 2. In the wakefield simu-
lation, the beam is placed 5 mm away in the x direction from
the cavity center. The longitudinal and transverse wakefields
are integrated along the cavity center. Since the beam pipe
cutoff frequencies are 3.5 GHz for TEO1 mode and 4.6 GHz
for TM11 mode, we have limited the analysis to frequencies
under 5 GHz, as shown in Figures 3 and 4.

18573 75 =50

Figure 2: CST simulated model (wakefield solver).

From the wakefield simulation results, we can see that:

1. Without the HOM damper, the major contributors to
the beam coupling impedances are longitudinal modes
TMO11 at 2.3 GHz and transverse modes TM110 at
2.3 GHz, TM120 at 2.9 GHz and TM121 at 3.4 GHz.

2. The fundemantal mode TMO10 at 1.5 GHz is little
affected by HOM dampers.

3. The HOM dampers effectively suppresses the longi-
tudinal mode TMO11, and transverse modes TE111,
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PERSISTENT CURRENT EFFECTS IN RHIC Arc DIPOLE MAGNETS
OPERATED AT LOW CURRENTS"

X. WangT, S. Caspi, S. A. Gourlay, G.L. Sabbi, LBNL, Berkeley, CA 94720, USA
A. K. Ghosh, R. C. Gupta, A. K. Jain, P. Wanderer, BNL, Upton, NY 11973, USA

Abstract

The Relativistic Heavy Ion Collider (RHIC) arc dipoles
at Brookhaven National Laboratory are operated at low field
for low energy Au-Au studies. Indications of strong nonlin-
ear magnetic fields have been observed at these low currents
due to the persistent current effects of superconducting NbTi
filaments. We report the details of the measurement and cal-
culation of the field errors due to persistent current effect.
The persistent current induced field errors calculated with
a model based on the strand magnetization data agree well
with the measurements of a spare arc dipole magnet. The de-
pendence of the persistent current effects on the park current
is calculated based on the validated model.

INTRODUCTION

The arc dipole magnets of the Relativistic Heavy Ion Col-
lider (RHIC) at Brookhaven National Laboratory (BNL) are
operated at low currents (112 to 218 A) for low energy Au-
Au studies. Strong non-linear magnetic fields have been
observed at these low currents. These non-linear fields re-
sult from the magnetization of superconducting filaments
in the magnet conductor (persistent current effect). To un-
derstand the magnetization effects and achieve the best ma-
chine performance, the field errors were measured using a
spare arc dipole magnet at low currents and compared to a
computational model. Here we describe the model and the
comparison with measurements. With the validated model,
we calculate the dependence of the persistent current effect
on the park current from which the current starts ramping up
toward the operation current after the down ramp. Adjust-
ing the park current can be an option to optimize the RHIC
performance at low operation energy.

The RHIC arc dipole was wound with Rutherford cables
made of multifilamentary NbTi strands. Table 1 summarizes
the NbTi strand parameters relevant for the persistent current
effects. Reference [1] reviews the RHIC magnet system,
including the conductor, cable and arc dipole.

MAGNETIC MODEL

Several models have been developed to calculate the per-
sistent current effects for superconducting accelerator mag-
nets based on NbTi and Nb3;Sn conductors [2—-8]. Here
we use an analytic approach based on the critical state
model [9, 10] to calculate the persistent current effects [2].

* The work at BNL was supported by Brookhaven Science Associates, LLC
under Contract Number DE-AC02-98CH10886 and DE-SC0012704 with
the U.S. Department of Energy (DOE). The work at LBNL was supported
by the U.S. DOE under Contract Number DE-AC02-05CH11231.

T xrwang @1bl.gov
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Table 1: Main Parameters for the NbTi Strands Used in the
RHIC Arc Dipole Magnets

Item Value
Wire diameter (mm) dw 0.648
Filament diameter (um) dg 6
Filament number in a strand Ng 3510
Cu/Non-Cu ratio A 2.25
Strand number in a cable Ns 30

The magnetic field in the straight section of a long dipole
magnet is two dimensional (2D). On the 2D magnet cross
section, each strand is approximated as a line current located
at the strand center. The field on each strand is first deter-
mined by summing the field generated by all other strands
using the Biot-Savart law. This field then determines the
induced persistent current in each filament of the strand.
The sum of the fields generated by the persistent current in
each filament gives the strand contribution to the persistent
current effect.

Two parameters are required to determine the persistent
current effect from each filament. The first one is the shape
of the shielding currents in the superconducting filament
before it is fully penetrated by the external magnetic field.
We approximate the central region in the filament, initially
current free, to an ellipse using Wilson’s model [2, 11]. The
eccentricity of the ellipse, €, can be determined by

BS:_,uOJCdp (1_marcsme), )
€

T

where By is the field generated by the shielding current at
the center of the filament to cancel the applied field [2].
J. is the critical current density of the NbTi filament and
dr is the filament diameter (Table 1). The eccentricity can
be determined based on a series expansion of the tangent
function [12, 13].

The second parameter is the filament J. as a function
of applied field, which can be determined from the strand
magnetization [14]. For a filament fully penetrated by exter-
nal magnetic field, its magnetization and J; can be related
through

2 1
M(B) = >—Je(B) dp T+ 2
where A is the Cu/Non-Cu ratio (Table 1) [2]. Two sets
of J.(B) data can be obtained from the measured strand
magnetization: one from the up-ramp branch with increas-
ing applied magnetic field and the other from the down-
ramp branch. We then approximate the J.(B) data with the
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HIGH-EFFICIENCY 500-W RF-POWER MODULES FOR UHF*
F. H. Raab¥, Green Mountain Radio Research, Boone, lowa, USA

Abstract

This RF-power module is a building block for a multi-
kilowatt high-efficiency power amplifier system. The
module employs five GaN-FET class-F RF power ampli-
fiers with a low-loss Gysel splitter and combiner. Enve-
lope Elimination and Restoration is used to maintain
efficiency over a wide range of amplitudes. Efficiencies
from 79 to 83 percent are obtained for power outputs
from 500 to 600 W, and high efficiency is maintained
over most of the range of outputs.

INTRODUCTION

Linear (particle) accelerators can use megawatts of RF
power to accelerate protons or electrons, and typically
operate on a 24/7 basis. Operation over a 3 to 10-dB am-
plitude range is needed to compensate for vibrations,
heating, and other effects. Klystrons are currently the
most widely used means of generating RF power for
linear accelerators. Unfortunately, the peak efficiency of
the klystrons is barely higher than 55 percent, and the
efficiency varies with output power, much like that of a
class-A amplifier. This results in significant power con-
sumption and cooling requirements, which in turn result
in significant operating costs.

The new system described here produces the required
RF power with significantly higher efficiency, which is
maintained over a wide range of outputs. Its key compo-
nents are:

e  Class-F RF power amplifiers (PAs) using GaN
FETs,
e  Gysel splitters and combiners, and
e Envelope Elimination and Restoration (EER,
Kahn Technique).
Use of this system has the potential to lower operating
costs significantly.

A significant advantage of this approach is that the RF
PAs are always saturated. This allows them to achieve
the maximum possible efficiency while eliminating the
effects of gain variations due to heating and other factors,
stability problems, and the like.

The "500-W module" shown in Figure 1 is the building
block for multi-kW RF power-amplifier systems. It in-
cludes a driver, a Gysel power splitter, five RF PAs, a
Gysel combiner, and an optional circulator. Prototypes
have been developed for 325, 352, 650, and 704 MHz.

Class-F operation [1] is readily implemented at UHF
and offers the maximum output power for given device
ratings. These amplifier use 120-W GaN HEMT made by
Cree or Qorvo. GaN FETs are preferred to LDMOS FETs
at UHF MHz because their higher-frequency capability

" Grants DOE-SC0002548, 6200, 6237 plus IR&D.
T frraab@ieee.org.
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results in better waveform shaping, hence higher efficien-
cy.

1.2-2.5W W 105-140 W
=

500-650 W

300 mW 7-15 W

PREDRIVE
IN DRIVER

Figure 1: Block diagram.

RF POWER AMPLIFIER

A simplified circuit of the class-F power amplifier is
shown in Figure 2. The output incorporates quarter-
wavelength stubs for the second and third harmonics to
shape the drain waveforms and thereby improve the effi-
ciency. The GaN FET is biased near the threshold of
conduction. A harmonic resonator on the input line
shapes the gate-drive waveform for improved switching.
The positions of the stubs are optimized experimentally,
after which load pull is used to determine the fundamen-
tal-frequency matching. ”

3f 3f

-v

cc +V,

DD

o o

RF RF
DRIVE OUTPUT

Fi-guré 2: Class-F power amr-)liﬁ-er.

The amplifiers are tuned to produce 120 W with maxi-
mum overall efficiency (output power divided by dc-input
power plus drive power). The resultant variations of
overall efficiency with output power are shown in Figure
3. The amplifiers produce 120 W with overall efficien-
cies from 80.5 to 87 percent. The efficiency is 70 percent
or better for outputs above 7 to 12 W, depending upon the
frequency. Output power is controlled by varying the
supply voltage, and for these tests the drive is held con-
stant (1.2 to 2.5 W).

Operation of the RF PAs in saturation results in excel-
lent amplitude-modulation linearity, as shown in Figure 4.
Typically, the relationship of the RF-output voltage to dc-
input voltage fits a straight line within 1 percent rms. For
constant drive of 1.2 to 2.5 W, the drive feedthrough is 32
to 148 mW (29 dB or more below the 120-W output).
However, the addition of partial drive modulation [2]
allows the level of the output to be reduced as close to
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DIELECTRIC LOADED HIGH PRESSURE GAS FILLED RF CAVITIES
FOR USE IN MUON COOLING CHANNELS*

B. Freemire’, Y. Torun, Illinois Institute of Technology, Chicago, IL, USA
M. Backfish, D. Bowring, A. Moretti, D. Peterson, A.V. Tollestrup, K. Yonehara, FNAL, Batavia, IL, USA
R. Johnson, Muons, Inc., Batavia, IL, USA
A. Kochemirovskiy, University of Chicago, Chicago, IL, USA

Abstract

High brightness muon beams require significant six di-
mensional cooling. One cooling scheme, the Helical Cooling
Channel, employs high pressure gas filled radio frequency
cavities, which provide both the absorber needed for ioniza-
tion cooling, and a means to mitigate RF breakdown. The
cavities are placed along the beam’s trajectory, and contained
within the bores of superconducting solenoid magnets. Gas
filled RF cavities have been shown to successfully operate
within multi-Tesla external magnetic fields, and not be over-
come with the loading resulting from beam-induced plasma.
The remaining engineering hurdle is to fit 325 and 650 MHz
single cell pillbox cavities within the bores of the magnets
using modern technology while minimizing the peak RF
power per unit length. Partially filling the cavities with a
dielectric material and making them slightly reentrant ac-
complishes the goal of fitting shrinking the diameter of the
cavities. Alumina (Al,Oj3) is an ideal dielectric, and the ex-
perimental test program to determine its performance under
high power in a gas filled cavity has concluded.

INTRODUCTION

Muon cooling channels based on ionization cooling have
been studied extensively over the past decade and a half.
Maximizing cooling efficiency dictates strong magnetic
fields (>1 T) at the location of absorbers within the cool-
ing lattice. Radio frequency cavities are used to replace the
longitudinal energy lost in the absorbers, and are therefore
subject to strong magnetic fields as well. Early studies im-
mediately observed degredation in the accelerating field of
traditional vacuum cavities in magnetic fields up to 5 T [1,2].

To mitigate breakdown induced by external magnetic
fields, the idea of filling cavities with a high pressure gas was
introduced [3]. Given a suitable choice of gas (i.e. hydro-
gen), this has the additional benefit of providing the cooling
medium. Such a technique has been shown to mitigate break-
down [4].

A beam traversing a gas filled RF cavity will ionize the gas,
and the resulting plasma serves as a mechanism to transfer
energy from the cavity to the gas; known as plasma loading.
Experiments were performed to characterize the relevant
processes in such an environment [5,6]. The results have
been used to simulate and predict the amount of plasma load-
ing in a cooling channel based on gas filled cavities, which

* Work supported by Fermi Research Alliance, LLC under contract No.
DEAC0207CH11359.
T freeben @hawk.iit.edu
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steers the design parameters [6, 7]. Plasma loading is be-
lieved to be manageable for the beam intensities envisioned
to meet the luminosity requirements for a muon collider.

HELICAL COOLING CHANNEL

The cooling scheme based on gas filled RF cavities is
the Helical Cooling Channel (HCC) [3]. The HCC pro-
vides six dimensional cooling through ionization cooling
(for which hydrogen gas is the cooling medium) and emit-
tance exchange. This is accomplished by placing gas filled
cavities within the bores of superconducting solenoid mag-
nets, and arranging them in a helix. The helix is in turn
placed within a larger, external solenoid, and the magnet
system provides the necessary By, B, and dB/dr field com-
ponents.

Three dimensional and cross sectional views of the HCC
are shown in Figs. 1 and 2. Optimization of the magnet
and RF cavity parameters remains to be done, which will be
described in more detail in the following sections.

Figure 1: Three dimensional view of one cooling cell of
the HCC utilizing dielectric loaded high pressure gas filled
cavities [8].

Magnets for the HCC

The Helical Cooling Channel is divided into sections, each
with a higher magnetic field than the previous. The early
and middle sections utilize either NbTi or YBCO tape, and
prototypes have been modeled and fabricated [9-11]. Higher
field sections require Nb3Sn, which presents the additional
complication of requiring a reaction cycle to a temperature
of 650 °C, limiting the material choice for coil support. A
collaring concept was introduced to address this, mechanical
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SIMULATION OF PING-PONG MULTIPACTOR WITH CONTINUOUS

ELECTRON SEEDING+
Moiz Siddigi, Rami Kishek
Institute for Research in Electronics and Applied Physics, University of Maryland, College Park

Abstract

Multipactor is a discharge resulting from secondary-
electron emission. A new form of resonant multipactor
combining emission from two surfaces has been studied.
Initial simulations of this ping-pong mode agree with
theoretical predictions of its cutoff only over a certain
range. In this study, we assess the effect of the electron
seeding method in the simulation on the discrepancies
observed for extremely narrow and extremely wide gaps.
Second, we apply techniques from non-linear dynamics to
develop a new, global approach for analysing higher-
periodicity multipactor. Simulation results with WARP
will be discussed.

PING-PONG MULTIPACTOR THEORY

Multipactor is a discharge induced by the impact of
electrons on a surface due to radio-frequency (RF) elec-
tromagnetic fields and secondary-electron emission
(SEE). Depending on the impact energy and RF phase of
the incident electron, a growth in the electron density is
possible. Multipactor can lead to device breakdown in
many applications, such as particle accelerator structures,
RF systems, satellite communication equipment, and
microwave components. Theoretical studies of multi-
pactor traditionally focus on either single-surface multi-
pactor or two-surface multipactor. A new study has been
done on a combined emission from single-surface and
two-surface impacts, known as ping-pong multipactor.
This concept is illustrated in Figure 1. For sufficient elec-
tric fields, electrons are returned to the surface with a low
impact energy [1]. These electrons can produce secondar-
ies which then propagate to the other surface.

For small gaps between the surfaces, the ping-pong
modes are found to extend the region of parameter space
for multipactor growth [1]. Ping-pong multipactor is sub-
ject to the resonance condition that that the total transit
time for all the impacts in one period is N RF half-periods
[1]. Here, N is the order of the multipactor and is con-
strained to be an odd integer. Additionally, the product of
SEE yields (the average number of emitted secondary
electrons per incident primary electron) over one period
must exceed unity for multipactor growth. It is important
to note that the theory and simulation makes use of the
normalized variables: T = wt, x =x/D, v =v/wD,
E, = eE,/mDw?, for the time, position, velocity, and
electric field respectively [1]. In the above equations, D is
the gap separation between the plates, w is the RF elec-
tric-field frequency, e is the electron charge, and m is the
electron mass.

* Work supported by National Science Foundation
1 msiddiqi@umd.edu
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Figurel: Particle orbits in a period-2 ping-pong
multipactor [1].

SIMULATION OF PING-PONG MODES
To test the ping-pong theory, we set up a 3D Simula-

tion using the the WARP particle-in-cell code. WARP
uses the POSINT library to model SEE, which includes
detailed SEE parameters for any given material [1]. For
the simulations, unbaked-copper surfaces are chosen,
which has a peak SEE yield of of 2.1 occurring at an
electron impact energy of 271 eV [1]. Additionally, the
code assumes a velocity distribution consistent with ex-
perimental measurements. The geometry consists of two
parallel plates (0.125 mm thick, 23 x 23 mm wide) sepa-
rated by a distance D, which is varied throughout the
simulation. A gap impedance of 50 ohms is assumed [1].
An RF sinusoidal electric-field is present between the gap
with a frequency of 0.5 GHz.

Initial simulations uniformly seed the particles be-
tween the gap prior to the start of the simulation. A series
of simulations are run in a gap range of 0.75 mm — 15.0
mm by varying v, for a fixed material and fixed RF elec-
tric-field frequency. The simulations are run for 5 RF
periods, which is sufficient to indicate multipactor growth
or decay [1]. For each gap, the simulations scan the elec-
tric-field strength and then interpolates the results to find
fields that give unity gain [1]. The results of the simula-
tion scan are shown in Figure 2. The simulation and upper
period-2 ping-pong cutoff bound agree nicely for inter-
mediate normalized velocities in the range [0.1,0.2].
However, for small and large normalized velocities, cor-
responding to large and small gap heights respectively, a
discrepancy is seen between the upper cutoff bound and
the simulation [1].

