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Overview	  

•  ESS	  is	  a	  long-‐pulse	  neutron	  spalla,on	  source	  
•  The	  target	  is	  feed	  by	  a	  superconduc,ng	  5	  MW	  
proton	  linac	  
– Pulse	  Length	  =	  2.9	  mS	  
– Pulse	  Rate	  =	  14	  Hz	  
– Beam	  Current	  =	  50	  mA	  
– Energy	  =	  	  2.5	  GeV	  



Collabora,on	  
•  ESS	  is	  being	  built	  by	  a	  mul,-‐na,onal	  

collabora,on	  
•  Accelerator	  collabora,on	  

–  NC	  linac:	  Ion	  source	  (INFN),	  RFQ	  
(CEA),	  MEBT	  (Bilbao),	  DTL	  (INFN)	  

–  SC	  linac:	  Spoke	  Cavi,es	  (CNRS),	  
Ellip,cal	  cavi,es	  (CEA)	  

–  High	  Energy	  Beam	  Transport:	  Aarhus	  
university	  

–  RF	  sources:	  High-‐power	  (Uppsala	  U),	  
RF	  regula,on,	  LLRF	  (Lund	  U)	  

–  U,li,es:	  power,	  network,	  cooling,	  etc	  
(Tekniker)	  

17 member states so far ... 



Loca,on	  

•  The	  ESS	  Site	  is	  in	  southern	  Sweden	  near	  the	  
city	  of	  Lund	  



Cost	  



Funding	  Strategy	  

•  Sweden,	  Denmark	  &	  
Norway	  cover	  50%	  of	  
cost	  

•  The	  other	  14	  
member	  states	  
covers	  the	  rest,	  with	  
the	  European	  
Investment	  Bank	  



Sustainable	  Energy	  Concept	  

Renewable 
Carbon dioxide:  
-120,000 ton/y 

Responsible 
Carbon dioxide: 
-30,000 ton/y 

Recyclable 
Carbon dioxide:  
-15,000 ton/y 



Schedule	  



Schedule	  



CONCEPTUAL	  DESIGN	  REPORT	  



Main	  Parameters	  



Superconduc,ng	  Linac	  



La`ce	  
Beam	  Size	  

Emiaance	  

Longitudinal	  Acceptance	  



RFQ	  
Emmiaance	   Beam	  Size	  



Drib	  Tube	  Linac	  
•  2.5	  MW	  klystrons	  (about	  2	  MW	  per	  tank)	  
•  Mechanical	  design	  based	  on	  tank	  design	  
developed	  at	  CERN	  	  
–  accurate	  posi,oning	  and	  alignment	  of	  tube	  posi,on,	  
metallic	  gaskets	  

•  Permanent	  magnet	  quadrupole	  
–  allow	  an	  improvement	  of	  shunt	  impedance	  with	  
smaller	  dimensions	  of	  drib	  tubes)	  

–  substan,al	  simplifica,on	  of	  cabling	  and	  logis,cs	  	  
•  Power	  couplers	  of	  Linac4	  kind	  	  

–  planar	  window	  
– wave	  guide	  slot.	  



Drib	  Tube	  Linac	  
•  FODO	  La`ce	  (focusing	  period	  4βl,	  O	  are	  empty	  drib	  tubes	  for	  BPMs	  and	  

steerers)	  :	  
–  Space	  inside	  DTL	  for	  steering	  and	  BPM.	  
–  Op,miza,ons	  of	  Shunt	  impedance	  by	  asymmetric	  cell.	  
–  Reduced	  number	  of	  PMQ.	  
–  High	  gradient	  of	  PMQ,	  from	  54	  T/m	  to	  71	  T/m.	  

•  FFDD	  La`ce:	  
–  No	  space	  inside	  DTL.	  
–  Low	  gradient	  of	  PMQ.	  



Spoke	  Cavity	  Sec,on	  
•  Advantages	  of	  Spoke	  Cavi,es	  

–  have	  mul,-‐gap	  capabili,es	  (high	  real-‐estate	  gradients)	  
–  are	  compact	  and	  natural	  s,ff	  (less	  sensi,ve	  to	  mechanical	  
perturba,on	  such	  as	  vibra,ons)	  

–  exhibit	  high	  cell	  to	  cell	  coupling	  (no	  field	  flatness	  required)	  
–  are	  less	  sensi,ve	  to	  HOM	  or	  trapped	  modes	  (due	  to	  the	  
high	  cell	  to	  cell	  coupling)	  

–  are	  not	  submiaed	  to	  dipole	  steering	  effect	  (contrary	  to	  
other	  low	  beta	  cavi,es	  like	  quarter-‐wave	  resonators)	  

–  have	  a	  wide	  β	  range	  accessible	  
–  exhibit	  a	  high	  longitudinal	  acceptance	  (accelera,ng	  
efficiency	  over	  a	  wide	  β	  range)	  



Spoke	  Cavity	  Design	  Constraints	  

•  Opera,ng	  accelera,ng	  field	  at	  8	  MV/m	  
– peak	  field	  limited	  to	  40	  MV/m,	  
– Limit	  set	  by	  risk	  of	  field	  emission.	  	  

•  The	  required	  peak	  RF	  power	  is	  about	  250	  kW	  
–  for	  the	  50	  mA	  beam	  intensity	  
– corresponding	  to	  10	  kW	  of	  average	  power.	  



