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Table Of Contents Summary

This report provides the results. of this assessment. It is organized as follows:

●

b

b

●

●

●

●

●

Section 1.0

Section 2.0

Section 3.0

Section 4.0

Section 5.0

Appendix A

Appendix B

Appendix C

Introduction and Background

Executive Summary and Recommendations

Task 1: ASM Models for APT Baseline Linacs ,

Task 2: RF Linac Trade Studies

Task 3: Manufacturing Schedule Evaluation

ASM Cost Benchmarking Against Previous APT Cost Estimate

RF System Highlights

Accelerator Systems Model (ASM) Highlights

A detailed Table of contents is provided below. Additional outputs developed from this study
effort have been incorporated into the APT Conceptual Design Report, which is currently in
preparation.
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1.0 Introduction And Background

The APT program has been ekamining both normal and superconducting variants of the APT
Iinac for the past two year<. A decision on which of the two will be the selected technology will
depend upon several considerations including the results ofongoing feasibility experiments, the
performance and overall attractiveness of each of the design concepts, and an assessment of

. the system-level features of bo,th alternatives. The primary objective of the Assessment Of
Alternative RF fhac Structures For A:PT study reported herein was to assess and compare, at
the system-level, the performance, capital and life cycle costs, reliability/availability/
maintainability (RAM) and manufacturing schedules of APT RF linear accelerators based upon

~ both superconducting and normal conducting technologies. A secondary objective was to
perform trade studies to explore opportunities for system optimization, technology substitution
and alternative growth pathways and to identify sensitivities to design uncertainties.

The effort was organized as three tasks, defined on the following pages, which were performed
for Los Alamos by Northrop Grumman’s Advanced Technology & Development Center during
the period August, 1996- January, 1997. A primary vehicle used for performing this assessment
was the relatively new Accelerator Systems Model (ASM), a Fortran computer code which has
been jointly developed by Northrop Grumman, G. H. Gillespie Associates and Los Alamos over
the past four years.

●
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1.1 Task 1 Statement Of Work: Baseline Cases

Task 1 Statement Of Work: , “

Northrop Grumman shall review Los Alamos-supplied point design concepts for both the
normal conducting and superconducting APT accelerators and shall update ASM computer
models based upon these configuration. These models shall encompass the overall APT
plant, with emphask on the APT accelerator. They shall encompass all aspects of the APT
accelerator layout and performance (including RAM characteristics) and shall include the
Costs associated with all accelerator structures, the RF power system, and associated
support services, buildings and construction services. Subject to Los A\amos approval,
these ASM models and computer-generated resu/ts shall become baselines for the remainder
of this subcontract activity.

*
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1.2 Task 2 Statement Of Work: Trade Studies

Task 2 Statement Of Work: .

.

The baseljne normal and $uperconductjng APT accelerator desjgns wjll each reflect a specjfjc “ ~
set of technologies, performance parameters and constraints. These may or may not be “

. optjmal, depending upon the specjfjq crjterja to be used for desjgn selectjon. For example,
Table 1 depicts severs! possjbjljtjes for parametric optjmjzatjon of APT accelerator desjgns. In
collaboration with Los Alarnos, Northrop Grumman shall review, prioritize, select and perforti
ASM trade studies optimization issues, withjn the limits of avajlable resources. Each study
shall encompass the same /eve/ of detail and features as the base/ine described in Task 1.

*
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Table 1- Some Trade Study Areas For Optimization Of The APT Linac

●

●

●

●

●

✎

●

●

●

●

❉

●

●

●

●

●

●

●

b

Normal VS,Superconducting Structures
Other Alternative Accelerating Structures
Beam Energy vs. Current
Acce/eratlng Field Gradient >
Transition Energies & Matching Conditions
RF Coupler Power Transmission ,
RF Frequency Selection (High Energy Linac)
RF Amplifier Technology
RF Tanking
High Voltage Power Technology
Current Funneling
Multiple vs. Single Beamlines
RF Amplifier Redundancies
RF Pre-Amplifier Staging .
Mu/tip/e vs. Single Ion Injectors
Other RAM Trades & Sensitivities
Design Optimization vs. Expected Plant Life
Part Time Or Part Year Operation *

[Note: Studies related to the topics shown in bold Italics above were performed as part of the
Task 2 effort.. A more complete and precise listing of the trades performed is provided in Section
4 of this report.]

*
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1.3 Task 3 Statement Of Work: Manufacturing Schedule Evaluation

Task 3 Statement Of Work: .

Northrop Grumman shall review existing manufacturing studies and plans (to be provided by
Los Alamos), to provide an independent assessment of such existing APT manufacturing
process flows and schedules for the baseline normal conducting and superconducting APT
accelerators. These flows; and schedules shall include all aspects of procurement,
manufacturing, fabrication, testing and integration of the APT accelerator structures and rf
power systems. Possibilities for improvement in areas involving manufacturing producibility,
cost, and scheduling shall be identified.

‘*● Is
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2.0 Executive Summary

?!7ID

Acc81#r r
f%olfuctlon
of Trltlum

This Executive Summary is comprised of the APT Cost And RAM presentation given at the
JASONS Review of the APT Program on 21 January, 1977. The presentation materiais provided
herein are augmented by the addition of descriptive facing page text.. in addition, a brief
discussion of the resuits of Task 3, Manufacturing Scheduie Evacuation, is provided.

The reader shouid note that ‘the contents of this section were seiected to pr~vide a reasonably
succinct and seif-contained representation of the important results of the study rather than a
compiete record of the methods; approach and resuits. The iater are contained in the balance of
the report, beginning with Section 3.1 which discusses the abiiity of the Accelerator Systems
Modei (ASM), which was used to modei the APT iinacs, to match the specific APT point design
configurations.

●
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2.1 The Accelerator Systems Model (ASM)
The Accelerator Systems Model (ASM), developed by Northrop Grumman in cooperation with G. H.
Gillespie Associates and Los’ Alamos during the past four years, was used extensively in the
performance of Tasks 1 and 2 of the Assessment Of Altemaflve RF,Lhwc Structures For APT study,
the results of which are summarized in this section. ASM provides the following unique capabilities
for detailed layout and system-levelevaluationof advancedrf Ilnacs:

●

✎

●

●

●

●

Ability to model ion Iinac configurations based upon a large number of existing and recently
proposed normal and superconducting Iinac structures, operating over a wide range of rf “
frequencies
Detailed cell-by-cell tracking of the Iinac configuration and the electrical and rf power system
performance
Generation of detailed component inventory that includes all accelerator systems and
dedicated facilities
System reliability, availability, maintainability (RAM) modeling for estimation of operational
availability and the cost of component replacementand/or refurbishment
Cost analysls capability which encompassescapital, construction,and annual operating costs,
resulting in a single life cycle cost estimate

As indicated on the following two charts, the current version of ASM, includes specific models for all
of the accelerating structures In the APT designs, allowing the analyst to consider many Iinac ~
configurations and technology trades using a consistent set of modeling algorithms.
The on-going ASM development effort Is currently concentrat~ngon the improvement of existing
models (e.g., diagnostics, instrumentation and control and cryogenics), implementation, of an
automated capability for parameter trades, and adaptation of the code for pulsed ‘ion Iinacs. Future
ASM variants dedicated to applications involvingelectron beam accelerators, free electron lasers, ion
cyclotrons and ion storage rings are envisaged.

*
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Accelerator Systems Model (ASM*) Used To Perform Study

.

A

Existing Models:
● ion sources

s LEBTs
● RFQ’s
● Matching
● DTL
s CCDTL
● CCL
● SCL

● HEBT
. RF Power

● services
c Dedicated Facilities
● cost

. . \

. .

- ECR or RF-Driven
- PMQ or EMS
- Conv. or Resonantly Coupied
- Interstructure & Funnei
- Various Lattices & Magnet Types
-2 or 3 Gaps
- individual Tanks or RF Supermoduie
- Low ~ independent Cavities or High p .’

Muiti-Eiiipticai Celi Cavities
- Per User Specified Layout
- Compiete Station Incl. Output/Driver
Tubes, Power Suppiies, Transport

- Thermai (inci., Cryoplant), Eiec., l&C
- Tunnel, Buiidings

.

- Life Cycie Inci. Labor, Materiais, Learning
Curves, Eiec., Staff, Replacements, etc.

- Requirements Aiiocation & Sensitivities ● ASM Is a joint ,development of Northrop
Grumman, G.H. Glilesple Assoc., and
Los Alamoa

Ac&d& g Mm7wirwac#MwlN
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ASM Calculational Flow

!n.e!ds
cGlobal requirements (energy,

current, freq., mass, charge)

. Linac RF structures & config.

. ● Physics recipes

● RF power tech. & config.

● Engineering, RAM, cost data

● Energy break points/other iogic

I

Beamline Physics Layout

● injector & RFQ sizing & performance

● Matching between accelerating structures

.; Ceii-by-ceii iattice & magnet requirements

● Ceii-by-ceii eiectric fieid ramping & power

consumption

● Tanking break points

● Beamiine. power& parts inventory buiidur

RF Power Sizing I

● Seiection & sizing of 2-3 stage

RF ampllfier chain

● RF configuration (AC iine to

accelerator cavity)

● Determination of AC power

requirements

I

.
.

RAMI Estimation

● Equipment failure rates &times

to repair or repiace

● Subsystem reiiabiiitylavaiiabiiity

maintainability (RAM) buildups

(inciuding spares)

● System reliability & availability

estimation

,

Accelerator /RF Svstem “cost

● Non-recurring ,engineering cost

● Unit manufacturing costs for major

components & assemblies

● Scaling for size & quantity “

● Buiiding & faciiity costs

cOperating costs (staff, eiec., replacement:

● Discounted present vaiue of life cycle co:13s

Summary

● Celi & tank details

● Accelerator iayout

● RF & power flow

● Reliability & availability

● Capitai & operating cost:

● Manufacturing Scheduie
● Life cycie costs

*
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2.2 APT Linac Cost Summarv

.

ASM cost estimates for APT plants based upon the baseline normal conducting and
superconducting APT accelerators discussed are summarized in this section. The relative
capital, operating and life-cycle costs of these two technology alternatives, for nominal tritium
production levels of 2.2 and 3.15 kg/yr are provided. .Trade studies which Investigate
possibilities for cost savings at the lower of the two production levels are also summarized.

$ . ?
The development of the estimates repoked herein was preceded by an activity which compared
our ASM results for the cost of the APT accelerator with an earlier Los Alamos cost estimate
(LA-UR-95-4045) for a smaller superconducting Iinac (100 mA, 1000 MeV). [This analysis is
provided as Appendix B; ] Of special note, the ASM total capital cost estimate was within 14%
of the previous Los Alamos estimate.

. .

‘*m.
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Highlights Of Cost Estimation Approach

Highlights of the cost estimating approach are provided in the next two charts. The “overnight capitai cost” is
comprised of ail of the sum of the plant equipment, iabor and materiais costs from Preliminary Design through
completion of the 1.5 year startup phase, but without consideration of escalation or other financing
considerations during the life of the construction project. The overnight cost is added to a discounted sum of
the operating costs over a 40 year period to establish the estimated life cycie cost (detaiis of discounting
assumptions wiil be provided later in this section). Aii costs in this section (and throughout this document) are
referenced to 1995 dollars.

The capitai cost estimates were deveioped, in priority order, from scaled actual costs of as-buiit hardware,
vendor-suppiied cost estimates and grass roots estimates which considered the costs and/or iabor associated
with all of the aspects of design, engineering, procurement, manufacturing and test.. Where muitipie
procurements of the same item were involved, learning curve scaling was used to refiect the reduced unit costs.
For example, if the learning curve is 94% and the normalized cost of the first unit or lot is 1.0, then the cost of the
second unit or lot Is 0.94 and the cost of the fourth unit is 0.88, the cost of the eighth unit is 0.83, the cost of the
sixteenth unit is 0.78, etc.

The operating costs are dominated by the cost of electricity, assumed to be 34.5 mii/kWeHr (0.0345 $/kWeHr)
during the first year of operation and the cost of component replacement and refurbishment. The later cost is
strongly influenced by the failure rate analysis which Is embedded in the RAM analysis (see Section 2.3).

The cost analysis assumes that much of the equipment will be furnished by the government to the integrating :
contractor. Only the first few (Typ. 10) units would be purchased by the contractor. The net effect is to
eliminate multiple procurement burdens in the procurement cycle.

The equipment budget for the Iinac includes contingency, which varies according to the subsystem to be
procured. The analysis reported herein assumes an average contingency of 21Y0.

*
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Highlights Of Cost Estimation Approach

.

1997 1998 199920002001 20022003 200420052006200720082009 20102011 20122013

,,,.....”..,,,,”,,.................w”.”.””.”x*.
ComponentFabrlcation,.,,”,,.......... “,.,,,,,. ......W*.”..W*.”....O””O...,,,,,,...... ............ ,,,..

Assemblyand Integrator,..”..”.. ..... . ,*......D. . ..W..D..O$-.. .0””” . . . . . . . . ...*..” . . .

Ship to Site,,,,,.,..,...,,,,.,.,”,,,,.,,.+,,,.,.”.”“.”*”....””.....,*.,.,,.....”.”.,,“
On-SiteInstallatlor,,,..,.,.,,",,,,,,.,......*""......"."...".w.m..w“,..,W.....,,.,,......”.“

InitialOperatiolI,.,,,,..,,,..,,,,,,,,,,.,,,,..,.,..,,,,”,.”.,.. .... . ...”......,”,-”,,,,,,”,,..,,,
!!,,. o,,,,,..,,,,.,,,,. o,..,,,.,,,,,...,...,.,,,,,.,.,,w,......, . . . . . . . . . . . . ,,,,,,., . . . . .,,

!W#mmLsmm$ ,.,, ”.,”..,,......,,,,. .,$!

“qj-.....,.*,*,,. ,xr~ws--.” +,m!,.~m!,.~ . —, ,, W..-P.P <,. ~, LifeCycleCost ($-95) “<<~‘ /3

● Capital costs developed from:

- Scaiing fromsimiiar hardware programs (e.g., RFQ)
- Vendor”cost data (e.g., superconducting cavities, RF power

station)

- Grass roots estimates and manufacturing plans (e.g., CCDTL)

- Learning curve savings for muitiple lots and rate production
. Operating costs developed from:

- Eiectrlcity consumption (34.5 rnil/kWeHr)
- Piant staff ($73,000 per HE) ●

- Component replacement (or refurbishment) costs

● Extensive use of Government Furnished Equipment:

- RF power equipment,vacuum pumps,focusingmagnets, copper

● Average contingency =210/0

‘v&r
Producriin -
of Trltlum
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Typical Rate Production Learning Curve

The next chart indicates typicai “learning experience” in the production of high precision
superconducting equipment (i.e., Northrop Grumman’s production of the superconducting
dipoie magnets for Brookhaven’s Relativistic Heavy Ion Coiiider, RHIC). The best fit to this .
experience is a 91YO learning curve, which was used to estimate the production costs for the ~ :
Iinac accelerator structures, both superconducting and normal conducting. A iess aggressive.
94% iearning curve was used to estimate the rf power system components. The estimates aii
assume that manufacturing engineering inputs to the design process occur beginning during
Preliminary Design (cost of this activity inciuded in the estimates) and that there wiii be one
iarge production run (one manufacturer) for each major component. If the production is to be
spiit among more than one manufacturer, then the cost wiii increase because the iearning curve
savings wili be substantiality reduced. “ ~

47m
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Typical Rate Production Learning Curve

Example: RHIC Superconducting
Di~ole Macjnet Production Program

.

. “Learning curve” equations
have been used to capture
reduction in estimated unit cost “~

3for large production runs, , , ~

- 94% LC for rf power systems ~

-91Y0 LC for iinac structures $

5
● Assumptions used for APT

iinac: :
~

-Singie supplier to maximize’ #
benefit (dupiicate production
iines wiii progress through
same iearning curve)

- Manufacturing engineering
involvement beginning
during preliminary and final
design phase

1,60
0

1,40
0

\ 1,20
0

1,00
0

800

600

400

200

0

●

●

●

Magnet Numbers

.

256 design changes prior to high rate production
Touch iabor range: 900-250 Hr (360 Ave.)

Resuits in 91% learning curve

*
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Cost Estimate For SCL Cryomodule - Basis Of Estimate
.

.

The following two charts illustrate the cost basis incorporated into ASM ~or the APT
superconducting cryomoduies. As indicated, vendor cost estimates were obtained and
evaluated for nearly all of the major components that comprise the cryomodule. The exception
was the rf drive line, for which a vendor estimate was not avaiiabie. The cost of the drive line
was separated into four components. Cost estimates for two of these, the vacuum window and”
the rf coupler, were developed in-house.

,$

As, indicated, our estimate for the total cost of the cryomodules, based upon a single
manufacturer and a 91% learning curve Is $151 M [If multiple suppliers wili be required, an.
upwards cost adjustment wiil be required to refiect lower learning curve savings and additional
management oversight]. The partitioning of the cost among the major components indicates
that the cavities, drive lines and cryostat/cryogen distribution system each represent about
about 30% of the cost and that the superconducting quadruple magnets represent about 10%
of the cryomodule cost. The average unit costs of the various cryomodule components (after
learning curve savings) are shown on the right hand column of the second chart.

47n
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Cost Estimate For SCL Cryomodule - Basis Of Estimate

Accelerating Cavitv Assemblv
● Five accelerating celis
● De-tuner assembly
● Surrounding cryogen vessei

and all fianges

+Basisof EstImatv ~
● Vendor quotes fo; completed assemblies
● In-house estimate for Installation Iabor” ..

Miscellaneous Parts &
Final Assemblv Labor
. Beam tube and flanges
● External support structure
c Fianges and other parts

B8sis of Estimate ●

● Vendor estimates ;or equipment
s In-house estimate for labor

*
n“

Cryostat & Crvoaen Distribution Svstem .
● Stainless steel vessel
● Cryogen piping, valves and flanges

Basis of Estimate:
● Vendor quote for steel and “catalog’?cryogenic
equipment
● In-house labor estimate for fabrication of cryostat and

integration of cryogen distribution equip.
s m

●

D! I!I

f

Su~erconductina Focusina

c Magnet .
● Power Supply
● AlignmentMechanism

B-is of Estimate:
● Vendor quote for equipment
● In-house estimate for installation labor

\

RF Drive Line
. 2 m section of drive Ihe (2 m)
c Turbo pump (50 1/s)
● Vacuum window
● Cryogenluaily cooled rf coupler

~asls of Estimate:
● Vendor quote for “catalog” RF and

vacuum equipment,
● In-house estimate for window cost
● In-house ~stimates for fabrication

and integration iabor

Accolw& i ~Glum#MN
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Cost Estimate For SCL Cryomodule - Cost Breakdown

Summarv :

Details:

Average cost [$K-95)

Medium ~ cryomodule (3 cavities): $1,186

High ~ cryomodule (4 cavities): $1,421

Fin I Deskm Modsji%odu tlon SURDOtIa c
&Cell Niobium Cavltles and Crvoaen Vessel

Crvostat and Crvoaen DistributionSvstem

~

s.
inteuration. Instaiiation and Clo

Costs ($M-95) % Avera e
Qt . Labor~ Totai !)Cost ( k
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Relative Complexity Of Normal And Superconducting Linac Structures

The following chart illustrates the relative complexity of equivalent sections of the APT
superconducting and normal c~nducting linac (SCL and NCL) designs, each of which would
accelerate the beam from 217 MeV to about 226 MeV. As shown, the functional equivalent of one
superconducting cryomodule (comprised of three 5 cell cavities, four superconducting

~quadruple magnets and associated other components) is “a section of coupled cavity Iinac.
“comprised of 7 flanged segments and 7 bridge coupiers requiring 49 precision machined cells

in 7 sizes. The results of our manufacturing studies, which consider all of the manufacturing
and tuning/test operations required to produce both types of equipment,. indicate that the

. . additional complexity associated with the CCL (e.g., 27 furnace brazes per segment) leads to a
~~15V0higher overall cwt for this structure, despite its lower design energy (1300 MeV for NCL vs
1780 MeV for SCL).

*
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Relative Complexity Of Normal And Superconducting Linac Structures

Med. fl Crvomodule #1

I.OMWRF .
Power Station

Cryogen inlet
Y

Cryogen
, ● 2°K Outlet

+’~o”+
217 MeV 225 MeV

SCL Cryomodule Details:
1 cryomodule assembly
15 identical cells (123 e-beam welds)
4 superconducting EMQs
650 1/sturbo pumps (in .RFcoupler)
3 cryogen loops

Comparable CCL Section

Two 1.0 MW RF Power Stations
(Supermodule Concept)

T T Other
CavItIes

I

217 MeV 226 MeV
.

CCL Section Details:
● 7 flanged segments and bridge couplers
● 49 cells in 7 sizes (189 furnace brazes)

room temperature EMQs ‘
500 1/sIon pumps
water loops (not shown in sketch)

&cv8c8*~
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Superconducting & Normal Conducting Linac Capital Costs

( -3 kglyr Production Level)

The following chart summarizes and compares the estimated capital costs of superconducting .
and normal conducting Iinacs, each sized to produce approximately 3 kg/yr of tritium. The “
superconducting Iinac (SCL) is the 100 mA, 1780 MeV accelerator described to the JASONS, .
more fuliy described in the APT Conceptual Design Report (draft). The normal conducting iinac ~ .

‘ (NCL) is the 136 mA, 1300 MeV baseline with a current funnei at 20 MeV. [The iower current SCL
is a single beamline without.current funheiing.]

As shown, the NCL capital cost is estimated to exceed that of the SCL by 25%. One key cost $
“driver for the NCL is an -~OYO greater requirement for rf power (due to increased power
dissipation in the accelerator structure as well as the allocation of spare rf stations for the .‘
supermoduie configuration). The greater complexity of the NCL Iinac structure (discussed
earlier) ieads to an -15’%0 cost increase in the estimated cost of the iinac structure and ,
associated support systems. Inciuding Its 16 kW cryoplant,. the cost of thermal control for the
SCL is considerably more experisive than for the water cooiing systems required for the NCL.

47m
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Superconducting & Normal Conducting Linac Capital Costs

( -3 kg/yr Production Level).y,vtx....xy.xyy.wi” Y* x....;.+,%.,,................+-,,<,....>>....~“’”.* ““”’’’.”~’”’,”~”:~”~~~v~~~:~:$:w::iY:~%:~%::?.’‘ .’“.’ ‘ ‘ :“ ‘ ‘ ?., .$. ...*...(c.yF:;$:$,y,y;F>,,,:.:.:wg><fy.:,,.,. :.....>.,,,y;.,.,., ....~.,.,,,,g-*@$ti#i#Ftii&tifitinaencPj
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y::::.:~,:~:::.,.:::~xi,:,:,,.,:,:,:.,::.::;,:.,:,,.::,:......;,..,...,1:: .:: .w..?...X,; . .::,. : : ::,,.,., . . . . :,.,.: . . . . . .:.,.:, , .,.