To better understand this discrepancy, a new electron
seeding method is introduced where electrons are contin-
uously injected over one RF period. This is in contrast to
the uniform seeding method used in the initial simula-
tions, where the seed electrons are placed in the gap prior
to the start of the electric-field. For this new seeding
method, electrons are seeded every fourth time step dur-
ing the first RF period. The number of seed electrons
injected per time step is chosen to ensure that the total
density of seed electrons by the end of the simulations
equate for the two seeding mechanisms.
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SUPERFERRIC Arc DIPOLES FOR THE ION RING AND
BOOSTER OF JLEIC*
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Department Physics & Astronomy Texas A&M University, College Station, TX, USA
D. Chavez Univesidad de Guanajuato, Guanajuato, Guanajuato, Mexico

Abstract

The Jefterson Laboratory Electron Ion Collider (JLE-
IC) project requires 3 Tesla superferric dipoles for the
half-cells in the arcs of its Ion Ring and Booster. A super-
ferric design using NbTi conductor in a cable-in-conduit
package has been developed. A mockup winding has been
constructed to develop and evaluate the coil structure,
manufacture winding tooling and evaluate winding meth-
ods, and measure errors in the position of each cable
placement in the dipole body.

INTRODUCTION

The accelerator research lab at Texas A&M University
College Station, TX has been tasked to design and build a
1.2m mock dipole magnet for the figure-eight shaped Ion
Collider project at Jefferson Lab[1]. The figure-eight
design has two 260° arcs coupled by two strait sections.
In each arc, there are 32 half-cells which consist of two
4m long dipole magnets per half-cell along with other
components. The dipole magnets are required to have a 3
T uniform field, and a beam aperture of 10cm x 6¢cm[1].

A 15 strand NbTi cable-in-conduit design is used for
the superconductor to meet the demands of field strength
and stability. Precision milled G-11 forms ensure accurate
placement of the cable in order to achieve the desired
field quality. To evaluate the bending and winding proce-
dures for the dipole magnet, a mock cable (empty refrig-
eration tubing) was used to assemble a prototype magnet.
Once the mock cable was bent and placed into the form,
each cable placement was measured.

CABLE AND FORM DESIGN
Cable-In-Conduit (CIC)

The CIC superconductor design originated from a
concept developed by Hoenig M O and Montgomery [2].
The general style of CIC used in this project has been
previously developed by the International Accelerator
Facility at GSI-Darmstadt[3]. However, the specific de-
sign used in JLEIC dipole is made of 15 1.2 mm Cu-NbTi
strands shown in Fig. 1. The coolant, helium for the JLE-
IC dipole, flows within an inner tube and the supercon-
ductor is wrapped on the outside of this tube. Then there
is a seamlessly welded sheath that is formed on the out-
side of the superconducting strands. This provides a stable
package for all the strands, and can be easily shaped.

* Work was funded in part by a contract from Jefferson Science Associ-
ates, and by grant DE-SC0016243 from the US Dept. of Energy.
1 jeff.breitschopf@gmailcom
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Figure 1: Cross-section of cable in conduit design.

Form Design

The cables are properly located in the body of the mag-
net by channels in the form in a block-coil configuration.
This form consists of a central winding form and three
layers of cables on each side, separated by segments of
milled G-11 blocks. Each segment is removable so that
each layer can be formed and put into place. Figure 2
shows a body cross section of the dipole with different
layers and the end regions where the ion beam enters and
exits the dipole.

Figure 2: Body cross section of dipole (left) showing
separate G-11 layers. End region form showing vertical
bends (Right).

The G-11 blocks have their fiber orientation lying nor-
mal to the XY plane, with the Z axis as the beam axis.
This orientation mitigates effects of thermal expansion of
the block pieces. The X and Y expansion coefficients are
about the same, 1.4 x10-5 K-1 and 1.2 x10-5 K-1 respec-
tively, and the Z component is 7.0 x10-5 K-1[4].

CONSTRUCTION

Bending

In Fig. 2. (left) the cable in the winding form runs from
the left hand side of the magnet to the right continuously.
It must also be bent out of the way of the beam apper-
ature. Therefore the cable must be bent 180 degrees then
another 90 degrees see Fig. 2. (right) for clarity.

7: Accelerator Technology Main Systems
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Abstract

The FRIB Driver Linac is to accelerate all the stable
ions beyond 200 MeV/nucleon with a beam power of 400
kW. The linac is unique, being compactly folded twice. In
this report, the room temperature magnets, amounting 147
in total, after Front End with a 0.5-MeV RFQ, are de-
tailed, emphasizing the rotating coil field measurements
and fiducialization.

INTRODUCTION

The driver linac of the Facility for Rare Isotope Beams
(FRIB) [1, 2] is to accelerate all the stable ions (including
uranium) up to or beyond 200 MeV/nucleon (MeV/u)
with a beam power of 400 kW (5 x 10'3 28U/s). The linac
is twice folded as shown in Fig. 1 in order to make it
sufficiently compact to be located in the university cam-
pus, and to reuse the existing experimental facility. The
linac is divided into seven segments; Front End (FE),
Linac Segment (LS) 1, Folding Segment (FS) 1, LS2,
FS2, LS3, and Beam Delivery Segment (BDS). Figure 1
is also showing the segments where the room temperature
(RT) magnets to be reported here are located. The other
segments were filled out by accelerating cyomodules
(CMs), to which superconducting (SC) solenoids attached
with horizontal and vertical dipoles are installed for
transverse focusing and steering.

| Linac Segment 3 (LS3) Beam Transport Section + Beam Delivery Segment (BDS)

Final Focusing

‘ [Folding Segment 2 (Fs2) |

L fERGendit
L,,LL-S!:!J:ae;l,M;zdulz !

Front End (FE)_

‘ Linac Segment 1 (LS1) Beam Transport Section + Folding Segment 1 (FS1) 1
Beam bumps Beam Dump
Figure 1: FRIB driver linac showing the segments (boxed
in orange) where the RT magnets to be reported here are
placed.

Figure 2 shows all the magnets to be used for the
FRIB driver linac. The beam transport sections are
equipped with the standard quadrupole magnets Q1s and
the standard corrector magnets C2s. Most of C2s (44 of
46) are from Lawrence Berkley National Laboratory
(LBNL), being not reported here. A dog leg consisting of
four 5-degree dipole DIs is located on each side of the
liquid lithium charge stripper in order to protect SC cavi-

*Work supported by the U.S. Department of Energy Office of Science
under Cooperative Agreement DE-SC0000661 and the National Sci-
ence Foundation under Cooperative Agreement PHY-1102511.
#yamazaki @frib.msu.edu
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ties from any lithium sputtering. In total, 151 RT magnets
are completed or under construction by an outside vendor,
including 4 spare Qls to be used for the case of one CM
missing. Note that H stands for hexapole (sextupole).

Vendor
QTY=259
8
LBNL
QTY=44

LBNL=

Laboratory

RN+ ammAnN NN 4 ¢

Figure 2: Magnets for the FRIB driver linac.

Originally, it was planned to use combined function
magnets of quadrupole and sextupole for FS1 and BDS.
After the separate function solution was found [3], all the
linac RT magnets become quite common ones. Then, the
manufacturing and the testing of these common magnets
need no technical challenges. On the other hand, due care
is still necessary for these magnets to guide the high pow-
er beams to be focused on the target with small emittanc-
es and sizes. Also, any project always need good value
engineering (separate function rather than combined func-
tion was most effective example).

FIELD MAPPING RESULTS

Even if all the magnets have easily obtainable perfor-
mance, we need to verify that all the magnets have re-
quired performance. The field mapping is performed by
means of a all probe for one magnet of each type of quad-
rupoles and sextupoles and for all the dipole magnets. The
absolute integrated field measured so far were compared
with the requirement in Table 1. All the measurement
results with the specified currents exceed the required
values.

Table 1: Integrated Fields

Magnet

Type Required Measured
Q1 >8.7T/mm 9.5 T/m'm
Q2 >7.8 T/mm 8.5 T/m'm
Q6 >3.0T/mm 32T/mm
H3 >3.0 T/m*>m 3.9 T/m'm
Cl1 >0.0060 T'm 0.0063 T'm
C3 >0.0160 T'm 0.0160 T'm

7: Accelerator Technology Main Systems
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FREQUENCY DOMAIN SIMULATIONS OF RF CAVITY STRUCTURES
AND COUPLER DESIGNS FOR CO-LINEAR X-BAND ENERGY BOOSTER
(CXEB) WITH ACE3P

T. Sipahi, S. V. Milton, S. G. Biedron, Department of Electrical & Computer Engineering,
Colorado State University (CSU), Fort Collins, CO 80523, USA

Abstract

Due to their higher intrinsic shunt impedance X-band
accelerating structures offer significant gradients with
relatively modest input powers, and this can lead to more
compact light sources. At the Colorado State University
Accelerator Laboratory (CSUAL) we would like to adapt
this technology to our 1.3-GHz, L-band accelerator system
using a passively driven 11.7 GHz traveling wave X-band
configuration that capitalizes on the high shunt
impedances achievable in X-band accelerating structures
in order to increase our overall beam energy in a manner
that does not require investment in an expensive, custom,
high-power X-band klystron system. Here we provide the
frequency domain simulation results using the ACE3P
Electromagnetic Suite’s OMEGA3P and S3P for our
proposed Co-linear X-band Energy Booster (CXEB)
system that will allow us to achieve our goal of reaching
the maximum practical net potential across the X-band
accelerating structures while driven solely by the beam
from the L-band system.

GENERAL CONCEPT

The CSU Accelerator Facility [1] will initially focus on
the generation of long-wavelength, free-electron lasers
pulses, as well as the development of electron-beam
components and peripherals for free-electron lasers and
other light sources. It will also serve as a test bed for
particle and laser beam research and development.

One of the most important parts of this accelerator is the
linac that was constructed by the Los Alamos National
Laboratory for the University of Twente TEU-FEL Project
[2]. In addition to the capabilities of this linac we would
like to further increase the electron beam energy without
additional significant investments. Our idea is to utilize the
electron beam from the L-Band RF gun as a drive source
for a passive X-band linac structure thus allowing us to
increase the beam energy by using the L-band power
together with the inherent high shunt impedance of the X-
band structure.

Figure 1 presents the general layout of our proposed
CXEB system. We started with the power extraction
mechanism using the beam from the L-band linac passing
through the power extraction cavity (PEC). This power is
then delivered to the X-band main accelerating cavity
(MAC) structures. Then, when a bunch periodically passes

7: Accelerator Technology Main Systems

T06 - Room Temperature RF

through the whole system we can achieve significantly
higher beam energies. This is done by simple switching of
the photocathode drive laser pulses and shifting the phase
onto the cathode such that it puts the bunch into the
accelerating phase of all accelerator structures.

X-BAND PEC STRUCTURE

In our previous studies [3,4] we described the general
idea that can provide us some additional electron beam
energy via an inexpensive and compact way using our
proposed X-band Co-linear energy booster (XCEB) at
CSU. In this concept we used two different types of X-
band traveling wave (TW) RF cavity structures. The first
one is designed as a power extraction cavity (PEC) that can
provide us the needed power via our L-band system. The
second one, the main accelerating cavity (MAC) [5], is
designed for lower group velocity for efficient RF power
deposition to the electron beam in the cavity. In our
previous studies we have presented the electromagnetic
field mapping of the PEC and MAC structures using
SUPERFISH, the Maxwell solver of LANL’s code group
[6].

In here we provide the results of more advanced 3D
simulations that we performed using the parallel
computing capabilities of the National Energy Research
Scientific Computing Center (NERSC) [7] as well as
SLAC’s Advanced Computational Electromagnetics Code
Suite ACE3P (Advanced Computational Electromagnetics
3D Parallel) [8]. The 3D CAD modeling and visualization
were done using the Telis [9] and Paraview [10] software,
respectively.

We started our simulations studying how different
boundary conditions effects the PEC parameters and
because we would like to increase our CPU time efficiency
on the super computing facility. In this part of the study,
while we were applying traveling wave boundary
conditions at the both ends of the half and quarter PEC
single cell geometries, we kept the mesh size constant and
similar to what we used for the whole cell. The parameter
comparison results and the magnitude of the electric and
magnetic fields for the each symmetry of the single cell of
our TW X-band PEC using OMEGA3P [11], eigen
frequency solver of ACE3P are given in Table 1 and Figure
2.
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WAKEFIELD EXCITATION IN POWER EXTRACTION CAVITY OF CO-
LINEAR X-BAND ENERGY BOOSTER IN TIME DOMAIN WITH ACE3P

T. Sipahi, S. V. Milton, S. G. Biedron, Colorado State University (CSU),
Electrical & Computer Engineering Dept., Fort Collins, CO 80523, USA

Abstract

We provide the general concept and the design details
of our proposed Co-linear X-band Energy Booster
(CXEB). Here, using the time domain solver T3P of the
ACE3P Suite we provide the single bunch and multiple
bunch wakefield excitation mechanism for the power
build up when using a symmetric Gaussian bunch
distribution in our traveling wave (TW) X-band power
extraction cavity (PEC). Finally, we determine the
achievable X-band power at the end of the PEC structure.

POWER EXTRACTION FOR
X-BAND PEC

When a bunch passes through an unfilled RF cavity it
interacts with the cavity and deposits some of its kinetic
energy. This energy is converted into RF fields that can
be decomposed into the resonant modes of the RF cavity.
If a steady stream of bunches is passed through the cavity
and the spacing of the bunches is such that they are
precisely in phase with one of the cavity modes, then this
mode gets reinforced and can grow to large values. As
time progresses the field builds up, as does the impact on
the passing electron bunch until equilibrium is reached
where the power being dissipated is equal to the power
delivered. In the case of power extraction, this power can
be delivered to another device and be used as desired.

In order for the mode excitation to be coherent and
therefore constructive, the bunch spacing T, needs to be a
multiple of the mode period and the mode phase velocity
needs to be equal to the speed of the relativistic bunches.
The bunch separation time T}, however, must be shorter
than the cavity passage time of the excited RF mode in
order that several bunches can contribute to the build up
of the voltage V.

At the equilibrium condition, the induced voltage
generated by the following bunch compensates the
voltage drop experienced between bunches.

In our X-band Co-linear Energy Booster system,
presented in our previous studies [1,2,3], the resonant
frequency of the power extraction cavity (PEC) is 11.7
GHz. Our Ti:Sapp laser is capable of producing 81.25
MHz pulses, therefore the X-band RF osclates 144 times
for each passage of an electron bunch.

Equation 1 gives the steady-state power level at the
structure output when neglecting the internal wall losses

[4]:

P= ﬁ(g) 12 (j—z)z (ﬁgl_l)Fz(o—) (1)
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or in terms of the field attenuation factor per unit length
(@) for a constant shunt impedance traveling wave cavity
we can write the Equation 1 as [5]:

R 1-e~ L
P =2 (5) PP =—F(0) 2)
where
w
= 3)

o is the frequency, Q is the quality factor of the cavity, v,
is the cavity group velocity, L is the length of the cavity,
R is the cavity resonant mode shunt impedance, and F (o)
is the form factor for a bunch of length o. This equation
is used as an initial estimate for performance and as a
check of the simulation.

We performed our time domain beam dynamics
simulations using the NERSC (National Energy Research
Scientific Computing Center [6]) parallel computing
sources and SLAC’s Advanced Computational
Electromagnetics Code Suite ACE3P’s (Advanced
Computational Electromagnetics 3D Parallel) [7] time
domain solver T3P [8]. The 3D CAD modeling and
visualization were done using the Trelis [9] and Paraview
[10] software, respectively. Some of the important X-
band PEC structure parameters that are presented in
another paper of this conference were simulated using
OMEGA3P are given in Table 1 [11].

Table 1: Parameters for TW X-Band PEC

Parameter Value
Frequency [GHz] 11.7001
Phase advance per cell

[Radians] 2m/3

Inner radius to wavelength ratio  0.10

Quality factor 6458
Cell length [mm] 8.5411
Shunt Impedance M /m 110

GAUSSIAN BEAM OPTIMIZATION FOR
CONSTRUCTIVE WAKEFIELD
EXCITATION IN X-BAND PEC

STRUCTURE
For an efficient and successful power extraction at the
end of the X-band PEC our longer drive beam needs to be
optimized. We can calculate the power using the formula
for the maximum current with a very thin bunch size
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EDDY CURRENT CALCULATIONS FOR A 1.495 GHz INJECTION-
LOCKED MAGNETRON*

S. A. Kahn', A. Dudas, R. P. Johnson, M. Neubauer, Muons, Inc., Batavia, IL., USA
H. Wang, Jefferson Lab., Newport News, VA, USA

Abstract

An injection-locked amplitude modulated magnetron is
being developed as a reliable, efficient RF source that
could replace klystrons used in particle accelerators. The
magnetron amplitude is modulated using a trim magnetic
coil to alter the magnetic field in conjunction with the
anode voltage to maintain the SRF cavity voltage while
the cavity is experiencing microphonics and changing
beam loading. Microphonic noise can have frequency
modes in the range 10-50 Hz. Eddy currents will be in-
duced in the copper anode of the magnetron that will buck
the field in the interaction region from the trim coil. This
paper will describe the magnetic circuit of the proposed
magnetron as well as the calculation and handling of the
Eddy currents on the magnetic field.