Spoke	  Cavity	  Design	  
Table 6: main physical parameters of the double spoke cavity.

Overall dimension of the cavity

Cavity β 0.50
Cavity length 687 mm
Cavity diameter 492 mm
frequency 349.1 MHz

Figure 17: Overall aspect of the double spoke cavity.

table 7 and the distribution of the electric field is plotted in figure 19.

1.4.2.3 Mechanical design

1.4.2.4 Helium tank

1.4.3 Cold tuning system for spoke

1.4.3.1 Requirements The cold tuning system (CTS) is a device attached to the spoke cavities meant to in-
situ adjusts the resonant frequency of the superconducting cavities in order to counteract frequency shifts due to
mechanical perturbations of the cavities. For a pulsed machine like ESS, the Lorentz Forces Detuning (LFD) is
another important source of resonant frequency detuning and its effect should be carefully taken into account. The
spoke CTS should integrate two different functions: a slow tuning capability over a wide frequency range (typically
1 MHz) and a fast tuning capability over a reduced frequency range (a few kHz). The first function is provided
by a mechanical system driven by a stepping motor, and the second function is obtained by means of piezoelectric
actuators inserted in the mechanical system of the CTS.

Figure 18: Distribution of surface fields in the spoke cavity: electric (left) and magnetic (right).
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Table 7: Cavity RF parameters.

R/Q 394 Ω
G 105 Ω
Qo at 4K (with Rres = 10 nΩ) 1.8 109
Qo at 2K (with Rres = 10 nΩ) 9.3 109
Epk/Eacc 5.4
Bpk/Eacc 8.7 mT/(MV/m)

Figure 19: Electrical field along the cavity beam axis (Lacc = 690 mm)

1.4.3.2 Design Two alternatives for the cold tuning system are developed in parallel. This first system is based
on the mechanical deformation of the cavity by either pulling or pressing on the cavity extremities in order to change
the cavity length, thus resulting in a frequency detuning. The second solution is based on a niobium plunger inserted
in the cavity to change the cavity volume and thus changing its resonant frequency. The second solution, quite
standard for room temperature RF devices is quite innovative for SC cavities, as pollution problems may arise from
the displacement of an object inside the cavity volume.

The CTS consists in a mechanical system (fig. 20) driven by a cold stepping motor operating under vacuum and
a moto-reductor. The motor drives a ball screw, linked to a double lever arm mechanism which can act on four rods
attached to the cavity. The design is optimized to obtain high rigidity, lowest possible weight and cost.

Figure 20: Cold tuning system for spoke resonators.

1.4.3.3 Integration of piezo actuators

1.4.4 Power couplers for spoke

1.4.4.1 Requirements/description of function
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Electric	  Field	  

Magne,c	  Field	  

Tuner	  Design	  



Ellip,cal	  Cavity	  
•  An	  XFEL	  produc,on	  run	  of	  50	  cavi,es	  	  

– At	  a	  	  20	  MV/m	  gradient	  is	  obtained	  for	  about	  80	  to	  
90%	  of	  the	  cavi,es	  

–  20	  MV/m	  gradient	  	  corresponds	  to	  40	  MV/m	  peak	  
surface	  electric	  field	  	  

•  Inves,gated	  cavity	  coupling	  parameter	  to	  trade	  
off	  cavity	  efficiency	  vs	  
–  Field	  flatness	  
– Aperture	  
–  Pass-‐band	  separa,on	  
– HOM	  propaga,on	  

•  Inves,gated	  cavity	  wall	  angle	  vs	  Lorentz	  detuning	  



Ellip,cal	  Cavity	  Design	  
Table 9: β= 0.86 cavity fundamental mode properties

Frequency [MHz] 704.42
Number of cells 5
Cell to cell coupling % 1.8
Geometrical beta 0.86
Optimum beta 0.92
Maximum r/Q Ω 477
Epk/Eacc 2.2
Bpk/Eacc mT/(MV/m) 4.3
G Ω 241
π and 4π/5 mode separation MHz 1.2
Iris diameter mm 120

Figure 21: β = 0.86 cavity geometry

monopole modes since their excitation is more relevant than the excitation of dipole modes for the beam dynamics
in a proton linac [17, ?]. The monopole modes of the cavity have been computed using three different RF codes in
2D and 3D with consistent results. Only two HOM monopole bands are below cutoff. The closest monopole HOM
to a machine line is 12 MHz above it. In order to assess the damping provided by the normal conducting parts of
the power coupler and bellows located between cavities, these elements have been included in the EM simulations.

**Note: none used, none referenced, figures included in original submission, if the figures are
required please reference them in the text**

The RF window of the power couple, the doorknob waveguide transition and a length of rectangular wave guide
has been included in the simulation in order to take into account the full coupler transmission characteristics. The
simulations indicate that the loaded Qs of the non propagating monopole HOMs of a single cavity are all in the 1e4
7e5 range thanks to the contribution of the normal conducting Mechanical design Since these cavities are aimed to
work in pulsed mode, it is important to minimize their sensitivity to Lorentz detuning. To this intend stiffening rings
are placed between the cavity cells. The static Lorentz coefficient, KL = δf/E2

acc, measures the resonance frequency
shift produced by the mechanical deformation induced by the electromagnetic field in continuous wave. The positions
of the stiffening rings and the cavity thickness have been optimized in order to minimize —KL— when the cavity

Figure 22: fundamental passband modes r/Q as a function of beta.
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Figure 23: Geometry of coupler-side end-group .

has fixed extremities. The result is a cavity thickness of 3.6 mm and a stiffening rings radius of 84 mm. With these
values, —KL— is equal to 0.36Hz/(MV/m)2 for cavity with fixed ends. An exhaustive list of the corresponding RF
and mechanical parameters is given in table 10.