;“‘“Si@Yt$ofidiictifig!’ $983M I,. .
i..Nmmi Gm?uchg$lj230 M ~,, .,.,,,,,,:.:..,,:,,,.,:....:,:.,.::.:.::,:.:;:.,:;:............::,:::,:,,,.:.:..,,,:::~,:,.,,,,,, .,,,..:~,,,:
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High E Thermal. ~
Llnac Control /”

Structure Cryoplant

Capital Cost Categories
Lowenergy accelerator
HighEAccel(100 MeV - finalenerw)
V5cuum systems

-. .

Structuralsu port& alignment
PThermal con rol

Maintenances stems
!Beam dia nos ICS

1Instrumenation& control
HEBT
Acceleratorassemblyand C/O
Projectsupport
AC to DC conversionand distribution
Lowvoltage power sup lies

RIRF tubes, peripherals, cooing
Circulatorsand loads
Source and drivers
RF transport
Global/localcontroland monitorin
Global/localphase &am . contro

t
P

Su portstructurea,ndca Iing
F#svstem integrationlabor

TEi
$49,755

W#9f

I

19:563
92,663
34,149
43,004

b y:,;;g

1

19:734
64,608

I

5,232

$

5,573
3,010

l~~:;

L
44,662
33,392
11,926
11,926

TiEr
$80,335

$’1;;,;;;

I

27:394
39,777
47,618

$lg$+

!
26:208

$18j’g3;

f
!

8:981
2~:W:

L62,988
44,677
15,957
15,957

AYo
619’0
15%
42%
40940
57’%
399’0
41?lo
44’7’0
0%

33’20
38’%
27!40
419’0
36’%
4170
43!40
41%
3470
34’)’0
3470

QUl

I _ Normal Conducting _ Superconducting I

*
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Superconducting & Normal Conducting Linac Life Cycle Costs

( -3 kglyr Production Level)

The following chart summarizes and compares the estimated life cycle costs of
superconducting and normal conducting Iinacs, each operated with a nominal plant

.

availability of 75Y0, which has been used for the financial comparison (unless otherwise
noted). With 75% availability the SCL and NCL would produce 3.15 kg/yr and 2.90 kg/yr,
respectively. \. .

As indicated, the overnight cost is added to a discounted sum of the operating costs over a 40
year period to establish the estimated life cycle cost (LCD). The “overnight capital cost” is
comprised of all of the sum of the plant equipment, labor and materials costs from Preliminary
Design through completion of the 1.5 year startup phase, but without consideration of
escalation or other financing considerations during the life of the construction project. The
contribution due to the operating cost is decreased by 3.8’?XOfor each year of operation. [This
corresponds to an annual escalation of 3.8 %/yr discounted by .a 7.7 %/yr cost of money (i.e.,
1.038 / 1.077 = 1 / 1.038), equivalent to a real cost of money of 3.8%.] The net effect is to
reduce the impact of the annual operating cost by the factor 20.4/40, representing a 4996
decrease.

The results indicate that the life cycle costs of the NCL are estimated to be 20% higher than
those of the SCL. The capital cost component of the life cycle cost of the overall SCL=based
APT plant is estimated to be 37Y0. The electricity cost is the second largest contributor, 34Y0.
The cost of replacing and/or refurbishing Iinac components (primarily the rf power equipment)
is estimated to require 18% of the life cycle cost.

*
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Superconducting & Normal Conducting Linac Life Cycle Costs
1 <

.

( -3 kg/yr Production Level)
~ ~ Delta

Overniuht Cost Com~onents:

Accelerator System* 1,192 1,492 ’300
Life Total Balance of Facility

40 ti&Mn
1.334 1,334 =

Cycle = Overnight+ ~ O&M Cost Com~onents:

cost cost (1.038)” Electric Charge 2,274 2,910 636
n=l Acce/ E/ectr/c Usage (/UWe) 425 559 134

Total Consumables ,282 282 —-

=Overnight + 20.4 x O&Ml : ‘taff’ng 469 473 4

cost Refurbishment & Replacement ~.189 ~.$87 ~
A Total Life Cycle Costi 6,740 8,078 1,338 (20%)

● Includes 21.S% contingency

Accelerator

/.:3 “ /E’ectr’c’w\ ,R:gs:t \

?/3”””lhNt41’%i’i%ft / -i

#

\

f c~~bl~g Slafflngkurblshment/

Normal Conducting _ Superconducting
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Prafucfkm ~c7umwlN
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Marginal Cost Per Unit Of Tritium Production
( -3 kg/yr Production Level)

The results of a study to determine the “marginal cost of tritium production”, defined as the
cost to change the production capability by a smail amount about the nominal capability, are
shown on the next chart. Both the marginal capital cost and the marginai iife cycie cost for the
iinac (oniy) were calculated. The marginal iife cycle cost is relevant to an increase or decrease

.in the tritium requirement whiie the marginal capital cost can also be relevant to a situation in
which it is desirabie to build-in additionqi reserve (e.g., as a hedge against iower than expected
system availability) while not necessarily expecting to produce a different (higher or iower) .
quantity of tritium.

The approach was to consider an additional cryomodule (and the associated costs incl. rf
power, support services, buildingltunnel extension) to produce an additional 16.8 MeV of
energy and an additional 0.033 kglyr of tritium (1.05%). The marginal Iinac capital cost ratio,
defined as the capitai cost per unit of tritium production at the margin divided by the average
capitai cost per unit of tritium production, was estimated to be 46Y0. The marginal iinac life
cycle cost ratio, similariy defined, was estimated to be 54Y0. Although the corresponding
quantities have not been estimated for the overail APT plant, the expectation is that both ratios
will decrease significantly because much of the the baiance of facility (target/bianket and ~
balance of plant) cost is independent of small changes in the~inac. “

These results indicate that increases in production about the current SCL design point can be
highly cost effective, but that the benefit for producing less tritium with this design is
diminished by the same ratio.

*
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Marginal Cost Per Unit Of Tritium Production

( -3 kg/yr Production Level)

Trade Study Objective:

s Evaluate cost of small increase in Iinac
energy and breeding rate

‘ Maior Considerations:

. Consider addition of one high ~ ~
cryomodule, two rf stations and other
costs for additional 16.8 MeV

● Calculate added Iinac capital and life
cycle cost, added tritium breeding
capability

Conclusions: .

c Marginal Iinac ~apital cost ratio IS 46%of
average cost per unit production.

c Marginal Iinac jife cvcle cost ratio iS 54%
of average.

s Most of T/B and BOP cost is fixed, so
expect overall plant to have iower (than
above) cost sensitivity to tritium
production level

Baseline Final Energy 1780 MeV

Energy Increment 16.8 MeV
....................................................... ..............................

Baseline T Prod. (.@75Yo) 3.15 kg/yr

Tritium Prod. Increment .033 kg/yr (1.05%
....................................................... ..............................

Baseline Llnac Capital Cost I182$M

Linac Capital Cost Increment 5.7 $M
....................................................... .............................

Marginai LInac Capital 5.4 $MIYo T Prod
Cost Ratio

....................................................... .............................

Baseline Linac Life Cycle Cost 4616 $M

Linac Life Cycle Cost Increment 26 $M
........................................................ .............................

Marginal Linac Life Cycle 25 $Ml?to T Prod.
Cost Ratio

*
n
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Superconducting 8CNormal Conducting Linac Capital Costs

.

( -2 kg/yr Production Level)

The following chart summarizes and compares the estimated capital costs of superconducting
and normal conducting Iinacs, each sized to produce approximately 2.2 kg/yr of tritium. The -
superconducting Iinac (SCL) is the 100 mA, 1780 MeV accelerator described to the JASONS ~
(same as earlier). The normal conducting Iinac (NCL) is a 100 mA, 1300 MeV configuration that
does not include a current funnel at 20 MeV.

.,

As shown, the NCL capital cost is estimated to exceed that of the SCL by 1I’70 (despite the fact
that the SCL is capable of the higher production level). One key cost driver for the NCL is an ,
-1 0?40greater requirement for rf power. Again, the greater complexity of the NCL Iinac
structure (discussed eariier) ieads to an -15% cost increase in the estimated cost of the iinac .
structure and associated support systems.

*,

n

Accofor
Producr/orl

MvrrwrwGnvMMN
of Wtlum Assessment Of Alternative RF Llnac Technologies For APT

2-21

-., --, <..-.



Superconducting & Normal Conducting Linac Capital Costs

( -2 kg/yr Production Level)

‘ Superconducting machine capable of 3.15 kglyr production by
increase of coupler power from 140 kW to 210 kW

High E Thermal
Linac Control /

Structure Cryoplant

Capital Cost Categories
LowEnergyAccelerator
HighE Accel (100 MeV to Final Energy)
VacuumSystems
StructuralSupport& Alignment
ThermalControl
MaintenanceSystems
Beam Diagnostics
Instrumentation& Control
HEBT
AcceleratorAssemblyand.C/O
ProjectSupport
AC to DC Conversionand Distribution
LowVoltage PowerSupplies
RF Tubes, Peripherals,& Cooling
Circulatorsand Loads
Source and Drivers
RF Transport
Global/LocalControland Monitoring
Global/LocalPhase & AmplitudeContra

T5ciT
$49,755

$;;;$9;

$19:563
$92,663
$34,149
$43,004

$:;:,;;;

$19:734
$64,608
$95,232

$5,573
$73,010
$19,607

$427
$44,662
$33,392
$11,926
$11,926

e,.,,,..,,},;,,....,....

-Nm-
$49,755

tg:,;::

$25;980
$38,430
$45,192
$57,864

$144,174
$18,125
$26,208
$85,049
$97,560

$6,324
$79,767
$22,240

$486
$50,713
$35,993
$12,855

Fr
0?40

150/0
330/0
330/0
“599’0
32”10
357’0
36%
070

330/0
32°10
20/0

‘1370
970

1370
140/0
140/0
8°10
80/0
80/0

130/0
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Summary Of Superconducting Vs Normal Conducting Costs

The following chart summarizes and compares the estimated capital and operating costs, life
cycle costs, and unit tritipm production costs for APT plants based upon the normal and “
superconducting Iinac technologies at the lower (about “2 kg/yr) and higher (about 3 kg/yr)
production levels. The capital, Operating costs and life cycle costs are shown for the Iinac alone
and for the entire APT plant (including the balance of facilities).

The unit tritium production costs are calculated according to two methods. The first method
assumes that the plant availability in all cases will be a.ncminal 75Y09 This method d=O@= the .

economic assessment from the RAM assessment, which depends upon numerous independent
assumptions (described in the next subsection). The second method factors in the results of the
estimated plant availability based upon our RAM analysis.

Several observations are of interest. First, the NCL operating at the lower production level is
estimated to have a higher capital, operating and life cycle cost than the SCL operating ‘at the
higher production level. This is reflected in the unit cost of tritiurn, which is over 50?6higher for
the NCL operating at the lower production level. If both machines are compared at the higher
production level, the NCL has a unit cost that is over 30% higher. If both machines are compared
at the lower production level, the NCL has a unit cost that is 13-18% higher.

*
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Summary Of Superconducting Vs Normal Conducting Costs

Lower
Production Level

Llnac Alone SCL* ~ ~
● Capital Cost ($M) 1192 1318 11,
● Annual Operating Cost ($M/yr) I “ 142 164 16
● Life Cycle Cost ($M) 4089 4664 14

APT Plant
. .

● Capital Cost ($M) 2526 2652 5
“ Annual Operating Cost ($M/yr) 192 215 12
c Life Cycle Cost ($M) 6443 7036 9

Unit Tritium Production Costs
● Beam Energy (MeV) / Current (mA)

11

1340/10 1300/10
● Instantaneous Tritium Production Rate (kg/yr) 2.93 2.84
● Tritium Production @75% Piant Availability (kg/yr) 2.20 2.13
● Normalized Tritium Production Cost @75% Piant Avaiiabiiity 2.93 ‘ 3.30 13

... .. . . . . . . . . .. . . . . . . . .. .. ... . .. .. .. . . . .. . . . .. . . . .. . .. . . . . . . .. . .. . ... .. . .. . .. . . . .. .. . . . . .. . . . . . .. . . . . . . . . . . .. . . . .. . . ...<
c Piant Avail. Predicted By RAM Modei (%) 71.4 67.74’
● Tritium Prod. @ Piant Avaii. Predicted By RAM Modei (kg/yr) 2.09 1.92**
● Norm. Tritium Prod. Cost @Piant Avaii. Predicted By RAM 3.08 3.66** 18*’

*

● ☛

Higher Production
Levei

~ m A&
1192 1492
157 207 32

4395 5715 30

2526 2826 12
207 257 24
6749 8078 20

1780/10C 1300/136
4.20 3.86
3.15 2.90

LL
2.14 2.79 30
...... . . . .. . .. .. . . . . . . . . . . . . .

71;4 67.7
3.00 2.61
2.25 3.10 38

.

I

Superconducting machine capable of higher production Ievei by increase of coupier power from 140 kW
to 210 kW
Plant availability assumed to be same as calculated for higher production ievei. This is conservative
because configuration has no beam funnei and requires -55 fewer rf power stations in the high energy
Iinac. Therefore calculated unit costs wiii be in the high side.

*
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1

Life Cycle Cost Versus Cost Of Electricity

.

The following chart summarizes the impact of the cost of electricity during the first year of
operation on the life cycle” cost (LCC) of APT plants based upon the normal and
superconducting Iinacs at bpth ‘production levels, assuming an average plant capacity factor of
75Y0. [Referring to earlier discussion, the reader is reminded that our LCC definition assumes
that the cost of electricity will escalate by 3.8%/yr over the lifetime of the plant and that the
discounted vaiue of the electricity charge averages 51% of the first year charge.]

.

Comparing the values at the high end of the scale (50 mil/kWeH) to those at’ the iow end of the
scale

.(20 mii/kWeH), the LCC sensitivity to the cost of electricity is between 1.8 and 2.4 $B (depending
upon which if the four cases) or about 35Y0. As the baseline value, 34.5 mil/kWeH is somewhat
arbitrary and subject to change as the local and national electric power industries evolve, this
input should be reevaluated on a reguiar basis. Opportunities to benefit from off-peak rates
shouid aiso be considered. .
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Life Cycle Cost Versus Cost Of Electricity

Trade Studv Obiective:

● Understand extent to
which total life cycle cost
is impacted by electricity

.
cost

Major Considerations:

QNominal elec. cost =
34.5 mil/kWeHr “

● variations between 20 and

50 mil/kWeHr

● Elec. cost denoted herein
is
first year cost in 1995
dollars.

Conclusions:

10000

~ 8000

w

.s.
1 1 Al

I Im

I

In

m ~orma Cond Jcting -2.9 kg/yr

NormalConducting-2.1 kg/yr

I Superconducting-3.15 kglyr

/ Superconducting-2.2 kg/yr

,

I

Tritium Production Assuming
75% Plant Avallabllity

a

1“1

15 25 35 45 55 65
- 35% sensitivity to

uncertainties in indicated First Year Cost Of Electricity - (mil/kWeHr, $- 95)

range
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Comparison Of Reduced Time Operation At 1780 MeV With Full Time
Operation at 1340 MeV To Produce Same Tritium Quantity

The baseline superconducting Iinac Is capable of producing tritium at an Instantaneous rate of 4.2 kglyr (3.15 kg/yr at 75%
availability) If it operates at a maximum coupler power of 210 kW to produce a 100 mA, 1780 MeV beam. If the coupler
power level Is reduced to 140 kW, then the beam energy is reduced to 1340 MeV and the production at 75% plant
availability is reduced to about 2.2 kg/yr. .

However, if the production requirement is to be lowered to this level, then It ~ be more economical not to reduce the ,
coupler power and beam energy, but to operate the system at its full capability fora Shmlw’PwkxlOfthn%Cmqxmcllw .

,to a full power system availability (really a plant capacity factor since the availability wIII be higher) of 52.4’?!o( = 0.7 x 70Yo).
This question derives from derives from the observation that the tritium production per unit energy at the higher energy
(-3.15/1780) Is 7.8% higher than the tritlum production per unit energy at the lower energy (-2.2/1340). So If the electrical
efficiency of the accelerator were the dominant cost component with the other costs fixed, It follows that part time
operation at full energy will result In a lower life cycle cost than full time operation (Le., 75?fo)at the reduced energy. The

:analysis shown on the following cha”ti~addressesthis question.

A review of the scaling of various life cycle cost components Is useful for presenting the advantages and disadvantages.
The capltai cost of the two systems Is the same (they are the same accelerator). The annuai electricity consumption for
“part-time” operation of the sections of the Ilnac through the medium ~ section, is reduced by 30% because part-time
operation requires the same energy and current in these sections, but for 70 ‘Yoas much time. In comparison, the annuai
electricity consumption of the high ~ setition is 5% higher than for full time Operation at the lower power Ievei (the part
time Iinac operates for 70% as long with 210/140 = 1.5 times as much rf power). However the electric consumption of the
high p section is about the same because the klystrons operate more efficiently at full power. The part-time machine
requires 30% fewer replacement and refurbishment parts (assuming that the failure rate Is not a strong function of the
operating power).

Our iife cycle cost comparison Included ail of the above considerations, but ignored others “such as the potential for
reduced staff (potentially smali iife cycie cost Impact) and the possibility of lower electricity rates for an APT Plant that.
couid be operated during off peak periods(a potentially large iife cycle cost impact).

The overali resuit was a decrease in the estimated
coupiers to 1340 MeV) of 32 $M/yr(-17%), resulting
requlr~ment is reduced to 2.2.kg/yr.

2a-m

annual operating cost (relative to full. time operation with 140 kW
in a $653 M (107’o)savings In the life cycle ,cost when the tritium
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Full
Comparison Of Reduced Time Operation
Time Operation at”1340 MeV To Produce

Trade Studv Obiective:
cConsider reduced time operation at 1780 MeV to produce

same amount of tritium as fuii time at 1342 MeV
4.(

Maior Considerations: ~
.

● 13wellne2 kglyr production for 100 mA, 1342 MeV, c

75% plant capacity operation inciudes -10% mdrgin. sx
Actua/ production is -2.2 kglyr “ ‘ - 3.1

~
● To produce2.2 kg/yr with 3.15 kglyr capability (100 mA,

1780 MeV, 75%) operate for 70% as long (52.4% capacity). ~
Compared with baselh?e: ,-

- Low energy normai conducting iinac ~ ~ *,

medium ~ SCL consume 30% less electricity u“
g

- High ~ SCL consumes about same eiec. (3/2 as &
much rf power, 70% as iong, with higher E
Kiystron efficiency) a,.-

- Reduced requirements for replacement parts “z 1.1
1=

- Potentiai opportunities for smaller staff, lower
eiec. rates (not included in anaiysis)

- More time for maintenance (iower risk)

OJ

Princi~al Conclusions:
● Operatingcostcomparedwithlowerrate,fuii year operation

decreases 32 $M/yr (17%)

● Life cycie cost decreases $653 M (1OYO)

At 1780 MeV With
Same Tritium Quantity “

J-OWEnergy Mode
75%’0Plant Capacity

At 2.2 KgIyr Rate

Hiah Enerqv Mode
52.49’0 Piant Capacity A

3.15 kglyr Rate

m
‘1210 kW Per

Coupier I

OperatingTimeDuringYear(Normalized)

.
#

(

*
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Alternative Growth Strategies

Five alternative operating strategies and/or initiai/finai configurations to grow the SCL APT Iinac from a 2.2 kg/yr capability
to a 3.15 kg/yr capability (both assuming nominai piant availability factor of 759to)were investigated in an effort to examine
the “robustness” of the baseilne design parameters. Ali five strategies, which are highlighted on the following chart,
preserve the basic physics and engineering configurations of the baseiine Iinac. They differ primarily in the rf coupler
power and the provisions for rf transport to the superconducting cavities. .

Stratea~is the baseline system, characterized by constant iinac and tunnel length with an increase in the production from
“2.2 kglyr to 3.15 kglyr to be accomplished by Increasing the rf power output of each of the stations in the high ~ section
from 560kW to 840 kW (Into the cavities), which in~reases the coupler power from 140 kW to 210 kW and the beam energy
from 1340 MeV to 1780 MeV.

.Strateuv B is the “part-time” scenario discussed previously. When the tritlum requirement is 2.2 kg/yr the system is
:operated part time at Its full capability.

Strate ~ is an rf reconfiguration that initIaliy provides only enough rf power stations (185) to operate the iinac at the
reduced level (140 kW couplers, 1340 MeV, 2.2 kglyr). To accomplish this, the high ~ section Is Initially configured using the
approach used for the medium ~ section (I.e., high power 2:1 splittersto create 6 balanced lines per station). When the
machine is to be upgraded, the additional 52 rf stations are added (add one for every two existing stations in the high ~
section) and the 2:1 splitters are replace with existing and new 1:1 splitters. In this scenario, the above-mentloned splitters
are iocated away form the Iinac In the rf haii, so that the transfer can be affected without disturbing the accelerator hail
(except perhaps to Instail more capable rf coupiers). This case and Case A both assume that the rf coupler will be tunable to
match the rf system to the accelerating cavities over the 140-210 kW coupler power range.

Strategx starts with the same, more efficient configuration as strategy C, but assumes that the coupler power will not be
aiiowed to grow, but will be fixed at 140 kW. Therefore, to produce 3.15 kglyr~ the iinac structure must be lengthened and
the additional 52 rf stations must be provided aiong side. The longer tunnel that wiii ultimately be added and the Increased
HEBT cost to traverse itprior to the upgrade are inciuded in the initial cost.

Strate ~ assumes that the coupler power can be fixed at 210 kW from the outset. Therefore, the initiai configuration is
shorter (and uses the same amount of installed power as Strategies C and D). To produce 3.15 kg/yr, the iinac structure
must be lengthened and the additional 52 rf stations must be provided along side (at which time it becomes identicai to the “
baseline). The ionger tunnei and the increased HEBT cost to traverse it prior to the upgrade are, again, inciuded in the initiai
cost.
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Alternative Growth Strategies
(Depending Upon Achievable RF Coupler Power)

Initial 2.2 kglyr E A, B, C, D
I I

Superconducting ;j$a,ti 66 ~jw,-~gg6 rn ~
1

1392m
.“..J.. .+*,.:.~Ai;.>,...{hi*.!khh3h>k&L&;-“—E 4

Growth 3.15 kg/yr A, B, C, E D

Nrategy Description Growth 3.15 kglyr ; Initial 2.2 kg/yr ]

SCL Lgth. RF PowerlCoupler 10. RF Sta. SCL Lgth, RF PowerlCoupler No. RF Sta. I

A Baseline 996 210 237 996 140 237
l~r Puer

Baseiine With
B ?educed Operatlor 996

Time** @ 3.15 kg/
210 I 237 996 210 237

Operate Full T/me
yr

c Lower Initial 996 210 237 996 140 185
Instaiied
RF Power Add RF Stations& increase Couple r Power

D Low Coupler 1392 140 237 996 140 185 .
Power Limit Add Cryomodules & RF Stetions

E High Coupier 996 210 237 664 : 210 185
Power Limit Add Cryomodules & RF Stations

,..
This Is the number of r! stationsIrl the 52.4% plant capacityfactor comparedwith nominal75%

*
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Comparative Capital & ‘Life Cycle Costs For Alternative Growth Strategies

.

