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1. PIP-ll Performance Goals and Summary

The Proton Improvement Plan-II (PIP-II) is a high-intensity proton facility being developed to
support a world-leading neutrino program over the next two decades at Fermilab. PIP-II is an
integral part of the U.S. Intensity Frontier Roadmap as described in the Particle Physics Project
Prioritization Panel (P5) report of May 2014 [1]. As an immediate goal PIP-II is focused on
upgrades to the Fermilab accelerator complex capable of providing a beam power in excess of 1
MW on target at the initiation of LBNF [1,2] operations. PIP-II is a part of a longer-term concept
for a sustained campaign of upgrades and improvements to achieve multi-MW capabilities at
Fermilab.

PIP-II is based on three major thrusts. They are (1) the recently completed upgrades to the
Recycler and Main Injector (MI) for the NOVA experiment, (2) the Proton Improvement Plan [3]
currently underway, and (3) the Project X Reference Design [4].

Note that:

e The Proton Improvement Plan (PIP) consolidates a set of improvements to the existing
Linac, Booster, and Main Injector (MI) aimed at supporting 15 Hz Booster beam operation.
In combination, the NOVA upgrades and PIP create a capability of delivering 700 kW beam
power from the Main Injector at 120 GeV;

e The scope of the Project X Reference Design Report was aimed well beyond PIP. It
described a complete concept for a multi-MW proton facility that could support a broad
particle physics program based on neutrino, kaon, muon, and nucleon experiments [5,6].
The Project X conceptual design has evolved over a number of years, incorporating
continuous input on physics research goals and advances in the underlying technology
development programs [7,8,9]. PIP-II, to high degree, inherits these goals as the goals for
future developments and upgrades.

This document (PIP-II Reference Design Report) describes an initial step in the development of
the Fermilab accelerating complex. The plan described in this Report balances the far-term goals
of the Laboratory's long baseline neutrino mission with the near- and mid-term goals identified at
the Snowmass workshop [10] and endorsed by the P5 report [1].

1.1. Design Criteria and Considerations

The existing Fermilab accelerator complex could be upgraded using a number of different
approaches in order to achieve beam power in excess of 1 MW on the LBNF target. The challenge
is to identify solutions that provide an appropriate balance between minimizing near-term costs and
maintaining the flexibility to support longer-term physics goals. In order to constrain consideration
to a modest number of options the following criteria are applied to possible solutions:

e The plan should support the delivery of at least 1 MW of proton beam power from the Main
Injector to the LBNF target at energies between 60-120 GeV;

e The plan should provide support to the currently envisioned 8 GeV program, including the
Mu2e and g-2 experiments, as well as the suite of short-baseline experiments [5,6];

e The plan should provide a platform for eventual extension of beam power to LBNF to
more than 2 MW;

e The plan should include a future capability to support multiple rare processes experiments
with high duty factor beams at high beam power.

The primary bottleneck limiting beam power to the LBNF target is the existing Linac/Booster.



Performance is limited to about 4.4x10'? protons per Booster pulse by beam loss — primarily driven
by space-charge at the 400 MeV injection energy. The secondary potential bottleneck is slip-
stacking of twelve Booster pulses in the Recycler. This performance is determined jointly by
characteristics of the Recycler itself and by the characteristics of beam delivered from the Booster.

The ideal facility meeting the above criteria would be a modern 8 GeV superconducting linac for
injection either into the Main Injector or Recycler as described in the Project X RDR, or the pairing
of an ~2 GeV SRF linac with a modern Rapid Cycling Synchrotron. These options provide
performance that would significantly exceed the first design criteria, and would meet all
subsequent criteria, but also significantly exceed the likely available funding.

1.2. Options Considered

Two options were considered that we believe could meet the first design criterion listed above.
Both options assume completion of the Proton Improvement Plan (PIP), enabling 15 Hz beam
operations of the Booster at 4.4x10'? protons per pulse. They are based on raising the injection
energy of the Booster to provide a 50% increase in delivered protons per pulse. Paired with a
modest decrease of the Main Injector cycle time (from 1.333 to 1.2 seconds) this provides 1.2 MW
beam power at 120 GeV. Another possibility based on proton accumulation within the existing
antiproton source is not considered here because it is incompatible with lab’s future plans.

1. 800 MeV Superconducting pulsed linac

This option is a scaled down implementation of Stage 1 of the Project X Reference Design,
focused on the neutrino mission. It consists of an 800 MeV superconducting pulsed linac, injecting
into the Booster, and located in an enclosure in close proximity to existing electrical, water, and
cryogenic infrastructure. Compared to the Project X Reference Design, operations at low duty
factor (~1% for beam pulses) and the choice of siting lead to significant cost savings. Constructing
the linac from continuous wave (CW) capable cavities and cryomodules offers a straightforward
future upgrade path, at minimal additional cost, that would preserve the full breadth of scientific
opportunities described in the Project X RDR. This approach meets all the design criteria listed
above and is expected to be attractive to potential international partners.

2. 400 MeV “afterburner” to the existing 400 MeV linac

It is possible to contemplate the construction of a new superconducting pulsed linac at the end of
the existing 400 MeV pulsed linac. This implementation would require physical relocation of the
existing linac, upstream by about 50 m, to make space for the superconducting extension. The
advantage of this approach is that it would cost less than option 1. The disadvantages are as
follows:

a) Upgrade paths to CW operations are problematic because of the extended room
temperature section;

b) The linac frequency (805 MHz) is not consistent with the significant R&D investment
already made at 650 MHz;

c) A significant contribution from our international partners would probably not be possible
due to items a) and b);

d) Vulnerabilities would remain in the existing linac. In particular, the drift tube linac portion
currently relies on RF sources obtainable only from a single vendor and for which there is
a minimal market demand; and

e) This approach would require a significant interruption to the operating program (~1 year)
for relocation and installation.



Option 1 is preferred, and will be described in this report, because it provides the most robust
accelerator complex in support of the neutrino programs, and because it offers straightforward and
cost-effective extensions to the multi-MW, high duty factor, capabilities required to support a
world-leading research program based on intense beams in the longer term. This approach also
minimizes disruption to the ongoing operating program, removes inherent reliability risks in linac
operations, and directly capitalizes on a large amount of conceptual and technological development
undertaken as part of the Project X, ILC, and LCLS-II programs. Because this option represents a
natural continuation of the performance improvements being implemented within the PIP, it has
been named Proton Improvement Plan-II (PIP-II).