INTRODUCTION

A magnetron with injection locking and amplitude
modulation is being proposed as an efficient alternative to
klystrons. The project plans to build and test a prototype
1497 MHz magnetron that could be used as an RF source
for JLab. Using an injection phase-locked magnetron as
an alternate RF source is described in Ref. [1]. Ampli-
tude modulation is planned to control microphonics in the
superconducting RF cavities. The current in the magne-
tron interaction region is modulated by varying the mag-
netic field over the electron cloud. The magnet system
consists of a DC solenoid that provides the nominal field
over the interaction region. An additional coil surrounds
the anode which can provide a variable £10% field to
modulate the current. The magnet system is described in
the next section. The JLab superconducting cavities have
microphoninc noise modes in the frequency range 10-50
Hz [2].

MAGNET SYSTEM

Figure 1 shows a diagram of the magnetron which illus-
trates the magnet configuration. The larger outer solenoid
coils provide 0.25 T field. A trim coil is present sur-
rounding the anode to provide an additional variable field
that can be used to modify the field in the interaction
region. Surrounding the coils is a steel magnetic circuit to
conduct the flux to the magnetron interaction region. This
configuration provides a uniform magnet field over the
interaction region. Table 1 shows parameters describing
tbe trim coil. The decay constant associated with the coil

* Work supported by U.S. D.O.E. SBIR grant DE-SC0013203
T email address: kahn@muonsinc.com
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Figure 1: Diagram of magnetron showing the magnet
configuration.

Table 1: Trim Coil Parameters

Parameter Value
Maximum Field 0.025T
Number of turns 248
Current per turn SA
Inductance 0.028392 h
Coil Resistance 0.279 Q2
Time Decay Constant 100 ms
Cross Section Area 21.05 cm?

coil inductance is 100 ms. This number is independent of
the number of turns as long as the coil cross section is
fixed. The decay constant may be too long to react to
very short time spikes. The decay constant can be further
reduced with an external resistance in series with the trim
coil, however that resistance must be compatible with the
5 A current and may limited by the power supply.

EDDY CURRENT SHIELDING

The time varying currents in the trim coil will induce
transient currents in the magnetron anode which is made
of copper. The Eddy current in the anode will produce a
field in the interaction region that opposes the field from
the trim coil. We used the Opera 2D finite element simu-
lation code [3] to model the magnetic geometry configu-
ration of the magnetron. The anode in the R-Z is repre-
sented by a cylinder with radial thickness corresponding
to the part of the anode that would allow the current to
circulate the full 360° since that is the region that contrib-
utes significantly to the Eddy currents. The analysis uses
a sinusoidal drive current in the trim coil with frequen-

7: Accelerator Technology Main Systems
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MAGNET DESIGN FOR THE SPLITTER/COMBINER REGIONS
OF CBETA, THE CORNELL-BROOKHAVEN
ENERGY-RECOVERY-LINAC TEST ACCELERATOR

J.A. Crittenden, D.C. Burke, Y.L.P. Fuentes, C.E. Mayes and K.W. Smolenski
CLASSE* Cornell University, Ithaca, NY 14853, USA

Abstract

The Cornell-Brookhaven Energy-Recovery-Linac Test Ac-
celerator (CBETA) will provide a 150-MeV electron beam
using four acceleration and four deceleration passes through
the Cornell Main Linac Cryomodule housing six 1.3-GHz
superconducting RF cavities. The return path of this 76-m-
circumference accelerator will be provided by 106 fixed-
field alternating-gradient (FFAG) cells which carry the four
beams of 42, 78, 114 and 150 MeV. Here we describe magnet
designs for the splitter and combiner regions which serve to
match the on-axis linac beam to the off-axis beams in the
FFAG cells, providing the path-length adjustment necessary
to energy recovery for each of the four beams. The path
lengths of the four beamlines in each of the splitter and com-
biner regions are designed to be adapted to 1-, 2-, 3-, and
4-pass staged operations. Design specifications and model-
ing for the 24 dipole and 32 quadrupole electromagnets in
each region are presented. The CBETA project will serve as
the first demonstration of multi-pass energy recovery using
superconducting RF cavities with FFAG cell optics for the
return loop.

INTRODUCTION

The Cornell Laboratory for Accelerator-based Sciences
and Education (CLASSE) and the Brookhaven National Lab-
oratory have begun collaboration on the design, construction
and commissioning of a four-pass 150- MeV electron accel-
erator based on a superconducting, six-cavity linac with
energy recover, using 106 fixed-field alternating-gradient
(FFAG) cells as the return loop [1-3]. Figure 1 shows the
layout comprising the injector, the main linac cryomodule,
the splitter section, the FFAG return loop, the combiner, and
the beam dump section. The FFAG cells carry four beams of
42,78, 114 and 150 MeV in a vacuum chamber with interior
dimensions of 84x24 mm. The splitter and combiner regions,
labeled SX and RX in Fig. 1 serve to adjust the path length
of each beam for energy recovery. Figure 2 shows the splitter
region SX. The 24 dipole magnets and 32 quadrupole mag-
nets in each of the splitter and combiner sections must cover
a wide range of excitations and accommodate an extruded
aluminum vacuum chamber of inner dimensions 34x24 mm
with 3-mm thick walls. Here we describe magnet model
development for the dipole and quadrupole magnets in these
sections.

* Supported by NSF award DMR-0807731,
AC02-76SF00515, and New York State.

DOE grant DE-
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MAGNET PARAMETERS AND
MODELING

The splitter and combiner optics designs [1] each specify
24 dipole magnets with fields ranging from about 1.5 kG
to 9 kG and 32 quadrupole magnets with field gradients
ranging from about 0.1 T/m to 4 T/m (see Fig. 3) to be
accommodated on a girder of surface area approximately
4x2 m?, imposing stringent constraints on the magnet ge-
ometries, limiting the horizontal extent to about 20 cm and
the length to 20 cm for most of the magnets. Given the lim-
ited space for coil pockets, we have constrained the power
supply voltage, current and dissipated-power parameters to
ensure availability of commercially available units.

The chosen quadrupole poleface and yoke design derives
from a large-aperture design developed at the Cornell Elec-
tron Storage Ring (CESR) in 2004 [4]. Figure 4 shows
surface color contours of the field magnitude on the iron for
the 4.0 T/m excitation. A model scaled to a 40-mm bore
diameter, resulting in a 12.3-cm square outer cross section,
was found to exhibit excellent linearity up to an excitation
of 4.0 T/m with the central field and field integral nonunifor-
mities shown in Fig. 5, as modeled with the Vector Fields
Opera 18R2 software [5].

An H-magnet design was chosen for the dipoles in order
to minimize stray fields given the close proximity of the four
beamlines. The maximum field is restricted to 6 kG in order
to limit flux leakage out of the central pole iron. This arises
from the height of the magnet, bounded below by the need
for space for the coil and the number of conductor turns
required to permit use of an 80-A power supply. Figure 6
shows the resulting field and field integral uniformity.

Table 1 shows an overview of geometrical, electrical and
cooling parameters of the dipole and quadrupole magnet
designs. The 30-cm H-dipole is intended for use in the seven
cases where the lattice specifies fields greater than 6 kG
(see Fig. 3). The table also shows that the non-linearity in
the field/current relationship between 4.5 kG and 5.937 kG
is 1.1%. Modeling shows the dipole design to be linear at
the 10~# level for lower excitations. The linearity of the
quadrupole design is modeled to a similar accuracy for the
field gradients below 4.0 T/m, permitting this design to be
used for all 64 quadrupoles in the splitter and combiner.

SUMMARY

We have presented a first-pass design study for the mag-
nets required for the splitter and combiner regions of the
Cornell-Brookhaven ERL Test Accelerator. Stringent space
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PERFORMANCE OF THE CORNELL MAIN LINAC PROTOTYPE
CRYOMODULE FOR THE CBETA PROJECT*

F. Furuta’, N. Banerjee, J. Dobbins, R. Eichhorn, M. Ge, D. Gonnella*, G. Hoffstaetter, M. Liepe,
T. O'Connell, P. Quigley, D. Sabol, J. Sears, E. Smith, V. Veshcherevich, CLASSE, Cornell
University, Ithaca, New York, USA

Abstract

The Cornell Main Linac Cryomodule (MLC) is a key
component in the Cornell-BNL ERL Test Accelerator
(CBETA) project, which is a 4-turn FFAG ERL under
construction at Cornell University. The MLC houses six 7-
cell SRF cavities with individual higher order-modes
(HOMs) absorbers, cavity frequency tuners, and one
magnet/BPM section. Here we present final results from
the MLC cavity performance and report on the studies on
the MLC HOMs, slow tuner, and microphonics.

INTRODUCTION

The Cornell-BNL ERL Test Accelerator (CBETA) is a
collabolation project between BNL and Cornell to
investigate eRHIC’s non-scaling Fixed Field Alternating
Gradient (NS-FFAG) optics and its multi-turn Energy
Recovery Linac (ERL) by building a 4-turn, one-
cryomodule ERL at Cornell (Fig. 1 top) [1, 2, 3]. CBETA
will be built with many components that have been
developed at Cornell under previous R&D programs for a
hard x-ray ERL [4]. The main accelerator module, one of
the key components for CBETA, will be the Cornell Main
Linac Cryomodule (MLC) which will provide 36MeV
energy gain for a single-turn beam of the CBETA. The
MLC was built as a prototype for the Cornell hard x-ray
ERL project and designed to operate in CW at 1.3GHz, 2ps
bunch length, 100mA average current in each of the
accelerating and decelerating beams, normalized emittance
of 0.3mm- mrad, and energy ranging from 5GeV down to
10MeV, at which point the spent beam is directed to a beam
stop [5]. In this paper, we report the performance test
results of the MLC, such as cavity RF test, measurements
and analysis of HOMs in the MLC cavities, slow tuner test,
and micropohonics studies on the MLC.

MAIN LINAC CRYOMODULE
PROTOTYPE

Figure 1 (bottom) shows an image of the Cornell ERL
Main Linac Cryomodule (MLC) prototype. The design of
the MLC for the Cornell ERL has been completed in 2012.
It is 9.8 m long and houses six 1.3 GHz 7-cell
superconducting cavities, three of them are stiffened
cavities, another three are un-stiffened, with individual
HOM beamline absorbers located between the cavities.
Each cavity has a single SkW coaxial RF input coupler,
which transfers power from a solid-state RF power source

* Work is supported by NSF awards NSF DMR-0807731 and NSF
T97@cornell.edu PHY-1002467
#Now at SLAC National Accelerator Laboratory
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Figurel: The layout of CBETA project (top) and the
MLC prototype (bottom).

to the cavity (the design Qexis 6.0x107). The MLC cavity
surface preparation consists of bulk Buffered Chemical
Polishing (BCP, 140pum), degassing (650degC, 4days),
cavity frequency tuning, light BCP (10um), low
temperature baking (120degC, 48hrs), and HF rinse. The
fabrication and testing of MLC components (cavity, high
power input coupler, HOM dampers, tuners, etc.,) and
assembly of the MLC cold mass have been completed in
2014 [6, 7, 8]. RF tests with different cool down conditions,
including the first cool down, have been performed in 2015

[9].
RF tests of the MLC cavities

We performed one-by-one RF test of all six cavities at
1.8K after 1) the initial cooldown from room temperature
[10], 2) a thermal cycle with “fast cool down” with cool
down rates of ~36K/min., with large vertical spatial
temperature gradient (dTvericat) of 36K when the cavities
passed the critical temperature T of niobium (9.2K), and
3) after a thermal cycle with “slow cool down” maintaining
cool down rate of 0.23mK/min. on average, and a small
horizontal spatial temperature gradient (dTverica) of 0.6K
from 15K to 4K. The 7-cell cavities in the MLC on average
have successfully achieved the specification values of
16.2MV/m with Qo of 2.0x10'° at 1.8K. Figure 2
summarizes the maximum field gradient performance and
the cavity quality factor Qo (1.8K) of the MLC cavities.
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UPDATES OF VERTICAL ELECTROPOLISHING STUDIES AT CORNELL
WITH KEK AND MARUI GALVANIZING CO. LTD*

F. Furuta, M. Ge, T. Gruber, J. Kaufman, M. Liepe, J. Sears,
CLASSE, Cornell University, Ithaca, New York, USA,
H. Hayano, S. Kato, T. Saeki, KEK, High Energy Accelerator Research Organization,
Tsukuba, Ibaraki, Japan
V. Chouhan, Y. Ida, K. Nii, T. Yamaguchi, Marui Galvanizing Co. Ltd., Himeji, Hyogo, Japan

Abstract

Cornell, KEK, and Marui Galvanizing Co. Ltd have
started a Vertical Electro-Polishing (VEP) R&D collabora-
tion in 2014 to improve removal uniformity. MGI and KEK
have developed their original VEP cathode named i-cath-
ode Ninja®, which has four retractable wing-shape parts
per cell. One single cell cavity has been processed with
VEP using the i-cathode Ninja at Cornell. Cornell also per-
formed a vertical test on that cavity. Here we present pro-
cess details and RF test result at Cornell.

INTRODUCTION

Electro-Polishing (EP), especially Horizontal EP, is ap-
plied on niobium SRF cavities in many projects as a high-
performance surface treatment procedure. As an alterna-
tive, Cornell’s SRF group has led the development of Ver-
tical Electro-Polishing (VEP) which requires a much sim-
pler setup and is less expensive compared with the conven-
tional Horizontal EP [1]. Cornell has successfully demon-
strated the capability of VEP on high gradient cavities for
the ILC project, which require cavity specification for the
accelerating field (Eacc) of >35MV/m with cavity quality
factor (Qo) >0.8x10'? at 2K [2]. In addition, VEP was done
on the high-Q cavities for the LCLS-II project at SLAC,
which requires Qp>2.7x10'? at Eacc=16MV/m, 2K [3]. The
EP process in vertical direction is affected by gravity, re-
sulting in a removal difference between upper and lower
half cells. In addition, the top cell of a multi-cell cavity dur-
ing the VEP has a much larger removal than the end cell
located on the bottom. To compensate for the removal non-
uniformity, the cavity needs to be flipped and additionally
processed after finishing half of the target removal. Marui
Galvanizing Co. Ltd (Marui) has focused on VEP applica-
tion targeted mass-production and has been developing
their original cathode named “i-cathode Ninja®” (Ninja
cathode) to improve polishing quality, especially removal
uniformity during the VEP process [4]. Marui’s work
matches Cornell’s research on VEP removal uniformity,
and a collaboration between Cornell and KEK-Marui was
started in 2014 to improve removal uniformity. In this pa-
per, we present VEP processes using two types of the Ninja
cathode at Cornell on a single cell cavity in addition to the
result of a RF test. [5].

* Work is supported by JEY2015 US/Japan Program for Cooperation
in High Energy Physics
#f197@cornell.edu
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VEP SYSTEM AT CORNELL

Figure 1 shows a 1.3GHz TESLA shape single-cell cav-
ity installed into the Cornell VEP system with the Ninja-
cathode. Two types of the Ninja cathode and top and bot-
tom EP sleeves were shipped from Marui to Cornell. The
Cornell VEP system received a couple of upgrades to ena-
ble acid circulation during the VEP process.

Figure 1: Cornell VEP system with “Ninja” cathode.

=1 < Al-cathode

Olo

Stir-tube —>

pivot

q Q Top view

Figure 2: Images of Cornell VEP cathode (left), Images of
Marui’s i-cathode Ninja type-I and retractable wings

(right).
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SRF HALF WAVE RESONATOR ACTIVITIES AT CORNELL FOR

THE RAON PROJECT*

M. Ge', F. Furuta, T. Gruber, S. Hartman, C. Henderson, M. Liepe, S. Lok, T. O'Connell, P. Pamel,
J. Sears, V. Veshcherevich, Cornell University, Ithaca, New York, USA
J. Joo, J.W. Kim, W.K. Kim, J. Lee, I. Shin, Institute for Basic Science, Daejeon, Korea

Abstract

The RAON heavy-ion accelerator requires ninety-eight
162.5MHz Half-Wave-Resonators (HWR) with a geomet-
rical $=0.12. Cornell University will test a prototype
HWR as well as develop a frequency tuner for this cavity.
In this paper we report on the progress in designing, fab-
ricating, and commissioning of new HWR preparation
and testing infrastructure at Cornell. The HWR infrastruc-
ture work includes new input and pick-up couplers, a
modified vertical test insert with a 162.5MHz RF system,
a new High-Pressure-Water-Rinsing (HPR) setup, and a
modified chemical etching system.

INTRODUCTION

RAON, which will be a heavy-ion accelerator based In-
flight Fragment (IF) and Isotope Separation On-Line
(ISOL) facility, is now under construction in Korea [1, 2].
The name “RAON”, which comes from a pure Korean
word, can be literally interpreted as delight and happiness
[3]. The accelerator consists of two Superconducting
Linac (SCL) sections which require in total of ninety-
eight 162.5MHz Half-Wave-Resonators (HWR) with a
geometrical f = 0.12 [4].

