
Cornell Energy Recovery Linac PDDR

2.4 Linac

2.4.1 Introduction

The main Linac of the Cornell Energy Recovery Linac (ERL) comprises 64 cryomodules each
containing 6 superconducting cavities and a superferric quadrupole and steering-corrector
package. Section 1.3 explains the need for employment of superconducting cavities. The
Linac occupies 700 m of underground tunnel and serves to accelerate the beam from injection
energy, 15 MeV, to 5 GeV and decelerate again to approximately the injection energy after
passing through the x-ray-producing insertion devices as depicted in Fig. 2.1.2 (ERL Extension
of CESR). The superconducting cavity units of the cryomodules and the cryogenic shields are
maintained at temperature by a helium cryogenic plant located above the tunnel. Each cavity
is individually driven by an RF power source with amplitude and phase controlled by low-
level RF circuitry adjacent to the cryomodules. The supporting utilities and cryogenics are
described in Chapter 4.

State of the art of superconducting RF

Accelerator facilities utilizing superconducting cavities with elliptical shape are becoming
prevalent around the world. As new machines continue to push the limits of low emittance and
higher-duty cycle, the large iris and low loss of superconducting cavities enable the realization
of beam-performance goals. The cavity-performance parameters of other superconducting RF-
based facilities are listed in Tab. 2.4.1. The FLASH facility is the most relevant to the Cornell
ERL design as it is the product of many years of SRF cavity and cryomodule development
now known as the TESLA Technology Collaboration (TTC), and is the basis for this ERL
Linac design. This technology is the precursor of the European XFEL facility [1] and it is
also the basis for development of the International Linear Collider (ILC) [2]. The result of the
many years of TTC development is a cryomodule configuration known as TTF-III that ac-
complishes reliable performance of the numerous components, a minimal cryogenic heat load,
ease of fabrication, and minimization of cost. A photograph of a TTF-III cryomodule in the
FLASH tunnel at DESY is shown in Fig. 2.4.1.

Advances in SRF-cavity performance are occurring continuously, as evidenced by the pro-
posed facilities’ parameters, which have been obtained in developmental tests, as mentioned in
Tab. 2.4.1. The parameters of the Cornell ERL resulted from an optimization encompassing
the full machine as described in §2.4.2 below.

Principles governing the baseline design

The ERL Linac design is based on TTF-III technology with modifications for continuous wave
(CW) operation. This builds upon the considerable development work performed for this
Linac technology over the past 15 years. TTF-III technology is at the forefront of SRF Linac
performance in regard to cavity gradient, quality factor Q, power coupled to the beam, cavity
tuning, minimal cryogenic heat load, industrial fabrication, and operational reliability. This
technology is characterized by module-vacuum vessels joined end-to-end with large lengths of
the Linac sharing a common insulation vacuum. For the baseline design, the ERL Linac will
have a north and a south section; the north will have 35 modules and is 344 m long, and the

214
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Table 2.4.1: Accelerator facilities utilizing superconducting RF elliptical cavities.

Facility Type Fre- Temper- Cavity Q at Ope- Operational
quency ature Type rational Gradient
(GHz) (K) Gradient (MV/m)

FLASH e− Linac 1.3 1.8 9-cell 1× 1010 23
JLAB e− Linac 1.497 2.1 5-cell 5× 109 7.5
Cornell Test cryomodule 1.3 1.8 7-cell 3× 1010 16
SNS p+ Linac 0.805 6-cell 5× 109 8-12
CESR e−-storage ring 0.5 4.5 1-cell 1× 109 5-8
KEK-B e−-storage ring 0.5 4.5 1-cell 2× 109 4-7
LEP-II e+-e−-stor. ring 0.35 4.5 4-cell 3.2× 109 6
LHC p+-p−-stor. ring 0.4 4.5 4-cell 2× 109 5

Proposed or under construction
XFEL e− Linac 1.3 2.0 9-cell 1× 1010 23.6
Cornell ERL e− Linac 1.3 1.8 7-cell 2× 1010 16
JLAB upgrade e− Linac 1.497 2.1 7-cell 6× 109 17.5
ILC e− Linac 1.3 2.0 9-cell 1× 1010 31.5

south will have 29 modules and is 285 m long. Placement of an insulation-vacuum break in
each of the long Linac sections is under study.

The modifications to the TTF-III technology for CW operation and energy recovery have
significant operational differences. From a facility point of view, because the resistive power
dissipated in the SRF cavities is absorbed by the refrigeration system at 1.8 K, having CW cav-
ity operation makes the refrigeration system a major utility component. This favors relatively
low-cavity gradient as cryogenic power per unit length scales as the square of the gradient.
Another consideration that favors lower gradient is that field emission and consequent radia-
tion produced within a given cavity scale exponentially with cavity gradient. This not only
adds to the cryogenic load but will also produce a significant radiation level in CW operation.
A lower cavity gradient will lessen field emission, and thus shielding requirements.

Achieving as high a cavity Q as possible at a given temperature has a direct benefit of
reducing the size of cryoplant. There are three components needing control for highest Q:
the BCS component with exponential temperature dependence; the temperature-independent
residual resistance, which depends on the surface processing; and the trapped magnetic flux
component, which depends on the effectiveness of the magnetic shielding. The latter requires
the magnetic shielding in the cryomodule to reduce the background magnetic fields at the
cavities to < 2 mG to ensure that residual RF losses due to flux pinning are negligible. This
will be accomplished by using a demagnetized carbon-steel-vacuum vessel, a mu-metal lining
of the vacuum vessel at 293 K, and a shield around each cavity using material formulated for
optimal magnetic performance at 1.8 K. With cavity Q dominated by BCS resistance, selection
of the cavity temperature then becomes an optimization of refrigeration power and scaling of
the BCS resistance with temperature, which favors a cavity temperature of 1.8 K [3].

Reliability and uninterrupted run time of the ERL light source is a performance goal for the
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Figure 2.4.1: A photograph of a TTF-III cryomodule in the FLASH tunnel at DESY.

machine. With the Linac total of 384 SRF cavities, the trip rate per cavity needs to be below
once per several years to accomplish a machine trip rate of less than once per day. A modest
cavity gradient will play a major role in making this feasible, since it has been demonstrated
at all of the facilities listed in Table 2.4.1 that operation of SRF cavities is extremely reliable
if the cavity gradient and input RF power are not pushed to the limits. The input RF power
to each cavity is low due to the energy recovery, typically 2 kW average and 5 kW peak power,
so trips due to RF couplers should occur at a very low rate.

The RF-source architecture is likewise designed for reliable machine operation; there will be
a dedicated source for each cavity. With this configuration, the loss of one RF source translates
to the loss of only one cavity. Having a dedicated source per cavity also allows the flexibility
to tune for the best performance of each cavity, which in conjunction with gradient and RF
power overhead, will be utilized to compensate for a tripped cavity to provide uninterrupted
machine operation. The challenge to the RF system will be in the form of the high loaded
quality factor Qext of the input couplers. This will place tight constraints on maintaining the
RF field phase and amplitude in both absolute terms along the length of the Linac and in local
terms due to microphonic perturbations of individual cavities. The RF feedback system will
be capable of compensating for microphonic perturbations at the expense of increased average

216
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forward power, as demonstrated in the ERL-injector prototype at Cornell. An important
developmental task will be to show that the fast-piezo component of the cavity tuner can
be used to mechanically compensate for microphonics, and thus lower the Linac RF-power
budget.

The short bunch length of 0.6 mm ( ≈ 2 ps · c) and high average beam current of 100 mA
CW in both the accelerating and decelerating beams in the ERL demands heavy damping
of the higher order modes (HOMs) in the cavities. The loaded Q’s of such modes and their
shunt impedance place direct limits on the beam-breakup (BBU) limited-beam current. The
average HOM power is expected to be 200 W per cavity, assuming no resonant excitation
of any particular mode. Most of the power will be in the frequency range of 1-10 GHz, but
the short bunch length will contain HOM spectral content up to the 100 GHz range. The
HOM damping scheme must have strong coupling over this broad bandwidth and be able to
dissipate the average power. Beamline-HOM loads have been chosen in the baseline design
to accomplish these requirements. The beamline loads will operate at 100K to minimize the
cryoplant load, and thus necessitate thermal gradients along the beamline between cavities
by way of cooled intercepts. Operation of the ERL-injector prototype at Cornell has given
important insight as to the requirements of the RF-absorbing material in the beamline loads,
and new robust materials have been developed as a result. The alternate use of waveguide
and loop-HOM couplers are the subjects of ongoing investigations [4–6], and while they have
the benefit of transporting the HOM power to external-room temperature loads, it is still to
be determined if they will have the requisite bandwidth and power capability, and how the
structural complexity will compare to beamline loads. Another consequence of the short bunch
length and high HOM frequencies is that the design of the mechanical contour of the beamline
must have careful consideration of any features with dimensions of ∼ 0.6 mm or larger, such
as flange gaskets and RF pickups, to avoid excitation of high frequency modes and consequent
heating.

Another departure from TTF-III technology necessitated by ERL CW operation is the
much higher consumption of 1.8 K superfluid helium per cavity and its return gas load. At
the cavity level, the helium vessel must have a large aperture to the superfluid reservoir to allow
conduction of the nominal 12 W heat flow per cavity. At the module level, standard TTF-III
technology incorporates a single superfluid-helium manifold joined between modules to run
the entire length of a Linac section, with a feed from one end of the Linac. For the ERL, this
configuration would present too much flow restriction; consequently the baseline concept has
a larger helium source manifold, and a JT valve supplying a superfluid reservoir per module.
The needed design is being developed. As the ERL developmental projects proceed and the
design matures, there will also likely be advances in aspects of TTF technology from the
ILC and XFEL programs, including cost reductions and industrialization. Cornell has close
communication and collaboration with these projects and will share in such benefits as a long-
standing member of the TTC. Cornell is also serving as a major partner in the Daresbury ERL
demonstration project, providing the 7-cell SRF cavities and technical consultation [7]. Other
collaborations are forming for ERL development work, such as microphonic compensation with
the Helmholtz Zentrum Berlin (HZB) and RF-absorber material development for HOM loads
with the Ningbo Institute of Material Technology and Engineering (NIMTE) in China, the
Spheric and Coorstech Companies and Alfred University in the United States.

In the sections that follow, the details of many of the ERL-Linac cryomodule components
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Figure 2.4.2: Cross section of the ERL main Linac cryomodule.

will be described. These features were heavily influenced by experience with the injector-
cryomodule prototype (see §2.3.6). A cut-away CAD model of the Linac cryomodule is shown
in Fig. 2.4.2, which includes only its main features. The design incorporates six 7-cell SRF
cavities, beamline HOM loads, coax-RF couplers, one quadrupole, one set of X-Y steering
coils, and gate valves at each end. This cryomodule is 9.82 m long. As a point of reference,
Tab. 2.4.2 lists the beamline components of the cryomodule and their lengths.

2.4.2 Cavity

The superconducting cavities in the main Linac of the ERL significantly influence the perfor-
mance, cost and reliability of the accelerator in several ways. The design of the cavity must
be optimized according to the ERL specific requirements.

The optimization of the main Linac cavity design is driven by the three primary objectives:

• The cavities must be able to support beam currents up to the design value of 2×100 mA,
and strong suppression of Higher-Order-Modes (HOM) in the main Linac is therefore
essential. In addition, fluctuations in the HOM frequencies from cavity to cavity are
desirable to reduce coherent effects and thereby increase the BBU threshold current.

• A large value of R/Q for the fundamental mode (at 1.3 GHz) is highly desirable to
minimize the dynamic cryogenic load by the accelerating RF field in the cavities.

• The performance of the cavity design must be robust under small shape imperfections,
which are always present due to finite fabrication tolerances.

Linked to the cavity design are the operating parameters of the cavity. Most of these can
be chosen and optimized freely (within certain boundaries). The intrinsic quality factor Q0 of
the cavity is not a free parameter, and it is crucial to assume a realistic value for it, since it
determines the size of the cryogenic refrigerator required. The following sections discuss the
ERL main Linac cavities and their baseline operating parameters in detail. Subsequent sections
present the RF and mechanical design of the main Linac cavities in detail, including the choice
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Table 2.4.2: Beamline components and lengths of the Linac cryomodule.

Component Length (m)

Gate Valve 0.0750
Taper 0.0500

Repeat 6 times HOM Absorber 0.0600
110mm Cu beam tube 0.0476
110mm Nb beam tube 0.2150
Cavity active length 0.8061
110mm Nb beam tube 0.2150
110mm Cu beam tube 0.0476

HOM Absorber 0.0600
Taper 0.0500
BPM 0.0750
Quadrupole 0.4500
X-Y Steering Coils 0.1500
Gate Valve 0.0750
Intermodule flex 0.4885
Module Length 9.8213
Fill Factor 0.49

of cavity flanges, the LHe vessel design, and the inner magnetic shielding of the cavity. The
final sections briefly cover the fabrication of the cavities and their surface preparation.

Frequency choice

The choice of frequency f0 of the accelerating mode of the main Linac cavity is determined
by several factors. These include heat-load considerations, HOMs and the resulting beam
breakup current, availability of RF-power sources, as well as the maximum bunch repetition
and the minimum bunch charge at given beam current.