Table 10: Mechanical characteristics of the cavity.

KL fixed ends Hz/(MV/m)2 -0.36
KL free ends Hz/(MV/m)2 -8.9
Stiffness kN/mm 2.59
∆f/∆z kHz/mm 197
max VM stress /1mm elongation MPa 25
KP fixed ends Hz/mbar 4,85
KP free ends Hz/mbar -150
max VM stress /1bar fixed MPa 12
max VM stress /1bar free MPa 15

The actual static Lorentz detuning depends upon the external stiffness Kext experienced by the cavity during
operation, which is given by the tuner and helium tank combined stiffness. Taking into account the design stiffness of
the Tank and the measured stiffness of the Saclay V tuner [19] the expected —KL— is 1Hz/(MV/m)2. The dynamic
Lorentz detuning in pulsed operation will be compensated by a fast tuning system. We should use a Saclay V type
piezo tuner, since this type of tuner has been successfully used for Lorentz detuning compensation in pulsed mode
with a beta=0.5 704 MHz 5-cell cavity [19]. The helium vessel is made of titanium. The tuner is inserted between
the cavity flange and the helium tank (fig. 24), likewise the SPL β = 1 cavity design [?]. The tank extends to the
beam tube flange on the power coupler side and is stiffened with a series of fins. This layout added more flexibility
to set the coupler port as close to the first cavity iris as needed to achieve the correct coupling coefficient for the
nominal beam power, but also for potential upgrades.

Before operation the cavity should be subjected to safety pressure tests whilst at room temperature, and we
investigated how it could be then plastically deformed. We calculated the plastic deformation involved when the
cavity experiences a 5 bar pressure cycle in a test rig. The maximal residual deformation is less than 7 mm and should
not be detrimental to the field distribution on the fundamental mode. The KP parameter measures the resonance
frequency shift induced by the differential pressure P between outside and inside of the cavity: KP = ∆f/P . The
coefficients given in table 10 correspond to the elastic deformation which occurs when the cavity is operated in the
cryomodule.

Two prototypes will be manufactured and tested in vertical cryostat within the ADU phase. They will be build
from high purity bulk niobium sheet with a residual resistivity ratio (RRR) greater than 250. All flanges are from
Nb/Ti 45/55 alloy directly weldable to Nb. The two prototypes and will be equipped with two HOM 50 mm diameter
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Figure 24: high beta cavity with titanium helium vessel and integrated piezo tuner.

ports.

1.5.1.3 Low beta cavities The medium beta cavities will share most of the mechanical features of the high
beta cavities. The helium tank and tuner discussed above have already been adapted to a β = 0.65 5-cell 704 MHz
cavity at IPNO in view of SPL cavity prototype development [?].

1.5.1.4 Fundamental power coupler Thanks to the very low dissipation in a SCRF cavity, the RF power
transferred through the coupler to the cavity is almost entirely converted into beam power. The high beta ellip-
tical cavity section run at a maximum gradient of 18 MV/m is the most demanding for power couplers, with the
specification shown in table 11.

Table 11: Power coupler specifications.

Nominal peak input power kW 900
Maximum admissible input power kW 1200
Maximum duty cycle % 10

Coaxial couplers using a single ceramic disk window are suited for handling both the peak and average power
when equipped with active cooling. The 508 MHz KEK-B coupler type stands out as a very sound design for handling
power levels of hundreds of kW in CW operation [22]. The KEK design has been adopted for the SNS power coupler
specified at a peak power of 550 kW for a frequency of 805 MHz [?]. The 81 couplers of the SNS have proven to
operate reliably since the machine commissioning [24]. A coupler initially specified to handle 1 MW peak power at
704 MHz and 10% duty cycle has more recently been designed at Saclay following the same RF design principles,
and upgrading the cooling of the inner conductor. Prototypes have been tested up to the ESS specifications of table
5 on a room temperature stand (fig. 25). Tests on a SCRF β = 0.5 have also been carried out up to 1 MW in full
reflection mode, which is the most demanding case for peak fields and power dissipation in the coupler [25]. It is
foreseen to test a pair of these couplers up to 2 MW peak power in order to evaluate the operational margins in
terms of peak power. The design of the ESS coupler is directly derived from this coupler. The main differences lie
in the mechanical interfaces with the cryomodule vessel, the reduced length of the air-side coaxial waveguide, and
the cooling channels. The original design was based on water cooling therefore the cooling channels of the inner
conductor were not optimized for air cooling. However, tests conducted in full reflection mode on a cavity using air
cooling have been carried out up to 35 kW average RF power without problems. If air is chosen over water as the
cooling fluid, the cooling channels will be modified to achieve a better efficiency of air cooling. The shorter air-side
coaxial part already reduces the RF dissipation and improves the conductance of the channels for air flow.