The prototype HWR for the RAON project has been
designed by the Institute for Basic Science (IBS) [5]. The
cavity is now under fabrication in Research Instruments
(RI). The surface treatments of the cavity will be done by
RI as well. The cavity, after the fabrication, will be firstly
treated with 150um Buffer-Chemical-Polishing (BCP),
followed by 625°C baking for 10 hours in a high-vacuum
furnace; after a light BCP (5-10um), the cavity will be
High-Pressure-Water-Rinsed (HPR) and cleanly assem-
bled. A 120°C baking is not adopted for the recipe be-
cause the intrinsic quality factor (Qp) of such low-
frequency cavity is dominated by the residual resistance
(Ro) instead of the BCS resistance (Rpcs); but the 120°C
baking can increase Ro [6], which would cause the HWR
Q-degradation. In a HWR test, a Q-degradation has been
observed after a 120°C baking [7].

The cavity will be shipped to Cornell University under
vacuum for vertical tests to evaluate its performance.
Cornell will test 1) the bare HWR cavity without helium
tank; 2) the dressed cavity with helium tank; 3) the fre-
quency tuner for the dressed HWR. If the cavity perfor-
mance is unsatisfactory after the test 1) or 2), the cavity
can be retreated at Cornell. The geometry of the HWR
cavity is complex and quite different from a regular 9-cell
SRF cavity, thus the current cavity preparation and testing
facilities at Cornell have to be modified for this project.

* Work supported by the Ministry of Science, ICT, MSIP
and NRF. Contract number: 2013M7A1A1075764.
T mg574@cornell.edu
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PREPARATION OF PERFORMANCE
TESTING

Input and Pick-up Couplers
The external quality factor (Q.) of the input coupler
should match up the Qo of the HWR, ie.f E% =

e
1,Q. = Qy, to obtain unity coupling during the measure-

ments. The cavity will be measured at temperature 2-
4.2K; hence the Rpcs corresponding to the temperature
range is 0.3-18n() for the un-baked case, computed by the
SRIMP code [8, 9] which is based on the BCS theory [10,
11]. The estimation of Ry is complicated because it relates
to many factors. But since the HWR has a low-frequency
and is only treated by BCP, the Ry has less sensitivity to
flux trapping from ambient magnetic fields [12]. There-
fore the Ry of the HWR mainly comes from the surface
treatments. Based on this analysis and the MLC 7-cell
SRF cavity experiences [13, 14], we can give a good
approximation of the Ry with 3-10nQ, thus the surface
resistance is 3.3-28 nf). The geometry factor of the HWR
is 36(), from which it can be calculated that the highest Qo
(or Qe) can be ~1.1 X 10'°. During the test, multipacting
is likely to occur at very low fields [15, 16], which can be
removed by RF processing. The RF processing requires
strong coupling to fill and drain RF power quickly,
ie. B > 100, Q.~1 x 107. In summary, the range of the
Q. should be at least from 1 x 107 to 1.1 x 1010,

We designed an electric-coupler which has a straight
antenna and will be mounted in the middle section of the
cavity. The Q. vs. insert depth curves simulated by Mi-
crowave Studio are shown in Fig. 1. The total travel range
of the coupler is 50mm, which can tune the Q. from
~1x 107 to ~1 x 10! and give adequate margins for
the measurements.

The 3D model of the input coupler is shown in Fig. 2
a). When the drive gears rotate, they turn the threaded
shafts to drive the moving plate in linear motion. The
threaded shafts are symmetrically placed around the bel-
low; the torque is evenly delivered from the input shaft to
the three threaded shafts by the gears. Hence, symmetrical
forces are applied on the moving plate to avoid binding
with the traveling guides. A photograph of the input cou-
pler is displayed in Fig. 2 b). The pickup coupler is a fix
coupler with Q,~1 x 1013 to match the required power
level of the LLRF system. A feedthrough, displayed in
Fig. 3 middle insert plot, is mounted on an adaptor to
match the cavity flange. The 3D model and the photo-
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IMPACT OF COOLDOWN PROCEDURE AND AMBIENT MAGNETIC
FIELD ON THE QUALITY FACTOR OF STATE-OF-THE-ART Nb3;Sn
SINGLE-CELL ILC CAVITIES*

Daniel L. Hall', Mingqi Ge, John J. Kaufman, Matthias Liepe, Ryan D. Porter

Cornell Laboratory for Accelerator-Based Sciences and Education (CLASSE),
Ithaca, NY 14853, USA

Abstract

Single-cell Nb3Sn cavities coated at Cornell University
have demonstrated quality factors of >1 x 10'° at 16 MV/m
and 4.2 K in vertical tests, achieving the performance re-
quirements of contemporary modern accelerator designs. In
this paper, we present results demonstrating the impact of the
cooldown procedure and ambient magnetic fields on the cav-
ity’s ability to achieve these quality factors and accelerating
gradients. The impact of the magnetic fields from thermo-
electric currents, generated by thermal gradients across the
cavity during cooldown, are shown to be equivalent to the
impact of magnetic fields trapped from ambient sources.
Furthermore, the increase in the residual surface resistance
due to trapped magnetic flux, from both ambient sources
and thermoelectric currents, is found to be a function of the
applied RF magnetic field amplitude. A hypothesis for this
observation is given, and conclusions are drawn regarding
the demands on the cooldown procedure and ambient mag-
netic fields necessary to achieve quality factors of >1 x 101°
at 4.2 K and 16 MV/m or higher.

INTRODUCTION

Niobium cavities coated with Nb3Sn at Cornell University
have shown high quality factors of Q > 1 x 10'% at 42 K
and 16 MV/m [1-5]. To achieve these record performances,
a correctly executed cooldown through the transition tem-
perature T, is crucial. Due to the bimetallic interface of
Nb3Sn on niobium, thermal gradients along the boundary
will result in thermoelectric currents, which in turn generate
magnetic fields that will become trapped in the Nb3Sn layer,
resulting in increased losses and a lowered cavity efficiency.

In this paper we present the first results from a systematic
study of the impact of the thermal gradients on the cavity
performance, correlated with measurements of the increase
in surface resistance from an increased amount of ambient
trapped flux. The sensitivity to trapped flux is found to be
dependent on amplitude of the RF field, regardless of the
source of trapped flux being ambient magnetic fields or those
generated by thermocurrents. From this measurement, the
maximum amount of flux that can be trapped while still
achieving a Q0 > 10'% at 4.2 K and at a stated peak RF
magnetic field is given.

* This work supported by U.S. DOE award DE-SC0008431.
T dlh269 @cornell.edu
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EXPERIMENTAL SETUP

A single-cell 1.3 GHz ILC-style cavity, designated
LTE1-7, was used for the purpose of measuring the impact
of thermal gradients and external magnetic fields on Nb3Sn-
coated cavities. The cavity preparation and performance
has previously been presented in Ref. [3]. The cavity was
tested in one of Cornell’s vertical test cryostats; a simplified
diagram of the experimental setup within the test insert is
shown in Fig. 1. A Helmholtz coil was mounted on the cav-

Temperature Helmholtz coil

sensor \ /

21 cm

P

—

—

P

—
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CCC e
Heater unit
Figure 1: A simplified diagram of the experimental setup. A
Helmbholtz coil is used to apply a uniform external magnetic
field during cooldowns that require ambient flux trapping.
A heater located at the base of the cryostat is used to heat
the helium entering the cryostat and establish a tempera-
ture gradient across the cavity, which is measured using the
temperature sensors located at the irises and equator.

ity for the purpose of applying an external magnetic field,
whose magnitude was monitored using flux gate magne-
tometers mounted on the cavity irises. The thermal gradient
across the cavity during cooldown was controlled using a
combination of a heater mounted at the base of the cryostat
and another heater located in the helium delivery line. The
temperature gradient across the cavity was monitored using
temperature sensors mounted at the upper and lower irises
and the equator.

For the purposes of this experiment, two different
cooldown styles were used: the first, focussed on thermal
gradients, was done in no externally applied magnetic field
while establishing a thermal gradient across the cavity during
the transition through 7. The second, focussed on ambient
trapped flux, was done by cooling the cavity in as small
a thermal gradient as possible while applying an external
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INVESTIGATION OF THE ORIGIN OF THE ANTI-Q-SLOPE*

J. T. Maniscalco®, M. Ge, D. Gonnella, and M. Liepe

CLASSE, Cornell University, Ithaca, NY, 14853, USA

Abstract

The surface resistance of a superconductor, a property
very relevant to SRF accelerators, has long been known to
depend on the strength of the surface magnetic field. A re-
cent discovery showed that, for certain surface treatments,
microwave cavities can be shown to have an inverse field
dependence, dubbed the “anti-Q-slope”, in which the sur-
face resistance decreases over an increasing field. Here we
present an investigation into what causes the anti-Q-slope in
nitrogen-doped niobium cavities, drawing a direct connec-
tion between the electron mean free path of the SRF material
and the magnitude of the anti-Q-slope. Further, we incorpo-
rate residual resistance due to flux trapping to calculate an
optimal mean free path for a given trapped flux.

INTRODUCTION

Nitrogen doping of niobium, a hot topic in the field of
superconducting radio-frequency (SRF) accelerator physics,
has sparked much interest due to the observed phenomenon
of the so-called “anti-Q-slope”. Cavities are treated with
nitrogen gas in a furnace, which diffuses nitrogen into the
RF penetration depth of the material. The result, as ini-
tially observed at Fermilab [1], is a field-dependent BCS
surface resistance that tends to decrease as RF field strength
increases, in contradiction to the behavior typically shown in
SREF cavities. As a result, the quality factor of these cavities,
inversely proportional to the surface resistance Ry, tends to
increase with the RF field strength.

Recent theoretical work [2] offers an explanation for this
phenomenon. According to the theory, the high-frequency
oscillating field impingent on the surface changes the density
of states of the quasiparticles in such a way that their number
density tends to decrease with increasing field strength. This
decreased density leads to decreased RF power dissipation
and thus decreased surface resistance.

This effect is mediated, however, by the overheating of the
Bogoliubov quasiparticles: they absorb energy from the RF
field and dissipate the energy through their coupling with the
lattice phonons. A lag in the energy transfer away from the
quasiparticles causes them to increase in temperature relative
to the lattice; this increase in turn results in an increase in
the surface resistance.

In this work, we seek to find a link between this over-
heating phenomenon and the electron mean free path ¢, the
quantity typically used to quantify the level of nitrogen dop-
ing for a particular sample or cavity. Once armed with such
a link, we seek to find an optimal mean free path to balance

* This work supported by NSF award PHY-1416318.
T jtm288 @cornell.edu

218

the effects of the anti-Q-slope with the increased sensitivity
to trapped magnetic flux observed in nitrogen-doped cav-
ities [3]. This study is an expansion on work previously
shown at IPAC 2016 [4].

QUASIPARTICLE OVERHEATING

For this study, we considered RF test data for nine separate
nitrogen-doped cavity tests, with mean free path £ ranging
from 4 to over 200 nm. These tests measured the temperature-
dependent BCS surface resistance Rpcs as a function of
peak surface magnetic field By at a range of temperatures,
typically between 1.6 K and 2.1 K. Circles in Fig. 1 show
typical experimental data of this type. All cavities tested
were 1.3 GHz single-cell TESLA-shape cavities, using a
vertical test setup.

x108

O 21K

Recs ()

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Figure 1: Typical Rpcs VvS. Bpeax test results for a nitrogen-
doped cavity, with theoretical fits overlayed. The mean free
path for this cavity was measured to be 34 + 10 nm, with the
fitted overheating corresponding to a(2.1 K) = 0.44.

For each temperature, theoretical predictions were fitted to
experimental data by adjusting the “overheating parameter”
a, which controls the extent to which the quasiparticles
overheat under the RF field. Also shown in Fig. 1 are the fit
results for the given cavity test data.

With our fitted values of a for each cavity at each temper-
ature, we calculated the “normalized overheating parameter”
a’, given by Egs. (1)—(3). Here, Ty is the experimental bath
temperature, T is the quasiparticle temperature, Ry is the
low-field surface resistance, B, is the thermodynamic criti-
cal field, Y quantifies the electron-phonon energy transfer
rate, d is the thickness of the cavity wall, « is the thermal
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ANEW METHOD FOR GRAIN TEXTURE MANIPULATION IN POST-
DEPOSITION NIOBIUM FILMS

J. Musson', L. Phillips, K. Macha, Thomas Jefferson National Accelerator Facility,
Newport News, VA, USA
H. Elsayed-Ali, W. Cao, Old Dominion University, Norfolk, VA , USA

Abstract
Niobium films are frequently grown using forms of
energetic  condensation, with  modest substrate

temperatures to control grain structure. As an alternative,
energetic deposition onto a cold substrate results in a
dense amorphous film, with a much larger energy density
than the re-crystallized state. Re-crystallization is then
performed using a pulsed UV (HIPPO) laser, with
minimal heating to the substrate. In addition, a graded
interface between the substrate and Nb film can be
created during the early stages of energetic deposition.
Experimental approach and apparatus are described, and
preliminary surface analyses are presented..

INTRODUCTION

As a result of the increased interest of high-energy
particle accelerators, extensive research has been
performed on the creation of superconducting (SC)
accelerator cavity designs which exploit the application of
thin films. Typical penetration depths of ~28 nm have
encouraged decades of institutions to perfect the thin film
formula, but have been met with disappointment with
respect to cavities fabricated from bulk niobium [1,2].

The primary methods used to grow niobium films have
been hetero-epitaxial growth, and fibrer growth,
encouraged by careful elevated substrate temperature
manipulation. In this work, a third method is explored,
utilizing re-crystallization of an amorphous film.
Specifically, niobium is sputtered onto a 77 K substrate as
a thick (~1 um) amorphous layer. While not in the desired
form, it is subsequently re-crystallized, using a localized
thermal source (eg. 5 W UV laser), producing a bulk-like
structure with larger grain size. The propensity of copper
substrate diffusion into the Nb film is of concern, and
mitigated by the 77 K substrate, as well as the short pulse
and raster control of the laser. The objectives of this
method include minimization of the substrate surface
energy by cooling to 77 K (LN,), maximizing the internal
energy of the condensate (by minimizing diffusivity),
carefully controlling film thickness during deposition, and
precisely controlling temperature conditions during re-
crystallization. Protecting the substrate from high
temperatures during re-crystallization is important in
order to preserve the graded interface, as well as to
eventually minimize the diffusion of copper into the SC
Nb film. Anticipated benefits of re-crystallization include

tmusson@)jlab.org

7: Accelerator Technology Main Systems

simplistic deposition for manufacturability, grain texture*
Authored by Jefferson Science Associates, LLC under
U.S. DOE Contract No. DE-AC05-060R23177. The U.S.
Government retains a non-exclusive, paid-up, irrevocable,
world-wide license to publish or reproduce this
manuscript for U.S. Government purposes. manipulation
(per precise heat source) for detailed studies, and
maximizing the film-substrate adhesion by ion stitching.

ENERGETIC CONDENSATION

This process, known as energetic condensation, begins
with a niobium plasma source, such as a cathodic arc, or
high-power pulse power magnetron sputtering (HiPPMS),
which provides a combination of neutral metal atoms, as
well as ions [3]. While the kinetic energy of neutral metal
atoms and ions is relatively low (~5-10 eV), the ionization
potential energy of the Nb+ ions (~60 eV) is added to the
kinetic energy, and deposited in the first few monolayers
of the film. This results in large thermal spikes, and
atomic displacement, characterized as subplantation.
[4,5,6]. In addition, electron cyclotron resonance (ECR)
has been used with good results, as well as a process
known as coaxial energetic deposition (CED) [7]. Most
recently, a technique known as modulated pulse-power
magnetron sputtering (MPPMS) was introduced, which is
similar to HiPPMS, but utilizes a train of shaped pulses,
but with a lower operating voltage, to produce the ionic
content [8].

MPPMS

The success of HiPPMS is, in part, due to the
availability of high voltage/current insulated gate bipolar
transistors (IGBT), which are capable of > 2000 V at
1000 A with a < 1% duty factor. However, this still
represents sate of the art, and the modulators tend to be
expensive ($100k), and rather inflexible. Alternately,
MPPMS delivers a modest ~600 V pulse train, with up to
10% duty cycle, using moderately priced IGBTs ($1k),
and also increasing the deposition rate. In the case of
niobium, MPPMS has been compared to HiPPMS and
DCMS, with respect to voltage, current, average power,
and relative ion content [8]; while HiPPMS still retains
the highest ion/neutral ratio, MPPMS is attractive for low-
cost, extreme flexibility, and ability to be produced in
most laboratories. Films exhibiting high density
(especially during first monolayers), minimal fiber
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WIRE STRETCHING TECHNIQUE FOR MEASURING RF
CRABBING/DEFLECTING CAVITY ELECTRICAL CENTER AND A
DEMONSTRATION EXPERIMENT ON ITS ACCURACY"
Haipeng Wang®, Thomas Jefferson Lab, Newport News, VA 23606, USA

Abstract

A new wire stretching technique combining with the
RF measurement on the cavity dipole modes has been
developed and demonstrated on the bench to detect less
than 10um offset and 0.1mrad tilt angle resolutions on
the RF signal when the wire is deviated away from the
ideal electric centre line. The principle of this technique
and its difference from the use in other applications are
reviewed and compared. Empirical formula, simulation
and experiment results on the RF signal responses to the
E-centre line offset and titling angle have been
developed.