The cryogenic losses of a cavity can be separated into static and dynamic losses. It is
desirable to minimize these losses since they are the main driver of an ERL’s operation cost.
For a given length of a multi-cell cavity, the surface area scales with 1/f0. The static heat
load per length therefore, tends to scale also with 1/f0 (assuming that wall thicknesses are
unchanged). The surface resistance of the superconductor scales as f2

0 at higher temperatures
where the BCS resistance dominates, and becomes approximately frequency independent at
lower temperatures where the residual resistance dominates. Accordingly, the intrinsic quality
factor Q0 = G/RS scales with 1/f2

0 at higher temperatures and is independent of frequency
at lower temperatures. For the same accelerating gradient and the same active cavity length,
the stored energy U in the cavity per length L scales with 1/f2

0 (i.e., with the volume of the
cavity per length). The dynamic power dissipated in the walls of a cavity is given by

Pdiss

L
=

2πf0 U

Q0L
. (2.4.1)

219



Cornell Energy Recovery Linac PDDR

Accordingly the dissipated power per active cavity length scales linearly with frequency at
higher temperatures and with 1/f0 at lower temperatures.

State-of-the-art multi-cell cavities show residual surface resistances of 5 to 10 nΩ. Taking
this into account as well as the frequency and temperature dependences of the BCS surface
resistance and the efficiency dependence of the refrigerator on operating temperature, one
finds that an operating temperature of 1.8 K reduces the AC cooling power at all frequencies
between 500 and 1500 MHz. At this temperature, residual resistance dominates over the BCS
resistance, favoring the higher frequencies [8, 9]. In addition, the risk of surface contamination
and field emission increase with surface areas, also favoring the higher frequencies.

In regard to the BBU threshold, one notes that for large return times, and for ERLs with
many cavities, the threshold current does not strongly depend on the return time. It is then
true that there is a reciprocal relation between threshold current and the HOM frequency
f , assuming that R/Q and Q of a given mode remains unchanged, which is the case if the
number of cells per cavity is unchanged. Decreasing the fundamental frequency from 1.3 GHz
to 650 MHz would therefore increase the threshold current by a factor of 2. This strategy
of increasing the threshold current has several problems. First, as discussed above, it would
significantly increase the AC power required to cool the SRF cavities. Second, to obtain the
same average current, the bunch charge would have to be larger, which strengthens space-
charge forces and therefore increases the emittance of the electron beam thereby decreasing
the spectral brightness of x-ray beams, which is the ultimate quality factor of an ERL design.

The Cornell ERL main Linac is based on 1.3 GHz SRF cavities. This frequency minimizes
operating costs, supports operation at the design beam current of 100 mA, as shown in the
following sections, and allows the ERL main Linac to make use of the extensive technology
developed for the International-Linear-Collider and the XFEL, which are also based on 1.3 GHz
superconducting RF.

Cavity operating parameters: Q0, Eacc, and Qext

The three main cavity operating parameters are the intrinsic quality Q0 factor of the SRF
cavity (which also depends on the operating temperature T ), the operating accelerating field
gradient Eacc, and the external quality factor Qext. All three parameters strongly impact
the ERL main Linac design and cost. While the intrinsic quality factor is determined by the
cavity preparation, the operating temperature and the magnetic shielding in the cryomodule,
the other two parameters can be chosen freely (within limits).

Intrinsic Q0 and operating temperature

The dynamic power dissipated in the walls of a single cavity by the accelerating RF field
during operation is given by

Pcavity =
V 2

acc

2RQQ0

, (2.4.2)

where Vacc is the accelerating cavity voltage, and (R/Q) is the ratio of cavity shunt impedance
to cavity intrinsic quality factor, which is a shape dependent factor. The total dynamic cavity
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Figure 2.4.3: State-of-the-art performance of fully equipped 9-cell SRF cavities. Left: Average
performance of eight 9-cell cavities in a FLASH cryomodule at DESY at different
operating temperatures (red: 1.6K, green: 1.8K, blue: 2K). Right: Performance
of a 9-cell cavity in a horizontal test cryomodule at different temperatures (16
mbar corresponds to 1.8K) [8, 9].

power in the ERL main Linac is then

Ptotal =
VtotalEacc

2R/QLcav
Q0

, (2.4.3)

where Lcav is the active length of the cavity. In case of the ERL, the total accelerating
voltage of the main Linac is Vtotal = 5 GV, resulting in a significant total power dissipated at
the operating temperature of the cavities of the order of several kW. It is obvious that the
intrinsic quality factor has dramatic impact on the size of the cryogenic refrigerator and on the
capital and operating cost of the ERL. The intrinsic quality factor depends on the so-called
geometry factor G of the cavity (determined by its cell shape) and the surface resistance Rs of
the superconducting material used for the cavity walls: Q0 = G/Rs. As noted above, state-of-
the-art multi-cell cavities now exhibit residual resistances of 5 to 10 nΩ. At 1.8 K this results
in Q0 of 2× 1010 to 4× 1010.

Fully equipped state-of-the-art multi-cell cavities, installed in cryomodules, have achieved
quality factors of 2 × 1010 to 3 × 1010 at medium field gradients of about 15 MV/m (see
Fig. 2.4.3). It should be noted that the graph on the left side of Fig. 2.4.3 shows the average
performance of all eight 9-cell cavities installed in one cryomodule in the FLASH accelerator.
Based on these proof-of-principle measurements, an average quality factor of 2 × 1010 at the
operating field gradient is assumed for the ERL main Linac at an operating temperature of
1.8 K. This corresponds to the requirement that the residual surface resistance has to be 10 nΩ
or less.

Very high intrinsic quality factors have also been achieved during the first cryomodule test
of the Cornell ERL main linac cavity. The cavity received a bulk buffer-chemical polish (BCP)
of 150µm, was heat treated at 800 C for two hours, received a final 10µm BCP, two eight-
hour high pressure rinses, and then was baked under vacuum at 120 C for 48 hours. The
cavity was installed in a one-cavity Horizontal Test Cryomodule (HTC) for a first horizontal
cryomodule test of the cavity. In order to understand the details on preserving high cavity
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Figure 2.4.4: Intrinsic quality factor vs accelerating field curve at 1.6 K and 1.8 K for the
prototype Cornell ERL main linac cavity installed in a test cryomodule. This
cavity is fully equipped with power couplers and higher order mode dampers [11].

Q’s under different operational configurations, a three step approach was chosen. During the
first cryomodule test of the cavity, measurements were done using only a small probe coupler.
The performance of the cavity installed in the test module significantly exceeded the 2× 1010

specification, reaching quality factors at Eacc = 16.2 MV/m of Q0 = 3 × 1010 at 1.8 K and
Q0 = 4 × 1010 at 1.6 K. At lower fields, the quality factor even reached Q0 = 6 × 1010 at
1.6 K [10]. In a second setup (HTC-2), the final power couplers were mounted and the cavity
was re-measured, resulting in only minor changes of the Q-factor. In a third and now final
step, the HOM absorbers were mounted reflecting exactly the geometric and EM design of the
full linac cavity setup proposed within this report. The performance of the cavity in this full
setup is given in Fig. 2.4.4, clearly indicating the performance above specifications. During
dismounting of HTC-2 and mounting of HTC-3 the cavity was chemically reprocessed. For
details and references to the different treatment and testing steps see [10].

Accelerating gradient

The optimal accelerating field gradient in the cavities of the main Linac is set by considerations
of cost of the main Linac (construction and operation cost), the increase in cavity trip rate
and electron field emission at higher field gradients. The approach taken is to find the gradient
region at which cost is minimized, and then to select a field gradient at the lower end of that
region to maximize accelerator availability and to minimize any potential risks from electron
field emission. The detailed cost model used for optimization includes the construction costs
of the main Linac cryomodules of the RF system including RF power sources, of the cryogenic
refrigerator, and of the tunnel length occupied by the main Linac. The total energy gain in
the main Linac of a 100 mA beam is fixed at 5 GeV, while the accelerating field gradient in the
cavities (and thereby the number of cavities) is varied to yield costs. The main conclusion from
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these studies is that the region of minimal cost is quite broad. The model used here shows that
the construction costs are the same within 5 % for medium field gradients between 14.5 MV/m
and 28 MV/m, with the actual minimum at 18 MV/m. The broad region of minimal cost is a
result of the fact that the length of the main Linac and the number of cavities decrease linearly
with gradient, but the total dynamic heat load of the cavities in continuous operation and the
total RF power required for operating the cavities increase linearly with gradient. Cost studies
for other SRF projects have resulted in the same conclusion that medium field gradients in the
15 to 20 MV/m range are optimal for CW Linac [12]. Selecting an accelerating field gradient
at the lower end of the 14.5 MV/m to 28 MV/m optimal region is highly advisable for several
reasons:

• The size of the 1.8 K cryogenic refrigerator increases linearly with gradient (neglecting
static heat loads at 1.8 K, which are small compared to the dynamic cavity load), and so
does the AC power and the operating cost of the cryogenic plant. At present, refrigeration
plants up to about 5 kW at 1.8 to 2 K are in operation (e.g., CEBAF, LHC).

• The operating cost strongly increases with field gradient, since the total dynamic heat
load in the cavities and the total RF power required for operating the cavities increase
linearly with gradient.

• The risk of electron field emission increases exponentially with field gradient. Mea-
surements at the FLASH Linac at DESY have shown that detectable field emission in
state-of-the-art cavities starts at gradients of ∼ 15 to 20 MV/m, and increases by an
order of magnitude every 3 to 5 MV/m [13]. Field emission generates captured dark
current, reduces the quality factors of the SRF cavities, and generates radiation (x-ray
and neutron) in the tunnel. All of these effects are highly undesirable and staying near
or below the onset of field emission is therefore advisable.

• Accelerating field gradients in the 15 to 20 MV/m range are nowadays achieved routinely
with yields near 100 %. Gradient specifications in this medium field range can signif-
icantly simplify the surface treatment of the cavities. Standard chemical etching with
BCP (HF, HNO3 and H3PO4, usually in a ratio of 1:1:1 or 1:1:2) is sufficient to yield
gradients in this range. Treatment of the cavity surface by the more complex method of
electropolishing is only required if it would routinely result in lower residual resistances.
This is a topic of ongoing SRF cavity research at numerous laboratories around the
globe.

These considerations have led to a baseline specification of the accelerating field gradient in
the cavities of the ERL main Linac of 16.2 MV/m, which is at the lower end of the 14.5 MV/m
to 28 MV/m optimal cost region. The corresponding cavity dynamic heat load at 1.8 K is
∼ 4 kW.

Cavity external Qext

In the main Linac of an ERL, the optimal loaded Qext of the SRF cavities is set by the
microphonics level. ‘Microphonics’ refers to the detuning of an RF cavity by external sources
like ground vibrations or LHe bath pressure fluctuations. These vibration sources can couple
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Table 2.4.3: Measured microphonic levels measured in SRF Linacs [14].

machine σ (Hz) 6σ (Hz) Comments

CEBAF 2.5 (average) 15 (average) significant fluctuation between cavities
ELBE 1 (average) 6 (average)
SNS 1 to 6 6 to 36 significant fluctuation between cavities
TJNAF FEL 0.6 to 1.3 3.6 to 7.8 center cavities more quiet
TTF 2 to 7 (pulsed) 12 to 42 (pulsed) significant fluctuation between cavities

to the cavity via multiple paths. It is useful to distinguish between random noise and defined
frequency vibrations. When a vibration source frequency lines up with a mechanical resonance
of a cavity, particularly strong microphonics can occur.

Maintaining low cavity microphonic levels is of great importance for an ERL. The main Linac
cavities have virtually zero beam loading (the energy transfer from the decelerated beam to
the RF-cavity fields compensates the energy transfer from the RF fields to the accelerated
beam), and so for efficient cavity operation they should be operated at a very high loaded
quality factor Qext. The optimal Qext is solely determined by the ratio of the fundamental
mode frequency f0 and the typical detuning ∆f

Qext,optimal =
f0

2∆f
. (2.4.4)

The required RF power is directly proportional to the detuning. In designing an ERL, it
is therefore extremely important to have a good estimate of the peak cavity detuning when
determining the required RF peak power. If one underestimates the peak detuning, and thus
the installed RF power is not sufficient, the RF source will run against its maximum output
power, and so the cavity is likely to trip every time the cavity detuning exceeds the estimated
peak detuning.

Most existing vp ≈ c superconducting RF accelerators have significant beam loading. Be-
cause of the resulting relatively high fundamental mode bandwidth (typically between 100
Hz and a few 1 kHz), microphonics is of lesser concern in such machines. Accordingly only
limited effort has been made in the past in measuring microphonics, understanding its sources,
and improving the mechanical design of the cavities and cryostat to minimize microphonics.
Table 2.4.3 summarizes measured rms microphonics levels for different superconducting ma-
chines. The peak cavity detuning is estimated as 6σ. In all cases significant fluctuation in
microphonics has been found from cavity to cavity, even within the same cryomodule. Ta-
ble 2.4.3 shows that proofs of principle for low microphonics SRF cryomodules exist, with a
peak detuning below 10 Hz appearing feasible if care is taken during the cryomodule design to
minimize excitation of cavity vibrations. To be conservative, our parameters assume a peak
detuning of 25 Hz.

Assuming 10 Hz as typical peak detuning of the SRF cavities in the ERL main Linac results
in a baseline loaded quality factor of 6.5 × 107 and a typical RF-peak power of ∼ 2 kW per
cavity. For some individual cavities and in some rare events, larger cavity detunings should
be expected. To prevent cavity trips and beam loss in these cases, 5 kW of RF power will
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Figure 2.4.5: CAD model of the 7-cell ERL main Linac cavity.

be installed per cavity in the ERL main Linac, allowing maximal detuning during these rare
events of up to 25 Hz.