1.3. Overview of PIP-II

The goal of Proton Improvement Plan-II is to enhance the capabilities of the existing accelerator
complex at Fermilab to support delivery of 1.2 MW beam power to the LBNF production target,
while simultaneously providing a platform for subsequent upgrades of the accelerator complex to
multi-MW capability. High-level goals, and supporting beam performance parameters, for PIP-II
and their comparison to PIP parameters are given in Table 1-1. The central element of PIP-II is a
new 800 MeV superconducting linac accelerating H™ ions and located in close proximity to the
existing Booster as shown in Figure 1-1. This siting offers several advantages in terms of
minimizing cost while retaining options for future development; in particular, the site affords direct
access to significant electrical, water, and cryogenic infrastructure.

The scope encompassed by the PIP-II and described in this document includes:

e An 800 MeV superconducting linac (SC Linac), constructed of CW-capable accelerating
structures and cryomodules, operating with a peak current of 2 mA and a beam duty factor
of 1.1%j;

e Beam transport from the end of the SC Linac to the new Booster injection point, and to a
new 800 MeV beam dump;

e Upgrades to the Booster to accommodate 800 MeV injection, and acceleration of 6.5x10"
protons per pulse;

e Upgrades to the Recycler to accommodate slip-stacking of 7.7x10" protons delivered by
twelve Booster batches;

e Upgrades to the Main Injector to accommodate acceleration of 7.6x10" protons per pulse
to 120 GeV with a 1.2 second cycle time, and to 60 GeV with a 0.7 second cycle time.

The linac energy is selected to support a 50% increase in Booster beam intensity, accompanied
by a 30% reduction in the space-charge tune shift as compared to the current operations. This
choice is conservative and will ensure lower fractional beam loss required at the higher operating
intensities and higher injection energy. The linac is constructed nearly entirely of components that
are capable of operating in CW mode with the cryogenic system being the primary exception'. The
incremental cost in constructing the linac from CW compatible components is minimal.

The linac is followed by a beam transport line to bring the beam to the Booster. The line
includes an arc bending the beam by about 210°. The bending radius of the arc is maintained above
23 m to prevent stripping of the H beam prior to Booster injection. There is a provision for
installation of an RF separator and septum at the linac end required to support the operation of
multiple experiments following future linac upgrades.

! This choice is based on existing Tevatron cryogenic infrastructure resulting in significant cost reduction. CW
operation will require a new cryogenic plant.



Table 1-1: PIP-11 high level performance goals

Performance Parameter PIP PIP-II Unit
Linac Beam Energy 400 800 MeV
Linac Beam Current 25 2 mA
Linac Pulse Length 0.03 0.55 ms
Linac Pulse Repetition Rate 15 20 Hz
Linac Upgrade Potential N/A CW

Booster Protons per Pulse (extracted) 4.2 6.5 10"
Booster Pulse Repetition Rate 15 20 Hz
Booster Beam Power @ 8 GeV 80 160 kW
8 GeV Beam Power to LBNF N/A 80-120" kW
Beam Power to 8 GeV Program 30 80-40° kW
Main Injector Protons per Pulse (extracted) 4.9 7.6 10"
Main Injector Cycle Time @ 120 GeV 1.33 1.2 sec
Main Injector Cycle Time @ 60 GeV N/A 0.7 sec
Beam Power @ 60 GeV N/A 1 MW
Beam Power @ 120 GeV 0.7* 1.2¥ MW
Upgrade Potential @ 80-120 GeV N/A 2.4 MW

" First number refers to Main Injector operations at 120 GeV; second number to 80 GeV.
* Applicable to 120 GeV operation only.
¥ Beam power grows approximately linear for energy change from 60 to 120 GeV.

The Booster repetition rate will be increased from 15 to 20 Hz. It is extremely helpful for
reduction of beam loss during slip-stacking in the Recycler due to the larger momentum difference
between the two streams of slip-stacked bunches. The repetition rate increase also increases overall
particle flux through the Booster and yields higher power for the 8 GeV experimental program. The
operation of Booster dipoles at 20 Hz was recently verified [11]. The transition to the higher rate
will be achieved by decreasing the value of capacitors in the dipole resonance circuit. Although the
acceleration rate increases proportionally to the repetition rate the required peak RF voltage stays
approximately the same due to the smaller slip-factor at the injection. Doubling the RF power
transferred to the beam will require minor modifications for the RF power amplifiers.

The beam is injected into the Booster using multi-turn strip-injection similar to the injection
method used in the SNS [12]. The number of injection turns is equal to 300. Although the number
of injection turns is much larger than what is presently used in Booster, it is still about three times
less than that used in the SNS and is well within the presently used range of parameters. Large
number of injection turns and small emittances of the SC Linac beam allow painting of transverse
and longitudinal distributions resulting in a significant reduction of space-charge effects. In
contrast to present operations, beam injection will proceed at non-zero RF voltage. This allows one
to avoid adiabatic bunching, which would be problematic because of the long bunching time”. To
reduce beam loss during Booster injection the linac bunches arriving at the RF bucket boundaries
are removed by a bunch-by-bunch chopper located in the Medium Energy Beam Transport

% The long bunching time is related to the smaller value of the slip-factor at the higher injection energy. The higher
Booster repetition rate additionally magnifies this problem.



(MEBT) of the linac. The same chopper creates a three bunch long extraction gap. Slip-stacking in
the Recycler and acceleration in the MI will be done in a manner similar to that presently used for
NOvA [13].
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Figure 1.1: Site layout of PIP- II. New construction includes the linac enclosure, transfer line
enclosure, linac gallery, center service building, utility corridor, and cryo building. Grey dashed
areas represent existing underground enclosures.

Upgrades to a number of systems in the Booster, Recycler, and Main Injector will be required in
order to support the higher Booster injection energy and higher beam intensities. These include
upgrades to the Booster injection system, the RF systems in all rings, and various feedback
systems. The upgrade to the Booster injection system is the most significant of these.

Modifications to the LBNF target facility to accept 1.2 MW protons are assumed to be
undertaken by the LBNF project. However, requirements for the beam delivery are described in
this document. Note that the concept presented here is capable of delivering from 1 to 1.2 MW of
beam power to LBNF for the energy change from 60 to 120 GeV. Although the LBNF operation is



expected to take a major fraction of Booster intensity, considerable power will still be available at 8
GeV. In particular, it is expected to be 82 kW for 120 GeV operations and 23 kW for 60 GeV.