INTRODUCTION

First two types of LHC Superconducting crab
cavities, RF Dipole (RFD) developed by ODU and
Double Quarter Wave (QWR) developed by BNL have
arrived at Jefferson Lab for further Electron Beam
Welding (EBW), Buffer Chemistry Polishing (BCP),
High Temperature Bake (HTB) and finally vertical
qualification cold tests. The specified accuracies for
cavity fabrication, tuning and component assembly
alignment are very restricted due to the requirement of
crabbing beams for the Large Hadron Collider High
Luminosity Upgrade [1]. Like the cavity rotation is
<0.3° per cavity, 3 cavities systematically are < 1.0°.
The cavity beam axis offset in the crabbing plane is
<0.5 mm. It is very hard for the crab cavity fabrication
process to achieve this requirement since the cavity is
formed by niobium sheet metal. Even the cavity dies
could be machined very accurately, the spring back after
the stamping can be very precisely controlled, the later
EBW and BCP processes can deteriorate these
accuracies easily due to unknown welding shrinkage,
chemistry bath temperature et al. In addition, the
cavity’s crabbing or deflecting electric centre is not well
defined, so the cavity’s mechanical axial centre has been
used as the ideal beam line centre due to the cavity has
been designed with structure symmetry relative to the
perpendicular plane of the crab crossing. However any
additional change by the assembly of couplers, tuner’s
unsymmetrical  tuning  deformation, cryomodule
cooldown et al., the actual electric centre could be
changed later.

Precision 3-D bead-pulling measurement and laser
scanner survey tool have been tried out. Their
achievable accuracies are questionable due to the bead
vibration and accumulated errors on the portable device.
Their associated costs are also high.

* Authored by Jefferson Science Associates, LLC under U.S. DOE Contract No.
DE-AC05-060R23177 and US LARP grant.
# haipeng@jlab.org

7: Accelerator Technology Main Systems

TO07 - Superconducting RF

TECHNIQUES HISTORY

The Single Stretched Wire (SSW) has been used for
the magnet electric centre survey and multipole filed
measurement [2]. By measuring the integrated flux
changes with various types of wire motion, the magnetic
centre accuracy can be achieved in the displacement of
~30um and the field direction in 0.1mrad.

The Wire Position Monitor (WPM) has been also
used for the SRF cryomodule components alignment
[3]. A 50 Q strip-line BPM with the wire-carried RF
signal can be processed to live monitor the cavity
reference line change during cooldown. Meanwhile this
BPM can be also used as the microphonic measurement
with a cavity shaker. Its accuracy in displacement can
be <7um [4].

The Wire Method (WM) is also widely used for the
coupling impedance of beam devices [5]. This method
is not entirely reliable because the stretched wire
perturbs the boundary conditions, introducing a TEM
wave with a zero cut-off frequency. Below the pipe cut-
off frequency, this WM produces an additional power
loss which drastically lowers the high Q resonance of
the device. Above the cut-off frequency, the impact of
the wire is not as dramatic as below the cut-off. The
Mode Matching (MM) technique like tapering cones is
then used. A large discrepancy appears below cut-off
frequency, while above cut-off, for certain ranges of
parameters, an acceptable agreement can be found. For
dipole mode impedance, a Twin-Wire (TW) and hybrids
are used to measure the transverse impedance.

A surface wave signal transmits through a stretching
wire with horn launcher and receiver is also used to
calibrate BPMs [6]. The Goubau line can be made with
a thin dielectric coating or a surface roughness on the
wire to transmit RF slow-wave in an open space. A thin
Tungsten wire (0.25mm dia.) used for Electrical
Discharge Machining (EDM) is a good Goubau-line. It
has been used for the CEBAF strip-line type BPM
calibration. Its accuracy is about 100 um in 2cmx2cm
grid area. The same line has been used for the following
wire stretching setup.

WIRE STRETCHING SETUP

A 499 MHz RFD cavity has been used for this
demonstration experiment as it shown in Figure 1. The
EDM wire passing through the cavity beam pipe flanges
was held in tension by two RF connectors on the table
anchored X-Y stations. Each X-Y stage can be step-
motor controlled in x (crabbing direction) and y in 1pum
resolution. By moving wire position (X1, y1) and (X2, y2),
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CONSIDERATION ON DETERMINATION OF COUPLING FACTORS OF
WAVEGUIDE IRIS COUPLERS*

Sung-Woo Lee, Yoon W. Kang, Mark Champion
Oak Ridge National Laboratory (ORNL), Oak Ridge, TN

Abstract

Waveguide iris couplers are frequently used to power
accelerating cavities in low beta sections of ion
accelerators. In ORNL Spallation Neutron Source (SNS),
six drift tube linac (DTL) cavity structures have been
operating. An iris input coupler with a tapered ridge
waveguide and a waveguide ceramic disk window feeds
each cavity. The original couplers and cavities have been
in service for more than a decade. Since all DTL cavity
structures are fully utilized for neutron production, none of
the cavity structures is available as a test cavity or a spare.
Maintaining spares of the iris couplers for operations and
future system upgrade without using the full DTL structure,
a test setup for precision tuning is needed. A smaller single-
cell cavity may be used for pretuning of the coupling irises
as the test cavity and high power RF conditioning of the iris
couplers as the bridge waveguide. In this paper, study of
using a single-cell cavity for the iris tuning and the
conditioning is presented with 3D simulations. A single-
cell test cavity has been built and used for low power bench
measurement with the iris couplers to demonstrate the
approach.

INTRODUCTION

Six DTL cavities have been in operation for continuous
neutron beam production in SNS since the commissioning
of the system in 2006. The waveguide iris couplers are
employed to power the cavities with 2.5MW klystrons at
402.5MHz in 8% duty cycle. In order to prepare spare
couplers to support the current operation and future SNS
system upgrade such as the second target station (STS)
project [1], it is desirable to have a simple systematic
method to evaluate and test performance of the couplers.
Utilizing a single-cell test cavity was considered [2] for
pretuning of the iris openings at low power in a single port
configuration and for high power RF conditioning in a dual
port setup.

In this paper, considerations in preparing a single-cell
test cavity and methods of evaluating waveguide iris
couplers are discussed in the context of ongoing work.
Determining the scale factors of coupling coefficients is
needed for each DTL cavity to use the test cavity. This
requires accurate RF field information at the iris-cavity
interface. RF simulation of SNS DTL structures in 3D
involves modeling of the details in the cavity structures,
which is challenging. Field flatness needs to be achieved

*This material is based upon work supported by the U.S. Department
of Energy, Office of Science, Office of Basic Energy Sciences, under
contract number DE-AC05-000R22725. The research used resources
of the Spallation Neutron Source, which is a DOE Office of Science
User Facility.
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by aligning drift tubes properly to precisely estimate the
magnetic field at the coupler location in the cavity.

SNS DTLs were built in two different tank diameters
(Table 1) that resulted in two slightly different iris couplers
in their iris surface curvatures. The slight mechanical
mismatch that can be introduced to use a single-cell cavity
with the iris couplers has been examined in this study for
improved accuracy. For the single-cell cavity, two types of
single cell test cavities can be built: a reentrant pillbox
cavity and a simple pillbox cavity. They are compared with
simulation results. A prototype single-cell test cavity was
built for low-power bench measurements to compare with
the simulation results.

RF MODELING CONSIDERATIONS

Utilizing a simple test cavity to find the iris dimensions
for the desirable couplings in DTL structures, accurate
scale factors of the coupling coefficients are required. The
scale factor can be obtained from the ratios of the total
surface losses and the wall magnetic fields on the location
of the coupling iris [2, 3].

A HY HE
Ums £ P/ Ps = [P_] /[P_] > (1)
c'm s
where m denotes the full multi-cell cavity, s for the single-
cell test cavity and H, Pc are the cavity magnetic field on
the coupling iris area without the coupler and the cavity
power loss, respectively.

Longitudinal Field Flatness

Field flatness of the cavities with many cells is sensitive
to the longitudinal alignments of cell geometries that
include the drift tubes and their gaps. The SNS DTLs have
various numbers of drift tubes depending on the particle
beam velocity. Although mechanical tuning was performed
in a structure, the model for the simulation has to be tuned
again numerically to perform the study. This process
provides a proper longitudinal field flatness in a cavity that
is needed to find the magnetic fields on the coupler location.
Numerical optimizations on the drift tube dimensions are
performed to achieve field flatness using the eigenmode
solver of CST MWS [4].

Table 1: Numbers of Drift Tubes and Tank Diameters of
SNS DTLs

DTL | DTL | DTL | DTL | DTL | DTL
1 2 3 4 5 6

Number
of Drift 60 48 34 28 24 22
Tubes
Diameter
(inch)

17.109 17.871
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UPDATE ON CW 8 kW 1.5 GHz KLYSTRON REPLACEMENT*

A.V. Smirnov”, R. Agustsson, S. Boucher, D. Gavryushkin, J.J. Hartzell, K.J. Hoyt, A. Murokh,
T.J. Villabona, RadiaBeam Systems Inc., Santa Monica, CA 90404 USA
R. Branner, K. Yuk, University of California, Davis, Davis, CA 95616 USA
S. Blum, MACOM Lincoln Lab, Lincoln, RI 02865 USA
V. Khodos, Sierra Nevada Corporation, Irvine, CA 92618 USA

Abstract

JLAB upgrade program requires a ~8 kW, 1497 MHz
amplifier operating at more than 55-60% efficiency, and 8
kW CW power to replace up to 340 klystrons. One of
possibilities for the klystron replacement is usage of high
electron mobility packaged GaN transistors applied in
array of highly efficient amplifiers using precise in-phase,
low-loss combiners-dividers. Design features and chal-
lenges related to amplifier modules and radial multi-way
dividers/combiners are discussed including HFSS simula-
tions and measurements.

INTRODUCTION

The original RF power system at the Thomas Jefferson
National Accelerator Facility (JLab) operates at
1497 MHz frequency and consists of 340 klystrons (mod-
el VKL7811). The VKL7811 klystron upgrade proposed
by CPI foresees adding a solenoid magnet and its power
supply, making the system so large that it will not fit in
existing locations. Inductive Output Tubes (IOTs) were
considered as a replacement [1]. However, IOTs are not
available at 1.5 GHz, would need to be redesigned to
avoid solenoid coils, and require a booster (preamp driv-
er) as they have ~15 dB lower gain than a klystron.

High-power vacuum tubes are employed ubiquitously
in radars, accelerators, and material processing industries.
Although the technology is well defined and established
for many decades, there are also a number of disad-
vantages. Among those that impose certain risks for JLab
future operations are relatively low efficiency (presently
33% [1]) and shrinking market for the tube that implies
growing production and refurbishing costs.

As an alternative to klystrons and other vacuum tubes,
RadiaBeam is developing high-power amplifiers based on
gallium nitride (GaN) high electron mobility field effect
transistors (HEM FET) which offer significant potential
to higher efficiencies than vacuum tube devices. Alt-
hough each individual device operates at much lower
power, its compact size potentially enables many of them
to be operated in parallel to achieve the power needed to
replace klystrons.

However, such a replacement presents a number of
challenges. Most of known high power S-band or L-band
transistors are traditionally designed for a pulse mode
(usually for radar applications), whereas combined CW
operation to our knowledge has never been demonstrated
in L-band at such high, multi-kW power levels. Drain

* Work supported by the U.S. Department of Energy (award No. DE-

SC0013136)
* email address: asmirnov@radiabeam.com
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efficiency is significantly lower than that for pulsed oper-
ation, because of various charge trapping and self-heating
effects enhanced by much higher internal FET thermal
resistance in CW mode of operation. Also combining
efficiency tends to drop quickly with number of combin-
ing ways (faster than linear [2]). Yet another challenge is
that GaN high power transistors are vulnerable to instabil-
ities especially in CW and presence of crass-talk (insuffi-
cient isolation) between the combining ways. Depletion
mode devices cannot be operated without specialized
control system enabling proper bias sequencing through
discretionary access control (DAC), thermal compensa-
tion, and independent fine adjustment of bias voltages and
temperature slope. Additional requirements for the control
system include stable (tolerable to supply voltage varia-
tions) driving of large capacitive loads and impedances in
a wide dynamic range. Note, kW-range solid-state ampli-
fier systems are industrially available in S- or L- bands.
However, specific (volumetric) power density for these
state-of-the-art systems is about one order lower than that
for klystrons, whereas efficiency is moderate (~52% in L-
band [3]). Higher density of packaging is limited by
cooling, need in high, low-impedance capacitances to be
connected to the amplifier modules, bulky combiner-
dividers (especially in L-band), and need in eased access
to the replaceable modules.

UPDATE ON ACTIVE MODULES

Here we take a broader look on L-band CW perfor-
mance for transistors from different vendors. In Table 1
we summarized most of important datasheet characteris-
tics HEM GaN MOSFETs that have been considered for
the active modules. In US the transistors are currently
presented by four US vendors: WolfSpeed, Qorvo, MA-
COM, and NPT Semiconductors. The data related specifi-
cally to CW operation are underlined in Table 1. The data
are extracted from datasheets for 1.5 GHz frequency, with
exception of QPD1823 data given for ~1.8 GHz frequen-
cy. Note unlike CGHV14250 and CHV 14500 FETs, the
CGHV 14800 transistor duty factor is limited by 10% or
less. Therefore it is not applicable to CW operation.

We performed CW measurements of conventional
Class AB test boards supplied with intense water cooling.
Some of the results are given in Table 2 for four different
transistors. The performance is a somewhat lower than
that voltage) probably because we used a lowered drain
voltage. Nevertheless one can see CGHV14500 FET
maximum CW power and efficiency are below than that
we obtained for CGHV 14250 test setup in CW at ~1.5
GHz frequency. Also we faced issues related to gain

7: Accelerator Technology Main Systems



ISBN 978-3-95450-180-9

Proceedings of NAPAC2016, Chicago, IL, USA

MOPOB76

FIELD EMISSION DARK CURRENT SIMULATION FOR eRHIC ERL
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Abstract

The eRHIC project will be a electron and proton
collider proposed in BNL. These high repetition rates will
require Super-Conducting Radio-Frequency cavities with
fundamental frequency of 650MHZ for high current
applications. Each with a string of two of those cavities.
The strong electromagnetic fields in the SRF cavities will
extract electrons from the cavity walls and will accelerate
those. Most dark current will be deposited locally,
although some electrons may reach several neighbour
cyromodules, thereby gaining substantial energy before
they hit a collimator or other aperture. Simulation of these
effects is therefore crucial for the design of the machine.
Track3P code was used to simulate field-emission
electrons from different SRF cavities setup to optimize
the field emission dark current characterizes..

INTRODUCTION

eRHIC project requires to build an electron linac ring
on top of the existing RHIC ring. One of the design
proposed by BNL is that an ERL based accelerator to
increase electrons energy to collision energy ~18GeV and
extract their energy after collision with proton. The
accelerator would be equipped with Superconducting
Radiofrequency resonators to achieve the energy boost
and recover the RF energy. Currently, the proposed
frequency is 647.5Mhz. The low frequency SRF cavities
usually have larger iris and apertures than the high
frequency cavities. These large apertures help damp the
malicious RF energy out of the RF structure but also
facilitates more field emission electrons to escape the RF
structures. On the other hand, the SRF surfaces areas are
inversely proportional to the fundamental frequency. A
larger surface area supplies more possible emission sites
due to the cleaning capability. Therefore, understanding
the field emission electron characterizations will be a
critical to estimate the dark current, to evaluating the
radiation dosage and to prevent further propagation.

The estimation on radiation would give several
malicious effects. 1, cryogenic loss; 2. RF waste on dark
beam loading; 3. Radiation damage on cables and
electronics; 4. Beamline vacuum deterioration and
Beamline activation.

A CAVITY EMISSION

Currently, we plan to use beam pipe absorbers as our
eRHIC HOM damping scheme. Room temperature
absorbers will be placed on side of each. The distance

between SRF cavity and RT beam pipe damping would be
longer because of the temperature gradient and
evanescent fundamental mode.

The cavity geometry net length is 1.96m which is
4.228 times of the wavelength of 647MHz. The cavity
schematic is shown in Figure 1. [1]

Figure 1: Cavity scheme for current eRHIC project.

Once the surface electric field is higher than the work
function, surface electrons will escape the surface energy
barrier and the emission current density is well-defined by
Fowler—Nordheim equation in DC case. Empirically, field
emission can occur when accelerator gradient is quite low.
[2] Not all the SRF surfaces have high E field to
emission. At the 18MeV/m accelerating gradient, the
emission sites are plotted in Figure 2. The field emission

dark current estimation is simulated in Omega 3P suite.
0.3 T 0.2

0.2+

Cavity Profile
Emissionn Location

0.1

% 05 1 15 2 2808
Z location

Figure 2: The initial field emission site on SRF cavity

The local surface electric field can be enhanced by
geometrically protrusions. The typical enhancement
factor is 120 in the tracking simulation.

of field emission on SRF

The impact site

Figure 3:
cavity.

Work supported by the US Department of Energy under contract number DE-SC0012704
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DEPOSITION OF NON-EVAPORATIVE GETTERS R&D
ACTIVITY FOR HEPS-TF

D. Z. Guo, P. He, B. Q. Liu, Y. S. Ma', Y. C. Yang, L. Zhang, IHEP, CAS, Beijing, P.R. China

Abstract

Non Evaporable Getter(NEG) coating technology was
widely used around the world’s ultra-low emittance stor-
age rings. It will provide the distributed pumping which is
the obvious solution to solve the conductance limitation
of narrow vacuum chamber at small magnet aperture. The
HEPS-TF is the R&D project of HEPS (High Energy
Photon Source), it will cover all of the key technology for
HEPS accelerator system and beamlines. In order to meet
the small aperture vacuum chamber distributed pumping
requirement, the NEG coating R&D for HEPS vacuum
chamber is under the way. Getter films deposited on the
inner surface of the chamber would transform the vacuum
chamber from an outgassing source into a pump. The
coating test bench will be shown here and coating proce-
dure will be presented.