Passive and active means will be used to reduce microphonics in the main Linac cavities
below the levels listed in Tab. 2.4.3. As discussed in the following sections in greater detail,
the mechanical design of the cavities and of the cryomodule will include microphonics con-
siderations. Besides designing the cryomodule for minimal microphonics, a further reduction
in microphonics amplitude could potentially be achieved with active control schemes, making
use of a fast frequency tuner. Initial studies have shown promising results [15].

The baseline ERL cavity

This section discusses the RF and mechanical design of the baseline main Linac superconduct-
ing RF cavity. The baseline cavity is a standing-wave 7-cell structure of solid niobium with a
fundamental mode frequency of 1.3 GHz (see Fig. 2.4.5). Power is coupled into the cavity via
one coaxial RF input power coupler located at an end-beam tube. Large diameter beam tubes
ensure propagation of all monopole and dipole HOMs to beam tube RF absorbers located
between the individual cavities to ensure strong suppression of HOMs and thereby support
operation of beam currents up to 100 mA. The cells of the cavity are surrounded by a LHe
tank to immerse the cavity into 1.8 K LHe. Each cavity is further equipped with a frequency
tuning system (slow tuner driven by a stepping motor and fast tuner driven by piezoelectric
crystals), and a field pick-up probe to monitor the cavity-RF fields. Table 2.4.4 summarizes
the main parameters of the main Linac cavity. The following subsections give more details on
the cavity design.

RF design

This section discusses details of the RF design of the shape of main Linac cavity.

Design philosophy The shape of a multi-cell SRF cavity is defined by a large number of
parameters, which can be adjusted according to the design goals of the specific accelerator. In
the case of the ERL, the cavity design needs to fulfill the following requirements:

• The RF design should reduce dynamic losses by the fundamental mode as far as possible
while still satisfying the other design goals.
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Table 2.4.4: ERL main Linac cavity design parameters. Note that R/Q is always in the circuit
definition.

Parameter Value

Type of accelerating structure Standing wave
Accelerating mode TM0,1,0 π
Fundamental frequency 1.3 GHz
Design gradient 16.2 MV/m
Intrinsic quality factor > 2× 1010

Loaded quality factor 6.5× 107

Cavity half bandwidth at QL = 6.5× 107 10 Hz
Operating temperature 1.8 K
Number of cells 7
Active length 0.81 m
Cell-to-cell coupling (fundamental mode) 2.2%
Iris diameter center cell / end cells 36 mm / 36 mm
Beam tube diameter 110 mm
Geometry factor (fundamental mode) 270.7 Ω
R/Q (fundamental mode) 387 Ω
Epeak/Eacc (fundamental mode) 2.06
Hpeak/Eacc (fundamental mode) 41.96 Oe/(MV/m)
∆f/∆L 350 Hz/ µm
Lorentz-force detuning constant 1 Hz / (MeV/m)2

Cavity total longitudinal loss factor for σ = 0.6 mm 14.7 V/pc
Cavity longitudinal loss factor for σ = 0.6 mm,
non-fundamental 13.1 V/pC
Cavity transverse loss factor for σ = 0.6 mm 13.7 V/pC/m

• The RF design needs to support operation of the ERL at a 100 mA accelerating beam
current.

• The performance of the RF design needs to be stable under small shape imperfections,
which are unavoidable in the fabrication process of deep drawing and welding.

• The ratio of peak electric surface field to accelerating field Epk/Eacc shall not exceed 2.1
to reduce the risk of field emission (the ratio of electric fields in the ILC cavity is 2.0).

• The cell shape shall be non-reentrant. This simplifies cavity cleaning and surface treat-
ment.

• Transverse kick fields in the coupler region shall be minimized to avoid emittance growth.

The RF design of the cavity is complicated by the fact that there are a large number of free
parameters in the cavity shape and that there are different objectives for the design, which are
partly contradictory because optimization for minimal losses and for maximal HOM damping
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Table 2.4.5: Comparison of figures of merit and geometries for center cells before and after
re-optimization to increase the width of HOM passbands. Cryogenic losses are
slightly increased. The geometry factor and Epk/Eacc are for the fundamental
mode. Key: Equ.=Equator, Horiz.= Horizontal, Vert.=Vertical. The last four
dimensions are half-axes of ellipses, measured in cm.

(R/Q)G Epk/Eacc Wall Iris Equ. Equ. Iris Iris.
angle radius horiz. vert. horiz. vert.

Before 15576 Ω 2.00 85 3.5 4.399 3.506 1.253 2.095
After 14837 Ω 2.06 77 3.598 4.135 3.557 1.235 2.114

lead to different shapes of the cells. In designing the ERL main Linac cavity, the following
approach has been taken to reduce the number of free parameters in each step by breaking
the design work down into several steps, each focusing on a specific design objective:

• The center cells of the multi-cell main Linac cavity are identical and have been optimized
initially to minimize dynamic wall losses by the RF field while keeping Epk/Eacc < 2.1.

• The end cells were optimized to reduce the strength of the strongest dipole HOMs to
increase the beam break-up (BBU) current above the design goal of 100 mA.

• The design was then evaluated for robustness under small shape imperfections and the
shape of the center and end cells was iterated slightly to achieve sufficient robustness.

• The maximum number of cells was found by adding additional center cells to the multi-
cell cavity design, and the BBU performance of the resulting cavity was simulated.

• The loss factor of the final cavity shape was computed and the input coupler region at
one of the two end beam tubes was designed.

Center cell design The center cells of the ERL main Linac cavity are identical and have
been optimized initially to minimize dynamic losses while keeping Epk/Eacc < 2.1. The shape
of the cell was optimized for different iris radii between 30 and 43 mm (see Fig. 2.4.6 using
a computerized optimization routine and the electromagnetic eigenmode code CLANS [16].
In each case, the shape dependent factor GR/Q was maximized to minimize the dynamic
wall losses of the accelerating mode at a given field gradient. The usual basic cell shape
consisting of two elliptical sections connected by a tangential line was used to ensure avoidance
of multipacting in the cells.

Reducing the iris radius reduces the dynamic heat load by the RF field in the cavity, but
increases the magnitude of the loss factor of the cavity. An increase in loss factors means an
increase in average HOM power excited by the electron beam. Further, reduction of the radius
reduces the cell to cell coupling and thus coupling of the HOM power to the beamline loads
and the robustness of the design against small manufacturing errors. As discussed in [17], the
parameter set resulting from the indicated compromises are presented in Tables 2.4.5 and 2.4.6.
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Figure 2.4.6: Left: Basic cell shape consisting out of two elliptical arc sections connected by a
tangential straight line. Right: Center cell shaped for different iris radii optimized
to minimize cryogenic losses (via maximizing GR/Q for the accelerating mode).
The angle alpha of the tangential line is kept above 8◦ to ensure non-reentrant
cell shapes.

End cell design and HOM performance The ERL is specified to run accelerating currents of
100 mA through the main Linac. This current is limited by higher-order-modes in the cavity
that are excited by the beam and can cause beam instability. In a 1-turn ERL, the threshold
current Ith, through an isolated cavity with a single HOM, has been modeled as

Ith = − ωλ

e
(
R
Q

)
λ
Qλ

1

T12 sin(ωλtr)
, (2.4.5)

where ωλ is the HOM frequency, Qλ is the quality factor of the mode, R/Q is in units of
Ω/cm2 (in circuit definition), tr is the bunch return time, and the transport matrix element
T12 describes how a transverse momentum is transported to a transverse displacement after
one turn [18]. Equation 2.4.5 suggests that the parameter (R/Q)Q/ω should be used as a

Table 2.4.6: Frequency width of the first 6 dipole passbands. Note that bands 3 and 6
were widened significantly while the other bands had their widths decreased only
slightly.

Dipole band ∼ 1.8 GHz ∼ 1.9 GHz ∼ 2.5 GHz ∼ 2.7 GHz ∼ 3.1 GHz ∼ 3.4 GHz

Before 192 MHz 95 MHz 31 MHz 277 MHz 55 MHz 10 MHz
After 188 MHz 73 MHz 107 MHz 227 MHz 47 MHz 20 MHz
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Figure 2.4.7: Shape of the main Linac cavity with HOM absorber sections at the beam tube
ends.

figure of merit in the cavity design when optimizing it for maximal BBU threshold current.
However, the ERL main Linac will have a large number of cavities, and coherent effects will
influence Ith through the Linac. This coherent effect will depend on the variation of the HOM
frequencies from cavity to cavity and on the quality factor of a given type of mode. Lower
quality factors will result in wider HOM-resonance curves and therefore in more overlapping
of the modes in different cavities, more coherence, and a lower threshold current. Thus, a
new BBU figure of merit parameter was determined for an ERL Linac with a large number
of cavities by running BBU simulations and varying the parameters of a given HOM in the
cavities. The conclusion of the BBU runs is that

Ith ∝
ωλ(

R
Q

)
λ

√
Qλ

(2.4.6)

for an ERL Linac with a large number of cavities and for 102 < Q < 106.
Accordingly, the end-cells of the ERL main Linac have been optimized with the goal to

minimize the maximum value (R/Q)λ
√
Qλ/f of any dipole HOM of the cavity. The end cells

were optimized by varying 5 free parameters per end cell. The dipole mode fields and their
damping were calculated with the 2D finite element codes CLANS2 [19] for HOM frequencies
up to 10 GHz. The 2D-cavity model used is shown in Fig. 2.4.7, and includes the cavity itself,
and half of an HOM absorber at either end (the center of an HOM absorber is the symmetry
plane for a string of main Linac cavities). This model therefore simulates the Q in a string
of cavities. The model includes the dielectric losses by the selected RF absorbing material in
the HOM absorbers (ε′ = 30; ε′′ = 20 ; µ′ = 1 ; µ′′ = 0). Particle tracking was then used
to compute the final threshold current through an ERL composed of these cavities. The blue
curve in Fig. 2.4.8 shows that as the relative cavity-to-cavity HOM frequency spread increases,
so does the threshold beam current. In practice, the frequency spread will be the result of
slight variation in cavity shapes in the cavity fabrication process. This is shown as the red
curve in Fig. 2.4.8.

Typical fabrication tolerances of ±0.25 mm to ±0.5 mm result in a cavity-to-cavity frequency
spread σf/f of about 1× 10−3 to 3× 10−3. At this frequency spread, particle tracking for the
optimized 7-cell cavity predicts a BBU threshold current of about 300 mA to 500 mA, several
times the 100 mA requirement for the accelerating beam of the ERL. If needed, the BBU
threshold can be increased considerably by intentional means. An ensemble of cavity designs
giving an approximately uniform frequency spread to the important HOM dipole bands will
be created for the manufacture of the ERL cavities.
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Figure 2.4.8: Average beam breakup current versus relative frequency spread for simulated

ERLs. The blue circles mark the threshold current through an ERL with every
cavity having the same nominal HOM frequency, Q, and R/Q values of the worst
higher-order modes as a function of relative cavity-to-cavity frequency spread.
The red triangles denote the average threshold current for ERLs generated from
realistically shaped cavities, having different frequencies, Qs and R/Qs from
shape imperfections, and no artificial cavity-to-cavity frequency spread. The
lower (upper) error bars mark the threshold current that 90% (10%) of the sim-
ulated ERLs achieve. For small values, as machining tolerances loosen, the fre-
quencies of cavity HOMs are spread over a larger range, contributing to larger
threshold currents. When the machining errors are more than 0.5 mm, the un-
derlying properties of the optimized cavity geometry are lost, and the threshold
current plummets. In all cases except the 1 mm variation size, simulated ERLs
well exceed the design specification of 100 mA current, denoted by the dashed
horizontal line.
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Figure 2.4.9: Monopole modes strength (R/Q)Q for all monopole modes in the optimized 7-
cell cavity up to 10 GHz. Green lines indicate the beam harmonics. The red
line shows the (R/Q)Q = 1000 Ω limit for modes within ∆f = 10−3 · f of these
harmonics. Modes with (R/Q)Q > 1000 Ω that are not close the the green lines
are benign.

All monopole modes up to 10 GHz have been calculated for the Linac cavity shape to
ensure that modes that might be driven resonantly are sufficiently damped. The HOM power
transferred to a mode by the beam in case of resonant excitation is given by

P = 2

(
R

Q

)
QI2 , (2.4.7)

where Q is the quality factor of the mode and I is the average beam current (0.2 A for the
combined accelerated and decelerated beam in the main Linac). Requiring that the maximum
HOM power in case of resonant excitation is below 400 W per cavity then gives (R/Q)Q < 104

for any mode that could be excited resonantly, i.e. which has a frequency within ∆f = 10−3×f
of a beam harmonic at f = N ×2.6 GHz. Calculation shows that all monopole modes near the
first 3 beam harmonics are sufficiently damped in the 7-cell ERL main Linac cavity. These
results are shown in Fig. 2.4.9.

Short range wakefields The longitudinal loss factor k|| of a cavity determines the average
power transferred from the beam to electromagnetic fields (wakefields) excited by the beam,

Paverage = k||qI , (2.4.8)

where q is the bunch charge and I is the average beam current. The longitudinal loss factor
and the wake potential of the 7-cell ERL main Linac cavity have been calculated for a bunch
length of σ = 0.6 mm yielding k|| = 14.7 V/pC, where the fundamental mode contributes
1.6 V/pC and the HOMs contribute 13.1 V/pC. Note that the main Linac cavities are one
of the main contributors to the total impedance of the ERL and thereby make a significant
contribution to the final intra-bunch energy spread . The average HOM power excited by the
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Figure 2.4.10: Input coupler port of the ERL main Linac cavity with Qext = 6.5 × 107 and
symmetrizing stub at the opposite site of the beam tube.

beam in a main Linac cavity is then about 200 W. Individual cavities will have smaller or
larger power values, depending on their actual HOM frequencies (which will vary from cavity
to cavity as a result of small cavity-shape imperfections), which will change the number of
modes excited resonantly by the bunch train.