PIP-II provides a variety of straightforward and cost effective upgrade paths. Delivery of more
than 2 MW to the LBNF target will require replacement of the existing Booster. The most effective
strategy would be to extend the 0.8 GeV linac to 8 GeV and inject directly into the Main Injector at
the MI-10 straight section. This linac would be based on the superconducting technologies
developed for PIP-II, and would have significant technological overlap with the 1.3 GHz
cryomodules Fermilab will be supplying to the LCLS-II Project [14] over the next five years.
Alternatively, the linac could be extended to 2-3 GeV, followed by an RCS. Upgrading the linac to
CW operations is achievable by upgrading the PIP-II cryogenic system. CW operations of the linac
could support MW-class beam delivery to a variety of rare processes experiments, including MuZ2e.

The estimated cost of PIP-II is ~$600 M in 2020 dollars, including both development and
construction costs, related accelerator improvement projects (AIPs), direct and indirect costs, and
40% contingency. Potential offsets to this number in the form of possible international in-kind
contributions are valued at ~$150M.

It is worth noting that while the configuration described here is cost-effective, no system-wide
(Linac, Booster, Recycler, Main Injector) cost optimization has been completed at this time. It is
anticipated that such an optimization will become possible once more details emerge with further
design work.



2. Accelerator Facility Design

It is envisioned that the PIP-II construction project will include only the superconducting linac
(SC Linac) and the transfer line connecting the linac and the Booster. However, the upgrades to the
Booster, Main injector and Recycler are an integral part of the plan and therefore are described
below in the same detail as the linac.

2.1. 800 MeV Linac

2.1.1. Technical Requirements
The linac includes the following major elements:

Ton source,

Low Energy Beam Transport (LEBT),

RFQ,

Medium Energy Beam Transport (MEBT), including the chopper and bunching cavities,
One accelerating section composed of 162.5 MHz Half-Wave Resonators (HWR),

two accelerating sections composed of 325 MHz Single-Spoke Resonators (SSR1 and
SSR2),

e Two accelerating sections of 650 MHz elliptical cavities, one at low beta (0.647) and
one at high beta (0.971) (LB650 and HB650).

Figure 2.1 shows the structure of the linac. A room temperature (RT) section accelerates the
beam to 2.1 MeV and creates the desired bunch structure for injection into the SC Linac. The RFQ
and the first SC section (HWR) operate in the CW mode. To reduce the required cryogenic power
the other accelerating structures operate in the pulsed mode. However they are designed and built
to be CW compatible in order to accommodate future upgrades. Operation with a peak current of
up to 10 mA is supported by the ion source, LEBT and RFQ. The bunch-by-bunch chopper located
in the MEBT removes undesired bunches leaving the beam current at up to 2 mA (averaged over a
few us) for further acceleration. There is also a “slow” chopper in the LEBT with rise and fall
times of about 100 ns. It allows forming a macro-structure in the beam timing required for machine
commissioning and allows one to avoid unnecessary beam loading in normal operations. Together
the LEBT and MEBT choppers form the desired bunch structure.

LeoT | RFQ | MEBT | 0.1 | P-022 | p-047 | p-0.64 | p-07

= RT = SC =
162.5 MHz 325 MHz 650 MHz
0.03 -10.3 MeV 10.3-185 MeV 185-800 MeV

Figure 2.1: The linac technology map.

The energy stored in the SC cavities is quite large. Consequently, the accelerating voltage
fluctuations due to beam loading are below 107 if the bunch structure is repetitive with period
below about 3 ps. The SC Linac accelerates to 800 MeV up to 2 mA of beam current with peak



currents of up to 10 mA for periods of less than a few ps. The operational parameters for the SC

Linac are given in Table 2.1.

Table 2.1: SC Linac Parameters

Parameter Requirement

Particle species H

Input beam energy (Kinetic) 2.1 MeV
Output beam energy (Kinetic) 0.8 GeV
Pulse repetition rate 162.5 MHz

RF pulse length pulsed-to-CW

Sequence of bunch pulses Programmable

Average beam current in SC Linac 2 mA

Final rms norm. transverse emittance, & =¢, <0.3 mm-mrad
Final rms norm. longitudinal emittance <0.35(1.1) mm-mrad (keV-ns)
Rms bunch length at the SC Linac end 4 ps

To support beam injection into the Booster, pulsed operation of the linac is sufficient. In this
case the linac operates at 20 Hz with a beam pulse duration of 0.55 ms resulting in 1.1% beam duty
factor. RF cavity filling requires a significantly longer time. The effective cryogenic duty factor is
about 6.6% while the effective duty factor for high power RF is about 15%. To reduce the
cryogenic power the phase of the RF amplifiers can be shifted by 180 deg. after a beam pulse to
accelerate voltage decay in cavities.

Maintaining sufficiently small emittances through the entire linear accelerator and the beam
transport to the Booster is essential for minimizing the beam loss both in the linac and at an
injection to the Booster. The maximum allowed rms emittances for the ion source beam current in
the range of 2+10 mA are presented in Table 2.2.

Table 2.2: Maximum allowed rms normalized emittances through the accelerator

Normalized rms beam emittance (mm mrad)
Transverse Longitudinal
Ion source 0.14 -
RFQ entrance 0.18 -
RFQ exit 0.20 0.28
MEBT exit 0.23 0.31
Exit of SC linac 0.3 0.35

2.1.2. Warm Frontend

The warm frontend of the PIP-II linac provides an H™ beam to the first superconducting module.
The frontend beam current specifications go well beyond what is required for PIP-II operation in
order to enable high proton flux experiments without significant future upgrades. While the
nominal PIP-II peak current for the Booster injection is about 4 mA, the nominal average current of
the RFQ is 5 mA (10 mA maximum). The frontend design incorporates a fast chopper to provide



bunch-by-bunch selection for in-bucket injection into the Booster. This capability will also be used
in future multi-user operation modes.

The frontend consists of a 30 keV H™ ion source, a Low Energy Beam Transport (LEBT)
delivering up to 10 mA DC beam to the entrance of a 2.1 MeV CW Radio Frequency Quadrupole
(RFQ) accelerator, and a Medium Energy Beam Transport (MEBT). This is shown schematically in
Figure 2.1.

The choice for the LEBT energy of 30 keV is a compromise between considerations of beam
space charge effects that may increase the transverse emittance at low energy and RFQ adiabatic
bunching, where the longitudinal emittance improves with decreasing the injection energy. This
choice balances the final warm frontend emittance among the three degrees of freedom.

The RFQ energy of 2.1 MeV is chosen because it is below the neutron production threshold for
most materials, thereby simplifying the RFQ and MEBT maintenance. At the same time, this
energy is sufficiently large to mitigate space charge effects in the MEBT at currents as high as 10
mA.