The coaxial coupler has an outer diameter of 100 mm and an impedance of 50 Ohms. The RF window is build
around an alumina disk matched with chokes both on the inner and outer conductor. The transmission characteristics
show a very large bandwidth around the nominal frequency (figure 26).

The rectangular waveguide to coaxial transition is of the doorknob type. This configuration is the most convenient
to allow the interconnection of cooling channels of the inner conductor and to install a high voltage capacitor. The
later is needed to apply a DC bias on the antenna in case a multipacting barrier coincides with the particular power
level of a given cavity. The doorknob RF design aims at reducing the peak electric field on the conductors in order
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High	  beta	  cavity	  with	  ,tanium	  helium	  
vessel	  and	  integrated	  piezo	  tuner.	  



Ellip,cal	  Cavity	  Power	  Coupler	  
•  Lots	  of	  power!	  

–  900kW	  beam	  power	  per	  coupler	  (not	  including	  overhead	  for	  regula,on)	  
–  36	  kW	  of	  average	  power	  per	  coupler	  

•  Why	  not	  waveguides?	  
–  Warm	  window	  

•  long	  folded	  waveguide	  -‐	  big	  at	  700	  MHz	  –	  no	  more	  simple	  cryomodule	  design	  
•  Lots	  of	  material	  in	  the	  clean	  room	  

–  Cold	  window	  –	  yet	  to	  be	  demonstrated	  
–  Mul,-‐pactoring	  –	  large	  amount	  of	  surface	  area	  of	  waveguide	  made	  out	  of	  

niobium	  
•  1MW	  coaxial	  couplers	  designed	  and	  tested	  at	  Saclay	  

–  1MW	  peak	  in	  full	  reflec,on	  
–  35	  kW	  average	  in	  full	  reflec,on	  

•  Cryo-‐module	  design	  issues	  
–  At	  1MW	  peak,	  35kW	  average,	  the	  couplers	  should	  not	  move	  (much)	  during	  

cool-‐down	  
–  Warm	  window	  highly	  desirable	  
–  cold	  windows	  problema,c	  and	  not	  demonstrated	  at	  these	  high	  power	  levels	  –	  

implica,ons	  on	  the	  ILC	  cryo-‐module	  configura,on	  



Ellip,cal	  Cavity	  Power	  Coupler	  

Figure 23: Geometry of coupler-side end-group .

has fixed extremities. The result is a cavity thickness of 3.6 mm and a stiffening rings radius of 84 mm. With these
values, —KL— is equal to 0.36Hz/(MV/m)2 for cavity with fixed ends. An exhaustive list of the corresponding RF
and mechanical parameters is given in table 10.

Table 10: Mechanical characteristics of the cavity.

KL fixed ends Hz/(MV/m)2 -0.36
KL free ends Hz/(MV/m)2 -8.9
Stiffness kN/mm 2.59
∆f/∆z kHz/mm 197
max VM stress /1mm elongation MPa 25
KP fixed ends Hz/mbar 4,85
KP free ends Hz/mbar -150
max VM stress /1bar fixed MPa 12
max VM stress /1bar free MPa 15

The actual static Lorentz detuning depends upon the external stiffness Kext experienced by the cavity during
operation, which is given by the tuner and helium tank combined stiffness. Taking into account the design stiffness of
the Tank and the measured stiffness of the Saclay V tuner [19] the expected —KL— is 1Hz/(MV/m)2. The dynamic
Lorentz detuning in pulsed operation will be compensated by a fast tuning system. We should use a Saclay V type
piezo tuner, since this type of tuner has been successfully used for Lorentz detuning compensation in pulsed mode
with a beta=0.5 704 MHz 5-cell cavity [19]. The helium vessel is made of titanium. The tuner is inserted between
the cavity flange and the helium tank (fig. 24), likewise the SPL β = 1 cavity design [?]. The tank extends to the
beam tube flange on the power coupler side and is stiffened with a series of fins. This layout added more flexibility
to set the coupler port as close to the first cavity iris as needed to achieve the correct coupling coefficient for the
nominal beam power, but also for potential upgrades.

Before operation the cavity should be subjected to safety pressure tests whilst at room temperature, and we
investigated how it could be then plastically deformed. We calculated the plastic deformation involved when the
cavity experiences a 5 bar pressure cycle in a test rig. The maximal residual deformation is less than 7 mm and should
not be detrimental to the field distribution on the fundamental mode. The KP parameter measures the resonance
frequency shift induced by the differential pressure P between outside and inside of the cavity: KP = ∆f/P . The
coefficients given in table 10 correspond to the elastic deformation which occurs when the cavity is operated in the
cryomodule.

Two prototypes will be manufactured and tested in vertical cryostat within the ADU phase. They will be build
from high purity bulk niobium sheet with a residual resistivity ratio (RRR) greater than 250. All flanges are from
Nb/Ti 45/55 alloy directly weldable to Nb. The two prototypes and will be equipped with two HOM 50 mm diameter
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Figure 24: high beta cavity with titanium helium vessel and integrated piezo tuner.

ports.

1.5.1.3 Low beta cavities The medium beta cavities will share most of the mechanical features of the high
beta cavities. The helium tank and tuner discussed above have already been adapted to a β = 0.65 5-cell 704 MHz
cavity at IPNO in view of SPL cavity prototype development [?].