Input coupler port and transverse coupler kicks The position of the 40 mm input coupler
port on one of the cavity end-beam tubes was found such that the tip of the inner conductor
of the coax input coupler protrudes 2.7 mm inside of the beam tube wall at an external Q of
6.5×107 (see Fig. 2.4.10). Non-zero transverse fields can be present in the input coupler region
even on the beam axis since the coupler port breaks the axial symmetry. Such transverse
coupler fields are highly undesirable, since they will cause emittance growth of the beam
passing the ERL main Linac. One way of reducing the emittance growth is adding a small
symmetrizing stub across from the coupler as illustrated in Fig. 2.4.10. The stub is used to
minimize the asymmetry in the beam pipe, causing the transverse fields in the coupler region.
The method reduces amplitudes of the off-axis fields and thus reduces the magnitude of the
coupler kick with weak dependence on the depth of the stub once it is over 10 mm deep [20].
Our preliminary design therefore uses 20 mm depth.

Mechanical design

This section gives an overview of the mechanical design of the Cornell ERL main Linac cavity,
including its LHe vessel and inner magnetic shield.

Mechanical modes The cavity cells will be fabricated out of 3-mm thick Niobium sheets for
mechanical strength, with stiffening rings between the individual cells. The optimal position
of these stiffening rings will be found by mechanical simulations with ANSYS. The objectives
of these optimizations are (1) to increase the resonance frequencies of mechanical vibration
modes of the cavity to reduce cavity vibration excitation by external sources, and (2) to
decrease the frequency shift of the accelerating mode by fluctuations in the LHe bath pressure
surrounding the cavity. The power density of the ground vibration spectrum decreases with
frequency so high mechanical resonance frequencies of the cavities are desirable to reduce
driven vibrations. Figure 2.4.11 shows the lowest frequency mechanical vibration modes of
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Figure 2.4.11: Mechanical vibration modes of the main Linac 7-cell cavity for different radial
positions of the stiffening between the individual cells. req is the cell equator
radius.

the main Linac cavity structure for different radial positions of the stiffening rings between
the cells. As expected, the frequencies of the modes increase with the radial position of the
stiffening rings. An upper limit for the radial position is given by the requirement that the
cavity needs to remain tunable in length by the frequency tuner, and by the second objective
that the sensitivity to LHe pressure changes should be minimized.

As the example in Fig. 2.4.11 shows, the radial position of the stiffening rings also changes
the sensitivity of the cavity frequency to fluctuations in the pressure of the liquid helium
surrounding the cavity cells. Optimizing the position of the rings allows minimizing this
contribution to the cavity microphonics.

The beam tubes of the main Linac cavity will be fabricated out of 1.5 mm thick, low-RRR
niobium to reduce static heat loads from the HOM absorbers located between the cavities at
100 K to the 1.8 K cavities.

Cavity flanges Different types of flanges have been used on superconducting cavities in the
past, including niobium flanges with indium wires, ConFlat-flanges, and aluminum diamond
shaped gaskets with NbTi flanges. The main objective of these flanges is to provide a clean,
highly reliable connection to the next element in the beamline. However, in high current
accelerators like the ERL, it is also crucial that the impedance of the flange design be as small
as possible to eliminate potential heating issues, since they are inside the cryomodule vacuum
and therefore cooled only via conduction through the beam-pipe.

KEK has developed a zero-gap (zero-impedance) flange design, which uses a copper gasket
compressed between two small, flat surface rings with 90◦ edges [21] (see Fig. 2.4.12). NbTi
versions of such a zero-gap flange design will be considered for use in the ERL main Linac
for the cavity flanges. An R&D program has been started to verify the high reliability of
this flange design found in previous studies [22]. In parallel, a new flange design will be
studied which is a hybrid of the KEK zero-gap [21], a DESY diamond seal [22] and a taper
seal flange [23]. This configuration shown in Fig. 2.4.13 may allow for the reliability of the
DESY diamond seal with low compression force and elastic spring as well as the minimal wall
perturbation of the KEK zero-gap.
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Figure 2.4.12: Zero-gap KEK flange design [23].

Figure 2.4.13: Vacuum flange hybrid of the KEK zero-gap, a DESY diamond seal and a taper
seal flange.

LHe vessel The cavity cells are welded into a cylindrical titanium vessel, which holds the
superfluid helium needed for cooling the cavities to 1.8 K. The tank further serves as part
of the cavity-frequency tuning system, including a short bellow section to allow the length of
the cavity to be adjusted, and is used to support the cavity in the cryomodule. Titanium has
a thermal contraction which is almost identical to that of niobium, thereby minimizing any
buildup of mechanical stresses during cool-down of the cavity from room temperature to 1.8 K.
A stainless steel vessel would have a 2 times larger thermal contraction than the niobium cavity
and would result in intolerable stresses in the cavity, resulting in plastic deformation unless
the tuning mechanism is operated during cool-down. Titanium has the additional advantage
that it can be welded directly to the Nb/Nb-Ti conical vessel end plates on the cavities using
either TIG welding or electron-beam welding.

The heat flux (power per cross-sectional area) through superfluid helium in the LHe vessel
needs to be less than the limiting heat flux of ∼ 1.5 W/cm2, at which the temperature of
the bath at the heat source would reach the lambda point, and the helium would cease to be
superfluid. The smallest cross-sectional areas of the helium in the tank surrounding the cavity
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Figure 2.4.14: Heat flow in the LHe vessel and the chimney connecting the tank to the two
phase line. The heat flow in the superfluid helium is below 0.5 W/cm2 every-
where.

are at the cell equators (see Fig. 2.4.14). The diameter of the LHe vessel has been chosen
such that the heat flux in these areas stays well below 1.5 W/cm2 at the chosen operating
parameters.

During initial cool-down, the LHe vessels of the cavities can be filled via a warm-up - cool-
down pipe connected to the bottom of the LHe tanks. A chimney of sufficiently large diameter
(> 20 cm2) connects each LHe tank to the two-phase He pipe in the cryomodules as shown in
Fig. 2.4.14.

The cavity-helium tank structure is a mechanical structure with many eigenmodes driven
by external vibration sources and pressure fluctuations the LHe bath. The mechanical design
of this structure is optimized to avoid low-frequency mechanical resonances and resonances
at multiples of the 60 Hz line frequency to minimize cavity microphonics. Measurements at
the Cornell ERL injector cryomodule have shown that the dominating source of microphonics
is due to fast fluctuations in the LHe pressure [24]. The stiffness of the cavity-helium tank
structure is therefore designed to minimize the frequency shift of the cavity with changes in
LHe pressure.

Inner magnetic shield It has been shown that a DC residual magnetic flux present at the
cavity will be trapped when the cavity is cooled through the transition temperature. This
results in a residual resistance of about 0.35 nΩ per mG of trapped flux at 1.3 GHz [25]. The
earth’s field must be adequately shielded to achieve high Q0 factors. The residual DC-magnetic
field at the cavity locations needs to be much less than 30 mG to achieve residual resistances
below 10 nΩ and intrinsic quality factors above 2 × 1010 at 1.8 K. In the ERL, this will be
achieved by three layers of shielding of the Earth’s magnetic field: an outer vacuum vessel
made out of carbon-steel, an outer magnetic shield at room temperature lining the inside of the
vacuum vessel, and an inner magnetic shield around the LHe vessels of the cavities. The inner
shield will be made out of A4K, [26], which has a high permeability at cryogenic temperatures,
and will be heat treated for operation at 2 K. The shielding design goal is < 2 mG.
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Figure 2.4.15: Overall accuracy of the cavity cup shape, measured with a coordinate-measuring
machine. The deviation from the ideal shape is well below 200µm, being better
than required by the BBU limit estimated above.

Table 2.4.7: Summarized target frequencies for all cavity production steps.

Production Step Frequency (MHz)

Cavity designed shape in vacuum 1299.655
Cavity designed shape in air 1299.234
Cavity nominal desired freq as built 1298.985
Air, 20C, 150µm BCP 1297.425
Vacuum, 20 C 1297.884
Vacuum, 2 K 1299.700
Vacuum, 2 K, tuned 300 kHz (stretched) 1300.000

Cavity fabrication

The ERL main Linac cavities will be fabricated from high-purity (RRR > 300) bulk niobium.
RRR 300 Niobium has become the standard in SRF cavity fabrication, with higher RRR
values often produced by post-purifying the cavity at around 1400◦C. This improves the
thermal conductivity of the material, which in turn safeguards against quenches due to normal-
conducting defects. An eddy-current scan or newer techniques based on SQUID scans of the
delivered sheets will be used to detect such defects in the niobium before it is used for cavity
production. The half cells for the cavities are deep-drawn and then electron-beam welded
to fabricate the full 7-cell cavity. As shape variations play an important role in determining
the BBU limit, a careful analysis of all pressed cups is essential. Our data on 7 prototyped
cavity showed the maximum deviation being less than 200µm. Figure 2.4.15 shows a typical
measurement, taken with a coordinate-measuring machine (CMM).
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Figure 2.4.16: RF measurement set-up to determine the dumbbell trimming. This individual
trimming process ensures a proper compensation of the small shape variations,
leading to an almost perfect cavity after all fabrication steps

After pressing the cups, two of them are welded at the iris to form dumbbells. These dumb-
bells have excessive length at the equator and trimmed individually to account weld shrinkage,
chemical etching, and cooling to 1.8 K. Table 2.4.7 summarizes the different frequencies tar-
geted during the production steps, ensuring that the cavity will have the correct frequency at
its operating temperature. The trimming length for the dumbbells is determined by an RF
measurement, shown in Fig. 2.4.16.

After trimming the dumbbells, the full cavity is welded together. The beam-tube sections
are of extruded, low RRR-niobium tubes, with NbTi flanges (ratio 45/55 by weight) electron-
beam welded to them.

The field flatness of a cavity fabricated in that manner is shown in Fig. 2.4.17. Even though
the field flatness (as a result of the dumbbell trimming) is pretty good, the whole cavity is
tuned to field flatness after the chemistry process again. The apparatus to do this is also
shown in Fig. 2.4.17. The procedure described above is suitable for a large series production
have been developed and transferred to industry before [27].

Cavity treatment

Numerous techniques for cavity surface preparation exist [28]. These include an initial de-
grease, chemical etching with BCP (HF, HNO3 and H3PO4, usually in a ratio of 1:1:1 or
1:1:2) or electropolishing, followed by high-pressure water rinsing, and heat treatments at 600
to 1400◦C for hydrogen degassing or post purification, respectively. These steps may have to
be repeated several times. A final treatment often includes in-situ baking at around 120◦C
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Figure 2.4.17: Left: This setup is used to tune each cavity to a flat field. It slightly pushes or
pulls on the irises, while the field flatness is measured with a bead-pull.
Right: Measured field flatness of a cavity as welded and after field flatness
tuning, measured with a bead-pull set-up.

for 48 hours, which has been shown to improve the BCS losses and often removes the so-called
“high-field Q-slope” that frequently limits the cavity performance [29].

It is desirable to simplify the treatment of the ERL main Linac cavities as much as possible
while still meeting the performance specifications. Chemical etching with BCP has been shown
to reliably yield accelerating gradients of 20 to 25 MV/m in multi-cell cavities [30]. Following
fabrication of the cavity, a “damage layer” of 100 to 200 µm will be removed from the inner
cavity surface in several steps by BCP to achieve good RF performance. This removal is
taken into account in the cavity design. The acid is cooled below 15◦C during the process to
minimize hydrogen migration into the niobium. After high pressure rinsing with ultra-pure
water and drying in a class 10 clean room, the cavities will be annealed at 800◦C in an ultra-
high-vacuum furnace to out-gas hydrogen and relieve mechanical stress built up during the
cavity-fabrication process. This heating step is followed by tuning the individual cavity cells
for field homogeneity of the accelerating mode and a second, light BCP (∼ 10 µm). In the
final step the cavities will be high pressure rinsed again, evacuated and heated at 120◦C for 48
hours to minimize the BCS surface resistance. The performance of the cavities will be verified
in an RF vertical acceptance test in a superfluid helium bath cryostat.

Current research indicates that electropolishing might result in higher intrinsic quality fac-
tors at medium field gradients [31] and thereby compensate for the added cost and complexity
of electropolishing. If future research confirms this, one or both of the BCP steps in the ERL
cavity preparation might be replaced by electropolishing.

2.4.3 Tuner

The function of the tuner is to stretch or compress the SRF cavity along its beam axis to
adjust the frequency of the accelerating π-mode at 1.3 GHz. This adjustment is needed to
synchronize the resonant frequencies of all 384 cavities in the Linac to the master oscillator.

As part of the tuner-cavity mechanical system, the cavity’s cylindrical helium tank will
incorporate a short bellows section to minimize the tank’s longitudinal mechanical stiffness,
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leaving only the stiffness of the niobium cavity cells for the tuner to act upon. The tuner is
attached to the helium tank with attachment points that span the tank’s bellows. Thus nearly
all of the tuner components must operate at the helium tank temperature of 1.8 K.