2.1.2.1. LEBT - Low Energy Beam Transport

The layout of the ion source and LEBT is shown in Figure 2.2. Two ion sources are installed to
maximize the beam availability. Each source can be removed for repairs, reinstalled, and
conditioned without interrupting the operation of the other source. The LEBT transports the beam
from the exit of the ion source to the entrance of the RFQ. It also matches the beam envelopes at its
end to the ones required for low loss acceleration in the RFQ. In addition, the LEBT forms a low-
duty factor beam during commissioning and tuning of the downstream beam line in a pulsed mode.
It also interrupts the beam as part of the machine protection system (MPS), and prohibits beam
generation accordingly to the safety system status.

LEBT/RFQ
) Turbo interface
Solenoids pump flange
Toroid
Ion
source #1

V> Switching
dipole
DCCT magnet

r Ve Vacuum Chopper
=, valve

Solenoid

source #2

Figure 2 2. Schematic of the LEBT with two ion sources.



The LEBT Functional Requirement Specifications (FRS) are listed in [15]. The LEBT includes
3 solenoids (for each leg), a slow switching dipole magnet, a chopper assembly, and diagnostics to
characterize and tune the beam. The x and y dipole correctors are mounted inside each solenoid.
The edge focusing of the switching dipole is adjusted to minimize the asymmetry between
horizontal and vertical focusing. The ~2 m beam line length ensures that the gas migration from the
ion source to the RFQ is kept at a manageable level. Fast machine protection and pulsed beam
operation are achieved via the chopper assembly, which consists of a kicker combined with an
absorber. In some scenarios, the LEBT chopper assembly can be used also as a pre-chopper to
assist the MEBT chopping system. Note that the primary machine protection mechanism is to
disable the beam from the ion source by turning off its extraction and bias voltages. The LEBT
chopper serves as a fast beam switch during the ion source turn-off time.

The LEBT optics design (Figure 2.3) incorporates two regions. First, the beam is nearly fully
neutralized from the exit of the ion source to a point immediately upstream of the chopper kicker.
Then, depending on the operational mode the beam can be either neutralized or un-neutralized from
downstream of the kicker to the RFQ entrance. In the un-neutralized mode, the secondary ions
created in the downstream region are removed by a constant electric field on the kicker plates, and
the upstream ions are trapped by a positive voltage on an electrode inside the second solenoid,
referred below as insulated diaphragm #2. In the neutralized mode, the kicker plates as well as
insulated diaphragm #2 are normally grounded, while the scraper located at the line end is biased
positively to prevent ions from escaping longitudinally.

3 5x10
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Figure 2.3: Beam horizontal (red) and vertical (blue) envelopes (2.56) for the partially un-
neutralized LEBT optics solution (computed with a PIC-like code written in MathCAD). The black
dashed line indicates the level of neutralization (0 = fully neutralized; 1 = full beam current of 10
mA). The transition from 0 to 1 coincides with the position of isolated diaphragm #2. The dotted
orange line shows the longitudinal magnetic field on-axis along the beam line provided by the
solenoids.
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Figure 2.4: Beam horizontal (red) and vertical (blue) envelopes (2.5c6) in the LEBT with fully
neutralized transport. All optical elements are identical to those in Figure 2.3; only the solenoid
currents were adjusted.
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Figure 2.5: Emittance evolution along the LEBT for a 10 mA, 30 keV beam for partially
neutralized transport. The start of the emittance growth appears at the transition between the
neutralized and un-neutralized beam transport. The initial distribution of the H™ ions is axially
symmetrical and Gaussian both in spatial and angle planes.

The LEBT scheme is flexible enough to accommodate both versions of beam neutralization by
adjusting potentials and solenoid currents. Figure 2.4 presents the results of simulations for the
fully neutralized transport. The transport with the un-neutralized downstream section is beneficial
for minimizing the difference between short pulse and CW operations, as well as for minimizing
transition effects when the beam is switched on. However un-neutralized beam transport may result
in an emittance growth as illustrated in Figures 2.5 and Figure 2.6. The relative benefits of each
scenario will be clarified in the course of PXIE experiments.
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Figure 2.6: Phase space distribution (x-x") at the entrance of the RFQ for fully (left) and partially
(right) neutralized transports. The initial distribution was Gaussian in both planes.

2.1.2.2. RFQ - Radio Frequency Quadrupole Accelerator

The 162.5 MHz RFQ accelerates the 30 keV H™ ion beam to 2.1 MeV for beam currents of up to
10 mA CW. Design parameters are presented in Table 2.3.

The beam dynamics of the RFQ was simulated using the beam distribution measured at the
output of the D-Pace H™ ion source [16], which is used to test CW operation of the warm frontend.
Figure 2.7 presents the dependence of computed RFQ transmission on the beam current. The
design has over 98% transmission for the beam current from 1 to 15 mA. At the nominal current of



5 mA, 99.8% beam capture is achieved in this simulation.

100  —
99 +

98 -+

97 -
9 -+

95 +
94 +

93 +

Transmission (%)

92 -
91 +

90 +

12 3 456 7 8 9101112131415
Current (mA)

Figure 2.7: Dependence of the calculated RFQ transmission on the beam current.

Table 2.3: Main parameters of the RFQ

Parameters Value Unit
Input energy 30 kV
Output Energy 2.1 MeV
Duty factor 100 %
Frequency 162.5 MHz
Beam current 5 (nominal); 1-10 mA
Transmission at 5 mA 99.8 %
Output transverse Emittance at 5 mA 0.15 mm-mrad
Output longitudinal Emittance at 5 mA 0.70 keV-nsec
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Figure 2.8: Dependence of the calculated transverse (left) and longitudinal (right) rms normalized
emittances on the beam current; the transverse emittance is presented in mm-mrad and the
longitudinal one in keV-ns (1 keV-ns = 0.32 mm mrad).
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Figure 2.9: TraceWin simulations of 36 beam envelopes (hor, vert, and long.) through the LEBT
and the RFQ for a 5-mA beam current. Magenta lines show displacements of bunch centroid.