1.5.1.4 Fundamental power coupler Thanks to the very low dissipation in a SCRF cavity, the RF power
transferred through the coupler to the cavity is almost entirely converted into beam power. The high beta ellip-
tical cavity section run at a maximum gradient of 18 MV/m is the most demanding for power couplers, with the
specification shown in table 11.

Table 11: Power coupler specifications.

Nominal peak input power kW 900
Maximum admissible input power kW 1200
Maximum duty cycle % 10

Coaxial couplers using a single ceramic disk window are suited for handling both the peak and average power
when equipped with active cooling. The 508 MHz KEK-B coupler type stands out as a very sound design for handling
power levels of hundreds of kW in CW operation [22]. The KEK design has been adopted for the SNS power coupler
specified at a peak power of 550 kW for a frequency of 805 MHz [?]. The 81 couplers of the SNS have proven to
operate reliably since the machine commissioning [24]. A coupler initially specified to handle 1 MW peak power at
704 MHz and 10% duty cycle has more recently been designed at Saclay following the same RF design principles,
and upgrading the cooling of the inner conductor. Prototypes have been tested up to the ESS specifications of table
5 on a room temperature stand (fig. 25). Tests on a SCRF β = 0.5 have also been carried out up to 1 MW in full
reflection mode, which is the most demanding case for peak fields and power dissipation in the coupler [25]. It is
foreseen to test a pair of these couplers up to 2 MW peak power in order to evaluate the operational margins in
terms of peak power. The design of the ESS coupler is directly derived from this coupler. The main differences lie
in the mechanical interfaces with the cryomodule vessel, the reduced length of the air-side coaxial waveguide, and
the cooling channels. The original design was based on water cooling therefore the cooling channels of the inner
conductor were not optimized for air cooling. However, tests conducted in full reflection mode on a cavity using air
cooling have been carried out up to 35 kW average RF power without problems. If air is chosen over water as the
cooling fluid, the cooling channels will be modified to achieve a better efficiency of air cooling. The shorter air-side
coaxial part already reduces the RF dissipation and improves the conductance of the channels for air flow.

The coaxial coupler has an outer diameter of 100 mm and an impedance of 50 Ohms. The RF window is build
around an alumina disk matched with chokes both on the inner and outer conductor. The transmission characteristics
show a very large bandwidth around the nominal frequency (figure 26).

The rectangular waveguide to coaxial transition is of the doorknob type. This configuration is the most convenient
to allow the interconnection of cooling channels of the inner conductor and to install a high voltage capacitor. The
later is needed to apply a DC bias on the antenna in case a multipacting barrier coincides with the particular power
level of a given cavity. The doorknob RF design aims at reducing the peak electric field on the conductors in order
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Figure 25: CEA-Saclay 1 MW power coupler.

Figure 26: Scattering matrix coefficient S11 of the 704 MHz window.

to avoid discharges in air. The electric field distribution is shown on figure 27. The maximum peak electric field at

1.2 MW RF input power is 12kV/cm.

The connection between the RF window and the cavity is ensured by a stainless steel double walled tube which

acts as the outer conductor of a coaxial line. The inner surface is deposited with copper to minimize the RF losses.

The double wall encloses the He gas cooling channels necessary to cancel out the static losses to the 2K temperature

of the coupler and remove the heat produced by the RF dissipation in the copper layer.

1.5.2 Cryomodules

The superconducting RF (SCRF) cavities are located in the cryomodules (CM). There are three distinct sections of

cavities:

• 28 instances of 352 MHz spoke cavities, housed in 14 cryomodules (CMS) which hold two cavities and two

quadrupoles each;

• 64 instances of 704 MHz low-β elliptical cavities, housed in 16 cryomodules (CML) which hold four cavities and

two quadrupoles each;

• 120 instances of 704 MHz high-β elliptical cavities, housed in 15 cryomodules (CMH) which hold eight cavities and

two quadrupoles each;

This results in a total of 212 cavities in 45 cryomodules, distributed over a length of 370 m.
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Figure 25: CEA-Saclay 1 MW power coupler.

Figure 26: Scattering matrix coefficient S11 of the 704 MHz window.

to avoid discharges in air. The electric field distribution is shown on figure 27. The maximum peak electric field at

1.2 MW RF input power is 12kV/cm.

The connection between the RF window and the cavity is ensured by a stainless steel double walled tube which

acts as the outer conductor of a coaxial line. The inner surface is deposited with copper to minimize the RF losses.

The double wall encloses the He gas cooling channels necessary to cancel out the static losses to the 2K temperature

of the coupler and remove the heat produced by the RF dissipation in the copper layer.

1.5.2 Cryomodules

The superconducting RF (SCRF) cavities are located in the cryomodules (CM). There are three distinct sections of

cavities:

• 28 instances of 352 MHz spoke cavities, housed in 14 cryomodules (CMS) which hold two cavities and two

quadrupoles each;

• 64 instances of 704 MHz low-β elliptical cavities, housed in 16 cryomodules (CML) which hold four cavities and

two quadrupoles each;

• 120 instances of 704 MHz high-β elliptical cavities, housed in 15 cryomodules (CMH) which hold eight cavities and

two quadrupoles each;

This results in a total of 212 cavities in 45 cryomodules, distributed over a length of 370 m.
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Figure 27: electric field distribution in the doorknob transition.