Two different operating regimes are required of the tuner. First, a slow time-scale response
of the order 1 Hz with a coarse-cavity tuning range of ∼ 600 kHz is needed to adjust the cavity
frequency due to influences such as:

• contractions upon cooldown to 1.8 K

• variations in helium bath pressure

• manufacturing irregularities

• de-tuning a problematic cavity to minimize beam interaction.

Slow tuning is typically accomplished by a stepping motor with gearing and levers to pro-
vide the requisite force along the cavity axis. The slow portion of the tuner is utilized after
cavity cooldown to adjust the frequency operating point, and exercised rarely thereafter until
warmup. The cavity must be parked in a specific state of compression by the slow tuner prior
to cooldown from 293 K to 1.8 K so that the differential thermal contraction between the
tuner and the cavity does not plastically deform the cavity. The same requirement for the
parked condition applies during warm-up.

The second tuning regime is a fast time-scale response of the order of 1 kHz with a fine
cavity tuning range of ∼ 1 kHz. The fast tuning is needed to adjust the cavity frequency due
to influences such as:

• Lorentz force detuning during cavity field ramp up

• correction of microphonic perturbations of the cavity

• feedback control within the low-level RF system to adjust beam-transit phase,

Fast tuning is accomplished by sandwiching piezo-electric ceramic stacks between the slow
tuning mechanical linkages and their cavity attachment locations. The actuated piezo
force/displacement then adds in series to the slow-tuning mechanism to result in a super-
position of the forces upon the cavity. The piezos must be rated for an adequate blocking
force and elongation given a reasonable actuation voltage in the cryomodule vacuum insu-
lation environment. The piezo actuation voltage should be less than 1000 V at maximum
displacement for reliable wiring within the vacuum vessel. Listed in Tab. 2.4.8 are the per-
formance parameters required for both the fast and slow components of the ERL Linac SRF
cavity tuner.

Design of the main Linac cavity tuner

Several proven options are available for the cavity-tuner design. The choice for the baseline
tuner was between adaptations of the Saclay I tuner [32–34] and the INFN-blade tuner [35],
related to earlier work at DESY. Both designs have performed well in SRF cavity tests at
various facilities and have experienced several generations of optimization, but both designs
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Table 2.4.8: ERL Linac cavity tuner performance specifications.

Parameter Value

Cavity elongation tuning 350 Hz/µm
Cavity spring constant 4.63× 106 N/m
Cavity force tuning 289 Hz/N
Cavity lowest mechanical resonance 91 Hz
Slow tuner response bandwidth 1 Hz
Slow tuner cavity frequency range 600 kHz
Slow tuner dimensional range 368µm
Fast tuner response bandwidth 1 kHz
Fast tuner cavity frequency range 1.5 kHz
Fast tuner dimensional range 0.9µm
Minimum piezo blocking force 2073 N
Maximum piezo voltage 1000 V
Minimum tuner spring constant 6× 109 N/m
Minimum tuner mechanical resonance 1000 Hz
Tuner operating temperature 1.8 K

require modest modifications for the ERL Linac application. The Saclay I tuner was chosen
for the ERL Linac due to the following features that are advantageous to CW, high Qext cavity
operation:

• lower group delay in its tuning response, resulting in lower phase lag for microphonic
compensation [36, 37]

• more compact, making integration of the magnetic shield simpler

• mechanically simpler, reducing manufacturing and assembly cost

• greater reliability statistics given its use in the FLASH facility

Also, since the Saclay tuner will be used in the XFEL facility presently under construction, a
foundation of production testing and industrial experience will be established.

An illustration and photograph of the Saclay I tuner is shown in Fig. 2.4.18. The modi-
fications to the tuner in Figure Fig. 2.4.18 will be to increase the bore diameter to fit over
a larger diameter beam tube of the 7-cell cavity and to select a piezo stack matched to the
tuning forces of the cavity.

2.4.4 HOM load

The Higher Order Mode (HOM) loads in the cryomodule are intimately linked to the SRF
cavity design and mitigation of the beam breakup instability (BBU) as described in §2.4.2.
The average HOM power is expected to be 200 W per cavity. Most of the power will be in the
frequency range 1-10 GHz, but the short ERL bunch length will allow HOM spectral content
up to the 100 GHz range. The HOM damping scheme must then have strong coupling over
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Figure 2.4.18: Illustration and photograph of the a Saclay I tuner.

this broad bandwidth and be able to dissipate the high average power. Among the options for
an HOM damping configuration are:

• beamline loads where the RF absorber is a lining of the beampipe

• loop-coupled antenna located in side apertures on the beampipe that absorb HOM power
at 2–5 K or transport RF in coax to remote loads

• waveguide loads coupled transversely to the beampipe that transport the RF to remote
loads

• button-type pickups located in small apertures on the beampipe that transport RF in
coax to remote loads.

The beamline loads are conceptually straightforward, where HOMs propagate as TE or
TM modes in the circular beampipe and are heavily damped at the absorber. This provides
broadband damping with only modest dependence on the RF absorber properties and no
need for careful geometrical tuning of coupling structures. To avoid an undue load on the
refrigeration plant from the expected 200 W of HOM power, the RF absorber is maintained
at 100 K and thus necessitates thermal gradients along the beamline between cavities. The
thermal gradient is defined by a 5 K intercept between the 1.8 K cavity and the 100 K HOM
absorber, where selection of the 100 K temperature was a result of an optimization process to
minimize the total cryogenic load of the full module as described in §2.4.8 below.

The challenge with beamline loads is that since the RF absorber resides on the beamline,
only tens of centimeters from the SRF cavity, in addition to RF absorption it must also be: high
vacuum compatible, have finite DC conductivity to drain static charge, be able to withstand
significant radiation, have no particulate generation, and have the requisite thermo-mechanical
properties to operate at cryogenic temperatures as configured in an HOM- load assembly.
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Such beamline loads have performed well at room temperature as part of the CESR-B [38]
and KEK-B [39] cryomodules for over a decade. A cryogenic version of a beamline load was
installed in the ERL injector prototype cryomodule [40] and valuable insight was gained from
the cold tests and beam operation. In the HOM prototypes, it was discovered that all three
types of RF absorbing materials have their DC conductivity drop at cryogenic temperatures,
and can thus accumulate considerable static charge and deflect low energy beams [41]. Also,
thermal expansion differences between the RF absorbers and their heat sinks can result in
long-term fatigue than can eventually cause solder bonds to delaminate. This insight has
guided development of a next-generation beamline load that resolves these issues as described
in §2.4.4 below. A cryogenic version of a beamline load has also been developed for the XFEL
cryomodule [1] and has been shown to perform well in that application, although its power
limit of about 100 W may not be sufficient for the ERL Linac.

Loop-coupled HOM loads are prevalent on several SRF cavity designs, such as XFEL, ILC,
and SNS [42, 43]. In these pulsed-beam applications, the average absorbed HOM power is only
a few watts. Much larger powers were absorbed in the HERA electron ring with 50 mA beam
current. There have nevertheless been challenges revealed with loop couplers in operating
machines, such as with antenna overheating, multipactor, and mis-tuning due to fabrication
variations [44] [45]. The button-type HOM couplers are still at the conceptual and modeling
stage of their development, and it is expected that they will face bandwidth, power, and tuning
challenges analogous to those of the loop couplers. A challenge with the modeling and analysis
of loop and button-HOM damping is that they have non-axisymmetric geometries and require
3D-simulation tools. The meshing and computational demands then become time consuming
and can restrict the number of modes and accuracy of the analysis, raising the concern that a
BBU susceptible HOM could be missed, especially with component fabrication variations [46].

Waveguide-HOM couplers have been successfully used at JLAB for many years at lower
powers, typically around 10 W [47].

The use of waveguide-HOM coupling is the subject of ongoing investigations [5], and while
they could have the benefit of transporting the HOM power to external room-temperature
loads, it is still to be determined if they will have the requisite damping bandwidth, and how
the full structural complexity will compare to that of beamline loads.

Beamline-HOM loads have been chosen for the baseline Cornell ERL main Linac design to
best accomplish the damping requirements that are critical to mitigating BBU. Details of their
design are presented in the following sections.

ERL main linac HOM load

A CAD model of the ERL main Linac beamline HOM load is shown in Fig. 2.4.19. The
load has an RF absorber as a unitary cylinder brazed into a tungsten-heat sink, stainless-steel
bellows for flexibility of flange alignment and cavity length variations. There will be 5 K
intercepts at the transition between the bellow and the end-group section, the later will be
copper plated to avoid excessive RF heating. The HOM load will be mounted to the Helium
Gas Return Pipe (HGRP) as well.

RF-absorbing materials that have the requisite properties are in advanced development and
full scale samples are in hand. They are based on SiC or AlN with embed carbon nanotubes
or graphite. A key is to have a sufficient fractional loading of carbon so as to exceed the
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Figure 2.4.19: CAD model cross section of the ERL main Linac beamline HOM load.

percolation threshold in the material and establish a DC conductivity that is nearly indepen-
dent of temperature. This will also provide a satisfactory broadband dielectric loss tangent
of δ = 0.2 − 0.6. Plots of measured RF and DC electrical properties of a carbon- loaded RF
absorbing ceramic are shown in Fig. 2.4.20. This material appears to satisfy all of the electrical
and particulate requirements of a beamline HOM load absorber [48]. First in situ tests show
adequate RF absorption, while the DC conductivity may slightly differ from batch to batch.

For the HTC program, two prototype HOM absorbers have been fabricated (see Fig. 2.4.21
showing the HOM absorber installed under the HGRP and connected to the cavity). Based on
this prototype experience some optimization is currently underway. This is mainly dedicated
to get reliable batch to batch material properties and to accommodate for the rather low CTE
of the material. As a cost saving measure, the material can be shrink-fitted to Titanium which
we successfully proved on a sample cylinder.

2.4.5 Input coupler

The fundamental RF-input coupler has two main functions: i) efficient transfer of power
from an RF power source to the accelerating mode of a beam-loaded RF cavity, i.e., a passive
impedance matching network, and ii) providing an RF-transparent barrier between a gas-filled
transmission line, coaxial or waveguide, and the ultra-high vacuum of the beamline RF cavity,
which necessitates the use of at least one ceramic RF window.

Several CW and pulsed RF-power couplers have been developed at different laboratories
around the world for superconducting cavities, both rectangular waveguide and coaxial con-
figurations [49]. Since the ERL superconducting Linac cryomodule is based on TTF technol-
ogy, early on in the project we decided [50] to use coaxial couplers derived from the TTF-III
design [51, 52]. This input coupler has the following important features:

• Low static heat leak
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Figure 2.4.20: Measured RF and DC electrical properties of a carbon-loaded RF absorbing
ceramic.

• Two ceramic windows - one warm and one cold - allowing sealing of the SRF cavity
input coupler port during an early assembly stage in a clean room, thus reducing the
risk of cavity contamination

• Coupling to the cavity adjustable over one order of magnitude by varying the axial
position of the inner-conductor antenna

• Bellows accommodating lateral movement of the cavity in a cryomodule by up to 15 mm
during cool-down from room temperature to 2 K

The TTF-III coupler was designed for a pulsed superconducting Linac application. Hence
not all of the features of the TTF-III design are relevant for the ERL main Linac, which
operates CW with 2/5 kW CW average/peak power. Further, there are features specific to
CW operation that must be added to the TTF-III design. A wealth of experience in designing,
fabricating, testing, and successfully commissioning CW RF couplers has been gained for the
prototype-ERL injector, described in §2.3.6. Here we describe a conceptual design for the
ERL main Linac RF coupler.

ERL main Linac coupler design

The input couplers for Cornell Energy Recovery Linac must deliver up to 5 kW CW RF power
to the main Linac cavities, though under nominal conditions they will operate with 2 kW
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Figure 2.4.21: HOM absorber installed under the HGRP within the HTC cold mass

average and 5 kW peak power. The 5 kW peak power is required for transient modulation to
compensate for cavity detuning due to microphonic perturbations. Due to the principles of
energy recovery in a superconducting cavity, the couplers will operate under conditions with
full reflection for the great majority of the time and thus require active cooling of the inner
conductor as in the ERL injector input couplers. To make the design more economical, the
couplers will provide fixed coupling to the cavities with Qext = 2× 107 Coupling adjustability
can be achieved using three-stub tuners in the feed-transmission line to have a range of 2 ×
107 − 1× 108, with the nominal operational Qext = 6.5× 107.

The design of the ERL main Linac coupler takes into account experience gained from the
ERL injector couplers [53]. The proposed main Linac coupler is shown in Fig. 2.4.22 and
Fig. 2.4.23 [54]. This design utilizes a rectangular-waveguide-feed transmission line, though it
is possible that a coaxial-feed line could be implemented to reduce space if it is compatible
with the design of the full RF-power delivery system. As with the TTF-III and ERL-injector
couplers, the ERL main Linac coupler consists of three sub-assemblies: the cold and warm
coaxial sub-assemblies, and the waveguide. The two coaxial portions of the coupler and their
ceramic windows are the same size as those in the TTF-III coupler. The cold portion of the
coupler with the protruding antenna attaches to the SRF-cavity coupler-port flange, which
will be at a temperature slightly above 2 K. A copper thermal intercept held at 5 K is located
on the coupler outer conductor a few cm from the cavity flange to minimize the heat load to
the 1.8 K-cavity helium vessel. An 8” ConFlat flange then joins the cold coupler to the warm
coupler. The warm coupler has two bellows sections on both the inner and outer conductors for
flexible compliance, as will be described in the next paragraph. The warm coupler has a copper
thermal intercept held at 100 K located on the outer conductor a few cm from the vacuum
vessel flange to minimize the heat load to the 5 K system. The vacuum vessel flange resides at
293 K, beyond which is a vacuum pumping port on the outer conductor for the warm portion
of the coupler, an instrumentation port, and then the coax-rectangular waveguide transition.
All coaxial components, with the exception of the inner-conductor antenna portion and the
thermal intercepts, are made of stainless steel with copper plating on surfaces carrying RF
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Figure 2.4.22: CAD model of the fully assembled ERL Linac input coupler.