Results of simulations of the transverse and longitudinal emittances as functions of the beam
current (assuming a 0.11 mm-mrad rms normalized emittance at the RFQ entrance) are presented in
Figure 2.8. At the nominal beam current, the output rms normalized transverse and longitudinal
emittances are 0.15 mm-mrad and 0.7 keV-ns (0.224 mm-mrad), respectively. The beam dynamics
simulation was conducted using PARMTEQM and TraceWin [17, 18]. Figure 2.9 shows the
simulated 3¢ beam envelopes at 5 mA, starting at the exit of the ion source, for a fully neutralized
beam current. The particles longitudinal distribution over longitudinal action is shown in Figure
2.10.
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Figure 2.10: Particle longitudinal distribution at the end of the RFQ simulated for 5 mA beam
current. Vertical lines mark the 1o and 4c boundaries for 0.25 mm-mrad (rms) normalized
longitudinal emittance.



2.1.2.3. MEBT - Medium Energy Beam Transport

The required bunch structure for PIP-II operations will be formed in the MEBT, the ~10m
section between the RFQ and the HWR cryomodule. The heart of the MEBT is a wideband
chopping system that directs unneeded bunches to an absorber according to a pre-selected pattern
and transfers bunches chosen for further acceleration into the SC Linac with minimum distortions.
Beam chopping in the MEBT is used in other facilities (e.g. SNS [19]), but the concept of bunch-
by-bunch selection results in significantly more demanding requirements to the chopping system.
In addition, the MEBT provides the proper optical matching between the RFQ and the SRF section,
includes tools to measure the properties of the beam coming out of the RFQ and transported to the
SRF cavities, and has means of protecting the SRF section from excessive beam loss and flow of
gas originating in the beam absorber.

The MEBT transports the 2.1 MeV, 1-10 mA H beam with low emittance growth (< 10%) and
low beam loss of the passing bunches. The complete list of functional requirements is presented in
Ref. [20]. Transverse focusing in the MEBT is provided mainly by equidistantly placed quadrupole
triplets with the exception of the two doublets at the RFQ exit (see Figures 2.11 and 2.12) matching
the RFQ beam envelopes to the MEBT periodic focusing structure. Each triplet or doublet is
followed by a pair of dipole correctors (one horizontal and one vertical). The specifications for the
quadrupoles and correctors are listed in Ref. [21]. Below, the spaces between neighboring triplets
or doublets are referred to as MEBT sections. The period in the regular part is 1140 mm, which
leaves a 650-mm long (flange-to-flange) space for various equipment (only 350 mm in the section
between doublets labeled #0 in Figure 2.11).
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Figure 2.11: The MEBT structure. Sections are color-coded according to their main functions. The
red vertical arrows schematically show the transverse focusing (doublets or triplets) elements.

The undesired beam bunches will be removed in the MEBT by a chopping system, shown in
Figure 2.11 by the pink boxes. The chopper consists of two identical 50 cm long kickers separated
by a 180° betatron phase advance and an absorber (90° from the last kicker). In the broadband,
travelling-wave kicker, the transverse electric field propagates with the phase velocity equal to the
speed of H™ ions (~20 mm/ns, = 0.0668) so that the ion vertical velocities change sufficiently to
displace the ion bunches, that are designated for removal, onto the absorber. Detailed specifications
for the kicker can be found in Ref. [22]. Figure 2.12 presents the simulated transverse beam
envelopes in the MEBT for both passing and chopped bunches. The chopped bunches are directed
onto an absorber which is displaced vertically from the beam trajectory. Presently two versions of
the kicker, which differ by the structure’s impedance, are being investigated [23].To keep the beam
properly bunched, the MEBT includes 3 identical bunching cavities [24].
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2.1.3. SC Linac - Superconducting Linac

The SC Linac starts immediately downstream of the MEBT. It accelerates the beam from 2.1
MeV to 0.8 GeV and includes five types of superconducting (SC) cavities to cover the entire
velocity range required for acceleration of H (or protons).

2.1.3.1. Accelerating Cavities

The cavity frequencies and cell configuration are selected to maximize acceleration efficiency
for each accelerating structure, to minimize cost of the accelerator and its operation, and to
minimize the beam loss.

A primary efficiency factor for a cavity is the flight factor, 7(f), which has a dependence on the
beam velocity, £, shown in Figure 2.13 for different numbers of cells in a cavity. The figure shows
that the range in f over which the beam can be efficiently accelerated increases with a decreasing
number of cells per cavity. On the other hand, a too small number of cells reduces the effective
gradient and increases costs, due to end effects. The maximum acceleration is achieved for a
velocity larger than the geometric-beta, fs. This velocity for maximal acceleration is called the
optimal beta, 3,,. For a periodic structure with a harmonic distribution of electric field along the
axis,

E «csin(wz / Bye)exp(iot) (2.1)
the flight factor can be expressed by the following formula:
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where 7 is the number of cells in the cavity operating at 7~-mode. Ty(p) is the transit-time factor,
which is normalized so that 7Ty(f;) = 1, while the flight factor is normalized at 7(f,,) = 1. The
above expression approximates well the transit-time factors obtained by numerical integration of
the actual time dependent electric field of the PIP-II cavities. The geometric betas, f;, presented in
Table 2.4 were obtained by fitting Eq. (2.2) to the numerical integration results. Note that for
typical multicell elliptic resonators an accurate accounting of fields in the edge cavities results in a
value of f; slightly larger than the other frequently used definition based on Eq. (2.1), where £ is
defined as the ratio of cavity period to the half-wavelength. The corresponding numbers are
presented in the note to Table 2.4. For a large number of cells per cavity the geometric and optimal
betas of Eq. (2.2) are related by the following approximate equation:

P bo 14— 3)

Recent developments in 1300 MHz ILC technology at Fermilab [25] and elsewhere have
significantly improved SRF technology in general and have made it a preferable choice for the
possible future extension of the PIP-II linac to higher energy. That forces the choice of accelerating
frequencies to be subharmonics of the ILC frequency of 1300 MHz, and, consequently, yields
162.5, 325 and 650 MHz as frequencies for PIP-II. This choice results in a comparatively smooth
frequency increase in the course of acceleration, accommodating bunch compression due to
adiabatic damping.

Table 2.4 and Figure 2.14 present parameters of the cavities for the linac. The acceleration starts
with half-wave resonators (HWR) operating at 162.5 MHz. These are followed by two types of
single spoke resonators operating at 325 MHz (SSR1 and SSR2), and finally by two types of
elliptical 5-cell cavities at 650 MHz (LB650 and HB650). Figure 2.15 presents the flight-time



factors for the SC Linac. The accelerating voltage in each next cavity type is significantly larger
than in the previous one. That determines that the transition happens earlier than the transit-time
factors for two types become equal.
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Figure 2.13: Transit-time factor versus the ratio of the beta to the geometrical beta, f/fs, for
different number of cells in a cavity, n.