The estimated capital and life-cycle costs for the five alternative operating strategies discussed on the previous pages are
summarized and compared In the next chart. In each case, the Initial capital costs include allowances for facilitating
system growth (e.g., the Initial cost for Case D includes a long enough tunnel to accommodate the longer accelerator that
will be required for growth from 2.2 kglyr to 3.15 kglyr). However there 1sno assumption on how long the system might
operate at the lower production level (I.e., the life cycle cost Is based upon 40 years operation at the specified level). ““

As shown, the lowest life cycle cost, a 10% Improvement, is provided by Case B (part-time operation at full capability). As
noted earlier, the tritlum production efficiency Is about 8% higher at the higher energy. This advantage, combined with
Improved rf system efficiency at full power, drives the result.

Case C (lower Installed rf power) results In a 2.9% lower capital cost and a 5V0lower life cycle cost than the baseline (Case
A) operated full time at the lower production level. The majority of the ,advantage results from more efficient operation.

.,

Case D (140 kW coupler limit) Is more expensive than Case C because the initial configuration requires a longer tunnel, a
HEBT to conduct the beam over the tunnel and, ultimately, a longer Ilnac structure. It still provides some advantage at the
lower production level. The cost penalty at the higher level Is small, 4?’oof the capital cost and 1.6% of the life cycle cost.

Case E (210 kW couplers) provides the lowest capital cost at the lower production level, but the benefit Is still less than 5’%

of the overall capital cost of the plant. The life cycle cost reduction Is comparable to that of Cases C and D, about half of
the savings that can be obtained from Case B.

With the exception of Case D (4Y0higher), the capital and life cycle costs after system growth to the 3.15 kg/yr level are
nearly the same. This result Is somewhatoptimisticbecausethe estimatesdo not the Inevitable costs associated with a
constructionprogramdisruption,which could be substantial. .

In summary, there appears to be little Incentive to move from the baseline. It provides the lowest life cycle cost at the
lower production level without a substantial cost penalty. However, If the risk associated with the 210 kW coupler is high,
the financial penalty for the 140 kW coupler power is small and quite manageable within theoverall context of the APT life
cycle cost.
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Comparative Capital & Life Cycle Costs For Alternative Growth Strategies

Initial 2.2 kglyr E A, B, C, D

Growth 3.15 kg/yr A, B, C, E D

;trategy Description ~ Initiqi 2.2 kglyr Growth 3.15 kg/yr

Piant ‘ ~ Plant Piant ~ ‘ Plant
Capitai Cost ($M) !Life Cycie Cost ($M) Capitai Cost ($M) !Life Cvcie Cost ($M)

#
A Baseiine :“ 2526 ; 6448 2526 ~ 6740 ,

. .* .

B Baseiine With Same j -1OYO Same ~ Same
Reduced Operation . ,. .,
Time* @ 3.15 kg/yr

., ., ., .* .
● .
s .

c Lower initiai “-2.9?40 : -5.0% +0.4Y0 : +0.2’ZO
Instaiied

●o .
● ..

RF Power
.. .. .. ,, ., .

0
D Low Coupier -1.3% : -4.470 +4.0’%0 : +1.6?40

Power Limit
., , ... .$. .

.
E High Coupier : -4.5Y0 : -5.6?40 +0.2’XO i +0.1?40

Power Limit
.. ....

● 52.4% plant capacity factorcompared with nominal75%

*
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2.3 “APT Reliability/Availability/Maintainability (RAM) Summary

-..
1

Before summarizing the results of the ~eliability / Availability / Maintainability (RAM)
activities for the APT Iinac conceptual design effort, it is important to set the stage by
reviewing the objectives for this activity. These objectives are to:

● Establish reliability and maintainability requirements at the subsystem and
component levels .‘ , , ~

● Identify system sensitivities to RAM uncertainties

● Influence the level of design redundancy

● Improve estimates of the life cycle cost (spares and replacements) .

● Identify areas for potential R&D ,

,.

Typical results in each of the above areas are summarized in this section. The reader is
referred to Sections 3.4 and 4 for further discussion.

*
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Derived System-Level RAM Allocations

The derived system-level RAM allocations, which represent a reasonable balance between the
flow-down of operational requirements (i.e., required annual tritium breeding) and the fiow-up of
subsystem and component capabilities, are shown on the next page.

As indicated, with an instantaneous tritium production rate of 4.2 kg/yr, the APT plant must
operate for 6257 hours per year to produce the goal quantity of tritium (3.0 kg/yr). This
‘represents operational system availability of 81 ‘XO (equivalent to the plant capacity factor
assuming the Iinac operates only at full capacity). After allocation of 1008 Hr for scheduled
maintenance, which represents 12V0 of the calendar year, 1770 of the calendar year Is available
for corrective maintenance. Accordingly, the system Inherent availability requirement is 81Y0,
and its unavailability is 19Y0. Of this, 79% is allocated to the Iinac and its supporting systems.
The resuiting Iinac availability must be 85% during scheduled operation [0.85= 1-0.19’0.79].

The aliowance for Iinac unavailability 1sdistributed among the major subsystems as indicated in
~the pie chart at the lower right of the next page. As shown, the Iinac unavailability is dominated
by the unavailability of the low, medium and high energy Iinac.accelerating structures (much of
which is driven by the aliocated unavailability of the rf couplers, which will be highlighted in the
next severai charts).

The unavailability of the rf power stations is less than originally anticipated. The reason is that
most failures in individual stations can be repaIred on-line while the balance of the system
remains operabie. Nevertheless, it is helpful to keep in mind that, for example, with an assumed
klystron Mean Time Between Failures (MTBF) of 25,000 hours and 237 rf stations in the APT
Iinac system, a klystron will be repaired, on average, every -100 hours.

*
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Example RAM Model/Logic: SCL RF System

A typical data/iogic structure incorporated into the APT RAM model is indicated In the next chart. As shown, the
modei encompasses a hierarchy of operational criteria for equipment of increasing complexity based upon
combination of “and” & “or” logic. in the exampie shown, the “and” logic appiies to the various equipment that
comprises each of the SCL RF biocks corresponding to individual cryomodules. That is, to be operabie, a given
“rf cryomodule” requires the operability of each of its constituent assemblies. The “or” iogic, which, for
example, applies to the operability of individual rf cryomodules in groups of 19 or 20 in the high ~ section, is
used to account for spares and operabie faiiures (e.g., m spares or operable failures out of n units). Because ~.
the “or” logic can apply to any qf several operational situations (e.g., ability to repair some equipment on-iine
without need for system shutdown), one of several mathematical models 1sused to model this situation. In the
case of the high ~ rf cryomodules, one of each group of cryomodules 1s allowed to fail without loss of system
operability. However, when it does fail, the rf stations and other cryomoduies in the iinac must be
reprogrammed to compensate for the loss of energy gain in the failed cryomodule. Therefore, we inciude the
time to retune and restart the Ilnac in the anaiysis. On the other hand, if the cryomodule faiiure resuits from a
failure of the cryomodule itself, then it can not be repaired on-line (see Section 3.4 for illustration of the RAMI
modei for the SCL Iinac). in this case, there would be a significant loss of availability If more than one
cryomodule in a chain of 19 or 20 faiis. The maximum aiiowed failure condition In the high ~ Iinac, four faiied
cryomoduies, one in each chain, is expected to be rare.

Aiso indicated in the chart, each piece of equipment in the RAM modei is characterized by at least two input data
items: the mean time between faiiures (MTBF) and the meantime to restored production (MITR). in some cases
additional data items are used. For exampie, as indicated in the expanded box for the rf coupier assembiy,
where a fraction of the faiiures can be anticipated and corrected during scheduied operation, the MTBF is
effectively increased by the factor l/(1-Fraction Anticipated). Other inputs to the modei describe the number of
identicai components in a chain, the number of spares, the repair policy (e.g., on-line or off-iine) and the time to
restore system operability depending upon how many components have faiied. At each ievei we calcuiate the
equipment availability (probability that it wiii be abie to operate during scheduied operations) and reliability
(probability that it wiii remain operabie for a fixed period of time [2 weeks in above exampie]).
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Allowed Number Of Cryomodule Failures

The normal conducting APT Iinac (as well as the normal conducting low energy section of the
superconducting Iinac) uses supermodules to provide redundancy of the rf system. However,
the superconducting Iinac has no supermodules in the high energy section. It relies, instead,
on the ability of the system to continue operation and tritium production despite the
inoperability of a very small number of 16.8 MeV cryomodules (due to either failure of the
cryomodule itself or failure of one of the two rf stations that power it). The ability of the SCL to :
operate through the failure of one or more cryomodules (a question that must ultimately be
resolved by detailed simulation of the SCL beam dynamics) depends upon the the energies
and separation of the failed cryomodules. The number of allowed failures is likely to exceed
one, but is not likely to exceed five.

It is, therefore, of interest to determine how many allowed cryomodule failures are likely to be
required under typical conditions. In performing this analysis we considered several cases, as
shown on the following page. First, it was assumed that there would be no allowed failures in
either the medium or high ~ section of the SCL. In this case, the achievable Iinac availability is
only 76.2 YO (reduced from 85.0 YO baseline), so the tritium production is reduced from 3.00 kg/
yr to 2.69 kg/yr. If we increase the number of allowed cryomodule failures to 2 (one in each
section of the SCL), then the availability improves to 84.9Y0, resulting in an annual tritium
production level of 2.99 kg/yr.

Although the baseline RAM model shown earlier allows for up to 3 additional failures in the
high ~ SCL, these results indicate that this capability is not likely to be required. Put another
way, the failure of 2 cryomodules in a string of 19 or 20 (baseline model) is expected to be rare.

*
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Allowed Number Of Cryomodule Failures
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RAM Sensitivities to Data Uncertainties

The following chart describes the sensitivity of the Iinac system availability to certain key drivers.
For this analysis we recall a previously defined figure-of-merit (et= MTTWMTBF) and define a new
figure-of-merit, (dA/A)/(da/a), which represents the sensitivity coefficient that expresses the ;
fractional change in system; availability per unit of fractional change in u The component with
the highest sensitivity coefficient is the component for which the system availability Is most
sensitive to uncertainties in the vaiue of a..

As shown, the Iinac availability is most sensitive to the RAM performance of the rf coupier
(sensitivity coefficient of -2.d 102) and Is relatively insensitive to the RAM performance of the
klystron (sensitivity coefficient of-7.7 10+).

it is important to note that the system does, in fact, achieve acceptable performance under the
assumed rf coupier RAM capabilities. [Retail, for example, that the faiiure of.2 cryomoduies in a
string of 19 or 20 is rare]. However9 these resuits show that if the coupler performance were to be
further degraded, than the probability of suffering muitipie coupier failures within a string wouid
be iess unusuai, and couid resuit in a significant performance degradation.

The iower sensitivity coefficient of the kiystron resuits from its decoupling from the RAM
calculation. That is, when a kiystron faiis, it can be repaired on-iine whiie the system continues
to operate. Since the MTTR is much iess than the MTBF, it 1s rare that a second klystron fails
while the first is under repair and more rare that this second klystron is in the same string of
cryomodules as the first.

●
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RAM Sensitivities to Data Uncertainties
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APT Linac RAM Importance Analysis

The following chart combines the sensitivity coefficient, (dA/A)/(da/u) (y-axis), with the
uncertainty in the RAM perf~rmance, da,hx. The lines across the chart represent points having
equai fractional loss of availability, dA/A. [This chart is directly analogous to the probability
versus consequence charts ‘that are used in the nuclear industry to illustrate the risk due to a
particular set of potential accident scenarios.]

“As shown, the component with the highest potential Impact on the Iinac availability is the rf
coupler. First, it has the highest sensitivity (shown earlier). Second, its RAM performance,
especially the faiiure rate (1/MTBF) of the vacuum window (Ill 00,000 hours) and the ability to
diagnose a large fraction of window failures a prior’1 (3 of 4 assumed in the model) are both
-highiy uncertain. Fortunately, even for this most sensitive component, the potentiai impact is
manageable. If its performance were to be 4 times worse, the overall impact on APT system
availability will be about 8% - significant, but manageable. Indeed, referring to an earlier
calculation (Marginai Cost Per Unit Of Tritium Production), if desirabie, this potential loss couid
be compensated (reaily insured against) by building additional capacity into the Iinac. The Iinac
cost for an additional 8% capability is estimated to be $43 M, or 3.7% of the total iinac cost,

As expected, the kiystron can be found in the lower ieft hand corner of the chart. The sensitivity
of the RAM to its performance Is low. There exists a reasonable data base (e.g., CERN 352 MHz,
1300 kW Superklystrons) from which to derive its iikely RAM performance.

.,.“
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APT Linac RAM Importance Analysis

.

0.03

0.025

“0.02

0.015

0.01

0.005

0
0

I
dA/A = 0.01

I
dA/A = 0.10

+

A = System Availability
a = MTITUMTBF

IN
Ion Source Wlndo~

, /
Il\

I
1.2 MW/700 MHz

“Klystron —

U-J
0.5 “1

- F.E. Llnac
~ Quad

HEBT

/
SC RF Coupler

+

1

~ Quad I * 1, CCDTL
a J B RF Drive -1-=

1.5 2 2.5 3 3.5 4

Data Uncertainty, dodu “

*
n

Accdor r
l%dlMOll
of Trltlum

~GiUMwv
Assessment Of Alternative RF Linac Technologies For APT ‘

2-43



RF Window Failure Modes

,.

The rf coupler, which inciudes the vacuum and guard windows shown on the next page, is a key
RAMI driver. This results from the iarge number of coupiers -644 in the high ~ SCL, and about
800 inciuding the low ~ SCL cryomodules. The current RAMI analysis has ied to certain ‘
improvements in the rf drive which wiii be included in the next version of the RAMI model and
anaiysis effort. The gist of the. new idea is to add a “guard” window which will protect the u
system by iimiting the amount of gas which can make its way into the cavity so that a potential ~~

<faiiure of the vacuum window does not create extensive contamination problem and only one
cryomodule has to be replaced to restore the system to production. With a conditioned and
refrigerated cryomodule spare in standby, the MTTR for this replacement is estimated at about
24 hours. CEBAF has performed such cryomoduie replacement operations in about half that
time.

The addition of the guard window does not affect availability of the rf coupier system, “contrary “
to what might be expected, because failures of the guard window will have minimal impact on
system availability (provided they are limited in number and frequency). The MTBF of the guard
window is expected to be high because it is cooled on both sides by the air fiow. The MTTR for :
the guard window consists only:of the time required to turn off the rf station and to rephase the
rf field as necessary to compensate. Of course, the production rate wili be somewhat reduced,
but the window wiii be repiaced at the next maintenance opportunity.

To incorporate this new idea in the RAMi modeiing, changes wiii be made in the next phase of
the anaiysis to inciude the guard window, the effects of the diagnostics on anticipated faiiures
for both windows, the varying MTTR values depending on the faiiure mode, and the reduced
production capacity in the degraded mode.

47n
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RF Window Failure Modes .
Rationale For Guard Window:

● Limits volume of gas intrusion into the SCL in case of catastrophic failure
● Minimal impact on availability ,with continuing operations till the next maintenance period

Gas

Guard Window z ‘
~ Gas Purge

Vacuum Window :u ‘Iange

Vacuum

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Cryomodule
. . . . . .b

Indications For RAM Model Enhancement
QInclude guard window for completeness

Guard Window Faiiure:
s Excessive sparking or crack

rephase RF system & continue
QLong MTBF (both sides cooled)
cShort MITR (repha.se oniy)
QVery small effect on availability

Vacuum Window Failure:
s Excessive sparking: rephase RF

& continue tiil next maintenance
QCrack: smail gas reiease to

cryomodule (repiace oniy one
cryomodule)

● Shorter M~BF

● Longer MITR
● Crack possibie only if detection

fails

c Include diagnostics for anticipated faiiures effects for both windows ‘
● Inciude tie effect of reduced production capacity in degraded mode “ .

*
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MTTR vs MTBF For SCL RF Coupler

One consequence of the RAM modeling algorithms used in our analysis is that the individual
values of the MTBF and MTTR are, in all cases, combined to form a dimensionless figure-of-
merit, a = MTTR/MTBF, which drives the calculation of the iinac availability. Therefore, for a
given value of a (representing a given level of system availability), the required MTBF can be
determined by the achievable MTTR, and vice versa.

“The foiiowing chart indicates this relationship for the rf coupier exampie discussed eariier. For
exampie, if the achievable MTBF is not 100,000 Hr, but 40,000 Hr, then the allowed MTTR to
maintain the baseiine availability is reduced from 24 Hr to no ionger than about 10 Hr.
Conversely, if the MTTR is to remain at 24 Hr, then the Iinac system availability goal must be
reduced by about 3Y0.

*

*
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MTTR vs MTBF For SCL RF Coupler
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RAM Comparison for Normal Conducting and Superconducting Linacs

●

●

✎

‘e

●

The RAM performance of the superconducting Iinac (1780 MeV, 100 mA) was discussed in the earlier .charts. -
It has an instantaneous tritlum breeding rate of 4.2 kg/yr which, combined with a Iinac availability of 85% and
a plant availability of 80.6% leads to an annual tritium production of 3.0 kg/yr.

.

The normal conducting Iinac (NCL) Is the 136 mA, 1300 MeV baseline with a current funnel at 20 MeV. The
NCL makes extensive use of rf supermodules, each of which is comprised of several (typicaiiy 8) rf stations,
inciuding one spare to improve system availability. Our RAM results, indicate that despite this availability
enhancement (see aiso Sectioris 3.4 and 4.2), the NCL can achieve only 77% plant availability (corresponding
to 83 % iinac availability), resuiting in an annual tritium production of 2.7 kg/yr.

importantly, additional RAM studies indicate that a more bfficlent two production level NCL operating
scenario can be implemented without any design changes or added capital cost if the beam current can be
increased to the maximum ievel consistent with the Instaiied power in the supermoduies. By operating aii of
the eight rf stations in each supermoduie at fuii power (no spare), it wiii be possibie to increase the beam
current by about 20% (164 mA in the CCL, 82 .mA in each iow energy ieg). In this first ievei of operation the
iinac availability is iower than previously discussed, but the productionrate is 20?/ohigher, resulting ievel of
annuai NCL tritium production that is roughiy the same as reported above. However, when an rf station faiis
the system need not be shut down. instead, it can be operated at a reduced ievei of beam current consistent
with the remaining rf power (the originai 136 mA) whiie the faiied rf station is repaired, adding to the net
tritium production. Resuits indicate that for this operating scenario, the the net production reiative to the
originai mode wiii be increased by aimost 20Y0,resuiting In an estimated production for this machine of about
3.2 kg/yr, which exceeds that of the SCL.

The reader is reminded that detaiied RAM analysis based upon the specific SCL and NCL configurations are
provided in Section 3.4.

*
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Linacs
RAM Comparison for Normal Conducting and Superconducting

(skghmTritium Production Level)

Comp
:NormalCoI
s Supercon 0,

0

,85)

.83) I
I II

n

“#m-
&&b&r j

~ GnwwaJy01Trlthtm Assessment Of Alternative RF Linac Technologies For APT

2-49



2.4 Summary Of Manufacturing Schedule Evaluation

Northrop Grumman’s Manufacturing Schedule Evaluation task invoived reviewing existing APT pians (provided
by Los Alamos) to. provide an independent assessment of the required manufacturing process fiow and
schedule for both the normal conducting and superconducting APT Iinacs. These flows and scheduies inciuded
aii aspects of procurement, manufacturing, fabrication, testing and integration of the APT accelerator structures
and rf power systems. Possibilities for improvement In areas involving manufacturing producabiiity, costt and
scheduling were identified.

“The foilowing assumptions were used throughout:

● The Los Alamos-developed %tegr’afecf SC#F Acce/er’tMorSchedule, 413/96 (Incrernekted FV97 Rmdlng”
provided a starting point for the evaluation. This schedule specified the following major ,milestones:

- Technology downselect 10/1/98
- Linac building complete 1/1/03
- Full energybeam’test 4/1/06

● Phased Preliminary Design Reviews (PDR’s) will be conducted prior to placing long lead purchase orders
● Production Readiness reviews (PRR’s) will be conducted at the fabrication facilities to ensure assembly

qualification prior to fabrication of the first components
● Tool design and tool material handlhg fabrication will be completed prior to final process qualification
● A ramp-up phase will precede the production phase, where peak delivery rates are to be attained
. Final assembly, Installation and test of RF Power System on-site at SRL after RAMI demonstration phase
c Instailatlon and testing of Iinac and rf power modules started prior to completion of tunnel and kiystron

gailery (phased occupancy)
. Final installation and test activities will be successful. No a pr/or/ allowance for program interruptions.

The resuits of this effort, summarizing our evaluation of the schedule for the superconducting Iinac (SCL), are
provided in Section 5 and summarized on the foliowing two pages (both fold-outs). They.’indicate that it might
be possible to complete the SCL cryomodules and their rf power stations early enough to reaiize the fuli energy
beam test about one year earlier than the March 2006 date projected In the April 1996 scheduie.
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Comparison With Los Alamos’ 4/3/96 SCL Schedule

.

A comparison of the Northrop Grumman manufacturing schedule evaluation wRh Los Alamos’ 4/96 Integrated
SCRF Accelerator Schedule for severai of the criticai path activities for the SCL is provided in the next chart.

As shown, we would advance the fabrication, installation and test of the CCDTL structures so that the CCDTL
and CCL can both be completed by Juiy 2004. This modification was’ supported by a detailed assessment of. ”
the manufacturing flows and cycle times for both structures which includes a level loading of both personnel “
and key facilities such as braze ‘furnaces. The Northrop Grumman evaluation provides siightly less than two
years to install and rf test these room temperature Iinac sections (to 217 MeV).

.,

The Northrop Grumman evaluation of the schedule for the superconducting Iinac increases the fabrication time
from three years to almost four years and removes the overlap between the final design and fabrication
activities (assuming final design can be initiated at the beginning of the first quarter of FY’99). Instaiiation and .
test of the superconduction cryomodules occurs over a two year period which overlaps the fabrication activity
by one year. This Is preceded by off-line acceptance testing of each cryomodule including both full power rf
testing at cryogenicoperatingtemperatures(not shown).