Figure 2.4.23: Section view of the ERL Linac input coupler.

currents.

Similar to the TTF-III couplers, the ERL Linac couplers must accommodate lateral move-
ment of the cavities during cool-down of up to 10 mm, since one end of the coupler is attached
to the moving cavity and the other end is attached to the fixed vacuum vessel port. For the
TTF-III couplers, bellows on the inner and outer conductors of the warm assembly and on
the outer conductor of the cold assembly provide some flexibility. This arrangement, however,
causes the antenna to skew. If the lateral movement is large enough, the antenna can touch
the outer conductor of the cavity coupler port. Besides shorting the coax coupler, the scratch-
ing of the surfaces will generate copious particulate and significantly degrade the SRF-cavity
performance. For the ERL Linac coupler, this problem is overcome by placing two sets of
bellows only on the warm portion of the coupler, on both the inner conductor and on the
outer conductor, as shown in Fig. 2.4.24. In this way, high flexibility is achieved while keeping
the cold antenna fixed relative to the cavity coupler port.
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Figure 2.4.24: The ERL Linac input coupler is mechanically flexible, yet maintains alignment
of the cavity antenna.

Table 2.4.9: Heat loads of the ERL main Linac input coupler.

Static Heat Load Dynamic Load at 2 kW CW

2 K 0.03 W 0.15 W
5 K 1.55 W 1.94 W
80 K 2.26 W 9.33 W

The static and dynamic heat loads of the ERL main Linac input coupler are listed in
Tab. 2.4.9. The elimination of a thin-walled bellows on the cold sub-assembly to maintain a
fixed antenna alignment slightly increases the static heat load to the 5K thermal intercept.
However, this contribution to the total refrigeration load of a Linac cryomodule is a small
percentage, as summarized in §2.4.8.

The ERL main Linac input coupler has been modeled for multipactor susceptibility using
the code Mutipac2.1 [55]. The results showed no evidence of mutipacting in the ERL RF
coupler.

2.4.6 Superconducting quadrupole and dipoles

Each Linac cryomodule contains one quadrupole with adjacent horizontal and vertical steering
coils.

Quadrupole design

A iron yoke magnet design has been selected for the quadrupole since the relatively low gradient
can be realized with a conventional iron-based design using superconducting coils, allowing
the quadrupole to utilize the 1.8 K liquid helium available in the cryomodule. A CAD model
of the yoke and coils is shown in Fig. 2.4.25, with the coils also shown separately for clarity.
The pole pieces have a hyperbolic shape with a 70 mm bore and the coils lie flat except at the
ends. The coils for this type of lens are single layered and can be manufactured with minimal
effort [56]. Numerical simulations of the quadrupole were performed with MERMAID and
take into account the real properties of the yoke material (Steel 1010). A detailed parameter
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Figure 2.4.25: Isometric view of the quadrupole lens cold mass (at the left) and the set of four
coils without the iron (at the right).

Figure 2.4.26: The superconducting quadrupole and dipole lenses in their helium vessel with
the HTS leads.

list of the quadrupole is given in Tab. 2.4.10. A CAD model of the full quadrupole and dipole
package is shown in Fig. 2.4.26. The length of the assembly is ∼ 350 mm.

The stray magnetic field from the magnet package must be carefully minimized inside of the
cryomodule to maintain a high SRF cavity Q0. The typical background magnetic field inside
of the module vacuum vessel will be about 25 mG, and additional shielding intimate to the
SRF cavity will reduce this to < 2 mG at the cavity walls. The amplitude of the unshielded
quadrupole magnetic field along the beamline at a 1 cm radius is shown in Fig. 2.4.27. The
field drops off rapidly, where at a distance of 15 cm from the edge of the yoke it is < 3.7×10−5

of its value at the center of the quadrupole, corresponding to a maximum unshielded stray field
of ∼ 65 mG. Cryogenic magnetic shielding will also be wrapped around the magnet package
to ensure that the stray field is negligible.
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Table 2.4.10: Parameters of the ERL main Linac superconducting quadrupole magnet.

Winding type Flat coils
Iron yoke inner diameter 70 mm
Iron yoke outer diameter 107 mm
Maximal current 110 A
Maximal gradient 19.4 T/m
Linac module current range 0.75− 49 A
Linac module gradient range 0.13− 8.6 T/m
Magnetic length 125.6 mm
Number of turns 86/pole
Wire diameter (bare/insulated) 0.33/0.41 mm
Copper to superconductor ratio 2:1.66
RRR > 100
Filament diameter 20µm
Twist pitch 25.4 mm
Iron yoke length 100 mm
Coil length 137 mm
Stored magnetic energy at max current 100 A 45 J
Self inductance 0.009 H
Integrated gradient at current 100 A 2.21 T
Integrated b6/b2 at current 100 A, at 30 mm 1.8× 10−3

Integrated b10/b2 at current 100 A, at 30 mm 2.7× 10−3

Coil peak field 0.76 T
Gradient at 2.5 A 0.00437 T/m
Saturation at nominal current 100 A (integrated) 0.17%

Dipole design

For the dipole corrector, a single-layer coil is chosen similar to that for the quadrupole. How-
ever, the dipole coil is placed inside of the iron yoke as this gives minimal stray fields outside
of the corrector, as seen in Fig. 2.4.28 and Fig. 2.4.29. Again, numerical simulations of the
dipole were performed with MERMAID and take into account the real properties of the yoke
material (Steel 1010). A detailed parameter list of the dipole is given in Tab. 2.4.11. The stray
magnetic field from the dipole does not decay as rapidly as for the quadrupole field, as seen
in Fig. 2.4.29. The stray dipole field is still quite low, however, and the dipole will be located
downstream of the quadrupole, away from the SRF cavity closest to the magnet package, so
that it is adjacent to the gate valves, as shown in Fig. 2.4.2.

Installation in the cryomodule

The magnet package body will reside at the 1.8 K temperature of the helium vessel. The four
HTS current leads coming out of the assembly will have a 5 K heat sink and then a 100 K
heat sink at the module thermal shield. The four leads will be wired as:
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Figure 2.4.27: Unshielded quadrupole field dependence along the beamline at a 1 cm radius.
The iron yoke ends at 5 cm.

1. Quadrupole supply

2. X-dipole supply

3. Y-dipole supply

4. Common return

The typical heat leak for a 200 A, 150 mm long HTS lead between 77 K to 4.2 K is 20 mW.
So the total heat leak to 1.8 K could reach 0.08 − 0.1 W/package. The HTS leads will also
be wrapped by magnetic shielding to reduce their stray-magnetic fields. From this analysis,
the heat load of the entire magnet system is negligible compared to the dynamic load of the
cavities.

Figure 2.4.28: The dipole corrector superconducting coils and iron yoke.
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Figure 2.4.29: Unshielded dipole field dependence along the beam axis. The iron yoke ends at
10 cm.

2.4.7 Cryomodule beam position monitor

A beam position monitor (BPM) will be included in every main Linac cryomodule and will be
located adjacent to the magnet package. The BPM will be held at a temperature of about 5 K.
Under consideration are both a button-style BPM similar to that developed for the XFEL at
DESY [57] and a compact design as used in CESR-TA. Both types are shown in Fig. 2.4.30.

2.4.8 Cryomodule

The ERL Linac cryomodule design is based on TTF-III technology with modifications for
CW operation. In this technology scheme, the cryomodule units that are about 10 m long
are connected by bellows with no intervening warm breaks, and all connected units share a
common insulation vacuum. The cryogen transfer lines are internal to the module vacuum
vessel and are connected between units in situ by welding together flexible joints. The beamline
is also connected in situ between units under a portable clean room.

The ERL Linac cryomodule (shown in Fig. 2.4.2) is based on the TTF-III module structure.
All of the cavity-helium vessels are pumped to 1.8 K (16 mbar) through a common 30 cm
inside diameter Gas Return Pipe (HGRP), which also serves as the mechanical support from
which the beamline components are suspended. To minimize the heat load to the refrigeration
plant, all of the 1.8 K cryomodule components are surrounded by 5 K intercepts to minimize
the heat leak to 1.8 K, and the 5 K intercepts are likewise surrounded by 100 K intercepts,
which absorb the heat load from the 293 K vacuum vessel. The HGRP is suspended from
composite support posts that are constructed from low-thermal conductivity G-10 fiberglass.
The composite posts have integral metal stiffening disks and rings that also serve as thermal
intercepts at 5 K and 100 K between the 1.8 K face that attaches to the HGRP and the 293 K
face that attaches to the vacuum vessel bosses that support the cold mass. There are stainless
steel manifolds of smaller diameter than the HGRP running the length of the modules that
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Table 2.4.11: Parameters of the ERL main Linac superconducting dipole magnets.

Winding type Flat coil
Yoke aperture square side 70 mm
Yoke outer diameter 107 mm
Maximal current 22 A
Maximal field 0.071 T
Typical current 11 A
Typical field 0.03 T
Magnetic length 138 mm
Number of turns 88
Wire diameter (bare/insulated) 0.33/0.41 mm
Copper to superconductor ratio 2:1.66
RRR > 100
Filament diameter 20 m
Twist pitch 25.4 mm
Iron yoke length 100 mm
Coil length 170 mm
Stored magnetic energy at nominal current 20 A 1.4 J
Self inductance 0.007 H
Integrated b1 at nominal current 20 A 0.935 Tcm
Integrated b3/b1 at nominal current 20 A, at 30 mm 3.2× 10−3

Integrated b5/b1 at nominal current 20 A, at 30 mm 1.7× 10−3

Coil peak field 0.6 T
Saturation at nominal current 20 A (integrated) 0.1 %

transport the supply of liquid helium and the supply and return of 5 K and 100 K helium gas
for the thermal intercepts. Jumper tubes with 5 mm inner diameter are connected between the
5 K and 100 K supply and return manifolds to the various thermal intercepts within a module.
A shell of 6 mm thick, grade 1100 aluminum sheet surrounds the beamline and the HGRP
and is linked to the 100 K manifold to serve as a thermal radiation shield between the 293 K
vacuum vessel and the cold mass. The aluminum 100 K shield has apertures through which
the RF couplers pass and also has panels with instrumentation feedthroughs. The 100 K shield
is mechanically suspended from one of the integral metal stiffeners in the composite support
posts. Multi-layer insulation is wrapped around the exterior of the 100 K shield as well as all
of the 1.8 K and 5 K cold mass components.

As the full ERL main Linac is assembled in the tunnel, cryomodule units are brought into
place, the beamlines are aligned, and a flexible joint connected under a portable clean room
then mates the beamline module-to-module. The cryogenic manifolds are welded together
with short bellows sections as well as the HGRP. A short section of 100 K shield is inserted
between modules to maintain its continuity and a flexible sleeve adapter then joins the adjacent
vacuum vessels.

The magnetic shielding in the cryomodule must keep the field in the region of the cavities to
< 2 mG to have negligible residual wall loss and provide a good safety margin for the goal of
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(a) Similar to XFEL (b) Compact CESR-TA

Figure 2.4.30: Linac BPM designs.

cavity Q0 = 2×1010. Such a low field is accomplished by de-gaussing the carbon steel vacuum
vessel, lining it with co-netic mu-metal shielding that will be at 293 K, and then wrapping
each cavity’s 1.8 K helium vessel with a magnetic shield that is formulated to have maximal
shielding at low temperatures around 4 K [58].

ERL Linac modifications to TTF-III technology

The CW, high current operation of the ERL Linac necessitates several changes to standard
TTF technology which has evolved for low-duty factor operation. Additional changes unrelated
to CW operation have been implemented here as a result of experience gained from fabrication
and operation of TTF modules. Most of these changes were also implemented in the ERL
injector prototype cryomodule, as described in §2.3.6, and have proven to be successful [59].
Briefly, the main differences between the ERL Linac cryomodule and the TTF-III module are:

• Implement beamline HOM loads for strong broadband damping of HOMs generated by
the high current and short bunches.

• Use a high average power coax RF input coupler per cavity, with lateral flexibility for cool
down and fixed coupling. Detailed modeling and appropriate cooling for the prototype
ERL injector have shown that overheating can be avoided.

• Do not include a 5 K shield

• Increase the diameter of the cavity helium vessel port to 10 cm for the high CW heat
load

• Include a JT valve in each cryomodule for the high CW heat load.

• Increase the diameter of the 2-phase 2K He pipe to 10 cm for the high CW gas load.