INTRODUCTION

The HEPS-TF is the R&D project of HEPS (High En-
ergy Photon Source), it will cover all of the key technolo-
gy for HEPS accelerator system and beamlines. To further
develop the technologies necessary for diffraction-limited
storage rings based light source, it involves many areas:
vacuum system/non-evaporative getter (NEG) coating of
small chambers, fast injection/pulsed magnets, RF sys-
tems/bunch lengthening, magnets/radiation production
with advanced radiation devices(insertion devices), high
precision power supply, beam diagnostics, mechanical
support, and beam physics design(lattice) optimization.

The HEPS 6 GeV storage ring (1296 m in circumfer-
ence) will be an ultra-low emittance ring (bare lattice
emittance below 0.1 nm-rad) based on multi-bend achro-
mat (MBA) magnet concept. Due to the compact lattice
design and applied small magnet aperture of 25 mm, so
the majority of the vacuum chambers are designed as
circular tubes of 22 mm inside diameter and 1 mm wall
thickness. This will cause the conductance limitation
problem for the vacuum pumping. To reduce ring vacuum
pressure, some of the conductance limited chambers are
planned to be coated with non-evaporable getter (NEG)
film of TiZrV. The use of NEG (Non-Evaporable Getter)
thin film deposited onto the components used in a vacu-
um system has revolutionized the design of vacuum sys-
tems. The NEG film brings pumping to sources of gas-
loads; it provides distributed pumping in a space-limited
environment and has a very low outgassing rate. The
coating is deposited by magnetron sputtering method that
was developed at CERN [1] and is used in other synchro-
tron light facilities around the world. In recent years,
different getter materials have been investigated [2,3,4].
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In this context, our work will focus on the progress
of the deposition of NEG coatings in very narrow cham-
bers, as well as engineering and physics challenges they
face today.

NEG COATING TEST BENCH

The TiZrV NEG films were deposited using the DC
Magnetron Sputtering technique. The DC Magnetron
Sputtering technique was employed due to its simplicity
and lower sputtering gas pressure. A schematic diagram
of the experimental setup for NEG deposition is shown in
Figure 1. The vacuum chamber is a 1.5 m long, 22 mm in
inner diameter copper cylindrical tube. The cathode was
made by twisting three wires of high-purity (99.95%)
titanium, vanadium and zirconium, each of 1 mm diame-
ter, using an electric drill machine. Ti-V-Zr type was
chosen because of its lowest activation temperature
among ternary getters. The tube sample is electrically
isolated mounted to the chamber in the direction of gravi-
ty. The cathode wire runs through the tube sample and is
positioned approximately along the axis of the tube. The
bottom end of the cathode wire was connected to a high
voltage feed through, and the top end was mounted to a
blank flange. Two edge-welded bellows, each with three
springs mounted in between its flanges, apply tensile
force to the cathode wire to keep it straight, preventing
short circuit. Gas inlet was mounted on the top of the
system, and the vacuum pumps are mounted in the bot-
tom. A solenoid was mounted outside and coaxial to the
sample tube, providing a magnetic field parallel to the
tube.

h H To gas feed, vacuum gauge

= =
;igﬂ Spring supported bellow

— Ceramic tubing
-

Solenoid

Copper tube

Cathode wire

||
} To vacuum gauge, vacuum pumps

I

Ll
To DC power supply

Figure 1: Test bench set-up.
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E. Petit, GANIL, Caen, France
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Abstract

The GANIL SPIRAL2 project is based on the
construction of a superconducting ion CW LINAC with
two experimental areas named S3 (“Super Separator
Spectrometer”) and NFS (“Neutron For Science”). This
status will report the construction of the facility and the
first beam commissioning results.

The perspectives of the SPIRAL2 project, with the
future construction of the low energy RIB experimental
hall called DESIR and with the construction of a new
injector with q/A>1/6 or 1/7, will also be presented.

INTRODUCTION

Officially approved in May 2005, the GANIL
SPIRAL2 radioactive ion beam facility (Fig. 1) was
launched in July 2005, with the participation of many
French laboratories (CEA, CNRS) and international
partners. In 2008, the decision was taken to build the
SPIRAL2 complex in two phases : a first one including
the accelerator, the Neutron-based research area (NFS)
and the Super Separator Spectrometer (S3), and a second
one including the RIB production process and building,
and the low energy RIB experimental hall called DESIR
[1,2].

Phase1 objective:
Increase the stable beam power by a factor

DESIR (very low

10 to 100 energy studies)

= jyor
\er - .
At :
33u:5“m,\1 w e
+

Phase2 objectives:
- Increasingthe RIB production by a factor 10 to 1000
- Extend the range of beams nuclei Z>40 A>80

Figure 1: SPIRAL2 project layout, with experimental
areas and connexion to the existing GANIL.

In October 2013, due to budget restrictions, the RIB
production part was postponed, and DESIR was planned
as a continuation of the first phase.

The extension of the SPIRAL2 facility, with the
construction of a new injector with ¢/4>1/6 or even 1/7
heavy ions connected to the LINAC, is also evaluated.
This new injector will increase the competiveness of the
SPIRAL2 facility by producing higher beam intensity and
also heavier ion species.

The SPIRAL2 facility is now built, the accelerator
installation, connecting tasks are almost achieved and the
beam commissioning have started with very good results
with the goal of the first beam for physics (NFS) in 2017
[3.4].
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ACCELERATOR-NFS-S3 BUILDING

The construction permit of the accelerator-NFS-S3
building was obtained in October 2010. The construction
of the building started in January 2011. After a difficult
excavation work (Fig. 2) and geotechnical/geologic
studies, the first concrete started in September 2011
(Fig. 3). The building with the conventional utilities was
officially received by the end of 2014 (Fig. 4).

Significant key figures of the SPIRAL2 building
construction are:

¢ 14000 m® of concrete poured,
e2 200 T of steel reinforcement used,
e 450 000 work hours,

e Up to 120 workers on site.

S,

Figure 3: First concrete in September 2011 and the
foundation stone ceremony in October 2011.

Figure 4: Completion of the accelerator building (October
2014). The beam axis is 8 meters underground.

4: Hadron Accelerators



TUA1IO003

Proceedings of NAPAC2016, Chicago, IL, USA

ISBN 978-3-95450-180-9

TECHNOLOGICAL CHALLENGES ON THE PATH TO 3.0 MW AT THE
SNS ACCELERATOR*
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Abstract

The Spallation Neutron Source (SNS) is a ~1 GeV
pulsed hadron linear accelerator (linac) and accumulator
ring capable of delivering ~23.3 kJ, 700 ns pulses of pro-
tons at 60 Hz to a mercury spallation target to produce
intense pulses of thermal and cold neutrons. Oak Ridge
National Laboratory (ORNL) proposes to build an inno-
vative Second Target Station (STS) at SNS to meet the
U.S. demand for neutrons. The current STS design re-
quires 46.7 kJ, 700 ns pulses at 10 Hz to meet the needs
of the scientific program[1]. The Proton Power Upgrade
(PPU) project aims to double the available accelerator
complex power from 1.4 MW to ~3.0 MW to meet these
needs. This paper describes the technological challenges
that must be addressed to achieve this objective.

STS CAPABILITIES

The STS as envisaged would be value engineered to
provide the world’s highest peak brightness neutron
source to meet five high-level requirements:

e Provide cold neutrons with enhanced beam focusing
and neutron spin manipulation to address nanoscale
to mesoscale phenomena and slow material dynam-
ics.

¢ Provide intense pulses at 10 Hz to limit heat deposi-
tion in a compact target and moderator assembly, en-
able utilization of wavelength dispersive methods,
permit simultaneous access to a wide range of length
and time scales, and sufficient flux to support ex-
treme sample environments with limited angular ac-
cess.

e Utilize high performance computing for real-time
manipulation and visualization of massive data sets,
and to combine and interpret multi-technique data.

e Provide innovative neutron scattering instrument
concepts with multi-modal and flexible configura-
tions that provide order of magnitude performance
gains compared to current and currently envisaged
capabilities.

e Provide high peak neutron brightness to enable in-
situ sample synthesis, non-equilibrium studies, reac-
tion kinetics, microspot scanning and parametric
studies.

The envisaged pulse structure for one particular neutron
wavelength compared to that currently available at the
SNS First Target Station (FTS), the Japan Proton Acceler-
ator Research Complex (J-PARC) and the European

* This material is based upon work supported by the U.S. Department of
Energy, Office of Science, Office of Basic Energy Sciences under con-
tract number DE-AC05-000R22725.

T joneskw(@ornl.gov
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Spallation Source (ESS) currently under construction is
shown in Figure 1.
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Figure 1: Temporal flux of 5A neutrons from SNS-FTS,
J-PARC, ESS and SNS-STS.

CURRENT SNS MACHINE
PERFORMANCE

To fully appreciate the technological challenges related
to doubling the current available beam power it is helpful
to understand current machine performance and capabil-
ity. The SNS has delivered a remarkable 33.844 GW-Hr
of proton beam to target over the past ~10.5 years and has
demonstrated sustained operation at beam power levels
up to 1.4 MW. Since 2012 overall reliability against
schedule has been affected principally by mercury target
vessel performance, varying from 72.5% to 89.5%. How-
ever if target end-of-life events are removed, basic accel-
erator and accumulator ring reliability varies from 89.6 to
93.2% over the same period, with only one year below
90%. Beam power and total energy delivered since
commissioning are illustrated in Figure 2.

For the SNS, the average beam power is derived from
the peak current injected into the RFQ, the chopping
fraction, RFQ transmission, the final beam energy, and
the RF duty factor.

Duty Factor

The SNS has achieved stable long-term performance at
a repetition rate of 60 Hz and a beam pulse width of 965
us for a macroscopic beam duty factor of 5.79%. Note
that the RF duty factor is somewhat higher to allow struc-
tures to fill and stabilize before the beam is accelerated.

4: Hadron Accelerators
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Abstract

The strong-focusing cyclotron is an isochronous sector
cyclotron in which slot geometry superconducting cavi-
ties are used to provide sufficient energy gain per turn to
fully separate orbits. Each orbit travels through supercon-
ducting beam transport channels, located in the aperture
of each sector dipole, to provide strong focusing and
control betatron tune. The SFC offers the possibility to
address several effects that limit beam current in a CW
cyclotron: space charge, bunch-bunch interactions, reso-
nance crossing, and wake-fields. Simulation of optical
transport and beam dynamics entails several new chal-
lenges: the combined-function fields in the sectors must
be properly treated in a strongly curving geometry, and
the strong energy gain induces continuous mixing of
horizontal betatron and synchrotron phase space. We
present a systematic simulation of optical transport using
modified versions of MAD-X and Synergia. We report
progress in introducing further elements that will set the
stage for studying dynamics of high-current bunches.

INTRODUCTION

Commercial facilities for medical isotope production,
material irradiation by spallation neutrons, and accelerator
driven subcritical core for spent nuclear fuel destruction
or energy production [1-3] are a few examples where high
beam current accelerators are required. The production of
high current beams in cyclotrons has several challenges,
including: space charge effects, turn to turn separation
and total number of turns. It has been shown that the
maximum achievable current increases as the inverse
cube of the number of turns in the cyclotron [4]. To over-
come the challenges of high intensity cyclotrons, The
Accelerator Research Lab of Texas A&M University is
developing a Strong Focusing Cyclotron (SFC) [5-7] that
incorporates two technological innovations developed in
the laboratory: low profile tapered superconducting RF-
cavities, that are capable providing up to 3MV accelerat-
ing voltages, and superconducting strong focus-
ing/defocusing (FD) beam transport channels (BTC) that
should allow full control of the beam. Figurela) shows
the 6 sector 100 MeV SFC and its main components: 4
tapered low profile SRF cavities and BTCs along the
design path. The arrangement of the BTC on the face of
the pole piece of the sector magnet and the BTC quadru-
pole and window-frame correction dipole windings are
* This work was supported by the Accelerator Stewardship Program of

the US Dept. Energy, grant DE-SC0013543.
T email address karie.email@gmail.com
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shown in Figure 1 b)-c). Figure 1 d) shows an example
cross section of BTC producing a 7.5 T/m quadrupole.
The main parameters of the cyclotron are given in Table .

Table 1: Main Parameters of the Cyclotron

Parameter Value
Number of sectors 6
Sector Angle, degrees 54.42
Injection Energy, MeV 6.5
Injection Radius, m 1.1
Extraction Energy, MeV 100
Extraction radius, m 4.3
Harmonic number, h 25
Number of Turns 14
Cavity Frequency, MHz 117
Maximum Quad Strength, T/m 7.5
Correction dipole field, mT 20

Figure 1: 100MeV SFC and its main elements.

REFERENCE ORBIT AND SECTOR
MAGNETS FOR THE SFC

Beam dynamics and particle tracking require
knowledge of the equilibrium orbit and elements of the
accelerator. In a cyclotron, the equilibrium orbit and pa-
rameters of the accelerator elements are often found from
a series of closed orbits. For the strong focusing cyclotron
described here, the equilibrium orbit, and corresponding
elements, must follow a spiral to stay within the BTCs, so
the closed orbit method will not work. The remaining
accelerator codes were designed for circular machines, or
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Abstract

The Reaccelerator (ReA) Facility at the National Super-
conducting Cyclotron Laboratory (NSCL) located at Michi-
gan State University (MSU) offers the low-energy nuclear sci-
ence community unique capabilities to explore wider ranges
of nuclear reactions and the structure of exotic nuclei. Future
sensitive time-of-flight experiments on ReA will require the
widening of pulse separation for improved temporal resolu-
tion in single bunch detection while minimizing loss of rare
isotopes and cleaning of beam decay products that might
pollute measurements. In this proceedings, we present a pre-
liminary design of a heavy ion ring that will address the task
of bunch compression, bunch separation enhancement, satel-
lite bunches elimination, cleaning of decay products, beam
loss mitigation, and improvement of beam transmission.

INTRODUCTION

The Coupled Cyclotron Facility (CCF) at the NSCL [1-3]
utilizes two superconducting cyclotrons to accelerate pri-
mary ion beams up to 160 MeV/u at 1 kW beam power on a
production target for rare isotope beam (RIB) production for
use in nuclear physics experiments. Secondary RIBs from
the target are delivered to one of three main experimental
areas. In the fast-beam experimental area, the shortest-lived
RIBs are delivered with energies >150 MeV/u to experi-
ments. In the stopped-beam experimental area, delivered
RIBs are thermalized (~€Vs) in either gas cells or a cyclotron
gas stopper before transport to the trap and laser spectroscopy
area. Lastly, in the ReA experimental area shown in Fig. 1,
thermalized RIBs are captured and rapidly ionized in an
Electron Beam Ion Trap (EBIT) charge breeder [?,4]. The
12 keV/u [6] RIBs emerging from the EBIT then undergo sep-
aration in a Q/A achromatic spectrometer (operational range
of 0.2 < Q/A < 0.5), are bunched in a mutli-harmonic
buncher (MHB), injected into a radio-frequency quadrupole
(RFQ) for pre-acceleration to 600 keV/u, and finally injected
into the superconducting linear accelerator (LINAC) for final
acceleration up to 6 MeV/u. Upgrade plans exist to acceler-
ate RIBs up to 12 MeV/u by adding more superconducting
cyromodules.

The ReA RFQ and LINAC are designed to operate at
80.5 MHz. This allows ReA to serve as a testbed for Facility
for the Rare Isotope Beam (FRIB) RFQ and superconducting
RF (SRF) technology. The EBIT charge breeder produces

* Research supported by Michigan State University, MSU NSCL, ReA
Project, and NSF Award PHY-1415462.
T pham@nscl.msu.edu
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Figure 1: Diagram of the ReA facility where (a) thermalized
RIBs are injected into (b) the EBIT charge breeder, undergo
(c) A/Q separation after extraction, (d) matched and bunched
with a MHB, (e) accelerated by a RFQ, and (f) finally injected
into the SRF LINAC. Further acceleration (g) in a second
LINAC section is possible.

Table 1: Properties of RIBs extracted from the ReA EBIT.