The Northrop Grumman evaluation” of the schedule for the rf power stations indicates a 6 month longer
fabrication activity, but a net improvement In the overali schedule for this activity, which results from
considerable overlap of the fabrication and installation & test activities. One key assumption is that the initial
seven stations will be built and used for a RAM demonstration prior to installation at SRL, Another IS that the
time to complete installation of the last rf system wiil be one month subsequent to its delivery to the site.

It is further assumed that this station (and ail of the others) can be fuily Integrated witii the SCL cryomodules in
an additional two months, after which the fuil energy beam test Is to be Initiated.

*
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Comparison With Los Alamos’ 4/3/96 SCL Schedule
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2.5 Principal Conclusions & Recommendations

Although this activity is ongoing,there are several important conclusions that have been drawn from the first

phase. These conclusions are summarized below:
. .

●

●

.

In comparison with the normal conducting Iinac, the superconducting Iinac is less compiex and avoids rf
losses in the accelerator structure. its capital and life cycle costs are both estimated to be more than 20?40 .
lower

Cost trades indicate . that the baseline Iinac (100 mA, 1700 MeV) is near ~optimal
. Severai alternatives that were considered do not provide substantial capitai or iife cycle cost ,

advantage
. Operation at full capacity over a shorter production year appears to be the most economical

strategy for reduced production requirement (e.g., -2 kg/yr rather than the baseline 3 kg/yr)

Cost sensitivities indicate that if the coupler power were limited to 140 kW, the penalties wouid be minimal
(4% capital cost, 2% life cycle cost) RAM studies indicate the iinac design has achieved good prospects for
high availability (-85%)

. Reasonable RAM budget allocations to all subsystems and component assemblies

. Low sensitivity to rf tube and/or station failures because SCL can operate through failure of one
or morecryomodulesand becauserf stationscan be rep~iredon-line, duringpiant operation

The Iinac RAM performance is sensitive to the achievable failure rate of the -800 RF window/coupler
assemblies. The Iinac can operate through the failure of a limited number of windows, but they can not be
repaired on-line

If desired, the cost of additional iinac capability to provide a RAM hedge will be low (< $60 M for 10%
hedge)

Assuming success oriented integration and test, the program schedule appears to be conservative.- . .

*
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3.0 Task 1: ASM Models For APT Baseline Linacs

.

,.

At the inception of this contract effort, Los Alamos had developed “then-current” APT Iinac
configurations based upon normal conducting technologies below 217 MeV and either normal
or superconducting rf Iinac technologies for the high energy Iinac above 217 MeV. These +
configurations~ as they existed on 6 August 1996, were used as the “baselines” for Task 1. The
one exception was a change from six cavities per cryostat to 3 cavities per cryostat in the
medium-O superconducting acceleratorthat was made on 14 August. Although there have been
other minor modifications to the superconducting configuration since that time, the current
design is similar enough to the baseline design that the trends identified in this study should be
equally applicable.

The Accelerator Systems Model (ASM) is briefly described In Section 3.1. The modeling results,
as they apply to the above baseline superconducting and normal conducting Iinac
configurations, cost and reliabilitylavailabilitylmaintainability (RAM) characteristics of the APT o
baseline Iinacs are presented in Sections 3.2,3.3, and 3.4, respectively.

.
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3.1 The Accelerator Systems Model (ASM)

The Accelerator Systems Model (ASM), developed by Northrop Grumman in cooperation with
G. H. Gillespie Associates and Los Alamos during the past four years, was used extensively in
the performance of Tasks 1 and 2 of the Assessment Of Alternative RF Linac Structures For ●

APT study, the results of which are summarized in this section. ASM provides the following
unique capabilities for detailed layout and system-level evaluation of advanced rf Iinacs:

●
✎

●

●

●

●

Ability to model ion Iinac configurations based upon a large number of existing and
recently proposed normal and superconducting Iinac structures, operating over a wide
range of rf frequencies ‘
Detailed cell-by-cell tracking of the linac configuration and the electrical and rf power .
system performance ~
Generation of detailed component inventory that includes all Iinac systems and .
dedicated facilities
System reliability, availability, maintainability (RAM) modeling for estimation of
operational availability and the cost of component replacement and/or refurbishment
Cost analysis capability which encompasses capital, construction, and annual operating
costs, resulting In a single life cycle cost estimate .

As Indicated on the following two charts, the current version of ASM, inciudes specific models
“ for all of the accelerating structures in the APT designs, allowing the anaiyst to consider many

Iinac configurations and technology trades using a consistent set of modeling algorithms.

The on-going ASM development effort is currently concentrating on the’ improvement of
existing models (e.g., diagnostics, instrumentation and control and cryogenics),
implementation of an automated capability for parameter trades, and adaptation of the code
for pulsed ion Iinacs. Future ASM variants dedicated to applications involving electron beam
Iinacs, free electron lasers, ion cyclotrons and Ion storage rings are envisaged.

“*Ia
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Accelerator Systems Model (ASM*) Used To Perform Study

Existinu Models=● “.

● ion Sources - ECR or RF-Driven
QLEBTs - PMQ or EMS
● RFQ’s - Conv. or ResonantlyCoupied
● Matching - Interstructure& Funnel
cDTL - Various Lattices & MagnetTypes
● CCDTL -2 or 3 Gaps
● CCL - IndividualTanks or RF Supermodule
● SCL - Low ~ IndependentCavitiesor High ~

Multi-EiiipticalCeil Cavities
● HEBT - Per User Specified Layout
● RF Power - Compiete Station inci. Output/Driver

Tubes, Power Supplies,Transport
● services - Thermai (incl., Cryopiant),Elec., l&C c
● Dedicated Facilities - Tunnei, Buiidings
● cost - Life Cycle inci. Labor, Materiais, Learning

Curves, Eiec., Staff, Replacements,etc.
● RAM - RequirementsAiiocatlon & Sensitivities

* ASM is a joint developmentof Northrop
Grumman, G.H. GillespieAssoc., and
Los Alamos

*
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3.2 APT Linac Configuration Modeling

.

.

ASM models for the baseline normal and superconducting “APT Iinacs were developed as a
basis for establishing the relative performance and cost of these two technology alternatives,
and as a basis for the subsequent trade studies reported in Section 4. The modeling goals ;
were to generate cell-by-cell Iinac configurations that matched the Los Alamos-provided
design in key areas such as the number, lengths and energies of the various accelerating
structures as well as the rf and electrical power requkements of those structures. The derived
data was then used to develop the ca~itai costs of the iinac and to size and configure the RF
power system, whose cost was also estimated by the code. By keeping close track of the’
component inventory, it was also possible to develop high fideiity modeis for RAM ~
performance. .

.

This section describes the results of “ASMconfiguration modeiing for the baseline normal and “
superconducting APT Iinacs. ASM cost and RAM results for these Iinac configurations are
presented in Sections 3.3 and 3.4.
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3.2.1 Ground Rules & Assumptions

The “baseline” configurations for the normal conducting and superconducting Iinac (NCL
and SCL) technology alternatives were modeled as follows:

● NCL for -2 kg/yr production (100 mA, 1300 MeV, 2.13 kg/yr @75% duty factor))
.

● Upgraded NCL for -3 kg/yr production (136 mA, 1300 MeV, 2.90 kg/yr @75Y0duty factor). .
This is same high energy’ Iinac with beam funnel at 20 MeV and additional rf power

. stations to accomidate increased beam current)
c Dual production level S.CL for -2 kg/yr (100 mA, 1340 MeV, 2.20 kg/yr @75Y0duty factor

operated with 140 kW per RF power coupler in high beta section) or -3 kg/yr (100 mA,
1780 MeV, 3.15 kg/yr @?75?’oduty factor opeated with maximum 210 kll!l per RF power
coupler).

The Iinac structure below 217 MeV was normal conducting and identical in all three cases. ~
[Consideration of detailed matching at 217 MeV between the CCL and the medium beta
superconducting structure would invalidate this assumption, but the effect is expected to be .
negiigabie from a system perspective.]

Where the tritium production level is -2 kg/yr, it is assumed that a tritium breeding safety
factor of -IOYO is held back and is not included in the production rate or integrated capacity.
Where the tritium production level is 3 kglyr, the additional production associated with the
safety factor is inciuded, so the required production is less than a factor of 1.5 higher. This
accounts for the upgraded parameters of i 36 mA (NCL upgrade) and 1780 MeV (SCL
maximum capability) above. “

Ail of the RF power stations are based upon moduiated anode kiystron technology, rated at
1000 kW each, delivering up to 840 kW to the Iinac cavities.

~ G~
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3.2.2 Normal Conducting Linac Baseline Configuration -

This section describes the .ASM physics layout and machine configuration of the baseline
normal conducting Iinac. ~he~ASM results are compared with the point design information
provided by Los Alamos. ‘

\
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3.2.2.1 Los Alamos’ Normal Conducting Configuration (-2 kg/yr)

The normal conducting Iinac configuration for APT is shown on the next page. It is based
upon an evolution of the technology used in the Los Alamos Meson Production Facility .
(LAMPF), extrapolated to high current CW operation involving about 100 times the average
current. Like LAMPF, the APT ilnac would utilize a klystron-driven coupled cavity Iinac (CCL)
over most of the energy range. However, the current design includes numerous.
improvements. Notable among these: is the requirement to design for CW operation, which
imposes new requirements such as improved cooiing for higher heat loads throughout the
machine, a larger beam bore, and more careful matching between iinac structures to
minimize beam loss and consequent activation of the iinac and its surroundings.

in addition, there are several improvements in the low energy accelerator. The first of these
is the microwave ion source, which has recently demonstrated production of the goal current
(about 120 mA) in CW operation over an extended period. The second improvement is a high
energy (6.7 MeV) RF quadrupoie (RFQ) linac which replac”esthe Van De Graff iinac used in
LAMPF. The resonantly coupled RFQ is more compact and reiiabie whiie providing more
beam current of lower emittance than previous solutions. The third improvement is the

coupied cavity drift tube Ilnac (CCDTL), which replaces the Alverez-type DTL used in LAMPF. “
The CCDTL is less complex and expensive than the DTL, “(especially its internai alignment),
while also providing a higher shunt impedance in the energy range of interest.

!“

*

M“
~GnvMwau

A&18rnr Assessment Of Alternative RF Linac Technologies For APT
of Tiffllnll 3-8



. .1
I

3.2.2.1 Los Alamos’ Normal Conducting Configuration (-2 kglyr) (Continued)

.

A final hnprovewment involves the use of an RF “supermodule configuration” to add
redundancy and eliminate single point failures on the RF side of the Iinac that would otherwise ~
result in system shutdown. A typical supermodule involves seven 1 MW, 700 MHz RF power
stations which are configured, using ,the. Iinac structure as a combiner, so that full current
operation requires only six of the seven stations to operate. If a station fails (e.g., if the high
power klystron or its driver must be serviced) it can be decoupled from the load, serviced off-
line while the system continues to operate. Since the time to repair is generally much less than
the expected time between failures, the supermodule eliminates RF station failure as a first
order RAM consideration.

I
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Los Alamos’ Base ine Normal Conducting APT Linac - 7/96

.

I eRF Power System: 273 1.0 MW RF Stations I
1, i I

II Super Module Configuration
1 [

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Room
............................. ....... ...................................

Temperature
...

2-Gap
.

Injector
3-Gap 2-Gap

... 100

CCDTL - CCDTL
- CCL

.
- CCDTL

. mA

I 1—1 — I=”l

..,.
.... ........0... ............

.
............... ................ ........................................................ , ,,, ,.

0.075 MeV 7 MeV 8 MeV 20 MeV 100 MeV 1300’MeV

Current ‘-
0,,
100 tiA

Production Rate ● 2 kglyr I
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3.2.2.2 Normal Conducting Linac Layout

.

,.

“.

In this section we compare the ASM configuration model for the baseline normal’ conducting
Iinac with Los Alamos’ design configuration.

To begin, we note that the ASM modei for this system requires a different number of CCDTL
and CCL sections than indicated in the Los Alamos design information. There are two
reasons for this. First, we have modeled the the 6.7-8 MeV CCDTL (one drift tube per cavity)
together with the and 8-20 MeV CCDTL (two drift tubes per cavity) as a singie two drift tube.
structure. This was done for ASM modeiing convenience. To correctly model the first CCDTL
section within the ASM generated configuration, the ASM cost modei (not physics) must be
modified to ailow a second singie tube structure (the 20-100 MeV CCDTL) to be introduced
later in the calcuiationai flow. The required modification is, of course, possible. However, it
was not given a high priority because treatment of the smail 6.7-8 MeV CCDTL in the code
has a negligabie effect from the system perspective.

The second reason for a different number of CCDTL and CCL sections compared with the Los
Aiamos information is that ASM requires a new modei element when ever the bore size of a
given accelerating structure changes. As indicated in the figure at the lower ieft corner of the
next page, the bore changes twice between 20 and 99.6 ‘MeV, so three ASM CCDTLS are
required to cover this range. Similarly, the bore changes once between 99.6 and 1300 MeV,
so two ASM CCLS are required to cover this range.

*
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Baseline Normal Conducting Linac Configuration Model

.

Los Alamos Normal Conducting Baseline Provided On 6 Auqust

CCL
1

75 KeV 6.7 MeV 8 MeV 20 MeV 99.6 MeV 155 MeV 1300.4 MeV

ASM Configuration Used To Model The Normal Conducting Baseline

I INJ

75 KeV 6.7 MeV 20 MeV 31.1 MeV

‘ Figure 6.2.28 From Draft CDR Report

57.8 MeV 99.7 MeV

125.2 MeV 155.1 MeV 1300.5 MeV

~ot~ ASM requires different CCDTL
configuration than Los Aiamos design
information because:

9 Having two singie drift tube CCDTL sections
seperated by a singie drift tube section Is
prohibited by ASM’S cost estimation iogic

● ASM requires a new modei element whenever
the bore size of the accelerating structure
changes
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Comments On ASM CCDTL Models

The implications of the CCDTL modeling approximation highlighted in the previous cha~ were
investigated in detail. The two ASM physics/configuration models shown on the next page
were used. The first model (ASMI ) includes all of the features of the Los Alamos design. The
second model (ASM2) Iumpsthe first two CCDTL’S.

The following two pages depict the ASM results for each of these models. As shown, with the
exception of a 0.5 m (0.5Yo)difference in the total CCDTL length and a 1.9?40difference in the ~
power consumption the ASM 1 model is in near perfect agreement with the design. The ASM
2 model “results in a slightly larger discrepancy in the CCDTL length (1.7Yo) and a 2.49t0
difference in the power.

The conclusion to be drawn is that the ASM 2 model, which was used in the costing analysis,
is of sufficient fidelity to provide an excellent representation of the design.

*
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CCDTL Modeling Approximation

Los Alamos Normal Conducting Baseline CCDTL Configuration

1 DT 2 DT 1 DT

I INJ RFQ CCDTL CCDTL CCDTL ~

ASM

75 KeV 6.7 MeV 8 MeV 20 MeV 100 MeV

.,

Model 1: (Full Representation Of Los Alamos Front End)

1 DT 2 DT 1 DT

I INJ RFQ CCDTL CCDTL ~1=1

75 KeV 6.7 MeV 8 NleV 20 MeV 100 MeV

SM Model 2: (Modeling Simplification Eliminates 6.7-8 MeV CCDTL)
2 DT 1 DT

I INJ RFQ

75 KeV 6.7 MeV 20 MeV 100 MeV
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CCDTL Modeling Results (cent’d)

.

.
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3.2.2.3 RF Supermodule Layout

.

The supermodule layouts as”specified by the Los Alamos design and the ASM models are
shown in the next five pages. For each supermodule the energy breaks, beam and structure :
powers, RF station allocation, and RF station power requirements are shown. As indicated,
the estimated values agree to within 4 ?40.

It should be noted that the,total number of RF power stations indicated in the table represents .
the operational requirement and does not include the one spare RF station for each”
supermodule. Therefore, the’ total number of RF power stations for the normal conducting ~
design will be 227+43= 270, representing 270 MW of installed RF power and providing 227*
0.833 (average) = 189 MW of RF power to the rf Iinac cavities.. .’

e
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Normal Conducting Linac Supermodule Layout

NUrnberE[MeV] P~EAM P~TRucT Total RF Stations Power/Sta.

16.52 0.98 0.70 1.68 2
1 840 Los Alamos’

16.50 0.98 0.70 1.68 2
44.75

840
2.82

ASM
1.42 4.24

2
5

44.69
848 Los Alamos

1.30 4.12 5
78.69

4
3.39

ASM
1.71 5.10

3
6 850 Los Alamos

78.61 3.39 1.71 5.10 6
110.66

850 ASM
3.20 1.81

4
5.01 6 835 Los Alamos

110.77 3.22 1.91 5.13 6 855 ASM
131.45 2.08 1.25

5
3.33 4 833 Los Alamos

131.46 2.07 1.27 3.34 4
152.43

835
2.10

ASM
1.30

6
3.40 4

152.17
850 ‘ Los Alamos

2.08 1.31 3.39 4
173.61

848 ASM
2.12 1.26

7
3.38 4. 845 Los Alamos

173.70 2.11 1.26 3.37 4
194.76

843 ASM
2.12 1.20 3.32

8
4 830

194.49 2.12 1.25
Los Aiamos

3.37 4
216.81

843 ASM
2.21 1.20

9
3.41 4 853 Los Aiamos

216.54 2.21 1.18 3.39 4 848 ASM
238.55 2.17 1.15 3.32

10
4 830 Los Alamos

238.28 2.17 1.14 3.31 4 828 ASM

* Draft APT Accelerator Conceptual Design Report (July, 1996)

*

Is

Acce18r Assessment Of Alternative RF Linac Technologies For APT , ~~WUcrklflotTrIllum
3-18

.



Normal Conducting Linac Supermodule Layout (cent’d)

.

.,

Number E [MeV] PD&M P~TRucT Total RF Station~ PowerEta.

11
265.82 2.73 1.40 4.12 5 824 Los Alamos
265.56 2.74 1.40 4.14 5 828 ASM

12
294.09 2.83 1.41 4.23 5“ 846 Los Alamos
293.84 2.82 1.42 4.24 5 848 ASM

13
322.00 2.79 1.36 4.15 5 830 Los Alamos
321.75 2.79 1.37 4.16 5 832 ASM

14
350.69 2.87 1.37 4.24 5 848 Los Alamos
350.45 ,2.87 1.38 4.25 5 850 ASM

15 378.78 2.81 1.32 4.13 5 826 Los Alamos
378.54 2.81 1.33 4.14 5 828 ASM

16
407.49 2.87 1.33 4.21 5 842 Los Alamos
407.26 2.87 1.34 4.21 5 842 ASM

17
435.39 2.79 1.28 4.07 5 814 Los Alamos
435.17 2.79 1.29 4.08 5 816 ASM

18
463.79 2.84 1.29 4.13 5 826 Los Alamos
463.58 2.84 1.29 4.13 5 826 ASM

19
492.67 2.89 1.30 4.19 5’ 838 Los Alamos
492.46 2.89 1.29 4.18 5 836 ASM

20
521.99 2.93 1.31 4.25 5 830 Los Alamos
521.80 2.93 1.29 4.22 5 844 ASM
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Normal Conducting Linac Supermodule Layout (cent’d)
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Normal Conducting Linac Supermodule Layout (cent’d)

Number

41

42

1232.40 3.47 1.47 4.94 6
1232.40 3.47 1.48 4.95 6
1267.22 3.48 1.48 4.96 6
1267.26 3.48 1.48 4.96 6
1300.42 3.32 1.41 4.73 6
1300.47 3.32 1.41 4.73 6

.— 129.37 59.89

.n—

PowerlSta I

823 Los Alamos
825 ASM
827 Los Alamos
827 ASM
788 Los Alamos
788 ASM

Los Alamos
,., 833, ASM
-$w!{ia! &di.u.&!&lwh&*,$i~,‘,’.l\,Q($.#\i::,l”J.,?,,,

●
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3.2.2.4 NCL Configuration Modeling Summary (-2 kg/yr)

.

The configuration modeling results for the 2 kg/yr normal conducting baseline design are
summarized on the next page. The table shows, for each Iinac section, the energy break
points, the number of RF cavities, the length of the section and the RF power input to the
cavity (as opposed to output’ from the tubes which includes transmission losses and design
margins and is about 20% higher).

As indicated, all of these quantities are in close agreement with the detailed design. The
reader should recall that ASM CCDTL II includes CCDTL 1,so that Its results compare with the ~
sum of both structures in the Los Alamos Design.

*
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APT Normal Conducting Linac Baseline Model Results

INJ RFQ CCDTL CCDTL CCDTL CCL CCL Totals
I II Ill I II

Final Energy (MeV)

T@

/
130094

~ &f@i”
Los AIamos* .075 . 6.70 8.0 20.0 99.6 155.0

,,

ASM .075 6.73 : -- 20.0 99.7 155.1 1300.5 “~i’~’”’5$ijwqog,,...>.’i ..’

No. Of Cavities
Los Alamos — .—. 24 59 150 63 763 1059

ASM — .—. 83 150 63, 763 1059

Section Length (m)
Los Alamos 2.0 8.0 5.1 16.5 81.4 50.9 1017.7 1182.4

ASM 2.8 8.0 “- 22.8 81.9 50.8 1017.5 1183.8

RF Power (MW)
Los Alamos — 1.96 ===> ===> 13.92 ===> 175*3 ,,,?91$18

ASM
— 1.96 - 2.23 ● 12.03 ===>

$
174.85 $; g@7,

~$&~’t,/, ;“!,;
:

● Draft APT Accelerator Conceptual Design Report ( July, 1996)
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3.2.2.5 Normal Conducting Linac Upgrade Configuration (3 kg/yr)

.

Upgrading the normal conducting APT Iinac from -2 kg/yr to -3 kg/yr would be accomplished
by adding a parallel beamline, then funneling the two beamlines into a single beamline at 20
MeV. The baseline -2 kglyr configuration anticipates this as a possible requirement by
doubling the RF frequency afier the RFQ. Therefore the two 350 MHz RFQs, each of which fills
half of the available rf buckets at 700 MHz, would be synchronized to fill all of the rf buckets “
after 20 MeV in the subsequent structure, which operates at 700 MHz. [Note that the reason
that the CCDTLS below 20 MeV operate at 700 MHz primarily involves fabrication difficulties at,
350 MHz (twice the diameter) rather than beam dynamics requirements. Nevertheless, this
selection should simplify the 20 MeV beam funnel]. .

As noted earlier, the beam current requirement for the upgrade is 136 mA, so each of the two
low energy beamlines must produce 68 mA. The acceleration of 36 additional milliamps of
current to 1300 MeV requires that additional RF power stations and RF transport lines be
added down the entire length of the Iinac (with appropriate “replumbing of RF coupiers, etc.).
In other respects the -2 and 3 kglyr normal conducting beamiines are identlcai. The major
considerations for upgrading of the normal conducting linac from -2 to -3 kg/yr, as modeled
by ASM, are indicated on the next page.