• Use precision fixed surfaces between the beamline components and the HGRP for easy
“self” alignment of the beamline
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• Use rails mounted on the inside of the vacuum vessel and rollers on the composite support
posts to insert the cold mass into the vacuum vessel, as opposed to the “Big Bertha”
handler

• Cooling of thermal intercepts is provided by small “jumper” tubes with flowing He gas,
such as to the HOM loads and the RF couplers, as opposed to copper straps

• Locate access ports in the vacuum vessel to allow the tuner stepper motor to be accessible
for replacement while the string is in cryomodule

Cryomodule beamline components and lengths

The ERL Linac cryomodule length is chosen as a balance between beam optics considerations
and keeping the unit physically manageable. The maximum module length for transport on
a standard flat-bed truck is about 16 m or 52 ft. To maximize the Linac’s active acceleration
fill factor, it is desirable to place quadrupoles as sparsely as possible. Beam optics simulations
show that the maximum quadrupole spacing is about one doublet every twelve 7-cell cavities.
This would give a cryomodule length of about 19 m, which is too long. The fill factor can
be maintained while shortening the module length by having six cavities with one quadrupole
and one set of horizontal and vertical corrector coils per module. Thus the quadrupole dou-
blet is accomplished in every two modules with a manageable module length of 9.82 m or
32.2 ft. Listed in Tab. 2.4.12 are the ERL main Linac cryomodule beamline components, their
individual lengths, and the total length of the module.

Cryomodule components and assembly

Cryomodule assembly starts with the beamline and proceeds as a layered growth out to the
vacuum vessel and warm coupler attachment. The specific choices for the configuration of
many of the components also impacts the configuration of other components. For example, the
choice between using a blade tuner vs. a Saclay tuner dictates the type of bellows and support
flanges on the cavity helium vessel, as well as the permalloy magnetic shield around the helium
vessel. Similarly, the choice of the required power rating of the coupler significantly alters not
only the complexity of the coupler, but also the details of the vacuum vessel coupler ports,
such as their dimensional and alignment error tolerance, which is a cost driver. Described
in the following is the assembly sequence of the baseline choices for the principle cryomodule
components, along with descriptions of the components not discussed in previous sections.

Beamline string assembly

The beamline consisting of the cavities, HOM loads, cold couplers, quadrupole, steering coils,
beam position monitor, tapers, and gate valves (Tab. 2.4.12) is assembled in a class 100 or
better clean room. All components are flushed with filtered water or alcohol and individually
receive a mild vacuum bake at 120◦C for 24 hours. The components are mounted on an
assembly fixture one by one in the clean room. Each added component is aligned to the other
components with the only critical alignment being the azimuthal position about the beam axis.
This azimuthal alignment is needed so that the flat precision mounting surface at their tops
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Figure 2.4.31: Cryogenic and RF rated pneumatic gate valves for the beamline.

will mate to the planar-precision surfaces on the HGRP. This alignment can be accomplished
with a simple accurate spirit level. Any longitudinal spacing or planar shift errors of the
mounting surfaces is accommodated by the flex in the HOM load bellows. The component
mating vacuum flanges are then bolted together. A photograph of the assembled ERL injector
prototype beamline string in the clean room is shown in Fig. 2.3.34. After all components are
attached, the string is vacuum leak tested while still in the clean room so that only filtered
particulate-free air will pass through any potential leak. The pumping and purging during
the leak test is performed at a slow rate of 1-2 Torr/minute through the viscous flow range of
760 Torr to 1 Torr to minimize propagation of any particulate contamination throughout the
beamline.

A beamline component not described in previous sections is the gate valve. To maintain the
cleanliness of the beamline, the gate valves at each end of the string must be closed after the
vacuum-leak test in the cleanroom and rarely opened again until the cryomodule is installed in
its final tunnel location. A cryogenic-rated gate valve is available from VAT, which also has an
“RF aperture” to provide RF shielding in the open position for accelerator beamline service.
A photograph of this valve is shown in Fig. 2.4.31. This valve was also designed to have a
demountable pneumatic actuator that includes a vacuum vessel flange. With this feature,
the cold mass can be inserted into the vacuum vessel without the actuator, then have the
actuator attached through a vacuum vessel port with the controls and pneumatic connections
available exterior to the vacuum vessel. The Linac interlock control system can then seal off
any cryomodule in the event of a vacuum trip. A photograph of the valve installed in the
ERL-injector prototype vacuum vessel is shown in Fig. 2.4.32. The addition of a pneumatic
actuator differs from the gate valves used in TTF modules where the valve is only manually
operated, is inaccessible from the vacuum vessel exterior, and is opened just prior to sealing
the vacuum vessel joint between modules with no possible automated interlock closure.

Cold mass assembly fixture and HGRP attachment

As a parallel operation to the beamline string assembly in a clean room, the cold mass assembly
fixture can be set up in a high-bay area with overhead crane access. The composite support
posts are attached to the HGRP and the HGRP is hung from the assembly fixture by the
composite posts. The 2-phase pipe is then mounted aside the HGRP using G-10 standoffs and
its exhaust is welded into the HGRP. A photograph of the ERL Injector HGRP hung from
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Figure 2.4.32: Cryogenic-rated pneumatic gate valve installed in the ERL Injector vacuum
vessel.

the cold mass assembly fixture by the composite posts is shown in Fig. 2.4.33.

The choice of the number of composite posts supporting the HGRP and the HGRP wall
thickness were determined by analyses of the static deformation of the titanium HGRP due
to the estimated 4082 kg (9000 lb) weight of the cold mass and by the desire to lessen the
relative motion of beamline components due to thermal contraction. The result was a decision
to employ four posts per cryomodule with two sections to the HGRP. A schedule 80 pipe section
was selected for the HGRP. With these choices the resulting static deflection is computed to be
0.07 mm with peak stress of 17 MPa providing a large safety factor compared to the 275 MPa
yield published for Grade 2 Ti.

Beamline string attachment to HGRP

After the beamline string passes the vacuum leak test, it is removed from the clean room and
positioned underneath the cold mass assembly fixture. The string is raised and the precision
mounting surfaces on the string and the HGRP are brought together with integral alignment
pins and keys being engaged. The mating surfaces are then bolted together. String attachment
to the HGRP in this manner proved to be quick and easy for the ERL injector, the entire
procedure taking about 1 hour. Shown in Fig. 2.4.34 is the injector beamline hung from the
HGRP.

Cavity magnetic shielding and tuner

After the beamline is hung from the HGRP, the helium tanks of the cavities are wrapped
with magnetic shielding. This shielding will reside at 1.8 K. Consequently, this magnetic
shielding layer is fabricated from A4K [58], which retains its shielding properties at cryogenic
temperatures.
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Figure 2.4.33: HGRP and 2-phase pipe hung from the cold mass assembly fixture by the com-
posite posts for the ERL Injector.

The cavity tuners are attached after the magnetic shielding. The stepping motors of the
tuners have to be wrapped in a copper sleeve that is tied to 5 K line to prevent the motor
heat from propagating to the helium vessel. The stepping motors are also wrapped with
A4K shielding since they can have stray fields of a few hundred milliGauss in close proximity
to access apertures in the cavity shield. Part of the tuner attachment process is pre-bias
of the tuner force on the cavity. This bias is required to compensate for stresses developed
during cooldown due to CTE differences between the cavity materials and the tuner materials.
Without the pre-bias force, it is possible that the cavity could plastically deform, the piezos
could crack, or the piezos could become loose, depending on the specific configuration of the
tuner. A good measure of the bias force is the frequency of the cavity at room temperature.
The tuner is initially attached with the cavity in its relaxed position. Then Belleville washers
in the piezo support mechanism are compressed with adjustment nuts until the cavity is at
its target biased warm frequency. Note that the beamline cold couplers have protective caps
placed on them in the clean room, and the caps include a spring-loaded RF contact from the
coupler center conductor to an SMA header on the cap. This allows the cavity frequency to
be monitored during the tuner bias operation. A photograph of the tuner bias operation for
the ERL injector is shown in Fig. 2.4.35.

Liquid He, 5 K gas manifolds and thermal intercepts

Several cryogen manifolds run the length of the cryomodule and are welded to those of the
next module during module installation in the Linac tunnel. These manifolds include a liquid
helium supply to the JT valve required per module, a liquid helium supply to the “warm-
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Figure 2.4.34: Beamline string hung from the HGRP for the ERL Injector.

up/cool-down” ports located at the bottoms of the helium vessels needed for convective flow,
the supply and return of 5 K helium gas, and the supply and return of 100 K helium gas. A
JT valve is required per module due to the high cavity heat load and helium mass flow for
CW operation.

The liquid helium and 5 K gas manifolds are mounted close to the HGRP using G-10
standoffs, thus keeping similar temperatures in close proximity to each other with low thermal
conductivity connections between them. These manifolds are the next components mounted
on the cold mass. Jumper tubes from the liquid helium manifolds are then routed to the JT
valve and the helium vessel fill ports. The 5 K gas supply and return manifolds must then
be routed to thermal intercepts on the HOM loads and RF couplers by way of jumper tubes
having 3-5 mm ID. In standard TTF technology, the connections between the manifolds and
thermal intercepts are accomplished by copper straps. For the ERL Linac, both the 5 K and
100 K heat loads are large enough to require gas flow from the manifolds to the intercepts
through jumper tubes. If high RRR copper or aluminum straps were used as heat sinks, the
cross-sectional area would be tens of cm2 and consume too much space, as well as not being
sufficiently flexible. Flexible straps made of “tough pitch” copper attached between the 5 K
manifold and the composite support post 5 K rings provide sufficient thermal conductance for
this intercept.

100 K manifolds and thermal shield

The 100 K manifolds are mounted farther outboard of the 5 K manifolds, one of which is
integral to the 100 K shield. The material of the 100 K thermal radiation shield is grade 1100
aluminum, chosen for its high thermal conductivity and light weight. The shield is fabricated
from standard flat panels that are cut and formed to shape. The top portion of the shield
is attached to the 100 K ring of the composite support post and is 1

4” thick to support the
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Figure 2.4.35: The tuner pre-bias operation for the ERL Injector.

weight of the cryogen manifolds and the lower portion of the shield, as shown in Fig. 2.4.36,
at this stage of cold-mass assembly. A thermal model of the 100 K shield with an integral
100K manifold with heat loads from radiation, the composite post, and feedthroughs shows
that the shield resides at less than 2 K above the manifold gas temperature [60].
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Table 2.4.12: ERL main Linac cryomodule beamline components, their individual lengths, and
the total length of the module.

Component Length (m) Length (in)

Gate valve 0.0750 2.953
Taper 0.0500 1.9

Repeat 3 times Large Cu beam tube 0.0794 3.125
Large beam tube HOM absorber 0.0600 2.362
Large Cu beam tube 0.0794 3.125
Large Nb beam tube 0.1864 7.338
Large beam tube transition 0.0307 1.211
Cavity active #1 0.8059 31.729
Small Nb beam tube 0.1495 5.885
Small Cu beam tube 0.0794 3.125
Small beam tube HOM absorber 0.0600 2.362
Small Cu beam tube 0.0794 3.125
Small Nb beam tube 0.1495 5.885
Cavity active #2 0.8059 31.729
Large beam tube transition 0.0307 1.211
Large Nb beam tube 0.1864 7.338

Large Cu beam tube 0.0794 3.125
Large beam tube HOM absorber 0.0600 2.362
Large Cu beam tube 0.0794 3.125
Taper 0.0500 1.969
BPM 0.0750 17.717
Steering Coils 0.1500 5.906
Quadrupole 0.4500 2.953
Gate valve 0.0750 2.953
Intermodule flex 0.3297 12.981

Module Length 9.8213 386.667
(= 32.22 ft)

260



2.4 Linac

Figure 2.4.36: CAD model of the top portion of the 100K shield attached to the cold mass.

Figure 2.4.37: Photograph of the completed ERL Injector 100 K shield being wrapped with
MLI.

After the cryogen manifolds and intercept jumpers are connected to the cold mass, low-
thermal conductivity coax cable is routed from the cavity RF field probes, as well as the
cabling from temperature sensors, helium level sticks, and other instrumentation. The lower
half of the 100K shield is attached and the instrumentation cabling is thermally anchored to
an instrumentation feed-through panel in the shield. The 100K shield is then wrapped with
30 layers of Multi Layer Insulation (MLI) and the cold mass is ready for insertion into the
vacuum vessel. A photograph of the completed ERL injector 100K shield being wrapped with
MLI is shown in Fig. 2.4.37.

Vacuum vessel and magnetic shield

The vacuum vessel must support the weight of the cold mass, withstand the atmospheric
pressure differential, have ports for RF couplers and instrumentation, ports for gate valve
actuators, mounts for support in the Linac tunnel, lifting points for transport, and end flanges
to accommodate the bellows sleeve that link the cryomodules. The locations of the ports on
the vacuum vessel are dictated by the cold-mass components. The vacuum vessel supports
have some freedom of location, though vessel deformation under loading must not exceed
acceptable limits. The maximum deformation of the top ports that bear the load of the cold
mass by way of the composite posts was modeled and found to be 0.13 mm.

The majority of the material of the vacuum vessel will be carbon steel, with the vacuum
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flanges that will have o-ring seals made of stainless steel to ensure that there will be no
oxidation of the seal surfaces. The interior of the vacuum vessel will be burnished and painted
with low vapor pressure vacuum compatible polyurethane paint. The exterior will likewise be
burnished and painted with a marine paint.

Since carbon steel is a magnetic material, the vessel will be de-gaussed and care taken to
not re-magnetize the vessel. Bench tests of carbon steel tubes show that local magnetization
of the tube by permanent magnets can result in remnant magnetic fields in the interior of a
few Gauss. The steel can be easily de-magnetized by intimate coils carrying 5300 Amp-turns,
such that the remnant magnetic fields in the interior are reduced to about 250 mG. Further
lining the interior of the vessel with Co-Netic mu-metal shielding then reduces the remnant
magnetic fields in the interior to about 5 mG. However, the interior field could rise to the 25 mG
level if the steel vessel is re-magnetized with permanent magnets. At the SRF cavity, these
background magnetic fields are further attenuated by the cryogenic A4K magnetic shield [58]
that will surround each SRF cavity. The cavity shield will reduce the magnetic field at the
cavity to levels of < 2 mG, which then contributes negligible residual resistance to the SRF
cavity surface.