EBIT Parameters Values
Extraction Kinetic Energy W 12keV/u
Total Bunch Length o, 100ns - 10s us
Energy Spread AW /W, < 0.5%

RMS Transverse Emittance €, ¢, < 10 mm-mrad

high-charge state RIBs for ReA. Typical extracted beam prop-
erties of the EBIT are given in Table 1. The time structure
of the bunch emerging from the EBIT depends strongly on
the extraction scheme implemented [7]. To achieve optimal
beam transmission through the RFQ, a MHB using three
harmonics is utilized in the beam transport line [8]. For
time-of-flight (TOF) measurements, the existence of satel-
lite bunches at integer multiples of 12.4 ns from the primary
pulse formed in the bunching process creates uncertainties
in the measurements. Due to the short bunch pulse separa-
tion, the satellite bunches create ambiguity in the pulse time
spread at the location of the detector as well as in the bunch
detection. Figure 2 shows the bunched beam just before
injection into the RFQ with non-linear tails overlapping the
neighboring buckets of the RFQ. This results in the satellite
bunches that were measured at the exit of the LINAC after
acceleration. We present a conceptual design of a flexible
buncher ring for heavy ions to address bunching challenges
in ReA. The limited acceptance of the ring will also “clean’
the RIBs of decay products that can confound measurements
of interest of very short-lived isotopes.
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OPERATING SYNCHROTRON LIGHT SOURCES WITH A HIGH GAIN
FREE ELECTRON LASER

S. Di Mitri’, M. Cornacchia, Elettra — Sincrotrone Trieste S.C.p.A., Basovizza, Trieste -34149

Abstract

The peak current required by a high gain free electron
laser (FEL) is not deemed to be compatible with the mul-
ti-bunch filling pattern of synchrotrons. We show that this
problem can be overcome by virtue of magnetic bunch
length compression in a ring section and that, after lasing,
the beam returns to equilibrium conditions without beam
quality disruption. As a consequence of bunch length
compression, the peak current stimulates a high gain FEL
emission, while the large energy spread makes the beam
less sensitive to the FEL heating and to the microwave
instability. The beam large energy spread is matched to
the FEL energy bandwidth through a transverse gradient
undulator. Feasibility of lasing at 25 nm is shown for the
Elettra synchrotron light source (SLS) at 1 GeV. Viable
scenarios for the upgrade of existing or planned SLSs to
the new hybrid insertion devices-plus-FEL operational
mode are discussed, while ensuring little impact on the
standard beamlines functionality [1].

CONCEPT

The 260-m long Elettra circumference may internally
host a by-pass undulator line ~60 m long at most, with
~20 m left for beam extraction, optics matching to the
undulator line and re-injection into the ring. With the one-
dimensional (1-D) TGU-SASE model introduced in [2,3],
we estimate a saturation length of around 50 m for an FEL
radiating at 25 nm, and driven by ~450 A peak current,
~1% relative energy spread beam. The FEL fundamental
wavelength is shown in Fig.1-left plot as a function of the
beam energy, and defined by the resonance condition
A= (gu/zyz Xl + Kz/z), where v is the relativistic
Lorentz factor for the beam energy, A, is the undulator
period length, K=eByA,/(2nm,c), typically in the range 1—
5, is the so-called undulator parameter for a planar undu-
lator, By is the undulator peak magnetic field, e, m, and ¢
are the electron charge, rest mass and speed of light in
vacuum, respectively. The Elettra horizontal equilibrium
emittance is shown in the same plot as a function of beam
energy (g, o« E®) and number of dipole magnets in an
achromatic cell (g, o 1/Nb3; Ny=2 for the actual lattice).
At A=25 nm, the diffraction limit &, =A/(4m)= 1.8 nm is
reached at E=1.0 GeV (see intersection of solid blue and
red curve in Fig.1)

We assume to install an S-band RF cavity in a straight
section of the ring, and to run it at the phase of zero-
crossing. A linear correlation in the electron longitudinal
phase space (z,E) is established, and the bunch length is
shortened by means of the momentum compaction o, of

the downstream ring section, in our example one half of
the Elettra circumference. The following relationship has

T simone.dimitri@elettra.eu
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to be fulfilled by the energy chirp 4, the RF peak voltage

V, the bunch Ilength compression factor C and

R, = a.C, /2 of half the circumference length Ckg:

hz(lq]L:l@:zl eV 00spy  _\Oawo +Tama (1)
C )Ry Edz Iy E,+eVsing,, o,

In Eq. 1, Agr is the RF wavelength, ogrr (= 0) the RF
phase (at zero-crossing), Gscor,0, Osunc,0, aNd G, the energy
spread correlated with z, the uncorrelated energy spread
and the bunch length before compression, respectively. In
our example, R5c=0.21 m, Ggync0=0.1% and o, =2.7 mm.
The chirp that provides minimum bunch length, i.e., max-
imum peak current at the end of compression is # = -1/Rs
= -4.8 m™. The shortest bunch length we can achieve is
Rs605unc.o = 210 um, and therefore the maximum effective
compression factor is C = 6,0/(RseOsunco) = 13. With a
bunch charge Q=08 nC, a peak current

1 :CQc/ (\/27zaz,o):450Ais provided at the undulator.

Linear compression is guaranteed as long as the correlat-
ed energy spread is larger than the uncorrelated one; the
latter evolves during compression according to Gy =
Cosunco, because of longitudinal emittance preservation
(i.e., the bunch length is shortened by a factor C, whereas
the uncorrelated energy spread increases by the same
factor). Hence, we require Gseoro >> Osunc, Where Gayne =
Osunco = 0.1% at equilibrium, and where o, approaches
1.3% when C—13. At the same time, G0 has to be not
much larger than the synchrotron momentum acceptance,
nominally 3% in Elettra, to avoid particle losses. With the
parameters above, Eq.1 specifies V=76 MV and Gscorg =
1.3%. Fig.1-right plot is the analytical representation of
Eq.1, and it suggests that, for any C and o, a large Rsg is
desirable to minimize 4. A large Rss, however, is usually
in conflict with the requirement of a low-emittance beam,
which is the prerequisite for efficient lasing at short wave-
lengths.

78|
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Figure 1: Elettra equilibrium horizontal emittance for
different number of dipoles per cell (red), and FEL wave-
length for different undulator parameters (blue), vs. beam
energy. Right: rms relative correlated energy spread vs.

Rse, to reach 450 A starting from an initial peak current of
20-40 A. Copyright of NJP (2015) [1].
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ALS-U: A SOFT X-RAY DIFFRACTION LIMITED LIGHT SOURCE*

C. Steier’, A. Anders, J. Byrd, K. Chow, R. Duarte, J. Jung, T. Luo, H. Nishimura, T. Oliver,
J. Osborn, H. Padmore, C. Pappas, S. Persichelli, D. Robin, F. Sannibale, S. De Santis,
R. Schlueter, C. Sun, C. Swenson, M. Venturini, W. Waldron, E. Wallen, W. Wan, Y. Yang
LBNL, Berkeley, CA 94720, USA

Abstract

Improvements in brightness and coherent flux of about
two orders of magnitude are possible using multi bend achro-
mat lattice designs [1]. These improvements can be imple-
mented as upgrades of existing facilities as in the case of
the Advanced Light Source Upgrade (ALS-U). ALS-U will
reuse much of the existing infrastructure, thereby reducing
cost and time needed to reach full scientific productivity.
This paper summarizes the accelerator design progress as
well as some details of the ongoing R+D program.

INTRODUCTION

The ALS-U design replaces the existing triple-bend achro-
mat with a stronger-focusing multi-bend achromat [2, 3]
aiming at producing round beams of approximately 50 pm-
rad emittance, about 40 times smaller than the horizontal
emittance of the existing ALS, and thus leading to a big
increase in coherent flux. The current baseline design is a
nine-bend achromat. ALS-U was evaluated in June 2016
by a Basic Energy Sciences Facility Upgrade Prioritization
Subcommiittee as ’Absolutely Central’ to contribute to world
leading science and as 'Ready to Initiate Construction’ and
received approval of Mission Need (CD-0) from DOE/BES
in September 2016. Table 1 summarizes the main parame-
ters and Figure 1 shows the nine bend achromat as well as
the new accumulator ring.

Table 1: Parameter List Comparing ALS with ALS-U

Parameter Current ALS ALS-U
Electron energy 1.9 GeV 2.0 GeV
Beam current 500 mA 500 mA
Hor. emittance 2000 pm-rad ~ ~50 pm-rad
Vert. emittance 30 pm-rad ~50 pm-rad
rms beam size (IDs) 251/9um <10/ <10um
rms beam size (bends) 40 /7 um <5/ <8um
Energy spread 9.7x 1074 <9x107*
bunch length 60-70 ps 120-200 ps
(FWHM) (harm. cavity) (harm. cavity)
Circumference 196.8 m ~196.5 m
Bend angle 10° 3.33°

One of the consequences of producing a small emittance
is a small dynamic aperture, although the momentum accep-

* This work was supported by the Director, Office of Science, Office of
Basic Energy Sciences, of the U.S. Department of Energy under Contract
No. DE-AC02-05CH11231.
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Figure 1: CAD model of ALS-U showing the existing accel-
erator tunnel with the new storage and accumulator rings.

tance will remain large enough for acceptable beam lifetime.
To overcome this challenge, ALS-U will use on-axis swap-
out injection to exchange bunch trains between the storage
ring and an accumulator ring. Swap-out also makes it possi-
ble to employ very small, round chambers in the straight sec-
tions, enabling higher-performance undulators. ALS-U will
provide a higher coherent flux than any other ring, whether
in operation or planned, up to a photon energy of 3.5 keV,
which covers the entire soft x-ray regime (see Fig. 2).
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Figure 2: Coherent flux produced by selected storage-ring-
based x-ray facilities.

LATTICE OPTIMIZATION

The lattice design has to balance competing goals like
radiation output requirements, technological limitations, and
operational demands. The most fundamental tradeoff is be-
tween small emittance and sufficient injection efficiency and
lifetime. Following a now-common trend, we have been
employing multi objective genetic algorithms to simultane-
ously optimize the linear and non-linear lattice for the lattice
design. The new ALS-U ring will have the same periodic-
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AWAKE - A PROTON DRIVEN PLASMA WAKEFIELD ACCELERATION
EXPERIMENT AT CERN

Allen Caldwell*, Max Planck Institute for Physics, Munich, Germany
on behalf of the AWAKE Collaboration

Abstract

It is the aim of the AWAKE project at CERN to demon-
strate the acceleration of electrons in the wake created by
a proton beam passing through plasma. The proton beam
will be modulated as a result of the transverse two-stream
instability into a series of micro bunches that will then drive
strong wakefields. The wakefields will then be used to ac-
celerate electrons with GV/m strength fields. The AWAKE
experiment is currently being commissioned and first data
taking is expected this year. The status of the experimental
program is described as well as first thoughts on future steps.

PATH TO AWAKE

It has been known for some time that plasmas can support
very large electric fields, and can therefore be used for accel-
erating particles to relativistic energies [1]. Initially, laser
driven plasma wake field acceleration was considered in the
literature [2], and experimental verification of the ideas fol-
lowed [3]. Detailed simulations of the process are now avail-
able which have predicted the production of electron beams
with interesting characteristics. In recent experiments, gra-
dients in the range 10-100 GV/m have been achieved. These
have so far been limited to distances of a few cm, but the
progress has been very impressive [4]. In order to accelerate
an electron bunch to 1 TeV, these gradients would have to
be maintained over distances of tens of meters, or many ac-
celeration stages would have to be combined. Both of these
options are very challenging, both because of dephasing and
energy conservation issues.

It was later recognized that plasmas could also be excited
by a bunch of electrons [5]. Given an intense enough bunch
of electrons, the plasma is both created [6] and excited by
the passage of the bunch. Very large electric fields were
predicted and later observed [7]. In the case of electron
driven plasma wakefield acceleration (PWA), a gradient of
50 GV/m was achieved and sustained at SLAC for almost
Im [8]. However, the maximum energy that can be trans-
ferred to a particle in the witness bunch is limited by the
transformer ratio and is at most 2 for longitudinally symmet-
ric drive bunches [9]. This upper limit can in principle be
overcome by asymmetric bunches [10], but this will be tech-
nically very difficult to realize. Energy issues also dictate
that an electron-bunch driven PWA would require a large
number of stages to reach the TeV scale, and therefore be
quite complex.

The scheme proposed for study in the AWAKE experi-
ment is based on proton-driven PWA [11]. The principle
advantage of using protons to driving the wake is that proton

* caldwell @mpp.mpg.de
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bunches are today accelerated to high energies, and so have
enough energy to bring a bunch of electrons to the TeV scale
in a single acceleration stage. However, the length of exist-
ing proton bunches requires the use of a bunching scheme
to drive the plasma wakefield in such a way as to produce
GV/m fields.

Self-Modulation Instability

The angular frequency wp of the plasma wave is fixed by
the local plasma density ngp via

4rnge?
wp = -
me

where m, is the electron mass and e is the elementary charge.
On the time scale of a few wave oscillations, the much heav-
ier plasma ions can be considered immobile. The plasma
wave or wake follows the drive bunch, and its phase velocity
Vph is close to that of the drive bunch [12]. Its wavelength
is therefore approximately Ap = if—: The maximum ampli-
tude of the longitudinal electric field in the wave is on the
order of the wave-breaking field Ey = #<2£ [13].

The extremely short driver length required for efficient ex-
citation of the plasma wave (a small fraction of Ap generally
is required) presents a serious obstacle to the realization of
the concept. The CERN proton bunches available today are
approximately 10 centimeters long (the root-mean-square
length) and are therefore ineffective at driving large wake-
field amplitudes. Various bunch compression schemes have
been studied in the early stages of studying proton-driven
plasma wakefield acceleration [14]. While technically feasi-
ble, the concepts developed will be costly and require exten-
sive amounts of space.

An alternative to extreme bunch compression is multi-
bunch wave excitation. In this scheme the plasma wave is
resonantly driven by a train of short micro bunches spaced
one wakefield period apart. It is exactly this scheme that
was first proposed as the plasma wakefield accelerator in [5].
In our application, the long proton bunch is converted into
a stream of micro bunches, each short on the scale of the
plasma wavelength, by an instability. The instability of in-
terest is the self-modulation instability (SMI), which can
be viewed as the axisymmetric mode of the transverse two-
stream (TTS) instability. The SMI is a convective instability
that grows both along the bunch and along the plasma. Ana-
lytical calculations and three-dimensional simulations [15]
predicted an exponentially fast growth of the SMI and con-
firmed that non-axisymmetric modes of the TTS instability
are also suppressed if the seed perturbation is strong enough.

3: Advanced Acceleration Techniques and Alternative Particle Sources
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Abstract

A novel concept of a high-power magnetron transmitter
allowing dynamic phase and power control at the fre-
quency of locking signal is proposed. The transmitter
compensating parasitic phase and amplitude modulations
inherent in Superconducting RF (SRF) cavities within
closed feedback loops is intended for powering of the
intensity-frontier superconducting accelerators. The con-
cept uses magnetrons driven by a sufficient resonant (in-
jection-locking) signal and fed by the voltage which can
be below the threshold of self-excitation. This provides an
extended range of power control in a single magnetron at
highest efficiency minimizing the cost of RF power unit
and the operation cost. Proof-of-principle of the proposed
concept demonstrated in pulsed and CW regimes with
2.45 GHz, 1kW magnetrons is discussed here. A concep-
tual scheme of the high-power transmitter allowing the
dynamic wide-band phase and mid-frequency power
controls is presented and discussed.

INTRODUCTION

SRF cavities of the modern superconducting accelera-
tors are typically manufactured from thin sheets of nio-
bium to allow them to be cooled at minimized power of
cryo-facilities. Fluctuations of helium pressure, acoustic
noise caused by liquid He flux, etc., all cause mechanical
oscillations of the cavity walls changing the cavity reso-
nant frequency. This results in parasitic amplitude and
phase modulation of the accelerating field in the cavity.
The cavity detuning caused by the mechanical oscillations
is typically a few tens of Hz [1, 2]. At very high external
quality factor of the SRF cavities, O, the bandwidth of
the fundamental mode of the RF oscillation in the cavities
has the same order as the detuning value. This causes
deviations of the accelerating field phase and amplitude.
The parasitic modulations are not associated with instabil-
ity of the RF source; they exist even if the RF source is
ideally stable. Thus, only the dynamic phase and power
control of the RF sources locking phase and amplitude of
the RF field in the SRF cavity [3], allows keeping stable
phase and amplitude of the accelerating field in the cav-
ity. The bandwidth of the power and the phase control of
the RF source is determined by necessary suppression of
the amplitude and phase deviations; e.g., for suppression
of the amplitude modulation to deviations level of <1% at
the deviations of ~140% one needs suppression >40 dB,
at the bandwidth of the control ~10 kHz.

The traditional RF sources (klystrons, IOTs, solid-state

* Supported by Fermi Research Alliance, LLC under Contract No.
De-AC02- 07CH11359 with the United States DOE in collaboration
with Muons, Inc.

"e-mail: gkazakevitch@yahoo.com; grigory@muonsinc.com

amplifiers) can provide such control; however the capital
cost of the RF system of the large-scale superconducting
accelerator will be a significant part of the project cost.
The magnetrons controlled by the phase-modulated reso-
nant driving RF signal may provide dynamic phase and
power control with the capital cost in a few times less
than the traditional RF sources [4, 5] at a higher effi-
ciency. This will also reduce the cost of operation of the
RF sources.

Two methods allowing power control in magnetron
transmitters were suggested recently: using power com-
bining from two magnetrons with a 3-dB hybrid [ibid.];
or by an additional modulation of the depth of phase-
modulated signal driving a single magnetron [6]. The last
one is applicable at a very high Qy value. The average
relative efficiency in the range of power control of ~10
dB for the both methods is about of 50%.

We propose a novel technique of power control which
keeps a wide bandwidth for the phase control and pro-
vides the range of the power control up to 10 dB by varia-
tion of current in the extended range [7]. For such a range
the minimum magnetron current has to be much less than
the minimum current available in free run. This is realized
in the magnetron driven by a resonant wave and fed by
the voltage less than threshold of self-excitation [7].
Note, that the proposed technique is applicable for any
value of Q.