●
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Upgrading The Normal Conducting Linac For 3 Kg/yr

ECR Ion Injector 327 High Power RF Stations

\

7 MeV, 350 MHz RFQ

“A\ 20 MeV, 700 MHz CCD

.

.

20-100 MeV, 100.1300 MeV, 700 MHZ CCL
700 MHz CCDTL b..b

Production Beam Current RF Power No. RF Stations:

2 kglyr 100 mA 191 MW “ 273
3 kglyr 67/134 mA 238 MW 339
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3.2.3 Superconducting Linac Baseline Configuration

The baseline superconducting Iinac configuration described in this section draws upon recent ‘
advancements in electron’ Iinac technology that have been established at TJNAF, CERN and
elsewhere. Although it would be the first superconducting proton Iinac, the really new
features are its acceleration of a high ion current (100 mA) beam, beginning at about half the .
velocity of light. The additional challenges associated with these features may be more than ~
offset by the advantages of.superconducting operation.

More specifically, the low electricity consumption and high achievable electric field of the rf
superconductor allow for the practicality of both a large beam aperture and of accelerating
particles of non-optimal energy through Iinac structures. For example, a superconducting RF
structure sized to have maximum acceleration efficiency for an ion of velocity, ~ = 0.64 can
achieve acceptable acceleration when the beam velocity is as low as (3= 0.58 or as high as ~ =
0.75. This implies that the superconducting Iinac can be Comprised of only a few types of
identical modules (the APT superconducting baseline considered herein uses two types, a
medium energy cavity [~ = 0.64] and a high energy cavity [~ = 0.82]) as opposed to normal
conducting Iinac structures that vary continuously in length.

4718
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3.2.3 Superconducting Linac Baseline Configuration (cent’d)

This allows for lower complexity of the superconducting Iinac and higher operational
flexibility. For example, since the efficiency of the structure is not sensitive to the precise
beam energy, if the operability of one or more accelerating cavities is interrupted, it will be
possible to adjust the rf phase and amplitude in several successive cavities to recover the

. beam and restore it to the expected final velocity. Similarly, it will be possible to operate the
same Iinac at two quite different final; energies by changing the power input and rf electric
accelerating fields in the final set of accelerating structures. The large beam aperture that
can be provided reduces the sensitivity to the size of the beam halo (which could impinge on a

. smalier beam aperture).

Ali of these techniques are to be employed in the baseline superconducting Iinac described
herein. It employs a beam aperture that is approximately 14 times the RMS radius of the
beam. It is tolerant of in-iine failures of one or more rf power stations, rf drive lines, cavities,
etc. Depending upon the number of operable rf cavities and the power capacity of the rf drive
iine (containing one or more vacuum windows), the Iinac can produce a final energy between
1300 MeV (1340 MeV with all equipment operable) and 1700 MeV (1780 MeV with all equipment
operable).

●
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3.2.3.1 Los Alamos’ SCL Baseline Configuration (2 or 3 kglyr)

This subsection provides highligh~s of ther SCL baseline machine
provided by Los Alamos (shown on next page). This machine can be

configuration that was
operated to produce UP c

to -3 kglyr (3.15 kglyr @7~4 duty factor) when-operated at full rf power and energy (1780 MeVj. “
Additional configuration modeling detail is provded in the subsequent subsections.

.

. .
. .
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Los Alamos’ Baseline Superconducting APT Linac 7/96

I RF Power System: 237 -1.0 MW RF Stations” I

I I Super Module Configuration
I L I I I

0.075 MeV 7 MeV

47Is
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8 MeV 20 MeV 100MeV 217 MeV I 469 MeV‘
I

1779MeV
I 1

Cryogenic Supply Piant

Current 100 mA
Length 1212 m
RF Power

.

100
mA
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:<, 3.2.3.2 ASM Superconducting Linac Layout~ii:<{,...,:.:,..,:.’.., An ASM model of the superconducting Iinac configuration shown on the previous page was,:.!
~~,, developed using the RF Iinac elements indicated on the next page. Up to 217 MeV, the Iinac is:.,,j~,: identical to the normal conducting Iinac described in Section 3.1.2. Beyond 217 MeV the ASM ~,;!@.~.>(’t: models use the same two fixed ~ structures as the Los Alamos design, achieving a near*;.;, . perfect configuration match.;,:.:,-ly \.:? ,
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Baseline ASM Superconducting Linac Configuration Model

Los Alamos SuDerconductina Baseline Provided On 6 Aucjust
.

I
INJ CCL

75 KeV 6.7 MeV 8 MeV 20 MeV 99.6 MeV 155 MeV 216.8 MeV

,.

I SCL SCL
1

468.8 MeV 1779 MeV
~= .64 ~= .82

ASM Conficjuration Used To Model The Superonductina Baseline

1 INJ
.

CCDTL

75 KeV 6.7 MeV 20 MeV 31.1 MeV 57.8 MeV 99.7 MeV

EI1-1 CCLt-i CCL SCL
I

125.2 MeV 155.1 MeV 216.7 MeV 469.0 MeV 1779.4 MeV

~= .64 ~= .82
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Comments On Superconducting Linac ASM Modeling Results

The ASM superconducting Iinac (SCL) modeling results are indicated on the next two pages.
These results are, again, in close agreement with Los Alamos’ design (Los Alamos results not
shown here). The last row indicates the changes in machine parameters when the RF coupler ,
power is increased from 140 kW to 210 kW. . .

\

.,

. .
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Superconducting Linac ASM Modeling Results

~~etiPCOUP I (mA) ~Mev)
3ect-~n fiG (M~V) 13 Ncell

Ea ‘Peak Rad Erea Ltof F’k[y f’cryOAwcat Ncoup coup! cavf (Mev Ncav Nkly (m)s (MeV) ~vl~ (cm) ~WW cavity klystr,m , (kY) (WV)

?17.0 ,503 4.99 .
;;; 0,64 -

469.0 :745 5 ;.34
N/A 6.5 14Q.00 100 2.80 180 2 3 1.% 90 30 204.0 840.(J 2.04

.745469.0 - 3.89
+igh 0.82 . 5 -

4.31 “A
8.0 140.00 100 2.80 624 2 2 1.10 312 156 791.7 559.9 5.84

]eta 1342.4 “g”
%’

{igh .745 5,84
Ieta 0.82 469.0 -

.939
5 -

lp-
. 6.06 NIA 8.0 210.00 100 4.20 624 2 2 1.66 312 156 791.7 840.O 9.04

wade 1779.4

.
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Superconducting Linac ASM Modeling Results (cent’d)

I
Lq L(m) do AW*

/m) (m) :::od (deg) (s10 $ tan(~
(deg) (degl lt-1 I I ! ! I I 1P

~’:kl:::l3’I30Ii’l“”1o3051J_=TdT
469.0 80

High 0.82 . N/’ N/A
28.0

4 78 .459 2.(),5 -80 -8.4 35 N/’
~eta 1342.4

1 1 1 1 I I I 1 I ! I I
-tIgh
]eta 0.82 469.0 q 80

78 “/’ “/’ 28.0 35
lp- . .459 2.030 -80. -8,4 N/’
pade 1779.4

.

-..,
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3.2.3.3 Configuration Modeling Summary For SCL

The configuration modeiing resuits for the superconducting baseline design are summarized
on the next page. The table shows, for each Iinac section, the energy break points, the
number of RF cavities, the length of the section, the RF power requirement, the number of rf
stations and the cryogenic heat ioact. The ASM models are in close agreement with Los ‘ ,

. Alamos’ design results.
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Summary Of Results For APT SCL Baseline
I

INJ . CCDTL I CCLRFQ SCL I SCL II

.075

.075 ~

---
-...

6.70.
: 6.73

------
....-

468.0
469.0

90
90

1779.0
1779.4

312
312

ASM

233

I

120
233 120ASM

sectp:Ny’#g (m)
103.0 i 04.5
104.7 104.4

1211.5
1215.6

2.8
2.8

8.0
8.0

204.0
204.0

791.7
791.7ASM

RF Power (MW)
LANL CDR 1.96

1.96 I

13.92

I

18.94
14.26 18.55

-----

-----
25.20
25.20
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3.3 Cost Comparison Of Normal And Superconducting Linacs

ASM cost estimates for the APT plant, based upon the baseline normal conducting and
superconducting APT Iinacs, discussed in Section 3.2, are reported in this section. The
relative capital, operating and life-cycle costs of these two technology alternatives are
provided.

,.

The development of the estimates reported herein was preceded by an activity which
compared our ASM results for the cost of the APT linac with a Los Alamos cost estimate for
the September 1995 superconducting Iinac design (100 mA, 1000 MeV). [LA-UR-95-4045: “A
Feasibility Study of the APT Superconducting Linac, 1995”, dated April 1996.] This analysis is
provided as Appendix B, AS/14 Cost Benchmarking Against Previous APT Cost Estimate.]

. Given the differences in organization of the cost accounts, and the differences in assumptions
on procurement (i.e.., whether or not an item would be made in-house [therefore accounted as
labor ] or purchased [and accounted as materials ]), the results of this comparison, indicate
acceptable agreement. Of special note, the ASM total capital cost estimate was within 14?40of
the previous Los Alamos estimate.
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3.3.1 Highlights Of Cost Estimation Approach

Highlights of the cost estimating approach are provided in the next two charts. The “overnight
capital cost” is comprisedof all of the sum of the plant equipment, labor and materials costs “
from Preliminary Design through completion of the 1.5 year startup phase, but without
consideration of escalation .or other financing considerations during the life of the construction
project. The overnight cost is added to a discounted sum of the operating costs over a ZIOyear:
period to establish the estimated life ~cyclecost (details of discounting assumptions will be
provided later in this section). Ail costs in this section (and throughout this document) are
referenced to 1995 dollars.

The capital cost estimates were developed, in priority order, from scaled actuai costs of as-
built hardware, vendor-supplied cost estimates and grass roots estimates which considered
the costs and/or labor associated with all of the aspects of design, engineering, procurement,
manufacturing and test.. Where multiple procurements of the same item were involved,
learning curve scaling was used to reflect the reduced unit costs. For example, if the learning
curve is 94% and the normalized cost of the first unit or lot is 1.0, then the cost of the second
unit or lot is 0.94 and the cost of the fourth unit is 0.88, the cost of the eighth unit is 0.83, the
cost of the sixteenth unit is 0.78, etc.
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3.3.1 Highlights Of Cost Estimation Approach (Continued)

.

The operating costs are dominated by the cost of electricity, assumed to be 34.5 mil/kWeHr
(0.0345 $/kWeHr) during the first year of operation and the cost of component replacement and
refurbishment. The later cost is strongly influenced by the failure rate analysis which is
embedded in the RAM analysis (see Section 2.3).

The cost analysis assumes that much of the equipment will be furnished by the government to
the integrating contractor. Only the first few (Typ. 10) units would be purchased by the
contractor. The net effect is to eliminate multiple procurement burdens in the procurement
cycle. .

The equipment budget for the Iinac includes contingency, which varies according to the
subsystem to be procured. The dnalysis reported herein assumes an average contingency of
217!0.
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Highlights Of Cost Estimation Approach

1997 1998 1999 2000 2001 2002 2003 20042005 2006 2007 2008 2009 2010 2011 20122013 2047 2048

Ciymrl costs...... ,.,,..,",".,...",...,..,,*".,.......s...................””.”.
Prellm.AndFinalDesign

..,,,., "",... w",o,."*,..*"... ",," . . .." . . . . . . . . . . . . . . . . . ..”......

ComponentFabrication..,.-.-w-m”Mm”M.”.-”.,,”w,.,,”x,...,,.x.-.,.,...,..”.,
AssemblyandIntegration.,.,,,,w,,...,,,,...,..."...,,.,.",.w...-,"-M.,.,,w.,.,,..”,,....,...,.,,,,,

ShiptoSite ? r. . . .

1
.,,,,.,,,.,.,,.,.,..M,,,,,,..,.,,,,,,.,,,..,,,....,,.,.,,.",..,,,............

On-SiteInstallation.................w.o"...........................................,,.,,,,..,,
InitialOperation \.,,,.,.,.,...,,,,.,,.,,,,,,....,.....,,.,,.o,..,.,,,.,,,...,"-,..,,,,,.,,,,.

.,,,,..,,,,,,,.,,.,,,,,,,.,,.......,.,.".,,.,,.,,,,,.,,,,,,,.,.,..,..,,.,,,,”,
OpemthrgCosts.... ................ ,,..,,,..,..,,,”.,..,,,.,,,,..,,,,.,,..,,,,

TritlumProductIon

●

✎

“~---J---’--—--——————— Life Cycle Cost ($-95) -WVAW-
~ -“

● Capital costs developed from:
Scaling from similar hardware programs (e.g., RFQ) .

Vendor cost data (e.g., superconducting cavities, RF power
station)
Grass roots estimates and manufacturing plans (e.g., CCDTL)
Learning curve savings for multiple lots and rate production

● Operating costs developed from:
– Electricity consumption (34.5 mll/kWeHr)
– Plant staff ($73,000 per FTE)
- Component replacement (or refurbishment) costs

● Extensive use of Government Furnished Equipment:
- RF power equipment, vacuum pumps, focusing magnets, copper

47
● Average contingency ❑ 21‘/018 ~ ~a
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Typical Rate Production Learning Curve

The next chart indicates typical “learning experience” in the production of high precision
superconducting equipment (i.e., Northrop Grumman’s production of the superconducting “
dipole magnets for Brookhaven’s Relativistic Heavy Ion Collider, RHIC). The best fit to this
experience is a 91% learning curve, which was used to estimate the production costs for the “ .
Iinac Iinac structures, both superconducting and normal conducting. A less aggressive 94%
learning curve was used to estimate the rf power system components. The estimates all
assume that manufacturing engineering inputs to the design process occur beginning-during
Preliminary Design (cost of this activity included in the estimates) and that there will be one
large production run (one manufacturer) for each major component. If the production is to be
split among more than one manufacturer, then the cost will increase because the learning ~
curve savings will be substantially reduced.
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Typical Rate Production Learnina Curve

● “Learningcurve” t?(fUatiOnS

have been used to capture
reduction in estimated unit
cost for large production runs

–94’YoLC for rf power “
systems

-91Y0 LC for Iinac structures

● Assumptions used for APT
Iinac:

-Single supplier to maximize
benefit (duplicate
production lines WiII
progress through same
learning curve)

–Manufacturing engineering
involvement beginning
during preliminary and final
design phase

+.-

5

●

●

●

l,EO
0

1,40
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1,20
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0
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Example: RHIC Superconducting
Di~ole Maanet Production Proaram
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1 10 19 22 W 46 M 64 73 82 01 100 102118 127128 14S 124 163 172101120192202217

Magnet Numbers

256 design changes prior to high rate production

Touch labor range: 900-250 Hr (360 Ave.)

Results in 91V0learning curve
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3.3.2 Capital Costs

This section describes the capital costs of APT plants based upon normal conducting and
superconducting Iinacs. .

Section 3.3.2.1 describes the basis of estimate for the cryomodules used in the
superconducting Iinac and compares the cost of the cryomodules with the corresponding CCL
structure used in the low. energy sedtion of the superconducting Iinac and throughout the
normal conducting Iinac.

Section 3.3.2.2 describes and compares the capital costs for a normal conducting Iinac sized
for -2 kg/yr production with the capital cost for a superconducting Iinac capable of up to -3 kg/ .
yr production. Operated at 75% plant avialability, the normal conducting APT plant (1300 MeV,
100 mA) produces 2.13 kg/yr of tritiumwhlle the superconducting plant, sized for 1780 MeV, 100
mA, but operated at 1340 MeV, 100 mA, produces produces 2.20 kg/yr.

Section 3.3.2.3 describes and compares the capital cost for a more capable, current funneled,.
normal conducting Iinac (1300 MeV, 136 mA) sized for 2.90 kQ/yr production at 75% availability
with the capital cost for the above superconducting Iinac operated at. 1780 MeV, 100 mA to
produce 3.15 kg/yr. [Note: The capital cost of the SCL plant is the same in both cases. The
operating cost, described in Section 3.3.3, increases at the higher production level.]
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3.3.2.1 Cost Estimate For SCL Cryomodule

The following two charts illustrate the cost basis incorporated into ASM for the APT
superconducting cryomodules. As indicated, vendor cost estimates were obtained and
evaluated for nearly all of the major.components that comprise the cryomodule. The exception .
was the rf drive line, for which a vendor estimate was not available. The cost of the drive line - “
was separated into four components. Cost estimates for two of these, the vacuum window “ ‘
and the rf coupler, were developed in-house.

As indicated, our estimate for the total cost of the cryomodules, based upon a single
manufacturer and a 91% learning curve is $151 M [If multiple suppliers will be required, an
upwards cost adjustment will be required to reflect lower learning curve savings and .’
additional management oversight]. The partitioning of the cost among the ‘major components
indicates that the cavities, drive lines and cryostat/cryogen distribution system each represent .
about about 30’3t0of the cost and that the superconducting quadruple magnets represent .
about 10% of the cryomodule cost. The average unit costs of the various cryomodule
components (after learning curve savings) are shown on the right hand column of the second
chart.
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Cost Estimate For SCL Cryomoduie - Basis Of Estimate

Accelerating Cavity Assembly
● Fiveacceleratingcells
● De-tunerassembly
● Surroundingcryogenvessel . “

andallflanges

Bask of Es@nafe:
cVendorquotesforcompletedassemblies
c In-houseestimateforinstallationlabor

Miscellaneous Parts &
Final Assemblv Labor
c Beamtubeandflanges
● Externalsupportstructure
● Flangesandotherparts

Bask of gstimat~:
● Vendorestimatesforequipment
● In-houseestimateforlabor

Crvostat & Cryogen Distribution System
● Stainlesssteelvessel
● Cryogenplplng,valvesand flanges

Basisof Estimate:
● Vendorquoteforsteeland“catalog”cryogenicequipment
● In-houselaborestimateforfabricationofcryostatand

integrationofcryogendistributionequip.

Superconducting Focusina

!!@l!@
● Magnet
sPowerSupply
● AlignmentMechanism

Basis of Estimate:
● Vendorquoteforequipment
● In-houseestimatefor Installation

labor

RF Drive Line
● 2 msectionofdriveIlne(2m)
c Turbopump(501/s)
“ Vacuumwindow
c Cryogenicallycooledrfcoupler .

Bask of Estimate:
sVehdorquotefor“catalog”RFand

vacuumequipment,
● Whouseestimateforwindowcost
● In-houseestimatesforfabrication

andIntegrationlabor
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Cost Estimate For SCL Cryomodule - Cost-Breakdown

Summarv :

Details:

Averaue cost ($K-95)

Medium p cryomodu,le (3 cavities): $1,186

High p cryo’rriodule(4 cavities): $1,421
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Relative Complexity Of NCL And SCL Structures

The following chart illustrates the relative complexity of equivalent sections of the APT
superconducting and normal conducting Iinac (SCL and NCL) designs, each of which would
accelerate the beam from 217 MeV to about 226 MeV. As shown, the functional equivalent of
one superconducting cryomodule (comprised of three 5 cell cavities, four superconducting .
quadruple magnets and associated other components) is a section of coupled cavity Iinac. ~
comprised of 7 flanged segments and, 7 bridge couplers requiring 49 precision machined cells
in 7 sizes. The results of our manufacturing studies, which consider all of ’the manufacturing
and tuning/test operations required to produce both types of equipment indicate that the
additional complexity associated with the CCL (e.g., 27 furnace brazes per segment) leads to a
15% higher overall cost for this structure, despite its lower design energy (1300 MeV for NCL vs
1780 MeV for SCL). ,,
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Relative Complexity Of NCL And SCL Structures ~

Med. ~ CrVomodule #1

I.OMWRF . “
Power Station .

c-
●

●

●

6.0 m -~
217 MeV 225 MeV

SCL Crvomodule Details:
● 1.cryomodule assembly
● 15 identical cells (123 e-beam welds)
● 4 superconducting EMQs
● 650 1/sturbo pumps (in RF coupier)
● 3 cryogen loops

Comparable CCL Section

Two 1.0 MW RF Power Stations .

(S,upermoduie Concept)

.
.

~ ‘Sore
217 MeV 226 MeV

CCL Section Details:
● 7 flanged segments and bridge couplers
● 49 ceils in 7 sizes (189 furnace brazes)
s 7 room temperature EMQs
● 7 500 1/sIon pumps
Q7 water loops (not shown in sketch)

*
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Comparison Of Estimated Costs Of High Energy Linac Structures

The resulting cost estimates for the high energy Iinac sections of the superconducting and
normal conducting Iinacs, above 217 MeV$are compared on the next page. As indicated earlier, “
the normal conducting machi,ne costs more because there are more pieces and more time
consuming precision machining and assembly operations per unit energy. This difference

simpacts not only the accelerating structure itself, but also supporting systems such as vacuum,
beam diagnostics and instrumentation and controi. This effect might be even more pronounced
in the overall cost. However; because the higher accelerating field of the superconducting
cavities is offset by their less efficient packing In the cryomodules, the overall”length of the two .

: Iinacs is similar and the cost advantage of the superconducting ilnac, aithough significant, is
somewhat eroded.

*
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Comparison Of Estimated Costs Of High Energy Linac Structures

(217 to 1300 MeV, $K-95)

Cateaorv Superconducting Normal Conducting
Total cost $144,275 $170,088
Cost per MeV “ $133 $157
Cost per meter $145 $177
Number of accelerating cells installed’ 2010 4942
Cost per accelerating cell $72 $34
Cells per segment 5 7
Cost per segment $359 $241
Number of cryomodules installed 108 .....

30 three segment module

78 four segment modules

Number of flanged sections ---- 353
flanged section comprised of two segments

Cost per cryomodule or flanged section $1,336 $482
——
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3.3.2.2 Capital Costs (-2 kg/yr Production)

As shown on the next page, the total capital cost of the superconducting Iinac, $983 million
before contingency, is $104 million (10%) lower than the estimated capital cost of the normal
conducting Iinac, $1087 million. The low energy Iinac (to 217 MeV) is the same for both
machines. With the exception of the thermal control subsystem, which is more expensive for
the 2°K cryogenic superconducting Iinac, the cost of the high energy Iinac and associated ‘
services/subsystems for the normal conducting high energy Iinac are significantly higher than
for the superconducting Iinac, Interestingly, despite the oversized RF power system for the,
SCL (able to produce 1780 MeV final energy for 3.15 kg/yr production), the RF power
requirement for the less capable normal conducting system is still larger, corresponding to a
13% higher estimated cost.

The 10% advantage described above would be larger if the superconducting Iinac were sized
for a directly comparable production level of 2.2 kg/yr. For example, the current baseline SCL
uses only 560 kW of the available 840 kW per 1 MW RF power station in the high energy
section. If the number of RF couplers per RF station were increased by 50% in the high energy
section, then the number of RF stations could be decreased by 1/3 with a corresponding cost
savings. This case is discussed in Section 4.
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Superconducting & Normal Conducting Linac Capital Costs
.

