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« GARD RF Roadmap Status

* R&D Optimization Guided by a Cost Model

* Recent Innovations in the Performance of NCRF
Structures
« Impact of Structures, Beam Loading and
Gradient
« Highlights on Advanced NCRF Concepts for
Improved Cost-Capabillity

« Temperature, Novel RF Sources, Novel
Topologies



ol A

Gl

GARD RF Roadmap Status



GARD - NCRF Roadmap and Thrusts: Broad
Solicitation of Input

 Input received prior to and during workshop from:

* FENAL, ANL, LANL, LBNL, SLAC, UCLA, MIT, KEK,
CERN

* Report aims to include most impactful R&D thrusts for
NCRF accelerator systems

SRF Draft
Report

Solicitation for NCRF NCRF Draft
Input Workshop Report
Nov-Dec 2016 Jan 2017 Feb 2017

RF Workshop
March 2017

Working NCRF Draft
Group Inputs Report

“ldea Bank” RF Roadmap



Draft of Integrated RF Roadmap
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High Energy Physics Advisory Panel June 5-6, 2017
AARD & GARD-RF Roadmap Workshops, J. Blazey
https://science.energy.gov/hep/hepap/meetings/201706/



Draft of Structures Roadmap
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Normal Conducting Structures Roadmap

2018 2023 2028

Accelerator topologies / Advanced materials and manufacturing /
New regimes of operation in temperature and frequency / Virtual prototyping

Develop Accelerators Advances with Temperature Advances with Multi-
w/ Advanced Materials and Frequency Frequency
Goals: 100 MV/m 150 MV/m >300 MV/m
Gradient 120 MQ/m 150 MQ/m >200 MQ/m
Impgd_ance >20% >30% 60%
Efficiency

Currently considering the latest set of comments from the road mapping team. Please comment!

High Energy Physics Advisory Panel June 5-6, 2017
AARD & GARD-RF Roadmap Workshops, J. Blazey
https://science.energy.gov/hep/hepap/meetings/201706/



Draft of Sources Roadmap

RF Source Roadmap
V(-ET8 | 2018 2023 2028

Discrete Architecture Distributed Architecture Energy Recovery Concepts
Pulsed Sources Prototype Sources Integrate with Accelerators Technology Transfer
Projected Cost 20 $/kW Peak 5 $/kW Peak 2 $/kW Peak
Power Delivery Pulsed 65 MW/m Pulsed 100 MW/m Pulsed 200 MW/m
Efficiency 35% >50% >70%
CW Sources CW sources 650 MHz / 1.3 GHz Cost-Effective CW Sources CW Sources at Facilities
Projected Cost 5 $/W Avg. 2 $/W Avg. <1 $/W Avg.
Power Delivery CwW 100w CW 100 Kw CW 100 kw
Efficiency >50% >70% >80%

Currently considering the latest set of comments from the road mapping team. Please comment!

High Energy Physics Advisory Panel June 5-6, 2017
AARD & GARD-RF Roadmap Workshops, J. Blazey
https://science.energy.gov/hep/hepap/meetings/201706/



Draft of Auxiliary Systems Roadmap

Auxiliary Systems
201 8 2023 2028
Particle ‘ High repetition rate and [ Sub-mlcronlnc Cawty Freg. ~50 MHz
Sources high brightness e- source Emittance Slew Rate 5 MHz/s

‘ Polarized emitters { 200 MV/m, ~10pA J ‘

Currently considering the latest set of comments from the road mapping team. Please comment!

High Energy Physics Advisory Panel June 5-6, 2017
AARD & GARD-RF Roadmap Workshops, J. Blazey 8
https://science.energy.gov/hep/hepap/meetings/201706/



Strong Emphasis on Synergies
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Currently considering the latest set of comments from the road mapping team. Please comment!

SRF/NCRF synergies

« Surface physics of the cavity
* Novel fabrication methods

Office of Science synergies

* Nuclear physics (CEBAF, ATLAS, RHIC, FRIB)
« Spallation sources (SNS, ESS)
 Light sources (LCLS-Il, NSLS-II, XFEL...)