The proposed technique of the magnetron power control
provides highest efficiency in comparison with methods
described in Refs. [4-6]. This will allow significantly
decrease the capital and operating costs of the ADS class
projects. The proposed method increasing the transmitter
efficiency at power control in magnetrons can be used in
combination with methods described in Refs. [4-6]
maximizing efficiency at the wideband power control.

The concept of a controllable operation of the magne-
tron fed by the voltage less than the threshold of self-
excitation was substantiated by a developed kinetic
model [7]. Demonstration of proof-of-principle of the
proposed method of the wide-range power control in
magnetrons is presented and discussed here.

A WIDE-RANGE POWER CONTROL IN
PRE-EXCITED CW MAGNETRONS

Proof-of-principle of the developed technique of the
power variation in pre-excited magnetrons was demon-
strated in experiments with 2.45 GHz, 1 kW tubes. In
pulsed regime the CW magnetron type OM75P(31) with a
permanent magnet was fed by a pulsed modulator at pulse
duration of 1.2 ms. Before the experiments, the magne-
tron was in use for about of 8 years, thus it could provide
output power up to =500 W.

3: Advanced Acceleration Techniques and Alternative Particle Sources
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VACUUM BREAKDOWN AT 110 GHz

S. C. Schaub*, M. A. Shapiro, R. J. Temkin
Massachusetts Institute of Technology, Cambridge, MA, USA

Abstract

A 1.5MW, 110 GHz gyrotron is used to produce a linearly
polarized quasioptical beam in 3 us pulses. The beam is con-
centrated in vacuum to produce strong electric fields on the
surfaces of dielectric and metallic samples, which are being
tested for breakdown threshold at high fields. Dielectrics
are tested in the forms of both windows, with electric fields
parallel to the surface, and sub-wavelength dielectric rod
waveguides, with electric fields perpendicular to the sur-
face. Currently, visible light emission, absorbed/scattered
microwave power, and vacuum pressure diagnostics are used
to detect discharges on dielectric surfaces. Future experi-
ments will include dark current diagnostics for direct de-
tection of electrons. Dielectrics to be tested include crystal
quartz, fused quartz, sapphire, high resistivity float-zone sili-
con, and alumina. Metallic accelerator structures will also be
tested in collaboration with SLAC. These tests will require
shortening of the microwave pulse length to the nanosecond
scale.

INTRODUCTION

Research has begun to test the feasibility of RF linear
accelerators operating at W-band frequencies and above
(>100 GHz). Experiments have been performed at SLAC
to test metallic wakefield structures in which W-band and
higher frequency fields are excited [1,2]. At MIT, we are be-
ginning to experimentally test breakdown limits of materials
and cavities subject to intense W-band RF, in high vacuum
conditions (1078 Torr). A 1.5MW, 110 GHz gyrotron is
used to power the experiments with 3 us RF pulses. Ongoing
experiments are testing multipactor breakdown thresholds
of various dielectric materials. Future experiments will test
breakdown thresholds of metallic cavities.

EXPERIMENT DESIGN

Gyrotron Output Window

Focusing Mirror \%;\t

2 Corrugated

: Miter Bends
. variable 31.75 mm Diameter Corrugated Waveguide
Focusing Attenuator
R 120cm
Mirror
Pickoff . Variable Attenuator \
Mirror — A/2 Sapphire Flat
[ i Waveplate (Rotatable) A
ll ) || Mirror

Polarizing Filter
(5 Fused Quartz Plates
at Brewster Angle)

Vacuum
Chamber

Figure 1: Experimental Apparatus

The overall configuration of the experiment is laid out in
Fig. 1. The 110 GHz, 1.5 MW gyrotron outputs a linearly

* sschaub@mit.edu

polarized, gaussian beam. The beam is focused into a length
of 31.75 mm diameter corrugated waveguide. The output
from the waveguide (a 98% gaussian beam) is fed through
a variable attenuator, then focused into a vacuum chamber,
where structures under test are placed. Two structures have
been designed to be installed in the vacuum chamber for test-
ing dielectric materials. They are described in the following
subsections.

Parallel E Configuration

To test multipactor breakdown thresholds with RF E-fields
parallel to the surface of dielectric samples, a Fabry-Pérot
cavity was constructed. The cavity is formed between a
dielectric mirror and a metal mirror. The dielectric mirror
consists of multiple, optically polished, 25.4 mm diameter,
dielectric wafers clamped at the edges. The end of the cavity
is a 6 mm focal length spherical mirror in an optical mount
that allows fine axial translation, for frequency tuning. A
half-wavelength thick dielectric sample is placed at the sec-
ond field maximum within the cavity. This structure is shown
in Fig. 2. The RF gaussian beam is focused to a 2 mm spot
size on a dielectric mirror. The electric field of the incident
gaussian beam is polarized in the y direction.

Off-axis
Parabolic
Mirror

6 mm Focal Length

Dielectric Mirror, . )
Spherical Mirror

Spacer,
and Sample

Figure 2: Section view and photograph of parallel E-field
dielectric testing configuration.

The complex magnitude of the electric field in the Fabry-
Pérot cavity is shown in Fig. 3. The maximum field on the
surface of the sample, with 1 MW of power delivered to
the dielectric mirror, is 150 MV/m. In Fig. 3, dashed lines
show the locations of the boundaries in the dielectric mirror.
Dotted lines show the boundary of the sample under tests, a
sapphire wafer in this example. The solid curve at the right
of the image indicates the location of the spherical mirror at
the end of the cavity.

The Fabry-Pérot cavity has been assembled and tested at
low power. The measured S;; is shown in Fig. 4. Coupling
of 30 dB was achieved, with a 52 MHz 3 dB bandwidth and a
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ACCELERATOR PHYSICS CHALLENGES IN THE DESIGN OF
MULTI-BEND-ACHROMAT-BASED STORAGE RINGS

M. Borland, Argonne National Laboratory, Argonne, USA
R. Hettel, SLAC National Laboratory, Menlo Park, USA
S. C. Leemann, MAX IV Laboratory, Lund, Sweden
D. S. Robin, Lawrence Berkeley National Laboratory, Berkeley, USA

Abstract

With the recent success in commissioning of MAX 1V, the
multi-bend achromat (MBA) lattice has begun to deliver on
its promise to usher in a new generation of higher-brightness
synchrotron light sources. In this paper, we begin by review-
ing the challenges, recent success, and lessons learned of
the MAX IV project. Drawing on these lessons, we then
describe the physics challenges in even more ambitious rings
and how these can be met. In addition, we touch on engi-
neering issues and choices that are tightly linked with the
physics design.

INTRODUCTION

Third generation storage ring light sources brought un-
precedented X-ray brightness and flux from insertion device
photon sources to the synchrotron radiation scientific com-
munity. However a growing number of applications would
benefit from even higher brightness beams and their en-
hanced transverse coherence, including nanometer imaging
applications, X-ray correlation spectroscopy and spectro-
scopic nanoprobes, diffraction microscopy, holography and
ptychography.

Given that photon spectral brightness B(2) is inversely
proportional to the convolved photon-electron emittance
¥, (%) at wavelength A for each transverse plane x and y (i.e.
BOM o (Z,(0E, ()7L () = 8:(1) @ 8,y (e-)),
there is an ongoing effort to reduce electron emittance in
storage ring light sources towards the diffraction limited pho-
ton emittance €,(X) = A/4m ~ A /2w, depending on photon
source properties, or ~8 pm-rad to 16 pm-rad for A = 14) for
wavelengths of interest to reach maximal brightness. Along
with the increase in brightness, the percentage of transversely
coherent photons also increases as electron emittance is re-
duced, approaching a maximum of 100% when the electron
emittance drops below g,.(X).

While diffraction limited emittance for angstrom-
wavelength X-rays can be routinely reached in the vertical
plane by reducing the horizontal-vertical emittance coupling
to very small values, the horizontal emittance for 3™ genera-
tion machines is typically in the 1-10 nm-rad range. This
level of emittance is the result of the typical implementation
of double- and triple-bend achromat (DBA and TBA) lattices
using storage technology that has been developed over a few
decades. However it is known that the emittance of a stor-
age ring scales as F(v, cell)E2(NN,) 3, where F(v,cell) is
a function of ring horizontal tune v and lattice type, E is
the electron energy, and Nj lattice sectors (with intervening
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insertion device straight sections) each have Ny dipoles. For
a given lattice cell type, a larger ring circumference C will
accommodate more sectors and emittance is reduced by C3.
Light source lattice cells are typically achromatic, or nearly
so, to minimize the increase in effective beam emittance in
ID straights caused by electron energy spread.

The concept of increasing Ny to create multibend achro-
mat lattices is not new [1], but it is only in the last several
years that developments in precision magnet design, vac-
uum technology and advanced tools for simulating and op-
timizing highly nonlinear lattice designs have been made
to actually build rings having affordable size (i.e. of order
1 km for 6 GeV, 0.5 km for 3 GeV, and 0.2 km for 2 GeV)
with emittances substantially lower than the 3rd generation.
The 3 GeV, 528 m MAX IV ring, discussed below, is the
first pioneering implementation of such a “4th generation”
storage ring light source, having a 7-bend achromat (7BA)
lattice having the order of 300 pm-rad emittance that is now
in operation, and in construction is the Sirius Light Source
in Brazil with a 5BA lattice and similar size and emittance to
MAX IV. In the meantime the high energy ESRF and APS
light sources are in the process of upgrading their lattices
to modified 7BA lattices, exploiting longitudinal gradient
dipoles to obtain further emittance reduction, and in the
case of the APS, using a “reverse bend” design [2, 3] for a
reduction in emittance to 41 pm-rad (the diffraction limit
for 2.5-5 A photons) at 6 GeV. Other facilities, including
SPring-8, ALS, SLS and others also planning lattice up-
grades sometime in the future, while IHEP is planning a
new MBA ring comparable in size and performance to the
APS and SPring-8. In the case of the APS and the ALS
(a 9BA lattice), emittance is reduced to the point that the
dynamic aperture will not support off-axis injection with
accumulation; on-axis “swap-out” injection will be used.
In the future, given that the science case is justified, rings
having ~2 km circumference might be built having order
10 pm-rad emittance (e.g. PETRA-IV at DESY).

The physics and engineering challenges associated with
implementing these state-of-the-art 4™ generation light
sources are daunting and are discussed in the following.

LESSONS OF MAX IV

Commissioning of the MAX IV 3 GeV storage ring started
in August 2015 and is ongoing. A report of the commission-
ing status can be found in [4]. Here we only summarize a
couple of key issues relevant to the design and commission-
ing of future MBA-based storage rings.

2: Photon Sources and Electron Accelerators
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ADVANCED CONCEPTS FOR SEEDED FELS

Eugenio Ferrari*, Enrico Allaria, Elettra - Sincrotrone Trieste SCpA, Trieste, Italy

Abstract

The experiments enabled by ultrashort XUV/X-rays FELs,
e.g. coherent control of quantum phenomena, nonlinear op-
tics, etc., require the knowledge, and possibly the control,
of the spectro-temporal content of individual pulses. While
spatial coherence is also a property of FELs based on SASE,
the capability of generating temporally coherent pulses is a
distinctive feature of seeded FELs. Indeed, this is a natural
consequence of the principle on which a seeded FEL relies:
before emitting radiation, electrons interact with a coher-
ent source, the seed, and, under given conditions, the latter
transmits its coherence properties to the FEL light. In the
following, we demonstrate the use of interferometry in the
frequency domain to investigate the properties of the seeded
FEL pulses. Moreover, we provide the first direct evidence
of the temporal coherence of a seeded FEL working in the
extreme ultraviolet spectral range and show the way to con-
trol the light generation process to produce Fourier-limited
pulses.

INTRODUCTION

Seeded FELs have the potential to produce spatially and
temporally fully coherent pulses [1]. However, the ability
to generate fully coherent pulses and shape their spectro-
temporal content with high stability on a shot-to-shot basis
is extremely challenging, due to the difficulties in precisely
controlling the light generation process [2]. In addition to
amplification, several factors contribute to the evolution of
the electric field during the FEL process. A linear frequency
chirp dw/dt in the seed affects the emission process, causing
a broadening of the spectral envelope [3]. Furthermore, be-
fore interacting with the seed, electrons are accelerated and
can acquire a time-dependent energy profile. A curvature
d*y(t)/dt? in the electron energy y(¢) produces the same
effect as a linear frequency chirp in the seed [4,5] and causes
an additional linear frequency offset during amplification
due to varying dy(t)/dt along the electron beam [6]. The
interplay between these effects determines the FEL temporal
phase, which has an impact on the spectral content of the
radiated light [7].

PHASE-LOCKED FEL PULSES

In a coherent control experiment, light pulses are used
to guide the real-time evolution of a quantum system. This
requires the coherence and the control of the pulses’ electric-
field carrier waves. In the following we demonstrate the
generation of two time-delayed phase-locked XUV pulses
from a seeded FEL. The pulses are produced by two seed
replicas locked in phase. The adopted approach also pro-
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vides a method to investigate the longitudinal coherence of
a seeded FEL.

Experimental Setup

The experiment was performed on FEL-1 [8] and exploits
the capability of the seed laser to trigger and drive the FEL
process and generate coherent and controllable XUV pulses.

Figure 1 shows the experimental setup for the generation
of two time-delayed phase-locked pulses implemented at
FERMLI. The twin seed pulses are produced from a single
pulse of the third harmonic of a Ti:Sa laser and temporally
split into two pulses after transmission through a birefrin-
gent plate. The thickness of the birefringent plate and the
group velocity difference for the two plate’s orthogonal axes,
rotated at 45° with respect to the laser polarization, deter-
mine the time delay 7 between the two seed pulses. The
polarization of both pulses is then adjusted to be parallel to
the modulator one using adequate optical components. This
ensures optimum seed-electron coupling in the modulator.

The relative phase between the carrier waves of the twin
seed pulses A¢ggeeq is controlled by fine tuning the incidence
angle on the plate using a motorized rotation stage with min-
imum phase step of about As..4/30. The two seeds interact
with the relativistic electron beam inside the modulator and
give rise to a periodic energy modulation at the seed wave-
length, which is confined to the position of the two seed
pulses within the electron beam (see Fig. 1).

Twin FEL pulses
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Figure 1: HGHG FEL in the two phase-locked pulses con-
figuration. Two time-delayed seed pulses are created by
transmission of a single laser pulse through a birefringent
plate. The plate is motorized to precisely control the relative
phase A¢g..q between the two carrier waves of the twin
seeds, which interact with the relativistic electron beam in
the modulator. Image reproduced from [9].

Interferogram Creation and Measurements

Two mutually coherent pulses delayed in time produce a
spectral interference pattern [10]. This configuration can be
regarded as the temporal equivalent of the Young’s double
slit interferometer where the time-delayed pulses play the
role of the spatially separated slits, and the spectrometer is
the equivalent of the far-field screen. The interference arises
in the frequency domain instead of the spatial one.

2: Photon Sources and Electron Accelerators
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FOKKER-PLANCK ANALYSIS OF TRANSVERSE COLLECTIVE
INSTABILITIES IN ELECTRON STORAGE RINGS*

R. R. Lindberg, ANL, Argonne, IL 60439, USA

Abstract

We analyze single bunch transverse instabilities due to
wakefields using a Fokker-Planck model. We expand on
the work of Suzuki [1], writing out the linear matrix equa-
tion including chromaticity, both dipolar and quadrupolar
transverse wakefields, and the effects of damping and dif-
fusion due to the synchrotron radiation. The eigenvalues
and eigenvectors determine the collective stability of the
beam, and we show that the predicted threshold current for
transverse instability and the profile of the unstable agree
well with tracking simulations. In particular, we find that
predicting collective stability for high energy electron beams
at moderate to large values of chromaticity requires the full
Fokker-Planck analysis to properly account for the effects of
damping and diffusion due to synchrotron radiation.

INTRODUCTION

Understanding, predicting, and controlling collective in-
stabilities is an imporatnt part of storage ring design and
operation. Single bunch transverse instabilities are of par-
ticular importance in high-energy electron storage rings, as
they typically set the limit on the maximum achievable cur-
rent. The standard analysis of these instabilities decomposes
the linearized Vlasov equation into normal modes, and then
stability is determined by comparing the maximum growth
rate with the transverse synchrotron and Landau damping
rates (see, e.g., [2-6]). However, synchrotron emission re-
sults in both damping and diffusion in phase space, so that
when synchrotron radiation provides the dominant damping
mechanism it can render the Vlasov model incomplete. This
is often the case for high energy electron storage rings, in
which case a Fokker-Planck description must be employed
to accurately predict stability. Here we build on the work of
Ref. [1] to develop a more complete Fokker-Planck analysis
of transverse stability, where particular attention is paid to
the dynamics at large chromaticity.

MODEL EQUATIONS

Our starting point is very similar to the Hamiltonian mod-
els in the textbooks [4, 5], but it includes the Fokker-Planck
damping and diffusion associated with synchrotron radiation.
Hence, the distribution function F' obeys the equation
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Here (z,p;) = (ct — s,—0) are the longitudinal variables,
(J,¥) are the transverse action-angle variables, 7, is the
longitudinal damping time, o5 is the equilibrium energy
spread, T, is the transverse damping time, &g is the nat-
ural emittance, and {, } denotes the Poisson bracket. We
as