Table 2.4: Accelerating cavities types for the SC Linac

Cavity Bg Bopt | Freq. Type Energy gain at £, | Energy range

type (MHz) of cavities per cavity (MeV) (MeV)

HWR 0.094 | 0.112 | 162.5 | Half wave resonator 2 2.1-10.3

SSR1 0.186 | 0.222 [ 325 Single-spoke 2.05 10.3-35
resonator

SSR2 0.398 | 0.475 | 325 Single-spoke 5 35-185
resonator

LB650 | 0.631° | 0.647 | 650 Elliptic 5-cell cavity 11.9(11.7°% 185 —-500

HB650 | 0.947° | 0.971 | 650 Elliptic 5-cell cavity 19.9 (19.6 %) 500 - 800

* Note that f; for the elliptic cavities can be also defined as the ratio of regular cell length to half-
wavelength. That yields fz =0.61 for LB650 and yields £ =0.92 for HB650.

* It represents a mean value among different field distributions with field flatness of 95%.

The choice of the RFQ frequency was determined by a requirement for the possibility of bunch-
by-bunch chopping which would be beyond the present “state-of-the art” at 325 MHz but is
feasible for 162.5 MHz. The same frequency is used for the first superconducting cryomodule
SSR1, because it results in reduced transverse defocusing and reduced longitudinal focusing from
cavity fields, which otherwise would severely limit the accelerating gradient in the first SC
cryomodule. The number of cavities, and the linac length, required to accelerate the beam to 11



MeV is reduced by more than a factor of 2, compared to cryomodules with 325 MHz cavities. Note
that even this frequency choice does not enable a usage of nominal voltage for the first few
cavities. In particular, the first cavity uses about half of nominal voltage.

10.3 MeV 185 MeV 800 MeV To experiments
- | at 800 MeV
HWER SSR1 SSR2 LB650 | | HB650 Ll
p=0.112 | | p=0.222 | | | B=0.475 [ | B=0.647 | || PB=0.97
2.1 MeV 35 MeV 500 MeV
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Figure 2.14: Technology map for SC part of PIP-II linac.
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Figure 2.15: Transit-time factors for PIP-II SC cavities; red dots mark position of S, and blue dots
position of 5, .

The cavity arrangement described above also yields:

e simplified longitudinal beam dynamics at each transition from one cavity type to another
due to the limitation of frequency jumps to a factor of two, and
e an increased aperture at the beginning of the linac due to the use of lower frequency
sections.
The larger apertures reduce uncontrolled beam loss on low temperature surfaces to a tolerable
level. We emphasize that the choice of cavities with lower frequencies reduces the effects of
focusing/defocusing by accelerating cavities, and also decreases the number of cells per cavity,
consequently widening the dependences of transit-time factors on beta, which increases effective
accelerating gradients and acceleration efficiency.

However, there are also some disadvantages related to the preference for lower frequencies:



e Microphonics is a more serious issue at lower frequencies.

e Lower frequency cavities are more expensive (more niobium), but that cost increase is
compensated (within presently known accuracy) by the use of a smaller number of cavities
and RF sources. The latter is mainly related to a smaller number of cells for the elliptic
cavities (5 versus 9 for the ILC cavities), and, consequently, smaller variation of the transit-
time factors.

The operating gradient is chosen to provide a peak surface magnetic field that allows operation
below high-field Q-slope; see Figure 2.16 taken from Ref. [26] (see also [27]). For the frequency of
162.5 MHz we adopt a the maximum magnetic field of about 50 mT; while for the frequencies of
650 MHz it increases to about 70 mT. For all frequencies the peak surface electric field is less than
40 MV/m [28] in order to avoid the risk of strong field emission (see details in Section 3). The
transition from the 325 MHz single-spoke cavities to the 650 MHz section based on elliptical
cavities is chosen at the energy of about 185 MeV, because at lower energies elliptical cavities lose
efficiency. It is inefficient to accelerate H ions from 170 MeV to 0.8 GeV using only one cavity
type and, thus, two families of 650 MHz cavities are chosen. Table 2.5 presents the main electro-
dynamical parameters of SC cavities. The effective length of a cavity is computed based on £, so

that: Leff =n,,, ,Bop,c/ (2 f ) , where n..; is the number of cells in a cavity (n..; =2 for HWR, SSR1

and SSR2; n.; =5 for LB650 and HB650). Consequently, the accelerating gradient is AE/L.y,
where AE is the net energy gain at the optimal beta.
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Figure 2.16: High field Q-slope versus frequency.

The transition energies between different types of cavities were optimized to minimize the total
number of cavities. As an example of such optimization Figure 2.17 displays the number of cavities
required as a function of geometrical betas for LB650 and HB650. Here we additionally assume a
linear dependence of the field enhancement factors versus beta [29], that the initial synchronous
phase is -30°, and its modulus decreases inversely proportional to the square root of the energy to
keep the desired RF bucket size. As one can see from the left pane of Figure 2.17 the number of
cavities has a weak dependence on betas in vicinity of the minimum. The optimal geometrical betas
for the two 650 MHz sections are 0.64 and 0.9 respectively (left), and the optimal transition energy
is 466 MeV (right). More accurate simulations taking into account realistic enhancement factors
obtain an optimal choice of betas at 0.61 and 0.9.



Table 2.5: Main electro-dynamical parameters of SC cavities

Cavity Aperture Effective | Accelerating | Epeax Bpeak . | (R/Q)’ G
type (diameter) length gradient ” (MV/m) (mT) Q) Q)
(mm) (cm) (MV/m)
HWR 33 20.7 9.7 44.9 48.3 275 48
SSR1 30 20.5 10 38.4 58.1 242 84
SSR2 40 43.8 11.4 40 64.5 296 115
LB650 83 74.6 15.9 38.5 72 375 191
HB650 118 111.9 17.8 38.3 72 609 260

" For energy gain per cavity presented in Table 2.4.

Energy gain per cavity vs. Energy
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Figure 2.17: Number of cavities required versus cavity beta in the two 650 MHz sections (left) and
the energy gain per cavity versus particle energy (right) for LB650 (red curve) and HB650 (blue
curve) cavities.