Federal Sponsors & Industry

* Interrogation
* Medicine
* Reinvigorating commercial RF sector

High Energy Physics Advisory Panel June 5-6, 2017
AARD & GARD-RF Roadmap Workshops, J. Blazey
https://science.energy.gov/hep/hepap/meetings/201706/
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COST MODEL
FOR NCRF ACCELERATORS
TO PRIORITIZE R&D



Cost-Effective Implementation of NCRF for Future
Multi-TeV e+e- Colliders

* Optimizing the cost of NCRF technology Is the
fundamental requirement for its implementation for future
colliders

« Cost model using latest NCRF innovations — identify
Improvements which would yield biggest impact on M&S
capital cost

« Leverage existing designs to provide a starting point —
Inputs for model such as beam power, tunnel cost

« Explore technology thrusts for major cost reduction

* RF source cost, RF source efficiency, temperature,
frequency, RF structure performance

11



Recent Innovations: Split Structure Accelerator Topology
Accelerates Beam and Operates at High Gradient
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* Innovations in NCRF accelerating structures enable new capabilities
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S. Tantawi, C. Limborg, A. Cahill, M. Nasr



Starting Point for NCRF Accelerator Technology
Parameters

« Quantifying impact of wakes requires detailed studies

« Using established collider designs to inform initial
selection of parameters

* Most important terms — aperture, bunch charge (and their
scaling with frequency)

cLIC NLC

Frequency (GHz 11.994 11.424
a/\ 0.15-0.22
Charge (nC) : 1.4
Spacing 6 16
Number of bunches 312 90

Source:
https://clic-meeting.web.cern.ch/clic-meeting/clictable2010.html
NLC, ZDR Thl. 1.3,8.3
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https://clic-meeting.web.cern.ch/clic-meeting/clictable2010.html

NCRF Accelerator System Cost Model for Innovative
Standing-Wave Accelerator Topologies

« Total accelerator system cost (C) can be expressed as:
. = xXE/G + yE(I + G/R,) + aux systems cost (e.g. injector)

SR

Length Beam Power Dissipated Source Efficiency (%)

« Where Power Structure Repetition Rate (Hz) 60
-  E —beam energy (eV) RF Source Cost ($/Peak kW) 6
- X — accelerator cost/length ($/m) Electrical Pwr (cents/kW-hr) 7
(tunnel cost + structure cost) Single Beam Power (MW)  5.25
- G — accelerating gradient (V/m) ) 1
-y — RF system cost/peak power ($/kw)  nstr-Add onLength (%) 0
(include power supply, RF source,...) Tunnel Cost ($k/m) 50
- Rg— shunt impedance (Q) Structure Cost ($k/m) 100
- | —Dbeam current (A) *Will hold these assumptions

* Cost Optimized Gradient chosen to evaluate relationship
- G=(Ry x/y)05 between parameters constant
-y =$2/kW (assuming 100 MV/m, unless specified

150 MQ/m, $0.15M/m) 14



Peak Power Cost and Scaling with Pulse Length of RF
Source (from AC in to RF at Accelerating Structure)

« Peak power cost of RF source scales with duty

« Constant beam loading, energy per pulse is constant

1 KW Magnetron 10 $/kW
5 MW Klystrons for 6 $/kW
Medical Linacs

50 MW X-band 20 $/kW
Klystrons XL4/XL5

5045 S-band 10 $/kW
Klystron

X-Band Radar 14 $/kW
Magnetron

X-Band Solid State 2000 $/kW
GaN

(few
millions/year)

(few
hundreds/year)

(ones and
twos/year)

(few/year)

(hundredsl/year)

30

Cost ($/kW)

107

Fixed Equipment
| Costs
107" 10° 10’

20|

Average Power
Handling

RF Source Cost / Peak | Quantity
Power RF Source Power Scaling - 60 Hz Rep Rate

Pulse Length (us)

102

Cost-scaling with duty has big impact — Need to refine model
for accurate optimization
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Optimized Cavity Geometries for T-mode Standing

Wave LINAC
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Impact of Short-Range Wakefields on Structure

Performance

« Tolerable energy

0 n E_I | e ]
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Courtesy K. Bane 17



NCRF Accelerator System Scaling with Shunt
Impedance and Beam Loading
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Beam Loading (%)

Rs (MQ/m)

C-band (5.712 GHz) 0.05 121
C-band (5.712 GHz) 0.1 92

X-band (11.424 GHz) 0.05 175
X-band (11.424 GHz) 0.1 133

Main Linac Cost, Temp. = 300K  X-band a/A =0.1 Gradient (MeV/m), Temp. = 300K
) &

100
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Alternate approaches to increasing shunt impedance (multi-
frequency, higher frequency, etc.) have strong impact
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NCRF Technology Innovation
for Improved Cost-Capability



NCRF Acceleratory Technology Improvements Through
Innovation Provide Pathway for Significant Cost Reduction

ol A

* Improved shunt impedance of structure always helps - if
we can handle the wakefields

« C-Band to X-Band more cost effective

* What is the limit?