( -2 kg/yr Production Level)

/h#.
J:.<>:,:.~
:Wiw: ::: A,,,.:,\..:..::

,J.y$J::
.... .V...v.. -

High E Thermal
Linac Control /

Structure Cryoplant d

$200,000

$120,CUJ

$16MX4J
$140.OW

$120,000

S1OO,OOO
S20,cloo

$60,0w

$40,000

$2CKKI0
o1

Cat3italCost Categories
Low Energy Linac
HighEAccel(100 MeV to Final Energy)
VacuumSystems
StructuralSupport& Alignment
ThermalControl
MaintenanceSystems
Beam Diagnostics
Instrumentation& Control
HEBT
LinacAssemblyand C/O
ProjectSupport
AC to DC Conversionand Distribution
LowVoltage Power Supplies
RF Tubes, Peripherals,& Cooling
Circulatorsand Loads
Sourceand Drivers
RF Transport
Global/LocalControland Monitoring
Global/LocalPhase &Am IitudeContrc

BSupportStructureandCa Iing

$49,755
b::;$9;

$19:563
$92,663
$34,149
$43,004

$:;;,;;:

$19:734
$64,608
$9$,232

$5,573
$73,010
$19,607

$427
$44,662
$33,392
$11,926
$11,926
$48,588

,,,,,..... ~,.,.,.,.,.,,..,.
m:;;,;,:{{./,.+,,..:,:;

TEi-
$49,755

B199,786
$22,298
$25,980
$38,430
$45,192
$57,864

$;:;,;;;

$26:208
$85,049
$97,560

$6,324
$79,767
$22,240

$486
$50,713
$35,993
$12,855
$12,855
$55,012

m-
0940

1570
33%
33?’40
“59Y0
32%
350/0
36?’o
0?!0

33%
32%
27’0

13%
90/0
13%

1470
1470

80/0
8%
870

130/0
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Balance of Facility Capital Costs

A 1995 estimate of the costs for the balance of the APT facility was provided, for completeness,
by Los Alamos, so that the total cost of the APT facility might be modeled. They are “
summarized on the next page. Although we expect a small difference in the balance of facility .
costs for the two alternatives as a function of the production rate, this difference has not been .
identified at this time and is not reflected in the numbers shown.
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Balance of Facility Capital Costs

Acc.# Catectorv ‘ Cadtal Cost Continaencv P8(FDCosts Title 3
21:
22:
23:
24:
25:
26:

Structures & Improvements
Target/Blanket Facility
HEBT

Electrical Plant Equipment
BOF & TEF

Heat Rejection

Total:

$420.70 $98.85 $75.04 . $21.04
$221.35 $35.92 $49.95 $11.07
$li.40 \ $2.42 $2.24 $0.57
$0.00 :$0.00 $0.00 $0.00

$231.78 $50.51 $40.10 $11.59
$0.00 $0.00 $0.00 $0.00

~ LaborCount Cost($M-95~
$8.41 $26.12 $650.16
$4.43 $11.13 $333.84
$0.23 $0.49 $17.35
$0.00 $0.00 $0.00
$4.64 $10.98 $349.60
$0.00 $0.00 $0.00

$1,333.63’

* HEBT Cost Included/n Accelerator Capital Cost Tots\
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Total “Overnight” Cost Comparison (-2 kg/yr Production)

The total overnight costs, for APT plants based
conducting Iinacs are summarized on the next page.
higher production level.]

upon the superconducting and normal
[Again, recall that the SCL is capable of a ●

. . . /
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Total “Overnight” Cost Comparison: -2 kg/yr production

($M-95)

. .

Superconduc~ing*:

Normal Conducting:

$2,526**

$2,652**

* Capable of 3.15 kg/yr operation

** APT Plant Overnight Cost= Capital Cost x 1.2126 [Accel. Contingency]+ Bal. Of Facility Cost
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3.3.2.3 Capital Costs (-3 kg/yr Production)

This section provides capital cost estimates for an APT plant based upon an upgraded version
of the normal conducting APT Iinac (as described in Section 3.2). As shown on the next page,
the addition of new accelerating structures, the current funnel and additional RF power “
stations will increase the estimated capital cost of the Iinac by $143M, to $1,230M (or 13Yo).
The results indicate that the cost increment for the upgraded capability is small compared with
the investment required for the initial capability.

The capital cost of the superconducting Iinac for -3 kg/yr production is the same as the capital
cost for -2 kg/yr production, which was provided in Section 3.3.2.2.
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Capital Cost Impact Of Upgrading NCL To -3 kg/yr Production

.

Cost Categories: cost

Second 20 MeV low energy accelerating leg 18.58

Funnel 12:00

Additional Vacuum/Thermal Control/l&C/etc. 18.16

Extra RF stations (66.1 MW) 90.37

Additional project support/coordination 3.80

TOTAL:$143 M

‘.
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Baseline Capital Costs (-3 kg/yr Production)

The estimated capital costs for the normal conducting and superconducting Iinacs, each sized
for a tritium production of -3 kg/yr, are compared on the next page. As indicated, the normal
conducting Iinac is $247 million, or 25!X0more expensive in this comparison. Much of the .
additional cost ,can be attributed to the additional requirement for RF power, the additional .
complexity of the normal conducting high energy Iinac and the additional low energy leg of the
Iinac (to 20 MeV).

.
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Baseline Capital Costs: -3 kcJVr Production

( -3 kg/yr Production Level)

I Norma/ C~ndl/ditig@lj~30 M. . . . .. ..
.
.

. .

n,:$:,.,

,:,.w\<
,Jjyj?$.:,:,:,?:.:.:,fi:~

High E Thermal
Linac “Controi /

Structure Cryopiant,

Capital Cost Categories SCL
Low enerav Iinac $49,755

200,000
lE0,000
twloo

W),m

lZOOOOO

100,IXQ

eo,ooo

6osloa

40,000

‘2&ala

o

NCL ~ AYo
!$80,335 61’XO

$199,786 15?40

8

I - Normal Conducting - Superconducting

*
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Total “Overnight” Cost Comparison: -3 kg/yr production

The total overnight costs for APT plants based upon the superconducting
conducting Iinacs are summarized on the next page. These costs include Iinac
and the balance of facility costs as previously defined.

and normal
contingency ●
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3.3.3 Annual Operating Costs
,.

This section describes the annual operating costs of APT plants based upon normal
conducting and superconducting Iinacs which produce sufficient beam energy and current in
the target to generate -2 and -3 kg/yr of tritium. Section 3.3.3.1 describes the annual operating
cost for -2 kg/yr production while Section 3.3.3.2 addresses the costs for the higher .
production rate. All costs are referenced to 1995 dollars.

The reader should note that although the capital cost of the baseline superconducting Iinac
does not change between the -2 and -3 kg/yr production levels, its operating cost is a function
of the production level. “

*
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3.3.3.1 Annual Operating Costs (-2 kg/yr Production)

As shown on the next page, the total annual operation and maintenance cost of the APT plant
with a superconducting Iinac, $192 $M/yr , is
operating cost with the normal conducting
electricity consumption.

$23 $M/yr (11%) lower than the estimated annual “
Iinac, 215 $M/yr. The major factor is reduced

,
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Operating and Maintenance Costs: -2 kg/yr Production
($M/yr - 95)

CateQorv Superconducting Normal
Conducting

Electric Charge

Linac (including all subsystems)

Balance of Facility
Consumables

\

Staffing

Linac (including all subsystems)

Balance of Facility

Refurbishment/Replacement

RF Tubes (main and driver)

RF HV DC Power Supplies

Injectors

LINAC Instrumentation & Diagnostics

Balance of System

97.1

82.02

15.12
13.8

23.0

13.30

9.69
58.3

15.28

12.35

0.24

4.98

u

114.7

99.53

15.12
13.8

22.7

12.99

9.69
63.8

17.60

12.67

0.24

6.62

26.64

,
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AC Power Requirement Comparison

. .

The differences in the AC power requirements for APT plants based upon the the normal
conducting and superconducting Iinacs are detailed on the next page. As shown, the major
difference relates to the power required to drive the RF power system. This can be broken into
two components: (1) resistive RF power losses in the normal conducting Iinac structures which
have less of an impact on the superconducting Iinac, and (2) the lower electrical efficiency of
the RF power stations in the, superconducting design (which partly offsets its lower power
requirement).

The table indicates a 16% lower power consumption for the superconducting system. This
difference would be larger if the superconducting Iinac were sized for a maximum production
level of -2 kg/yr rather than -3 kg/yr. Because the current baseline SCL uses only 560 kW of the
available 840 kW per 1 MW RF”power station in the high energy section, the individual stations
operate well below the klystron saturation voltage and current, resulting in the indicated 3.5%
loss of electrical efficiency. If the number of RF couplers per RF station were increased by 50?f0
in the high energy section, then each station would be fully power loaded, with a restoration of
the full electrical efficiency (same as normal conducting case). In this case, the power
consumption for the superconducting Iinac would be reduced to 383 MWe, or 22% lower than
the normal conducting Iinac.

*

18 ,“

Mx?nu3mmLmM41v
Aeab
Ro&mtioII

Assessment Of Alternative RF Linac Technologies For APT ‘
ofrdtiuln 3-67

,



AC Power Requirement Comparison
(MWe) .

Cateaory Superconducting Normal Conducting

Linac System 3 11

Injector, magnets, power supplies, diagnostics

RF Power Systems 351 428

AC to RF conversion efficiency : 41 .2?/0 44.770

Average main amplifier efficiency 54.8?40 , 57.4’340

Cryogenic Supply System 6 ----

Balance of Facility ~ s

TOTAL: 410 489

●
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., . Staffing Requirement Comparison$
1~>.,1.
.

:: The estimated staffing requirement for the normal conducting and superconducting ,systems is:.
compared on the following page. The required staffing is comparable. Future studies should~?:;!.* address this area in more detail to better understand the requirements for maintenance and ....,,..w operation of each of the major Iinac subsystems and to identify potential areas for savings by, ~,,-.,.,,+ early attention to maintainability in the design process.
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Staffing Requirement Comparison
—

(Full Time Equivalents)
Cateaorv Superconducting

Linac System 275

Overall Management 7.51

Operations Management I i .93

Maintenance Management ~ 5.79

Technical/Engineering Support Management

Operations Crews

Technical/Engineering Support

Cryoplant Support

RF Power Support

Instrumentation and Control Support

Beam Diagnostics Support

Linac Mechanical Design Support

Vacuum Support

Mechanical Structure

Indirect Support

Balance of Facility

TOTAL:

18.52

48.96

25.27

3.80

26.44

9.05

5.64

11.27

4*43

4.43

91.53

~

475

Normal Conducting

268

6.05

11.45

5.65

17.51

48.96

25.27
-------

27.34

9.54

5.90

11.91

4.63

4.63

89.43

2(IJ
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3.3.3.2 Annual Operating Costs (-3 kglyr Production)

{

%..-,.,
;.
;,*$
., ~1
,+

I If the tritium production rate”is increased from -2 to -3 kglyr, then the O&M costs increase. ..,’>. These annual costs are shown on the next page. As indicated, the largest changes are “

i

....1, attributable to the increased requirement for RF power (both cases) and the related costs (i.e.,.’.y$:...,., increased requirement to refurbish/replace RF power station equipment)..,.!:’,.:j
J.kt,.,~,

jvy
-7. The results indicate that for -~ kg/yr ‘production, the superconducting system is estimated to...>,,,.:,,* have a 41 $M/yr (20%) lower annual operating cost. The improved relative advantage over -2:.~,;
,,,{ kg/yr production is due to,two factors. First, the -3 kg/yr normal conducting Iinac requires newf);,,,,

.,,.,’.. equipment (low energy Iinac, additional RF power, related equipment) which must be+:;:.....~ maintained while the superconducting Iinac remains the same. Second, at -3 kg/yr production,,,.,,.i,..
#’ all RF stations in the superconducting system are operating at full power and maximum
{g’ electrical efficiency. i(,,,,-,,:.~.,.y,:.:,’.~.!,1“,,,f;,;f,;:,~,,.-

4
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Annual Operating Costs: -3 kg/yr Production
($M/yr - 95)

I ● Cateuorv Su~erconductinq Normal Conducting

Electric Charge 111.47

– Linac (including all,subsystems)

- Balance of Facility

Consumables ~ ~ 13.83

Staffing 22.99

- Linac (inciuding aii subsystems)

- Balance of Faciiity ‘,

Refurbishment/Replacement ‘ 58.30

- RF Tubes (main and driver)

– RF HV DC Power Suppiies

- Injectors

– LINAC Instrumentation& Diagnostics

- Balance of System

TOTAL: 207

96.21

15.12 .

13.30

9.69

15.28

12.35

0.24

4.98

u

133.21

118.09

15.12

13.83

23.17

13.48

9.69

77,79

27.51

19.81

0.60

9.99

19.88

248
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3.3.4 Life Cycle Costs

This section”describes the life cycle costs of APT plants based upon normal conducting and
superconducting Iinacs that produce sufficient beam energy and current in the target to “
generate -2 and”-3 kg/yr of tritium. Section 3.3.4.1 describes the life cycle costs for -2 kg/yr
production while Section 3.3.4.2 addresses the higher production rate.

The life cycle cost is intended to provide a single value which expresses the total cost of the
APT facility and its operations over its 40 year lifetime. This quantity can be defined and
normalized in several ways. For the purpose of this analysis, the life cycle cost is defined to
be the overnight capital cost plus the sum of the operating costs where the operating costs for
the second through 40th year are deflated by the factor 1/1 .038m where n is the year of
operation. All costs are referenced to 1995 dollars. The above definition treats the out-year
expenses in a manner similar to a net present value (NPV) analysis of the cash flow. For
example, if the assumed escalation rate of the O&M expense is 3.8 YiJyr and the assumed
discount rate (value of government’s money) is 7.7?40/yr,then the net deflation factor for an
NPV anaiysis wouid be (1.038/1.077) = 1/1.038.
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Definition Of Life Cycle Cost

●

. .

Life ‘
Cycle =
cost -

Total “ 40
Overnight + ~ O&M. / (1.038)n

cost n =1

(AH costs referenced to 1995 dollars)
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3.3.4.1 Life Cycle Costs: (-2 kg/yr Production)

‘+.-,.>,
..

The life cycle costs for -2’ kglyr production for the normal conducting and superconducting.;.
‘, APT plants are indicated on the next page. As shown, the largest contributor to the life cycle

cost is the capital cost of the APT plant (Iinac + thermal control + balance of facility), followed “,)?,... closely by the life cycle cost of electricity./,‘,J:::.,p~
The life cycle cost of the superconducting APT system is $588million (9Yo)lower than that of the:,::.!:<,:.. normal conducting APT system. The biggest contributors to this advantage are the Iinac$,.

..“1 system and the cost of electricity, which are 9% and 18% lower respectively for the.,

,1
,,.,,, “ superconducting alternative...,,,,,

,,

I
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Life cycle Cost Comparison: -2 kg/yr Production ($M-95)

Cost Catecfories: Su~erconducting Normal Conducting Delta
Linac System* 1,192 1,317 125
Balance of Facility 1,334 1,334 . . . . . .

Electric Charge 1,982 2,339 357

Consumables 282 282 . . . ..-

Staffing” 469 463 (6)

Refurbishment & Replacement 1.189 1,301 112

TOTAL: 6,448 7,036 588

● Incl. thermal control

$3,000
1

$2,0001

n Superconducting
!4 Normal Conducting

$1,000

0

Size Ordering of Differences

1- Electric Charge: (++)

2- Accel System: (+)

3- Comp. R&R: (+)

4- “Thermal Control: (-) “

5.- Staffing: (-)

Accelerator Thermal Balance Construction Electric Consumables Stalling Refurbkhmenl
System Control Of FacMIy Costs Chwge & Repkicement

.*
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,!, 3.3.4.2 Life Cycle Costs (-3 kg/yr Production)
ii,.i
I
,,

The life cycle costs for -3 kg/yr production for the normal conducting and superconducting,.

I

APT plants are indicated on the next page. As shown , the life cycle cost of the normal “,:;;:,.. conducting APT system is $1.34 billion (20Yo)higher. Again, the biggest contributors to this,,.,.: difference are the Iinac system”and the cost of electricity,. which are 207” lower and 22?40lower -,.
# respectively for the superconducting alternative.
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Life cycle Cost Comparison: -3 kg/yr Production ($M-95)
-. . .

Cost Catecfories: Superconducting Normal Conducting Delta
Linac System* 1,192 1,492 300
Balance of Facility 1,334 1,334 ------

Electric Charge

Consumables

Staffing

Refurbishment &

2,274 2,910 636

282 282 ------ .

469 473 ~ 4

Replacement 1,189 1,587 398

TOTAL: 6,740 8,078 1,338

. Incl. thermal control

$3, I
Size Ordering of Differences

t - Electric Charge: (++)

2- Comp. R&R: (++)

3- Accel System: (++)

4- “ThermalControl: (-)

5- Staffing: (+)

*
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3.3.5 Summary Of-SCL Versus NCL Costs

The following chart summarizes and compares the estimated capital and operating costs, life
cycle costs, and unit tritium production costs for APT plants based upon the normal and
superconducting Iinac technologies at the lower (about 2 ,kg/yr) and higher (about 3 kg/yr)
production levels. The capital, operating costs and life cycle costs are shown for the Iinac
alone and for the entire APT plant (including the balance of facilities).

The unit tritium production costs are calculated according to two methods. The first method ~
assumes that the plant availability in all cases will be a nominal 75Y0. This method decouples
the economic assessment from the RAM assessment, which depends upon numerous
independent assumptions (described in the next subsection). The second method factors in
the results of the estimated plant availability based upon our RAM analysis.

Several observations are of interest. First, the NCL operating at the lower production level is
estimated to have a higher capital, operating and life cycle cost than the SCL operating at the
higher production level. This is reflected in the unit cost of tritium, which is over 50% higher
for the NCL operating at the lower production level. If both machines are compared at the
higher production level, the NCL has a unit cost that is over 30% higher.” If both machines are
compared at the lower production level, the NCL has a unit cost that is 13-18% higher.

*
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Summary Of SCL Versus NCL Costs

Lower Production Level Higher Production Level

● Llnac Alone SCL’ NCL m X& w LU%l
● CapitalCost($M) m = 11 1192 1492 25
● AnnualOperatingCost($M/yr)‘ 142 164 16 157 207 32
● LifeCycleCost($M) 4089 4664 14 4395 5715 30

● APTPlant
● CapitalCost($M) .! 2526 2652 5 2526 2826 12
● AnnualOperatingCost($iWyr) 192 215 12 207 257 24
● LifeCycieCost($M) 6443 7036 9 6749 8078 20

0 Unit Tritium Production Costs
o Beam Energy (MeV) / Current (mA) 1340/1Oc 13OOI1OC 1780/100 1300/136
o Instantaneous Tritium Production Rate (kg/yr) 2.93 2.84 4.20 3.86
B Tritium Production @75% Piant Avaiiabiiity (kg/yr) 2.20 2.13 3.15 2.90
D Normalized Tritium Production Cost @75% Plant Avaiiabiiity 2.93 3.30 13 2.14 2.79 30
.. .... . . . .. .. .. . . .. . . . . . . . . .. . .. . . .. . . .. ... .. . .. . . .. . .. . . . . . .. . . . . . . . .. . .. . . . .. . . . .. .. .... . .. .. . .. .. . . . ,
0 Piant Avaii. Predicted By RAM Modei (%)

.... . . . . . .. . . .. . .. .. . . .. . . . .. .. ,. . . ... . .. . .. . . . . . . . . .. .
71.4 ~67.7’* 71.4 67.7

D Tritium Prod. @ Piant Avaii. Predicted By RAM Modei (kg/yr) 2.09 ‘ 1.92” 3.00 2.61
0 Norm. Tritium Prod. Cost @Piant Avaii. Predicted By RAM 3.08 3.66** 18” 2.25 3.10 38

Model

● Superconducting machine capabie of higher production ievei by increase of coupier power from 140 kW to
210 kW

** Plant availability assumed to be same as calculated for higher production ievei. This is conservative
because configuration has no beam funnei and requires -55 fewer rf power stations in the high energy
Iinac. Therefore calculated unit costs will be in the high side.
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3.4 Reliability/Availability/Maintainability/lnspectabiIity (RAMI)

.

. . .

ASM RAMI estimates for the APT plant based upon the baseline normal and superconducting
APT accelerators discussed in Section 3.1 are reported in this section.

The RAMI allocations for these two technology alternatives, for nominal tritium production. o
levels of 2 and 3 kg/yr, respectively, are provided..,

.,

The objective of the RAMI analyses at the”conceptual-design stage is to assist the designers in
achieving an optimum design that balances the reliability and maintainability requirements
among the subsystems and’“components. This balance is accomplished by developing the .
availability budget in two ways: top-down and bottom-up. The top-down process begins with
the top-level requirement for the entire system and distributes it as allocations between
subsystems, assemblies, and components. The bottom-up approach starts with avaiiabiilty “
estimates for the individual components and combines them to higher and higher levels. In
practice, both budgets ‘are combined into one, representing a balance between statistical
estimates for the state-of-the-art items and the specification of requirements for the technoiogy-
deveiopment items. This is the approach followed in the anaiyses presented here.
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3.4.1 Requirements Summary

The overall availability budget is dictated by the annual production required. Since this amount
has not yet been clearly defined, for planning purposes, we shall use an annual planning quota
of 3.o kg. The SC APT system currently under consideration produces 0s479 grams of Tritium .
per hour. With this production. rate, the total time required to produce 3.0 kg of tritium is 6257
hours, or 71% of the calendar year. The remaining 29 ?40 of the ‘time is divided between scheduied

‘ and corrective maintenance. A rationai, estimate of the amount of time required for scheduied
maintenance requires development of a ‘maintenance pian. It is a nontrivial endeavor and has not
yet been performed. Reliability Centered Maintenance methods are recommended as the best .
methodology available at this time to deveiop such a pian.

Faciiity down-time will occur either as scheduled or unscheduled maintenance. For preliminary ~
analysis purposes we use a scheduied maintenance allocation consisting of: four continuos
weeks off (27 d x 24 h = 720 h) once a year and periodic maintenance periods alternating
between 8 hours and 24 hours every two weeks (or an equivalent scheme), totaiing 1008 hours
and ieaving 7752 h for scheduied operation. This pian is illustrated in the next slide. The
scheduled maintenance defined in this way represents 12% of the calendar year. The remaining
17 ?40 of the caiendar year are thus availabie for corrective maintenance. The requirements are
summarized in the next page. .