The bellows section that mates adjacent cryomodule vacuum vessels will differ from the
TTF-III bellows section since the ERL Linac will utilize at least one pneumatic gate valve per
module. The pneumatic gate valves will allow any module to be isolated upon an interlock
trip, and the pneumatic actuator will be connected through a port on the bellows section.

Cryomodule and cavity alignment

The prototype ERL injector cryomodule serves as the basis for the design of the cryomodule
and cavity alignment system for the main Linac elements. Perhaps the most challenging el-
ement of the assembly procedure is the alignment of the quadrupole magnets to the needed
tolerance (< 500 µm) lateral displacement with respect to the beam axis). Reference of the
magnetic center of the quadrupoles to a reference point on the outside of the cryomodule
when the magnet is cold will be essential for the successful operation of the ERL. The re-
producibility of this translation will be one of the components of the study of the prototype
Linac cryomodule. It will determine whether or not externally adjustable mounts for the
quadruapoles will be required to be able to use beam based alignment techniques to align
the quadrupoles to the required tolerance. The tolerances for the location of the accelerating
cavities in the cryomodules are given in Tab. 2.1.6.

The assembly of the cryomodules will be carried out in clean rooms using fixtures and
techniques very similar to the ones used for the assembly of the ERL injector cryomodule
and the FLASH cryomodules and planned for the XFEL cryomodules. The finished ERL
cryomodules will be transported in the tunnel in a manner similar to the transport of the
LHC cryomodules with a tape or wire guided vehicle to their location and then translated
onto their supports. A guided vehicle sized for the tunnel and beam line height can have a
vertical lift capability of up to 25 cm with lateral push and pull sufficient to place and remove
the cryomodules.

The interconnection and leak testing of the connected cryomodules will be carried out in
a manner very similar to that used for the FLASH cryomodules and planned for the XFEL.
Connection of the cryomodules to the cryogen supply lines and the warm transitions needed
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Figure 2.4.38: Wall-plug refrigeration power for a 64-module ERL main Linac with the SRF
cavities having Q0 = 2 × 1010 as a function of the intermediate intercept tem-
perature.

to connect to other accelerator components will also be modeled after the ones planned for
the XFEL.

Linac cryomodule heat loads

Having determined that the optimum cavity-operating temperature is 1.8 K, the optimal inter-
mediate temperatures and corresponding heat loads are next to be determined. An important
consideration arising from the configuration of the cavities is that the cavity beamtubes pro-
truding from the cavity helium vessel must be superconducting. Considering the convenience
of using helium gas just above boiling temperature, we choose 5 K as the next higher inter-
mediate temperature. The thermal radiation shields and the HOM absorbers will need to be
at some intermediate temperature between 5 K and 293 K. Detailed modeling shows a broad
optimum at 100 K, as shown in Fig. 2.4.38. The models include analysis of the cold compo-
nents and their material properties vs temperature as well as the Coefficients of Performance
of refrigeration vs temperature derived from reports of manufacturers.

The distribution of wall-plug refrigeration power among cryomodule components for the
100 K intermediate temperature case is shown as a pie chart in Fig. 2.4.39. The SRF cavity
dynamic load is about 52% of the total refrigeration load, with the dynamic HOM load being
the next largest. The thermal gradient along the beamline due to the HOM loads being held
at 100 K contributes the most to the static heat load. Table 2.4.13 lists the heat loads and
wall-plug power per cryomodule and for the full Linac at the 100 K optimum.
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Figure 2.4.39: Distribution of wall-plug refrigeration power for the 64-module main Linac with
a 100 K intermediate temperature.

As noted in the section on the cryogenic system and utilities, two helium refrigeration com-
panies were asked to make studies of refrigerators that could handle the estimated thermal
loads then estimated. In their studies, they utilized available suites of compressors and ex-
panders with some practical compromises for control systems. The reports are available as
references [61] [62]. The calculated operating electric powers using the available compressors
and expanders are reported in the utilities section with a safety factor of 1.5 included.

To validate the predicted ERL heat loads listed in Tab. 2.4.13, Tab. 2.4.14 shows the pre-
dicted and typical measured static heat loads for the late-model FLASH TTF-III cryomod-
ules [63]. The measured static load to 2 K is about 25% higher than predicted, but the other
measured static loads are very close to the predicted values. These measured heat loads would
be accommodated by a cryoplant that had a 50% capacity safety factor.

Cryomodule vacuum system

During operation the cryopumping of the accelerating cavities dominates all other pumping in
the cryomodules. The challenge is to develop a pump down strategy that minimizes the risk
of contamination of the accelerating cavities. A single piece of dust (even in µm size) will lead
to field emission lowering Q0 and a possibie quench of the cavity. A slow pump down sequence
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Table 2.4.13: Heat loads and wall-plug power per cryomodule and for the full Linac with the
SRF cavities having Q0 = 2× 1010.

ERL Linac
Per Module Heat Load Wall plug

1.8 Static (W) 7.28 5,240
1.8 Dynamic (W) 68.99 49,692
1.8 Total (W) 76.26 54,932
5 K Static (W) 45.16 8,882
5 K Dynamic (W) 25.65 5,045
5 K Total (W) 70.82 13,928
100 K Static (W) 50.09 598
100 K Dynamic (W) 1455.50 17,369
100 K Total (W) 1509.41 17,966
Module wall plug (W) 86,826
# modules 64
Linac wall plug (W) 5.56× 106

Safety factor 1.5
Linac wall plug × safety factor (W) 8.34× 106

Table 2.4.14: Predicted and typical measured static heat loads for late-model FLASH TTF-III
cryomodules.

Per Module FLASH Predicted FLASH Measured

2K Static (W) 2.80 3.5
4.5K Static (W) 13.90 13
70K Static (W) 76.80 78

minimizes this risk. After the clean assembly of the cavity string in the cryomodule, the beam
line will be pumped down and closed off by the beam line gate valves at either end of the
cryomodule. The beam line will remain under vacuum during transport to the final location
of the cryomodule. Cold cathode ion gauges will be used to monitor the beam line vacuum at
all times. Leak testing will be carried out at each stage of the cryostat assembly following the
procedures that were developed during the ICM assembly. These procedures were very similar
to the one followed for the assembly of the FLASH cryomodules and the ones proposed for
the XFEL cryomodules.

After placement of the cryo-modules in the Linac tunnel, interconnection vacuum beampipes
will be installed to complete the Linac beamline vacuum. Each interconnection includes stain-
less steel beampipes, a flexible bellows (with proper RF-shielding or absorbers), a vacuum
pumping port and gauge port. As the interconnections are enclosed in the Linac insulation
vacuum walls, extensions are added to the pump/gauge port(s) to allow access to the port(s).
Proper RF screens must be incorporated in the vacuum pump/gauge ports to minimize HOM
heating at the screens. All components used on the interconnection (including ion pumps
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and vacuum gauges) must be cleaned in a Class 100 clean room to remove particulates, and
properly bagged for transportation to the site. A portable clean room capable achieving Class
100 will be set up to enclose the entire interconnection during the installation process.

The insulation vacuum will be maintained after initial pump down by the cryopumping of
the outer surface of cavity helium vessels. There will be a pump port closed off by a suitable
valve to allow this pump down. There will also be suitable ports to allow monitoring of the
insulation vacuum along with appropriate gauges to continuously record the condition of the
insulation vacuum. In case of sudden accidental release of cryogens inside the cryostat module,
it will be equipped with safety blowoff ports that will require 10 psi overpressure to release.

Cryomodule instrumentation

Instrumentation for the cryomodule needs to be sufficient to correctly monitor the operation
of the cryomodule. Since it will replicated 64 times for the full Linac, care needs to be take
to avoid unnecessary monitoring. The required monitors would include helium level sensor
for the JT/2-phase-pipe, temperature sensors in a number of locations with different types of
sensors depending on the requirements, helium pressure sensors, and low level rf probes for
accelerating gradient control. In addition there will be the tuner stepper and piezo drives,
heaters and cavity alignment sensor if experience with the prototype cryomodule currently
under construction indicates that this will be needed. As with other aspects of the main Linac
cryomodules, the final design of the instrumentation package will be guided by the experience
from the ICM, FLASH, and the planning for the XFEL.

2.4.9 Manufacturing plan

The Cornell ERL program is presently in the development phase to prove out the performance
of key components of the facility. A great deal of insight has already been gained from the
ERL injector and other prototypes at Cornell. A prototype main Linac cryomodule will be
designed and fabricated in the next two years. Following this, a final cryomodule design will
be completed that is compatible with all of the contiguous infrastructure of the ERL facility.
The highlights of the development phase of the main Linac are described in the next section,
followed by a description of the production phase.

Main Linac prototype cryomodule

As part of the Cornell ERL development program, prototypes will be fabricated and tested
for the main Linac SRF cavity, RF coupler, HOM loads, and cavity tuner. After establishing
satisfactory performance of the prototypes, production versions will be fabricated to complete
one full Linac cryomodule. In parallel, the rest of the Linac cryomodule will be designed and
a full prototype fabricated. There are several logistical options available that will allow the
10 m long prototype cryomodule to be assembled at Cornell with minimal modification to the
existing facilities.

Testing of the prototype Linac cryomodule will include the following high-level tasks of
increasing complexity:

• Cryogenic test of cooldown, cavity alignment, and heat leaks
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• RF test of the cavity field, Q, and microphonics.

The first test of cooldown can easily be accomplished with existing Cornell facilities. The RF
test would require a modest RF source and radiation shielding around the test area due to
field emission from the cavities. A beam test of dressed, prototype cavities (i.e. cavities with
HOM absorbers), coupler and field probes attached, will be beam tested at high beam current
using the prototype injector to measure the cryogenic consequences of high current running
on HOM absorber heating and search for trapped modes that could engender BBU in the full
linac.

Main Linac 64-module production

The pace for production of the 64 cryomodules for the ERL main Linac is targeted to be 2
cryomodules per month, requiring about 2.7 years to complete the full Linac, with 1-2 more
months added to produce spare cryomodules. The production pace is determined by the size
of the test and assembly facility (for comparison refer to [64]). Since this facility is comprised
of costly components, such as a clean room and refrigeration plant, and would likely have a
one-time use, it is unlikely that an industrial partner would invest in such a facility without a
longer term use. It is possible that such facilities that will be required by other laboratories
for cryomodule production programs could be utilized if they have no commitments in the
ERL production time frame.

An example layout of a cryomodule production facility is shown in Fig. 2.4.40, which is sized
to produce 2 cryomodules per month. The facility includes:

• Clean room with HPR-cavity rinse, vacuum and gas feeds, equipment lock air showers,
and 2 beamline string assembly areas

• High bay assembly area to accommodate 3 modules, overhead crane access, an adjacent
overhead door to allow flatbed truck entry for loading and unloading

• Cryomodule test area with radiation shielding

• Cavity chemistry etch area

• Cavity 120◦C vacuum bake area

• Cavity vacuum furnace for H2 de-gassing (800◦C) or purification (1400◦C)

• Cavity tuning equipment

• Cavity vertical test pits with radiation shielding

• Cavity helium vessel Ti welding area

• De-ionized water production and storage

• Liquid helium refrigeration plant including an LN2 tank for cavity vertical test and
module tests
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Figure 2.4.40: Block diagram of the space required for typical cryomodule production tasks to
assemble two cryomodules per month.

The utilities for the production facility would include considerable AC power for the refrig-
eration plant and vacuum furnaces, a chilled water supply, and N2 gas distribution from the
LN2 tank boil-off. It is possible that this facility could be erected in the existing Wilson Lab
using existing portable shielding and the existing refrigeration plant.

2.4.10 Tunnel Filling

General Considerations

The tunnel is driven in two sections as shown in the overall layout Fig. 2.1.2. As discussed
earlier, this affords the opportunity to compensate for wake-driven energy spread and other
transit time manipulations. For both economy and proximity of the low-level RF electronics
to the cavities being controlled, the electronics and high power amplifiers are placed as close
to the cryomodules as shown in Fig. 2.4.41.

There is expected to be significant radiation in the Linac tunnels because of field emission
in the cavities, and the magnitude of this can be estimated from experience at FLASH [65].
Accordingly the electronics racks will be shielded by 6-inch thick panels of heavy concrete as
shown in Fig. 2.4.41. The intention is to have the panels on sliders so that they can be moved
easily for access to the electronics behind.
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Figure 2.4.41: Tunnel cross-section showing safety provision for persons passing, equipment
placement, shielding and utility pipes and ducts.

Utility considerations

Tunnel equipment requires water and forced air for cooling as well as electric power, clean
nitrogen for venting, and compressed air for the activation of valves. The quantities are found
in the utility tables in §4.4. A tentative disposition of the supply pipes and cables together
with equipment placement is shown in Fig. 2.4.41.

Safety considerations

A primary determinant of the tunnel size is the requirement that a person can pass safely
between the cryomodules in place and a cryomodule being transported in the tunnel for in-
stallation or removal as shown in Fig. 2.4.41. Ventilation by air at a velocity of 400 fpm is
provided when the tunnel is occupied to sweep away helium spills, and fire barriers are provided
to separate the tunnel from the x-ray halls. Proposals to achieve these safety objectives can
be found in the architectural and conventional engineering report of the Arup company [66].
Helium safety matters are presented in §4.6.
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