1.5.2.1 Function of a cryomodule The main function of a CM is to provide an acceleration voltage for the
beam, and if superconducting focusing-defocusing magnets are used the CMs secondary function is to provide guidance
for the beam. In order to fulfill these functions, the ESS high-beta CM consists of a vacuum vessel cryostat, eight
superconducting accelerating cavities - connected to each other by bellows, two superconducting solenoid magnets and
associated equipment. The assembly of cavity packages is called the cavity string. The CM provides an appropriate
environment in which the internal components - namely acceleration cavities and magnets - can perform their main
functions. The CM must allow the internal components to be:

• precisely located and held in position with respect to each other and with respect to outside references;

• accurately aligned with respect to each other and with respect to outside references;

• cooled down to - and maintained at - their cryogenic operating temperatures, in the case of the elliptical cavities
approximately 2K;

• thermally insulated from the surroundings at ambient temperature in order to reduce static heat load on the
cavities.

The vacuum vessel of the CM represents the interface with the outside. All external services are connected to
the vacuum vessel. The associated equipment in and around the CM consists of RF power couplers, High Order
Mode couplers (HOM), tuners, RF cables, current leads for the magnets, magnetic shielding, thermal shielding,
cryogenic piping, vacuum pumps, other vacuum equipment (valves, gauges, connectors), beam instrumentation, CM
instrumentation, mechanical support systems and safety equipment.

**Note: none used, none referenced, figures included in original submission, if the figures are
required please reference them in the text**

1.5.2.2 Continuous cryomodule design

1.5.2.2.1 Basic design features The continuous CM forms a continuous cryogenic unit for each cavity
family section in the accelerator. Cryogenic distribution lines are integrated in the continuous CM, see Figure 28 so
that there is only one connection from the cryogenic system to the accelerator and jumper connections between the
individual sections. There is one continuous insulation vacuum per section. An example for the continuous design is
XFEL, see Figure 29.

1.5.2.2.2 Advantages A continuous integrated CM has a reduced heat load, compared to segmented CMs.
This has two reasons: (i) there are no cold-warm transitions between cavity strings, eliminating the extra surface and
the associated heat loads. Longitudinal space saving measures in segmented CMs can cause the simplification of the
heat intercept at the ends of the CM, inducing extra heat load. This effect is not present in a continuous design. (ii)
integrating the cryogenic transfer line into the CM increases the CM diameter slightly but completely eliminates the
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Figure 34: Coupler design.

2. A semi-vertical section denoted HEBT-S2 bringing the beam from the underground linac tunnel to the target

level at a height 1.6 m above ground level.

3. A third horizontal section (HEBT-S3), which includes the expansion system designed to match the beam to the

requested footprint on the target.

4. A short horizontal section for a beam dump to be used for accelerator tuning and commissioning.

Note in at the extreme right in figure 35 the target monolith and the proton window both with strong shielding.

We also observe the neutron catcher absorbing the intense back-streaming neutron beam from the target and the

commissioning beam dump used for initial commissioning and daily tuning of the linac. A collimation system is

proposed in the beginning of the HEBT, which in addition to the obvious collimation advantages also allows us

to reduce the HEBT magnet apertures. Normal conducting magnets are planned throughout the HEBT, and an

admittance of roughly 15rmsx,y is obtained with quadrupole apertures of 40 mm radius.

Figure 35: Schematic layout of the HEBT.

The transport system with its magnets has been designed and optimized to obtain the desired beam sizes and Twiss

parameters at specified locations. Simulations have been performed using TraceWin with multi-particle simulations

of 100000 particles. Space charge is included in all simulations, although it has almost no effect on the transverse

profiles and only minor effects on the longitudinal. The layout, horizontal and vertical beam envelopes, and vertical

dispersion function for the designed HEBT lattice are shown in Fig.36.

1.6.2 Straight section S1 for future cryo-modules and collimation

A straight underground section, S1, of around 100 m starting immediately at the exit of the linac is designed as a

continuation of the linac focusing structure although non-cryogenic. In this way, installation of future cryostats for

power, energy and reliability upgrades is facilitated. Keeping the linac focusing structure in S1 is also expected to

minimize the development of beam halo. Still, it is aimed to install a transverse collimation system immediately in

the beginning of the HEBT to remove possible beam halos generated in the upstream linac and subsequently reduce

losses in the downstream HEBT, see section 4.6.5.
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Cryo-‐modules	  

•  There	  are	  three	  dis,nct	  sec,ons	  of	  cavi,es:	  
–  28	  instances	  of	  352	  MHz	  spoke	  cavi,es,	  	  

•  housed	  in	  14	  cryo-‐modules	  (CMS)	  	  
•  which	  hold	  two	  cavi,es	  and	  two	  quadrupoles	  each	  

–  64	  instances	  of	  704	  MHz	  low-‐β	  ellip,cal	  cavi,es	  
•  housed	  in	  16	  cryo-‐modules	  (CML)	  	  
•  which	  hold	  four	  cavi,es	  and	  two	  quadrupoles	  each	  

–  120	  instances	  of	  704	  MHz	  high-‐β	  ellip,cal	  cavi,es	  
•  housed	  in	  15	  cryo-‐modules	  (CMH)	  	  
•  which	  hold	  eight	  cavi,es	  and	  two	  quadrupoles	  each	  

•  This	  results	  in	  a	  total	  of	  212	  cavi,es	  in	  45	  cryo-‐
modules,	  distributed	  over	  a	  length	  of	  370	  m.	  