.
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Top Level RAMI Requirements

The scheduled maintenance defined above represents 12% of the calendar year. The remaining
17 YO of the calendar year are thus available for corrective maintenance. Thus, the inherent
availability requirement for the APT facility is 6257 h/7752 h = 0.8072. This number is distributed
among the major parts of the system as shown: 0.85 for the accelerator, 0.9561 for the Target/ “ .
Blanket, and 0.973 for the ,Balance Of Plant. The Tritium Extraction Facility is assumed to
contain enough redundancy’ to hav@ no effect on the tritium production schedules. The
availability requirements are summarized in the next page.

,.
..
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,.,.,., RAMI Requirements Summary

MACHINE CAPABILITY:
Beam Energy (MeV) 1780
Beam Current (mA) 100
Production Rate (kg/hr) o:ooo4791’-z.iv-- “ T. Ii”’

MUM.??)., fw.!i”?!?)
Planned Annual Output Quota (kg) , 3

SCHEDULED MAINTENANCE ,

Scheduled Maintenance Total:
Scheduled Operetlon:
Required Production:
Corrective Maintenance:

INHERENT AVAILABILITY:
REQUIREMENTS

SC Accelerator 0.8500
Target/Blanket 0.9750
Tritium Extraction 1.0000
Balance Of Plant 0.9730
Reserve o Ye 1.0010
Total APT Plant 0.8072

=ErRsTOTAL
HOURS
1008

. . —- ——-—- . .. . ... . ------ .. _. ...-

7752
6257

323.0

I

0.8849
260.7 0.7143 I

SC APT PRODUCTION AS ALLOCATED

1495 62.3 I 0.1706 ~

ALLOCATION
0.8502
0.9750
1.0000
0,9730
1.0000

-

(kg): 3,00

schedul&t
Maintenance

Corrective Total:
Maintenance: 1poj.

.

Required
Production:

71%

. ...... .

——— - —.. . .- ---- - ------- .--. ———-—-. .---- -

.*
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3.4.2 SC APT Svstem =RAMI Model

The APT accelerator system consists of four major subsystems: the injector, the Iinac, the RF
system, and the HEBT. For the purpose of reliability and availability analyses, these four systems
are assumed to be connected in series as shown in the next page, with the “AND” gate indicating ● -
a series connection. In RAMI, the series connection corresponds to the requirement that all
subsystems have to be simultaneously fully functional for successful production of tritium. The
probability of the simultaneous occurrence of reliable operation of all these components of the
system is equal to the product of thd probabilities of reliable operation of each one. Since
availability and reliability are both measures of this probability, the top level system availability
and reliability is obtained by multiplying the availabilities and reliabilities for individual systems.
Furthermore, the series connection of individual subsystems corresponds to a case without
redundancy. Should redundancy be present, the calculation of the top level availability, or
reliability, must be performed using more complicated algorithms, as described in the section on
Markov modeling. Graphically, the redundancies are indicated by means of an “OR” gate with a
commentary indicating the type of redundancy, the number ,of spares, and the repair policy. As
discussed in the following, each one of the four subsystems is in turn composed of
subassemblies arranged in series or in various redundant topologies according to the individual
design. The numbers listed in each box representing an individual system, or subsystem as the -
case may be, are the estimated values of that systems availability, A, reliability over a period of the
mission, which is taken here to be 2 weeks - the shortest interval between two consecutive
preventive maintenance periods, R, the Mean Time Between Failures, MTBF, in hours, and the
Mean Time To Restore, MITR, also in hours.

.*
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SC APT System - RAMI Model

L
MTBF = 25.30 hrs
MTl_R = 4.46 hrs
R = 0.0000
A = 0.8502

I

nrn-

MTBF= 235.66 hrs
MTTR= 4.02 hm
R = 0.2414
A= 0.9832

INJECTOR

1 MTBF= 310.28 hrs
MTTR=ll.10hrs I
R = 0.3451 I

MTBF= 262.58hm
MITR = 18.49hrs
R = 0.2541 a
A= 0.9318 HEBTSYSTEM

‘~ ~lJNACSTRUCTURE

RF SYSTEM

~tiRUMMQN
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3.4.2.1 Injector - RAMI Model

The APT Injector consists of two main components: the Ion Source and the LEBT. These two
items are assumed to be connected in series as shown in the next page.

.
.
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Injector - RAMI Model

.
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:

MTBF = 235.66 hrs
MITR = 4.02 hrs
R = 0.2414
A = 0.9832

I

I

MTBF = 250.26 hr!
MTTR = 4.0 hrs
R = 0.2620
~ = 0.9842

ION SOURCE ‘

.

. .

I

MTBF=4104.53 hrs
MTTR = 4.13 hrs
R = 0.9214
A = 0.9990

LEBT
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ECR Ion Source - RAMI Model

The ion source, in turn, consists of the microwave window, microwave power supply, extractor
assembly, gas supply, accelerating column, magnet polypropylene insulator, HV power supply,
vacuum system, and the support structure. Several candidate ion source concepts are under . ●

consideration. The Electron Cyclotron Resonance (ECR) ion source concept, favored by the
designers for its promising reliability, is the one represented. The RAMI topology of the ion -

,source is shown in here. All MTTR values in the ion source are assumed to be 4 hrs, reflecting a .
crucial assumption adopted in the design that in the event of an injector failure, a spare injector “
assembly shall be wheeled irito’ the tundel after removal of the failed one. This procedure shall
be quite routine, being used during the biweekly injector replacements, and is therefore
expected to be quick. The biweekly injector replacements are dictated by the current state of
‘the art in the ion source technology where long life of sensitive components, such as the .
microwave window, had not yet been demonstrated.

The microwave window with an MTBF of 300 h is the most significant contributor to the ion
source’s, and as a consequence; the injector’s availability. With this MTBF value, the expected
number of unscheduled microwave window replacements required on the average over one
year’s period is -26 and the total time spent in repairing the source is -52 h. The expected
number of scheduled replacements of the microwave window is dictated by the lifetime of the
window. The ECR ion source shows promise of lifetimes on “theorder of 300-1000 hours based
on extrapolation of experimental data available to date. The present maintenance plan takes
this into account by scheduling an ion source replacement once every 336 hours (two weeks) of
operation but the preventive replacement does not eliminate the possibility of a random failure.

*
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ECR Ion Source - RAMI Model

One should keep in mind here a cieardistinction betweenthe iife of the source, which wouid be deterministic,
and MTBFwhich is the inverseof ‘therandomfaiiure rate, is determinedby the random rate of variousvoitage
surges and spikes stressing the source beyond its capabilities. The failure mechanisms invoived are not
completelycharacterizedfor any one of the proposedsourcesand the c!stimatesof the MTBF for the random
source faiiures are uncertain. Ideaily, the MTBF of the source should be ‘such that the reliability of its ‘

“operation for the 336 hours between scheduied replacements is at least 90Y0.The MTBF corresponding to 90’70
reliability for two weeks is 3189 hours. To demonstrate such an MTBF with 95% confidence, the window wouid
be required to operate for 9535 hours (factor 2.99) to first failure (reference: “Reliability Handbook” by W.
Grant Ireson, cd., McGraw-Hill, 1966).

in the RAMI budget analysis presented here, a more conservative MTBF of 300 hours are aliowed. The number
is consistent with engineering evacuation of technology currently available or achievable with minimum
development. Any improvement achieved by lengthening the MTBF will also satisfy the overail system
requirement.

With the 300 hour MTBF assumed above, the reliability of the microwave window is oniy -33 Yo. This means .
that in an average year, only for 9 out of the 26 biweekly periods between scheduied maintenance, wiii the
microwave window iive through the entire period from one scheduled replacement to the other. Most of the

~ time, it will fail unexpectedly in between and force a corrective maintenance and a beam outage for about 4 “
hours. Over time, this could be a reai nuisance. One can reasonably expect, however, that this issue will
eventuality be resolved and reliability of the ion sources will come under control. A design alternative,
consisting of two sources in a redundant configuration was briefiy evaluated in this conceptual design phase.
The use of a redundant source would raise the reliability of the injector system to 99%. in this concept, the
beam was directed into the same LEBT from either one of the two sources by means of a dipoie magnet with
reversible polarity
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ECR Ion Source - RAMI Model

c1MTBF=300hm
MTTIT=4ha
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A=().9866
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LEBT = RAMI Model

The LEBT consists of magnetic optics, gas neutralizer, kicker magnet, vacuum valves, beam ,
stop, RFQ scraper, diagnostics, vacuum system, and the support structure as shown.

The LEBT, like the ion .source,’is assumed to be mounted on the same wheeled cart which would ~
be rolled into the accelerator tunnel, in case of an unscheduled or scheduled repair. The
proposed arrangement is expected to t.educe the average repair time down to about 4 hours as
indicated by the MTTR values on the diagram.

,.

It is important to note that the MTBF for the beam stop water (coolant) leak and the RFQ scraper .’
water leak are predicated on the assumption of regular replacements of these items which are
expected to exhibit significant wearout. The planned preventive replacement frequency is 6 ,
months at this time.
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Ion Source Window Replacement
,,,,:,..

\
...
>. .

,..,1“.’.:.
,. The current baseline desigrt assumes that a spare injector assembly shall be wheeled into the~+.

\

y tunnel after removal of the failed one. This procedure shall be quite routine, being used during,,;;y:..~.,+ the biweekly injector replacements, and is therefore expected to be quick. Other alternatives,,>.k$:.,j: consisting of improved maintainability of the individual components by use of modular‘,..>
*.4

@
subassemblies, quick disconnects, etc. are also under consideration. This diagram illustrates a

h,: timeline analysis for ion source RF window replacement with a potential quick maintainability
design.

,,,
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“’”.
::!,,.,,..

‘{
1

47“Is
.

Acubr ~GwmM4N
FJoT$ek’t&l

Assessment Of Alternative RF Linac Technologies For APT



Ion Source Window Replacement
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3.4.2.2 SC LINAC - RAMI Model

The APT Iinac consists of three major components: the Radio Frequency Quadruple (RFQ), the
Coupled Cavity Drift Tube Linac (CCDTL), the Coupled Cavity Linac (CCL), and the Super
Conducting Linac (SCL). The CCDTL and the CCL are termed the Front End CCDTL & CCL here. . “
The RFQ and the Front End CCDTL & CCL are identical to the corresponding part of the Room
Temperature Linac (RT Linac) which
presentation. All three components of
model as indicated with the .“AND” gate,

has also been modeled but ‘is not-d”iscussed in this
the SC Linac are assumed to be in series in the RAMI

.
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SC LINAC - RAMI Model

“47##
Aedu
~r.di&n

MTBF = 252.58 hrs
MTTR = 18.49 hrs
R = 0.2541
A= O.9318

I

.

. .

I

MTBF = 9849.74 hrs
MTTR = 13.8 hrs
R = 0.9894
A = 0.9986

RFQ

MTBF= 5209.92 hr:
MTTR= 13.96 hrs
R = 0.9482
A = 0.9973

20 MeVCCDTL

c1MTBF = 483.39 hrs
MTJR = 20.74 hrs
R = 0.4501
A = 0.9589

217-1780 MeV/l 00 mA SCL

MTBF=517.23 hrs
MITR = 12.87 hrs

I R = 0.6018
A = 0.9757

20-217 MeV/l 00 mA
CCDTL& CCL
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RFQ Supermodule = RAMI Model

The individual subsystems of the SC Linac have been modeled to a deeper level, as shown here
for the RFQ. The RAMI model of the RFQ consists of the RFQ cavity, a resonant control system,
diagnostics, vacuum system, and the support structure. The RFQ RF power system is handled
separately under the heading of RF system. The “OR” gates in the resonance control system,
diagnostic system, and vac,uum system indicate the corresponding redundancies as noted by
the attached comments. The vacuum ~ystem has been represented as two, parts in series, the
front end with 3 pumps and ‘the back end with two pumps. The front end vacuum system is
capable to tolerate two pump failures and the back end is able to tolerate one pump failure. This
assumption holds when the failure occurs during steady state operation, i.e. when the initial gas
load has been pumped away and the subsequent gas loads are small.

The resonance control system, responsible for control of the resonant frequency of the
accelerating cavity via control of its temperature, and the diagnostics have not yet been
designed at the time of this modeling analysis to the level required for reliability modeling where
the individual components are identified.
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RFQ Supermodule - RAMI Model

m ““
I

I I
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7-20 MeV Linac RAMI Model
The next page shows the RAMI model of the first supermodule. The RAMI models for the other supermodules are
similar in general arrangement, but differ in the actual accelerating structures used and the numbers of elements.
Eachsupermoduleconsistsof a segmentof an accelerating structure and the associated supporting equipment. ,
Some supermodules span across several accelerating structure type, especially in the low energy region, where
several types of CCDTL and CCL, are employed over a relatively short distance. For example, supermodule
number1, shownin the figure consistsin part of the CCDTLI (single drifl tube CCDTL) and in part of the CCDTL.
II (two drift tube CCDTL). The model representsthe reliabilityof the acceleratingstructuresin proportionto their “
parts count, i.e. the numberof acceleratingcells. The most significant failure mode which is of concern for these
elements is the coolant (water) ‘leak. A leak (!ould potentially occur either in the cavity wall, or in the drift tube
itself, along the various braze tracks. Although the probability of any such leak for an individual cell Is
vanishingly small, it could be important in view of the quantity of cells used in the design. Hence, it is included in “
the model.

.,

Another element of the accelerating structure included in the RAMI model is the quadruple lens. The failure rate
used for each quadruple lens in.the RAMI model is consistent with the numbers quoted in the LANSCE RAMI
Upgrade Study, representing the best historical database for this type of machine available at this time. .

The other components of the supermodule are the resonance control system, the diagnostics, the vacuum
system, and the support structure. The RF system is modeled separately. The number of vacuum pumps has not
been defined for each individual supermodule at the time of this analysis. Hence, an approximate number,
proportional to the length of the accelerating structure in question has been assumed for this preliminary
analysis. It will require modification once the details become available. For the supermodule number 1, 4 ion
vacuum pumps have been assumed with a capability for fully functional operation with one pump failed. This
assumption is deemed reasonable once the initial ah’ has been evacuated from the system and the vacuum has
been stabilized. No on-line repairs ate assumed possible for the vacuum system, the resonance control system,
or the diagnostics system, since most repairs for these items will likely require the workmen to enter the
accelerator tunnel and operate in close vicinity of the accelerator.
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7-20 MeV (Supermodule #1) CCDTL Linac RAMI Model
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20=217 MeV CCDTIJCCL LINAC - RAMI Model
I
‘i

j
.:

The 20-217 MeV CCDTL & CCL consist ‘of the remaining 8 supermodules as shown on the next.,..~.::,, page. The RAMI model for. each supermodule resembles the one shown previously. Aii....,..,“,. supermoduies are required for beam production. Hence, they are connected in series in the RAMI
$, diagram.p*,~.
~.“4.“,>~,
,.,~,,.;.<.
>;.::,,
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20-217 MeV CCDTIJCCL LINAC - RAMI Model

MTBF = 517,23 hrs
MTTR = 12.87 hrs
R = 0.6018
A = 0.9757

L ●

.

r-——J?—l.——
‘cMTBF = 2438.62 hrs

MTTR = 16.27 hrs
R = 0.8931
A = 0.9934

c~
SUPERMORULE#z

I
I

MTBF = 1973.05 hrs I

MITR = 14.45 hrs
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I

●mm

.

7MTBF=7183.80 hrs
MllTl = 9.72 hrs
R = 0.9651
A = 0.9986

CCDTLSTRUCTURE
SUPERMODULE#9

.

4719

Acc81er r NWIMUWGRUMM.W
Roduclhn
0( Mlum

Assessment Of Alternative RF Linac Technologies For APT 3-104

.



. .

)

SCL - RAMI Model

The remainder of the SC Linac”is the SCL (this terminology leaves a lot to be desired but it is
used here in the sense that SC Linac includes both the room temperature and the ●

superconducting portions’ of the superconducting version of the APT accelerator) which
consists of the SCL section 1 (medium beta section) and SCL section 2 (high beta section), and . .
the SCL cryoplant supplying the liquid helium. The RAMI model assumes a series connection
for these subsystems as shown in the next page.

. .
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217-1780 MeV S’CL - RAMI Model

MTBF = 483.39 hrs
MTTR = 20.74 hrs
R = 0.4501
A = 0.9589

1

I MTBF = 136;.95 hrs I

IMITR = 13.52 hrs
R = 0.9122
A = 0.9902 I

E 5

SGL
MEDIUM BETA
SECTION

.

Im
SCL
HIGH BETA SECTIO~

MTBF = 96688.98 hrs
MTTR = 168 hrs
R = 0.9977

IA= 0.9983

SCL CRYOPLANT
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SCL Section 1 (Medium Beta) - RAMI Model

. .

SCL medium beta section consists of 30 identical cryomodules. The RAMI analysis assumes
that this chain of cryomodules can tolerate one failure. The repairs, however are not possible
on-line since any work on the cryomodules requires access to the accelerator tunnel.
Accordingly, the system has been modeled as a system with one hot redundancy with off iine
repair policy. The modeling approach will require refinement in the next stage of the RAMI
analysis to allow for partial .faiiures of the modules and the associated capability to operate
through various degraded failure modes. The MTTR of 24 hours used for each cryomodule is
based on the assumption that a replacement cryomodule will be ready in a fully conditioned
and cold state at all times and that a fully trained maintenance crew will also be present on site
at ail times.This number is consistent with the reported CEBAF (Thomas Jefferson National
Laboratory) operational experience.

-.I
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SCL Section 1 (Medium Beta) - RAMI Model
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Modeling the Failure Tolerability of the SC Linacj

It is expected that the beam dynamics considerations would likely not tolerate four contiguous
cryomodule failures. Therefore, we are aiiowing one tolerabie failure per segment of around 20
modules each in.the High Beta SCL section. Such assumption still permits inclusion of states . ●

with two cryomodules failed adjacent to each other within two neighboring segments and is “
therefore slightly nonconservative if in reality such states are not toierable by the beam
dynamics. $

I

,

. .

●

#
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Modeling the Failure Tolerability of the SC Linac

● Not All Failed States Are Tolerable- The Onesw/AdjacentFailuresAre Not:

:&&.&#
.

~&gtif.~A%jw ‘ ~Hz?##+M4:&H 3#!M%/

● BeamDynamicsPrefersA TBD DistanceBetween FailedCryomodules:

+!?~it$ ~gp~$~

● StandardReliabilityEquationsDisregardThe OrderingOf The Equipments,.
- Stateswith adjacentfailed cryomoduiesare aiiowed
- Avaiiabiiityis overestimated(non-conservative)

cThe Exact Soiution has been derived for the caseof Two FaiiedCryomoduiesin the iinacchain
- it showsthat the dependenceof availabilityon separationis weak
- The caseof three or morefaiied cryomoduleswiii be examined

cAn approximatesoiution:spiit the iinac into segments,with one faiiure toierabie in each
- Worksweii for relativelysmall numberof faiiurestoierabie
- Adjacentfaiiuresstiii aliowedat the ends of the segments

I ?1 , 1
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SCL Section 2 (High Beta) - RAMI Model

!
4’4

The RAMI model of the SCL high beta section is similar to the one for the medium beta section,

‘1
.... except that the 78 cryomodules in the high beta section are divided into four groups of
J>
.,..: approximately 20 cryomodules each to satisfy the condition of separation of the spares. This
;....’. section of the SCL is thus assumed to be capable to operate through four cryomodule failures..’..,,.1
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SCL Section 2 (High Beta) - RAMI Model
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SCL Cryoplant - RAMI Model

The cryoplant, supplying the SCL with liquid He at 2 K is included under the SCL budget. Its
RAMI model is shown in the next page. The cryoplant consists of three cryoplant modules with
capacity for providing closq to full operational cryogen supply with only two cryoplant modules “
in operation. Each cryoplant module includes the cold compressor system, 2 K cold box
assembly, 4 K cold box assembly, liquid nitrogen supply, liquid He storage, gaseous He storage, - .
and the 4.5 K subcooler. The “cryoplant is represented as a redundant arrangement of cryoplant
modules, modeled by means of the 4-s@NeMarkov model where on line repairs are possible with
a single module failure but off line repairs are necessary when a second module fails. Since
Helium storage for one week’s operation exists in the cryoplant, the impact of a short failure of .
one of the cryoplant modules will be minimal. The exact modeling of the various possible states
of this system requires a refinement of the model to account for possible degraded operation .0
modes which will be done in the next phase of the effort.
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3.4.2.3 SC APT Accelerator RF System - RAMI Model

,,.{..

The RAMI model of the SC Lifiac RF system is shown in the next page. It consists of the RFQ RF
system, Front End CCDTL/CCL RF system, SCL RF system, and global RF controis (which
inciude the master oscillator and the phase reference distribution system).

\

,..
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SC APT Accelerator RF System - RAMI Model
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MTBF = 51,41 hrs
MTTR = 2.07 hrs
R = 0.0002
A = 0.9612

1
I
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MTBF= 6334.61 hr
MITR = 1.5o hrs
R = 0.9811
A = 0.9998 1

RFQRF SYSTEM
I

1MTBF= 49999.75 hr
MTTR= 8 hrs
R = 0,9933
A = 0.9998

GLOB RF INSTR& CTRL

1

MTBF= 393.41 hrs
MTTR= 1.50hrs
R = 0.5594
A = 0,9962

7-217 MeV/100 rnA
CCDTUCCL RF SYSTEM

ElMTBF= 61.93 hrs
MTTR = 2.23 hrs
R = 0.0004
A = 0.9653

217-1780 MeV/l 00 mA
SCL RF SYSTEM
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The 4-State Markov Model
;
I
\

The 4-state Markov model shown in the next page is used to represent the RAMI characteristics .‘,!L of the systems with on-line repair like the RF supermodules. This model assumes that the
system remains on, after only a brief interval necessary to isolate the failed unit, when one .

i
;. module, i.e. an RF station, fails. The assumption is that the system is capable of handling the ~

load for a short time without complete offloading of the grid. However, when the second module~
:! fails, the system must be brought down and repairs are then performed on both failed modules,..
:-7 until both are complete. Then, the system is turned back on. This time, however, an extra time

for ramping the grid load is required. Similar repair policies are followed for failures in the SC
linac cryornodules.

::

: Other repair policies are possible. For example, one could bring the system back up as soon as
at least one of the failed modules is repaired. Presumably, this policy would result in better c
availability. Further investigation of the various alternatives and their practicability is necessary.,

‘1 before a final recommendation is made.

\
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The 4-State Markov Model

System:
Total of m components; .