2.1.3.2.  SC Cryomodules and Requirements to their Cryogenics

Cavities and focusing elements, as necessary, are grouped within cryomodules. In the 162.5 and
325 MHz sections transverse focusing is provided by superconducting solenoids, while in the 650
MHz sections by normal conducting quadrupole doublets located outside of the cryomodules. The
main cryomodule parameters and the arrangement of focusing periods by cryomodule type are
shown in Table 2.6. The periodicity of focusing elements is chosen to achieve sufficiently strong
focusing required to reduce focusing variations due to variation of cavity transverse defocusing
with longitudinal particle position inside bunch. The distance between cavities in the HWR, SSR1
and SSR2 cryomodules is minimized to avoid longitudinal overfocusing representing severe
limitation on the accelerating gradients at the beginning of each cryomodule type.

For beam steering and optics measurements each magnet package (i.e. solenoid or quadrupole

* Through this document we define (R/Q) so that in the absence of cavity detuning and beam current, the
RF power required to create the voltage amplitude U, is equal to: P,= (1+82 U (4 B(RIQ)Qy), where f3, is
the coupling coefficient, and Q is the cavity unloaded quality factor.



doublet) includes vertical and horizontal correctors and a 3-coordinates beam position monitor*
(BPM). All cryomodules are separated by warm sections. These warm sections are used for
additional diagnostics (bunch transverse and longitudinal profile monitors, beam loss monitors,
etc.) and for beam collimators required to avoid uncontrolled beam loss inside SC cryomodules.
The makeup for each of the warm insertions will be determined by requirements of safe and
reliable operations, diagnostics, collimation, and cryogenic segmentation constraints. Details of
cryomodule designs are presented in Section 3.

Table 2.6: General parameters of SC cryomodules

CM Cavities | Number [CM configu-|CM length| Oy at 2K |Surface resis-| Loaded Q
type per CM | of CMs ration” (m) (10" tance, (n€2) (10%
HWR 8 1 8 x (s¢) 5.93 0.5 9.6 (2.75*) 2.7
SSR1 8 2 4 x (csc) 5.2 0.6 14 (10%) 3.7
SSR2 5 7 sceseese 6.5° 0.8 14.4 5.8
LB650 3 11 cce 3.9° 1.5 12.7 11.3
HB650 6 4 ceeeee 9.5 2 13 11.5

1P
S

" Within the cryomodule (CM) configuration column “c” refers to an individual accelerating cavity, and
to a focusing solenoid.

* This number represents the present estimate of cryomodule length. It will be finalized with advances in the
cryomodule design.

* Based on recent measurements of two HWR cavities at 2 MV accelerating voltage.

*Based on recent measurements of SSR1 cavities made of CABOT niobium. We expect to get better results
for the SSR2 cavities to be made of material which satisfies Fermilab specifications [30].

The cavity Qq’s are based on an operating temperature of 2K and a conservative approach to the
surface resistance based on values already obtained in operating cryomodules. As shown in Table
2.7 the dynamic cryo-loads in the CW regime significantly exceed the static loads.

The duty factor of cryogenic operation in the pulsed regime is mainly determined by the time
required to pump the energy into the cavity and then to discharge it. For this estimate we assume
that Oy does not depend on the field value. The duty factor for cryogenic operation is then equal to:

;’@2 j (E(0)) dt
e

Meryo = 24)

where E,. 1s the accelerating voltage of a cavity, and f,., is the repetition rate. Further we assume
that the cavity voltage changes as: E(¢)=2E__ (1 —e ) ,0<t<27In2 at cavity charging, and as

E(t)=E,_ e '*",t>0 at cavity discharging, where 7 =0, /27 f is the time constant for energy

max

decay. The accelerating voltage stays constant during the beam pulse of 0.55 ms.

Table 2.8 presents the cryo-duty factors and the dynamic cryo-loads assuming all cavities
operate at the nominal voltages presented in Table 2.4. The static losses are the same as for CW

4 The BPM has 4 plates and allows measurements of both transverse beam positions, as well as longitudinal bunch
position measured by bunch arrival time.



operation and are presented in Table 2.7. As one can see for the normal cavity discharge described
above the cryo-duty factor is almost an order of magnitude larger than the beam duty factor of
1.1%. The cavity discharge can be accelerated by pumping the RF power with an inverted phase to
the cavity after the beam pulse until the cavity voltage is  zero,

E(t)=EmaX(e’”2T—2(1—e’t/2’)),0<t/z'<0.8109.... This reduces the dynamic cryo-loads by

almost factor of 2. The cavity couplers are designed to withstand the resulting four-time increase
in RF power. The HWR cavities are designed so that they cannot be used in a pulsed regime and
therefore are excluded from Table 2.8.

Table 2.7: Cryogenic loads in SC cryomodules for operation in the CW regime

CM Number Static loads per CM, (W) Dynamic loads per| Total load at 2 K
type of CMs CM, (W) per CM, (W)
70K" | SK” 2K 2K 2K
HWR 1 250 60 14 233 37
SSR1 2 194 71 12 23.1 35
SSR2 7 145 50 9 52.5 62
LB650 11 64 8.7 3 75.5 79
HB650 4 118 17.2 5 195 200
Total 2828 715 146 2048 2194

* Cryo-loads are computed with nominal accelerating voltage for all cavities. The actual voltages
required by the optics are smaller (see Figure 2.22) which yields somewhat smaller heating loads if all
the cavities are operating at the design accelerating gradients.

" Static cryo-load includes heat flux from the couplers and current leads of magnets operating at their
maximum currents.

Table 2.8: Cavity parameters for operation in the pulsed regime

CM Time Normal cavity discharge Accelerated cavity discharge
r. (ms) Cryo-duty |Dynamic cryo-loads| Cryo-duty Dynamic cryo-
’ factor, % per CM (W) factor, % loads per CM (W)
SSR1 1.8 6.8 1.6 3.8 0.88
SSR2 2.9 9.9 5.2 5.3 2.8
LB650 2.8 9.7 7.3 5.2 4.0
HB650 2.8 9.8 19.2 52 10.3
Total* 220 130

* This value includes contribution of HWR cryomodule operating in CW mode.



To minimize cost of the cryogenic system the PIP-II linac will operate in pulsed mode, with the
capability to be upgraded to CW operations at a later time. That allows utilizing the considerable
existing Tevatron cryogenic infrastructure, including the Central Helium Liquefier (CHL), transfer
line, and compressors. The projected cooling power of such a cryo-plant is presented in Table 2.9.
Details of the technical implementation are presented in Section 3. A future upgrade to CW
operation will require a new 2K cryogenic plant.