Three	  Possible	  Configura,ons	  
•  Con,nuous	  cryo-‐module	  design	  

–  Advantages	  
•  no	  cold-‐warm	  transi,ons	  between	  

cavity	  strings	  
•  No-‐need	  for	  an	  external	  cryo	  line	  

–  Disadvantages	  
•  Harder	  to	  repair–	  long	  MTTR	  
•  Lack	  of	  warm	  instrumenta,on	  

•  Segmented	  cryo-‐module	  design	  
–  Advantages	  

•  Easier	  to	  repair	  
•  Warm	  instrumenta,on	  
•  Warm	  quads	  

–  Rapid	  beam	  based	  alignment	  
possible	  

–  Staging	  possible	  
–  Disadvantages	  

•  Higher	  heat	  load	  from	  ends	  and	  
external	  cryo	  transfer	  line	  

•  More	  space	  required	  

•  Hybrid	  cryo-‐module	  design	  
–  Separate	  modules	  
–  An	  independent,	  external	  

cryogenic	  distribu,on	  line,	  
–  Interconnec,ng	  sleeves	  between	  

the	  modules	  
•  con,nuous	  cryogenic	  temperatures	  
•  isola,on	  vacuum	  

–  Advantages	  
•  lack	  of	  the	  cold-‐warm	  transi,ons	  

between	  CMs	  
•  easy	  transforma,on	  of	  any	  of	  the	  

inter-‐module	  gaps	  from	  cold	  to	  warm	  
•  Modularity	  -‐	  replacement	  of	  any	  

single	  cryomodule	  
–  Disadvantages	  

•  Added	  complexity	  
•  Actual	  heat	  load	  reduc,on	  unknown	  

at	  this	  ,me	  



High	  Energy	  Beam	  Transport	  

Figure 34: Coupler design.

2. A semi-vertical section denoted HEBT-S2 bringing the beam from the underground linac tunnel to the target

level at a height 1.6 m above ground level.

3. A third horizontal section (HEBT-S3), which includes the expansion system designed to match the beam to the

requested footprint on the target.

4. A short horizontal section for a beam dump to be used for accelerator tuning and commissioning.

Note in at the extreme right in figure 35 the target monolith and the proton window both with strong shielding.

We also observe the neutron catcher absorbing the intense back-streaming neutron beam from the target and the

commissioning beam dump used for initial commissioning and daily tuning of the linac. A collimation system is

proposed in the beginning of the HEBT, which in addition to the obvious collimation advantages also allows us

to reduce the HEBT magnet apertures. Normal conducting magnets are planned throughout the HEBT, and an

admittance of roughly 15rmsx,y is obtained with quadrupole apertures of 40 mm radius.

Figure 35: Schematic layout of the HEBT.

The transport system with its magnets has been designed and optimized to obtain the desired beam sizes and Twiss

parameters at specified locations. Simulations have been performed using TraceWin with multi-particle simulations

of 100000 particles. Space charge is included in all simulations, although it has almost no effect on the transverse

profiles and only minor effects on the longitudinal. The layout, horizontal and vertical beam envelopes, and vertical

dispersion function for the designed HEBT lattice are shown in Fig.36.

1.6.2 Straight section S1 for future cryo-modules and collimation

A straight underground section, S1, of around 100 m starting immediately at the exit of the linac is designed as a

continuation of the linac focusing structure although non-cryogenic. In this way, installation of future cryostats for

power, energy and reliability upgrades is facilitated. Keeping the linac focusing structure in S1 is also expected to

minimize the development of beam halo. Still, it is aimed to install a transverse collimation system immediately in

the beginning of the HEBT to remove possible beam halos generated in the upstream linac and subsequently reduce

losses in the downstream HEBT, see section 4.6.5.
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Figure 36: The layout (top) of the HEBT, the horizontal (blue line) and vertical (red line) 1-rms beam sizes (middle),
and the vertical dispersion function (bottom) throughout the HEBT. The beam sizes and dispersion function are
based on envelope calculations.

1.6.3 The semi-vertical bending section S2

The section S2 will transport the beam from the 10 meters underground S1 to the target level 1.6 meters above
ground. Having a system of two double bends (2x15 degrees) and a FODO-like structure in between. A vertical
dispersion of less than 2.3 m is introduced, but the 5 quadrupoles in the uphill part will keep the S2 overall achromatic,
cf. fig.36 (bottom).