* RF source cost is the dominant term — biggest benefits
will come from reducing cost or reducing required RF
power

« Many ways to reduce cost — fabrication, efficiency, etc.
« Many ways to reduce RF power — beam loading, shunt
Impedance, etc

« Goal iIs to quantify the impact

Moving Forward: Innovative NCRF Technologies Can Yield
Major Advances in Cost-Capability 20




Impact of RF Source Cost — X-Band 11.424 GHz, a/A=0.1,
Rs (MQ/m)=133, BL=36%

SLAC
----n
Main Linac* 0.53 0.67 0.79 0.90

RF Source 0.30 0.38 0.455 0.52 0.58

Tunnel 0.08 0.11 0.12 0.14 0.15

Structure 0.15 0.19 0.22 0.25 0.27
Gradient (MeV/m) 88 72 62 55 51

_ _ *Normalized Cost w.r.t.
» Cost of linac dominated by RF source X-band a/A =0.1

 Decrease cost of RF from for 6$/kW to 2%$/kW reduces
total cost by ~45%

« Note: Savings amplified by tunnel/structure cost and
gradient increases

« Structure cost has significant impact

21



RF Source Efficiency Impact on Electrical Power
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« Efficiency primarily impacts electrical power consumption — assuming
constant cost of RF power ($/kW)

« Linac requires 75 MW / TeV of average AC power + cooling — low enough

to operate at appropriate beam loading
»—~T205tgl Beam Power = 10.5 MW, Source Efficiency 50% ﬁ'lﬂtf?l Beam Power = 10.5 MW, Source Efficiency 80%
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« Reduced electrical demand by ~30 MW In Practice: Improved efficiency

helps DRAMATICALLY when it reduces RF source cost ($/kW)

Operational Savings Critical at the TeV Scale —
20yr lifetime savings of 110M$/TeV




Cryogenic Operation of Normal Conducting RF
Accelerator Systems
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* Reducing operation temperature to 77K reduces surface
resistivity and increases shunt impedance ~2.5X

» Favors scenarios with higher beam loading

»—«Tg&tgl Beam Power = 10.5 MW, Source Efficiency 50%
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 Increased electrical power requirement
« 35% beam loading requires 20 MW cryoplant / TeV
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NCRF Accelerator System at Cryogenic Temperature
Scaling with Shunt Impedance and Beam Loading
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Impact of Temperature and RF Source Cost — X-Band
11.424 GHz, a/A=0.1

el Ar>

JI—H\O

Temperature (K ----

Main Linac 0.37 0.53 0.68
RF Source 0.21 0.30 0.41 0.58
Tunnel Cost 0.05 0.08 0.10 0.15
Structure Cost 0.11 0.15 0.18 0.27
Gradient (MeV/m) 132 88 76 51
Cryogenic Load @ 77K (MW/TeV) 20 - 20 -
Electrical Load (1/TeV) 120 75 120 75

*Normalized Cost w.r.t. X-band a/A =0.1 @ 300K

- Increase beam loading to reduce cryoplant / Is there a better cryogenic temperature?

Savings: 32% Reduction @ 6$/KW, 63% Reduction @ 2$/kW +
200M$ for 20MW LN reliquification plant (Estimate Cosmodyne) 2s




Conclusions

- Paradigm shift in capability with high shunt impedance,
high-gradient NCRF

« Detalled optimization requires iteration with beam dynamics
« R&D thrusts shaped with help of cost model
« #1 cost driver is the RF source cost in $/kW-peak

« Advanced concepts in accelerator topology, temperature,
frequency and multi-frequency operation can make a
dramatic impact

« Critical: How does an optimized NCRF accelerator impact
auxiliary systems and vice versa?

Moving Forward: Innovative NCRF Technologies
Can Yield Major Advances in Cost-Capability 2