Table 2.9: Cooling power of the cryo-plant for low duty factor operation

Temperature of cooling circuit, K 70 5 2

Cooling power, W 5720 1250 490

Assuming CW operation of one obtains the total dynamic cryo-loads at 2 K° for all cryomodules
to be 220 W for normal cavity discharge and 130 W for accelerated cavity discharge. Adding the
static cryo-loads yields the total cryo-load at 2 K to be 366 and 275 W, respectively. As shown in
Table 2.9 the cooling power of the cryo-plant at 2K is 490 W. That leaves a margin of only about
30% for the less optimistic case of operation with normal cavity discharge. Such margin is
considered being insufficient and therefore the accelerated cavity discharge is planned to be used.
Note, that the total cryogenic heat load at 2K is almost equally distributed between the static load
and dynamic loads and is less than 15% of the cryogenic load for CW operation. The margin for
cryo-plant cooling powers for the 5K and 70K circuits is about factor of two as can be seen from
comparison of total static loads of Table 2.7 with the cryo-plant powers presented in Table 2.9. The
Low Qp program described in Section 3 is expected to decrease the dynamic cryo-losses and,
consequently, significantly increase the margin for 2K circuit.

In conclusion we note that the requirements for the maximum cooling power specified by the
Functional Requirements Specifications (FRS) exceed the values of cryo-loads presented in Table
2.7. Table 2.10 summarizes the FRS requirements for maximum cooling power which have to be
supported by cryomodule design.

Table 2.10: Maximum allowed heat loads per cryomodule

CM type 70K 5K 2K
HWR 250 W 80 W 50 W
SSR1 250 W 80 W 50 W
SSR2 250 W 80 W 75 W
LB650 100 W 15 W 100 W
HB650 300 W 25 W 220 W

2.1.3.3.  RF Power and Suppression of Microphonics

The RF system has to support 2 mA beam delivered in a 0.55 ms pulse at 20 Hz. The system is
based on a single RF source driving each RF cavity, for a total of 113 separate RF sources for SC
cavities. It is anticipated that the amplifiers in the 162.5 and 350 MHz sections will be solid state,
while those in the 650 MHz sections will be either inductive output tubes (IOTs) or based on the
phase-locked magnetrons.

The average RF power delivered to the cavities consists of two contributions: 1) the energy
transferred to the beam, and 2) the energy required to fill and discharge the accelerating cavities.



The second contribution is about ten times larger than the first and, in general, the average power
associated with this contribution does not depend on the peak RF power. For a fixed average power
the RF cost increases with peak power and therefore the RF cost minimum is achieved with RF
power equal to that required to accelerate the beam. Adopting this strategy yields a duty factor for
the RF power amplifiers of about 9% for operation with the normal cavity discharge and about
13% for operation with the accelerated cavity discharge. One consequence of this strategy is that
the cost savings associated with the pulsed power amplifiers in going from CW to low duty factor
is modest and therefore CW capable RF amplifiers are planned. The RF requirements are
summarized in Table 2.11. To estimate the peak RF power we assume that the maximum cavity
detuning due to microphonics, df, is equal to 20 Hz for all cryomodules [31]. That sets the optimal

coupling,
2 2
1 R/
ﬂc= (l‘l‘ bCOS¢a( Q)QOJ +(2é‘fQ0j , (25)
Uy o
the corresponding cavity bandwidth,
s =Lo(4p). 2.6)
&)

and the peak RF power,

_UN1+4) £l+lbcos¢a(R/Q)QoJ2+£ 250, J
"™ 4p.(R/Q)0, Uy (1+4.) 5(1+8,)

Here 1, is the beam current, Uy is the cavity voltage amplitude, and ¢, is the accelerating phase
assumed to be equal to zero in these estimates.

2.7)

Table 2.11: Requirements for RF power”

CM Power trans- |Microphonics| Cavity half- |Power transfer] Power Peak RF
type ferred to beam| amplitude | bandwidth, | efficiency margin power per
per cav. (kW) (Hz) 120, (Hz) cavity (kW)

HWR 4 20 33 90% 80% 6.5
SSR1 4.1 20 43 90% 80% 6.1
SSR2 10 20 28 90% 80% 17

LB 650 23.8 20 29 94% 80% 38

HB 650 39.8 20 29 94% 80% 64

" Powers are computed for a beam current of 2 mA. Allowances for transmission loss and microphonics
suppression are included in the peak RF power.
¢ Microphonics amplitude represents a target value for maximum cavity detuning due to microphonics.

The peak RF power presented in the last column of Table 2.11 sets the requirements on the
power of RF power sources. It accounts for power loss in transmission (implying cable for 325
MHz and wave-guide for 650 MHz) and the power margin required for effective operation of
voltage control system (low-level RF).

The large values of accelerating gradient and the comparatively small beam current determine a
small cavity bandwidth and, consequently, high sensitivity of cavity detuning to microphonics and



Lorentz Force Detuning (LFD). The major sources of cavity detuning are:
*  Variations in the pressure of the surrounding helium bath,
*  Mechanical vibrations driven by external sources, and
* Radiation pressure on the walls from the electromagnetic field inside the cavity due to
Lorentz force (Lorentz Force Detuning).

As can be seen from Eq. (2.7) the power required to maintain a constant accelerating gradient in a
detuned cavity rises rapidly as the cavity detunes. Providing sufficient reserve power to drive
detuned cavities increases both the capital and the operating costs of an accelerator. If sufficient
reserve is not available, the beam may be lost. Thus, all measures minimizing cavity detuning
needs to be taken to keep RF power at a reasonable level. The measures can be separated into two
broad categories: passive compensation and active compensation.

Passive compensation involves designing the machine and its components to minimize cavity
detuning. In particular, the following design objectives are aimed:

e Minimization of the sensitivity of the cavity resonance frequency to variations in the helium
bath pressure;

e The cryogenic system design has to minimize pressure variations in the 2K helium bath; the
target value is below 0.1 mbar for rms fluctuations and 1 mbar for maximum pressure
deviation;

e The cryomodule design has to minimize transmission of external vibrations to the cavities;

e The civil engineering has to minimize vibrations in the tunnel and the transfer of these
vibrations to cryomodules. In particular, large compressors have to be well isolated from
ground and be located far enough from the tunnel.

Active compensation involves sensing cavity detuning and using feed-forward or feed-back to
drive an actuator to compensate detuning in real-time. The detuning of each cavity can be
determined in real-time from the base-band forward, reflected, and probe RF signals and used to
drive a piezo actuator in a combination of adaptive feed-forward and feed-back loops.

Table 2.12: Functional requirement specifications on cavity detuning due to helium
pressure variations and Lorentz force detuning (LFD)

CM type HWR | SSR1 [SSR2 [ LB650| HB650
Sensitivity to He pressure (FRS), 