1.6.4 The expander and matching system S3

After the beam has been brought up to the target level, another straight section S3 will transport the beam onto
the target. In addition to the actual transport, the system is designed to match the required beam footprint on
the target, which is assumed to be ±70 mm horizontally and ±25 mm vertically. The designed beam envelopes will
include 99% of the beam intensity in each direction on the above target footprint. Two separated vacuum systems
will be introduced in S3 to separate the target area from the accelerator vacuum system. A proton beam window,
provided by the target group, will be needed. Since the proton beam window is positioned upstream of the target,
the beam current density at this element will be even higher than at the target calling for a challenging design!
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1.6.4.1 Quadrupole beam expansion Two beam expansion systems have been designed for the S3 baseline
[10], the first being a simple quadrupole beam expansion system (Fig.36). A simple quadrupole defocusing quartet
will produce the desired beam profile on the target. Creating a Gaussian profile of the beam in both dimensions
results in a relatively high maximum beam current density (around 160 µA/cm2) with wide tails and a large power
(∼ 1% = 50 kW) outside the nominal target area in either plane. The beam footprint obtained by this method is
shown in Fig 37 (left panel).

Figure 37: The beam foot print obtained at the target by quadrupole expansion (left) and octupole expansion (right)
from multi-particle simulations of 105 particles.

1.6.4.2 Octupole beam expansion The lifetime of the target is expected to be highly dependent on the beam
footprint, i.e. both the beam current densitys maximum and gradient, but also the extent of beam tails. For the
foreseen horizontally slowly rotating target wheel, we see no significant advantage of reducing the tails (as compared
to a Gaussian distribution) in the horizontal plane, whereas any reduction of the vertical tails and increase in the
flatness of the distribution is expected to augment the target lifetime. Thus, we are proposing a profile, which is
Gaussian in the horizontal direction and flat in the vertical direction. Such a profile can be obtained by inclusion
of magnetic octupoles. The beam envelopes and intensity distribution at the target obtained with the addition of
octupoles are shown in Fig. 37 (right panel), showing the obtained flat vertically folded beam profile. A reduction in
the maximum beam current density to around 80 µA/cm2 on the target is obtained by this system, and ideally no
long reaching tails will exist in the vertical direction. Obtaining this distribution requires two 1 meter long octupoles,
an additional quadrupole and it adds ∼ 10 meters to the length of S3. Clearly, systems giving flat distributions in
both directions can in principle be designed, we do not find the additional complication and risk justifiable.

1.6.5 Collimation strategy in the HEBT

The aim of the ESS accelerator is to provide an intense proton beam on target, but inevitably some of the protons
will be lost and a strategy for how and where these losses will occur has to be developed in order to keep the
maximum beam loss below the often cited 1W/m for hands-on maintenance. The present discussion will only include
very first considerations. The first point is to have a collimation of the beam early in the accelerator system at low
energy at the MEBT, in order to provide a beam as clean and without halo to the linac. Next, no collimation is
considered in the linac itself, as the aperture in the superconducting cavities is relatively large for other reasons. The
associated cold magnets in the linac will have correspondingly large apertures. Hence, the first chance to introduce
a collimation system is in the beginning of the HEBT. In addition to capturing the halo of the beam, the collimators
will additionally be designed to accept single short stray pulses, and additionally be used as a diagnostics tool.
Two horizontal and two vertical collimation systems are planned, whereas no longitudinal collimation systems are
foreseen for the ESS HEBT due to the small beam energy spread (∆p/p ∼< 0.13%) and small dispersion of the
beamline. The small dispersion and energy spread make it not only difficult but presumably also unnecessary to
include a momentum collimation system. In order to produce an effective transversal collimation system, a set of
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RF	  Systems	  
•  Average	  gradient	  of	  7.1MV	  /	  meter	  (2.5GeV	  within	  350	  
meters)	  	  

•  Average	  power	  delivered	  to	  the	  beam	  is	  5	  MW	  	  
–  Peak	  power	  >	  123	  MW(4%	  duty	  factor	  ).	  	  
–  Peak	  power	  density	  >	  350kW/meter	  

•  Baseline	  Design	  
–  For	  ul,mate	  flexibility,	  one	  klystron-‐modulator	  system	  per	  
cavity	  

–  Only	  klystrons	  considered	  -‐	  IOT’s	  are	  at	  the	  limit	  of	  the	  
range	  of	  the	  required	  352	  MHz	  pulse	  power	  

–  Peak	  klystron	  power	  1.6x	  beam	  power	  
•  1	  dB	  loss	  budget	  from	  klystron	  to	  coupler	  
•  30%	  overhead	  for	  low	  level	  RF	  regula,on	  



RF	  Systems	  



Modulators	  

•  Modulator	  
Requirements	  
– 3.5	  mS	  flaaop	  
– 120	  kV,	  20Amps	  
– 14	  Hz	  



Klystron	  Gallery	  
One	  Klystron	  /	  Modulator	  

Two	  Klystrons	  /	  Modulator	  



Summary	  
•  ESS	  will	  be	  the	  most	  powerful	  proton	  linac	  to	  be	  built	  
this	  decade	  

•  The	  beam	  power	  gives	  rise	  to	  numerous	  technical	  
challenges	  

•  The	  schedule	  is	  demanding	  
•  We	  are	  in	  the	  middle	  of	  comple,ng	  our	  CDR	  
•  We	  will	  hope	  to	  complete	  our	  TDR	  by	  the	  end	  of	  2012	  
•  We	  can	  use	  assistance	  in	  a	  variety	  of	  areas	  

–  Cryomodule	  design	  
–  RF	  system	  design	  
– Modulator	  design	  
–  Instrumenta,on	  



Sweden	  is	  a	  Nice	  Place	  To	  Live	  