System operable aft er realignment with m-l
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RFQ RF Supermodule - RAMI Model

The RAMI model of the RFQ RF system is shown in the next page. There are three RF stations in
the RFQ RF system. The RFQ RF system is assumed to be capabie of tolerating a failure of one of
the RF stations using the basic RF supermoduie arrangement. Morever, repairs of the failed RF
station can be performed on line. Only when the second RF station faiis before the repair Of the
spare is compieted, does the. production have to be stopped. Ail RF stations are assumed to be
on in normai operation. Hence, the RAMI ‘modei with hot spares (operational redundancy) is used.
The 4-state Markov modei is appiied. it assumes that the switching time required to isoiate the
faiied spare RF station from the system takes the system offline for 15 minutes. This inciudes the
time necessary to activate a wtweguide switch as weil as the additional time necessary to ramp
the ioad on the electrical suppiy grid. In comparison, the time assumed to bring ioad the grid
from the failed state of complete zero, i.e. after the failure of the second RF station in the same
supermoduie is 30 min. Thus, the RAMI model assumes that a design provision has been made to
maintain a large portion of the RF ioad on the grid during the entire switching operation. As the
details of the design become more compiete, “this assumption may have to be modified. It is
expected to have a significant impact on the top Ievei availability estimate due to the large

. number of RF stations in the system.
●
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RFQ RF Supermodule - RAMI Model (Continued)

The RAMI model of the RFQ RF supermodule also Includes a set of RF drive loops (4 per
klystron), which represents the entire RF feed assembly including the RF window(s), and the RF
coupler. Details of the design for this assembly are not available at the time of this analysis. This
element is also very significant in the RAMI estimate for the accelerator since it is present in “
large quantities (over a thousand if the superconducting Iinac is included) and there is no on-line “
repair capability. The MTBF value used in the analysis, of 100,000 hours is consistent with the
number estimated for the LAMPF accelerator based on over 20 year of experience. It should be’
noted, however, that both the power levels and the duty factor are by orders of magnitude
smaller for the LAMPF accelerator than those for which the APT drive loops are being designed.
Obviously, it is impossible to predict whether the performance required for these elements will
be achievable. The currently available statistical sample for such equipment is nonexistent. Only
tests can teil how difficult it will be to design such high reliability at the high power and duty
factor levels representative of APT.
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RFQ RF Supermodule =RAMI Model

(3 SETS -NO
REDUNDANCY

[

MTBF= 6334.61 hrs
MITR = 1.50hrs
R= O.9811
A = 0.9998

~

I

MTBF = 133330.67hrs
MITR = 8 hrs
R = 0.9975 “
A= 0.9999 RFQRFS~AT10N9

3STATIONSW/ONEHOTSPARE
SET OF DRIVE LOOPS ON-LINE REPAIR AFTER ONE FAILURE

OFF-LINE AFtER TWO FAILURES.

t

I
u: ~MTBFeff= 400000 hr
(75% Antlclp,Failures
MITR = 8 hrs
R = 0.9966

RF DRIVE LOOPS

MTBF= 4250,66 hrs
MllR = 1.23 hrs
R = 0,9240
A= 0.9997

&::&\
(4 PER KLYSTRON

*

NO REDUNDANCY)
1#
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CCDTL RF Supermodule #1 - RAMI Model

The RAMI models for the CCDTL & CCL supermodules are similar, differing in the number of RF
stations. As an example, the CCDTL supermodule number 1 is shown in the next page. Most of
the comment about the RAMI modeiing approach an d uncertainties made above in reference to ‘
the RFQ RF system apply to ali the CCDTL and CCL supermodules as well.
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CCDTL RF Supermodule #1 - RAMI Model

m“
c)

,:QI

I aMTBF= 6921.15 hrs.. MllR = 1.23 hrs
MTBF = 133330.67 hrs R = 0.9635
MITR = 6 hrs A = 0.9998
R = 0.9975
A = 0.9999 RFQRF STATIONS

3 STATIONSW/ONE HOT SPARE
SET OF DRIVE LOOPS ON-LINEREPAIR AFTER ONE FAILURE

OFF-LINE AFTER TWO FAILURES(3 SETS -NO
REDUNDANCY
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7-217 MeV CCDTUCCL RF System (RT & SC APT Accelerator)
RAMI Model

The CCDTL/CCL supermodules are arranged
topology as shown in the next page.

●
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7-217 MeV CCDTUCCL RF System (RT & SC APT Accelerator)
RAMI Model

MTBF = 393.41 hrs
M1l’R = 1.50 hrs
R = 0.5594
A = 0.9962

I

MTBF = 3787.09 hrs
MITR = 1.5o hrs
R = 0.9465
A = 0.9996

I

MTBF = 6334.61 hrs
MITR = 1.50 hrs
R = 0.9811
A = 0.9998

CCDTL RF
!NJpERMODULE #~

MTBF = 3150.25 hrs
MTTR = 1.50 hrs

C
S%ERMODULF#~

TL RF

SUPERMODULE #
NO. OF RF STATIONS

1 2“ 3 4
.3 6 7 7

I

●ew

●

56
55

70
55

CCDTL RF
PERMODULE #9

9
“5
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217-1780 SCL RF System - RAMI Model

The other major section
in the next page.

is the SCL RF system. The RAMI model for the SCL RF system is

.

shown

,

.,

.
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RF Station - RAMI Model

Each individual RF station includes the klystron, the transmitter, the water cooling, high voltage
power supply (HVPS), circulator, and low level RF (LLRF) as shown in the next page. The failure
rates used for this model have been supplied by the vendors responsible for these entire “
assemblies as indicated. The, MTTR values are estimated based on prior experience at Los
Alamos. .,

. .
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RF Station - RAMI Model

m:
J J

I

n
,

MTBF = 100000 hrs
(75% Anticip. Failures)
MTTR = 3 hrs
R = 0.9966

[A= 1.0000

KLYSTRON

JL 1

MTBF = 100000 hrs
MTTR = 1 hrs
R = 0.9966
A = 1.0000

LLRF

MTBF = 5600 hrs ~
MTTR = 1 hrs
R = 0.9418
A = 0.9998

TRANSMITTER

.

MTBF = 60000 hrs
(750/0Anticip.Failures)
MTTR = 3 hrs
R = 0.9944
A = 1.0000

HV POWER SUPPLY

MTBF = 500000 hrs
MITR = 1 hrs ,
R = 0.9933 I

IA= 1.0000 I

.
,

CIRCULATOR47#s
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3.4.2.4 HEBT System - RAMI Model

The RAM model of the HEBT system is shown in the next page. It consists of the high energy
beam transport (HEBT) itself,”the target leg, and the straight segment between the HEBT and the “
Target Leg. The function of the HEBT System is to transport the beam from the accelerator to
the target.

*
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HEBT System - RAMI Model

rHEBT

MTBF = 656.85 hrs
MTTR = 8.95 hrs
R = 0.6016
A = 0.9866 “

,, MTBF = 310.28 hrs
MTTR=ll.10hrs
R = 0.3451
A = 0.9655

IMTBF = 8571.28 hrs
MTTR = 8,20 hrs I

~
STRAIGHT SEGMENT
BETWEEN
SWITCHYARDS r 1

MTBF = 720.38 hrs
MTTR = 14.04 hrs
R = 0.6300
A = 0.9809

TARGET #2
LEG

~am’fmw
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HEBT - RAMI Model

The HEBT consists of a series ,of 45 quadruples in FODO lattice, 22 diagnostics assemblies
including each a beam position monitor, a beam profile monitor, and beam current monitor, 15 ●

magnet steering assemblies, magnet power supplies (approximately one per 20 magnets where
practical), 120 vacuum flanges (2 per magnet), and a 6 segment beam collimator assembly. The.

.RAMI model of the HEBT is shown in the next page. The failure modes typically encountered in ~
the HEBT components are the coolant (water) leak, electromagnet short, failures of the
diagnostics, or magnet power supply, or vacuum leak. In addition, there also exists a possibility
of a more global type of failure, involving more than one component, such as, for example, a
misalignment of the HEBT optics chain caused by a fork lift truck impact or other such event. As

“unlikely as such an event may be, the long MTTR associated with bringing the HEBT back into
alignment warrants its inclusion into the RAMI budget.
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HEBT - RAMI Model

c1MTBF= 656.85 hrs
MITR = 8.95 hrs
R= O.6016
A = 0.9666

. .

i. *

m
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MTSF = 5m MS
. MlIll = 24 hrs

R = 0.s9ss
A.1.000o

ACCIDErWA’
MISAUQNMENT

lA.1.Oooo I

mMTBF = 629,37hrs
MTl_R=’hrs
R -0.6662
A= 0.9904

Q
2
..*

MTBF = 100000hrs
MTTR = 8 h!s
R = 0.2S66
A-1.ocroo

1

“ I!u2?-J ‘&o~GNH’lBEAMPOSITION
MONITOR BEAMPROFILE

MONITOR SHORT
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Target Leg - RAMI Model

The target leg consists of the switchyard and the expander assemblies. The RAMI model of the
target leg is shown in the next page. The failure modes typically encountered in the target leg
components are the same as in the HEBT: the coolant (water) leak, electromagnet short, failures ~
of the diagnostics, or magnet power supply, or vacuum leak, as well as the misalignment.

.
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Target Leg - RAMI Model

TARGET LEG

‘[

I
I
I

L

MTBF = 720.38 hrs
MITR = 14.04 hrs
R = 0.6300 1

,.

T
I [

MTBF = 1097.05 hrs MTBF = 2130.18 hrs

Mll_R = 8.14 hrs MITFi = 25.53 hrs

R = 0.7370 R = 0.8549 .
A = 0.9926 A = 0.9882

SWITCHYARD EXPANDER
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Target Leg Switchyard - RAMI Model

The RAMI model of the target leg switchyard is shown in the next page.
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Target Leg Expander - RAMI Model

The RAMI model of the target leg expander is
consists of 17 quadruples in a FODO lattice,
the power supply.

.

shown in the next page. The target leg expander
2 dithering dipoles, 2 diagnostic assemblies, and “

.
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Target Leg Expander - RAMI Model

;, ;- --q
. . .

c1MTBF = 2130.18 hrs
MTTR. 25.53 hrs
R = 0.8549 .-
A = 0.9882
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IA= 0.9999

TOTALCHAIN
OF 2
DITHERINQ
DIPOLE

QASSEMBLIES ...

0MTBF= 2619.91hrs
MITR = 24hrs
R M0.8801
A= 0.9909 ,

Q
I .0.

DITHERING LEAK(3S)
DIPOLE
ASSEMBLY

“ MTSF w6BB65r3hm
MllR = 4Btrm TOTALCHAIN
R = 0.9995 OF 8 DIAG.
A= O.992S NOSllC

auADRu.
POLE
ASSEMBLY

MTBF= 6@8B50hra

(50%Anlkfp. Falhrres)

MTBF= 1000000hn- ELECTROMAGNET
MITR -48 hm COOLINQLEAK
R= 0,9997
A= M00r3
1

MTBFeff= 2000000hr~
(50%ArUlrXp.Failures)

ELECTROMAGNET
SHORT MTSF= 500000hm

MllR = 24 hm MONITOR
R = 0.2s93 - MTSF- S00000hmAm1.0000 ELECTROMAGNET

COOUNQLEAK

BEAMPOSITION AD1.0000
MONITOR BEAMPROFILE ELECTROMAGNET

MONITOR SHORT

J
MTBF. 100000hrs
MITR = 24 hrs
R = 0,9208
A= 0,9990
I
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Straight Segment Between Switchyards - RAMI Model

The straight segment between the switchyards consists of a series 10 quadruples in a FODO
lattice, 5 diagnostics assemblies including each a beam position monitor, a beam profile monitor,
and beam current monitor, 3 magnet steering assemblies, 1 magnet power, and 26 vacuum
flanges (2 per magnet). The RAMI model of the straight segment section is shown in the next
page.

. .

47m

Aeceter r NW?7WUWGRUMIWW
Producflon
of rrftlum

Assessment Of Alternative RF Linac Technologies For APT



,-: . .

E
<
u

I

g

E
m
a)

u)

● ✍

CG
L

I #

. .

--,.7 -- . . . .



3.4.3 Summary of the SC APT Accelerator RAMI BucJget

This table summarizes the top level RAIVIIbudget
Iinac, RF system, and HEBT.

for major subsystems, including the injector, ●
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Summary of the SC APT Accelerator RAMI Budget

.
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System Required Subsystem Requlmd System
Steady State Availability Steady State Availability

Ionsource . . 0.984237

LEBT 0.998994 I

Injedor System 0.966773

RFQ . 0.998601

7-20 MeV CCDTL . , 0.997328

20-217 MeV CCDTL & CCL ‘ 0.975724

SCL Medum BetaSection 0,990197

SCL HirzhWa S@inn 10.970033 I I

SCL C1’yO@llt 0.998265 I I
SC LinrK 0.931775

RFQ RF Syslan 0,999763

Front endCCDIUCCL RF System 0,996194

SCL RF System 0.965287

Globat RF controls 0.999840

SCRF System 0.961232

Hf3BT 0.986551

Strakht seement 10.997710 la I

. .

Target leg 0.980876

HE6T, swikhyard& expanckrs 0,965468

APT SC System 0,850236

Availability Goat (minimum) 0.85
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System Unavailability Drivers

System unavailability drivers’ ate clearly identified in the next page which shows a pie chart of -
the percentages each subsystem contributes to the overall unavailability. Cieariy, the SCL, the ~
HEBT, and the RF system are comparable in importance.
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System Unavailability Drivers

.
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The Required Number of Spare Cryomodules

A question of considerable importance is the number of required spare cryomodules. In the
analysis shown h the next page, the SCL was assumed to consist of a series of identical
cryomodules and the number of tolerable failures is varied. The availabilities are somewhat -
overestimated because the tolerable failures are allowed even if they are contiguous, i.e. the last

. result allows for 7 failed cryomodules in a row. Even with this optimistic approach, however, the
result clearly shows that at least 2 spares are indeed required to reach a decent level of system
availability. With 5 spares, the slope of the curve begins to level off. 5 spares have been used in
the design.

.,
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The Required Number of Spare Cryomodules
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Number of Spare Cryomodules in SCL
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Effect of Anticipated Failures of the
Svstem Availability

Klystron on

Another important issue arises in the design of the RF system. The question is about the
effectiveness of the diagnostics for prediction of anticipated failures of the klystron in the RF
station and a possibility of using this option as a replacement for the supermodules. The .
results of an analysis to Investigate this question are illustrated here. The two curves represent “ :

, the system availabil~ty as a function of the percent of anticipated failures of the tube, which
would in some way be proportional to the quality, and presumably cost, of the tube diagnostics.
The top curve shows this dependence for the design Incorporating the supermodule option and
the lower curve the design without it. It is ciear that the diagnostics cannot replace the
improvement in availability provided by the supermoduies, no matter what their quality.
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Effect of Anticipated Failures of the Klystron on
~ystem Availability -
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Effect of Klystron MTBF on the Top Level
System Availability

In fact, the question arises then why is it so? The answer turns out to be relatively simple h
that the RF station availability is really limited by its components other than the klystron. The
curve illustrates this point. No matter how high the MTBF of the klystron is raised with the
failure anticipation by means of improved diagnostics, the overall system availability is flat,

. provided that the initial klystron MTBF is at least 25,000 hrs. This result is clearly of Interest to
the RF system designers since it indicates that unless the other components of the RF station
are significantly improved, there is no’ reason to spend valuable resources in improving the
klystron.
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Effect of Klystron MTBF on the To~ Level
System Availability “

.
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RF Station Unavailability Contributions

In order to see which parts of the RF station are the unavailability drivers and therefore would
be the most cost effectively improved to raise the RF station availability, we plotted the
unavailability contribution of each part of the RF station as a percentage of the total. Clearly,
the water cooling, and then the HVPS, and the Transmitter are the main factors as can be seen
in here. The Klystron itself comes in the fourth place..

Although the above analyses point to the conclusion that klystron diagnostics for prediction of
anticipated failures will not be able to improve system availability by increasing the effective
MTBF in a considerable manner, one should not make a hasty decision of dropping them from

~any further consideration. It should be remembered, that effective diagnostics will be
instrumental in reducing the MTTR, which could be driven by the time it takes to identify the
faulty element of the system. Other types of diagnostics may, however, be required for this
purpose.
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RF Station Unavailability Contributions
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System Availability Sensitivity for Critical Components -1

The analyses of the RAMI model can be very valuable if presented in a nondimensionalized
form covering a range of parameter values. As an example: of this type of result, we have
chosen a number of components and plotted the system avallablllty as a function of the MTTR/
MTBF ratio varied over a range spanning two decades. This Is illustrated in the next page,

. where in order to improve the ciarity of the presentation, we have piotted the system .’
availability curves against the ratio MTTR/MTBF normalized with its vaiue for the baseline”
modei which is provided in ‘each case.’ With this type of graph, the effects of the variation in ~
either MTTR or MTBF of the given components are clearly visible. The RF coupier is definitely
an important driver of system .avaiiabiiity.
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System Availability Sensitivity for Critical Components

.

0.90

0.85

E 0.65
Q
z% 0.60
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0.55

0.50
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I
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System Availability Sensitivity to Data Uncertainty

The values of the derivative of the system availability with respect to the variation of the MTTR/
MTBF ratio (normalized) presented in the previous page can be used to examine the sensitivity :’
of the RAMI model to the uncertainty in the input parameters. This is illustrated in the next page
where the relative change in system availability has been piotted as a function of the data

. uncertainty. Cieariy, the SCL “RF coupier is an exampie of a component with high data -
uncertainty driving the reliability of the system. The present analysis is by no means a
complete review of aii the system drivers for the sensitivities were evaluated only for a sample
of items. Additional anaiyses wili be required to provide a more exhaustive review.

The diagram cieariy identifies two strong drivers: the SCL RF coupler, and the ion source RF
window. Note that the RAM rnodei sensitivity to the 1 MW/ 700 Mhz kiystron is iow due to the ““
effects of the redundancies in the RF system, introduced by means of supermodules in the
room temperature Iinac and failure tolerability in the SC Iinac.,
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System Availability Sensitivity to Data Uncertainty
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Estimation of the Klystron MTTR

There are many different corrective maintenance procedures to consider for the system as
complex as the APT facilityi” In ‘fact, there will be one for each failure mode of every critical
component. Detailed analysis and planning for each one of these will have to be performed
during the detail design phase. As an exampie, the sequence of tasks required to repiace a

. faulty kiystron tube, together with the corresponding times (in minutes) is shown in the tabie
on the next page.

The resuiting 1QO min. were augmented by an additional 40 minutes to account for the
: additional time required for notification of the maintenance staff, their access to the location,
fauit identification, search for toois and spare parts, etc. Based on these considerations, the
klystron MTTR of 3 hrs was used in the present availability allocation budget. A confirmation of
these numbers will be required through more detaiied time and motion studies.

While these estimates cannot replace reai statistics which may actuaily be quite difficuit to
collect uniess carefui tracking of maintenance operations is carried on for the initiai years of
the facility’s life, a good designer can minimize MTTR’s by paying special attention to those .
aspects of the design which infiuence them: design for accessibility, strategic placement of the “
spare parts warehouse with respect to the faciiity, ease with which the parts are iocated in the
warehouse, and the buiit-in diagnostic systems aiiowing for a fast fault identification.

*
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Estimation of the Klystron MTTR

Step

1 [Shutdown.RF station
2 Repressurizewaveguick
3 Disconnectinterfacesto tube
4 Extract tube & replacewith new tube
5 Reconnecttube interfaces
6 Repnxmuke waveguick
7’ Verifycoolant line andelectricalconnections .
8 Pefiorm turn on seqIencefor RF station .
9 Confirm RF a&quate system performance

Time

30
30
30
c

10
15
10

140
.
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Predicted Repair Frequencies Per Subsystem

This histogram illustrates the predicted average annual number of replacements and the
estimated average annual repair time per subsystem. It should be noted that the actual number
of failures and the repair time in any given year will differ from these statistical averages. It is ~
also noted that in order to obtain the total numbers of spare parts estimates, the numbers ; .

. estimated here for the corrective maintenance have to be added to the numbers of “
replacements of the same item In the scheduled maintenance program, since the values shown
in the figure represent only the replacerhents needed to correct for the random failures.
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Normal Conducting System (2 kg Option)
- Availability Requirements Summary

For the normal conducting system with 1300 Mev/100 mA, the production rate is scaied from
the 0.000479 kg/hr to 0.000335 kg/hr. Also, for this system, the annual pianning quota of z kg is
used, resulting in 5973 hrs of production time requirement. With no change in the scheduled
maintenance plan, the scheduled operation still remains at 7752 hrs, and the required inherent

. availability of the entire APT faciiity becomes 0.7705. After breaking it down into individual
subsystems, and without changing the allocations to the target blanket and the balance of
piant, the accelerator availabiii~ allocation becomes 0.8300.
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Normal Conducting System (2 kg Option)
- Availability Requirements Summarv

MACHINE CAPABILITY:
Beam Energy (MeV) 1300
Beam Current (mA) 100
Production Rate (kg/hr) o.000w,~,

Planned Annual Output Quota (kg) “ 2 ..

SCHEDULED MAINTENANCE
TOTAL TOTAL YEAR
HOURS DAYS FRACTION

Scheduled Maintenance Totah 1008 42.0 0.1151
Scheduled Operation: 7752 323.0 0.0049
Required ProductIon: 5973 248.9 0.6818
Corrective Maintenance: ‘ 1779 74.1 0.2031

INHERENT AVAILABILITY:
REQUIREMENTS ALLOCATION

NC Accelerator 0.8300 0.8591
Target/Blanket 0,9581 0.9561
Tritlum Extraction 1.0000 “ 1.0000
Balance 01 Plant 0.9730 0.9730
Reserve o Yo 0.9978 1.0000
Total APT Plant 0.7705 . -6%XZ-

NC APT PRODUCTION AS ALLOCATED (kg): 2,07

Annual Production & Maintenance Budget

Scheduled
Malnlenance

Requked
ProductIon:

68%

●

*
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Normal Conducting System (3 Kg Option)
- Availability Requirements Summarv

●For the normal conducting system with 1300 Mev/136.5 mA3 the production rate is scaled from
the 0.000479 kg/hr to 0.000457 kg/hr. Also, for this system, the annual planning quota of 3 kg is
used, resulting in 6563 hrs of production time requirement. With no change in the scheduied
maintenance pian, the scheduled operation stiil remains at 7752 hrs, and the required inherent

. availability of the entire APT faciiity becomes 0.8467. After breaking it down into individual
subsystems, and without changing the allocations to the target blanket and the balance of
piant, the accelerator availability allocation becomes 0.9100.
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Normal Conducting System (3 Kg Option)
- Availability Requirements Summary

MACHINE CAPABILITY:
Beam Energy (MeV)
Beam Current (mA)

1300
136.5

Production Rate (kg/hr)

Planned Annual Output Quota (kg) 0“0’:457-

SCHEDULED MAINTENANCE TOTAL TOTAL . YEAR
HOURS DAYS FRACTION

Scheduled Maintenance Total:
1008 42.0 0.1151Scheduled Operation: 7752 323.0 ‘Required Production: 6563. 273.5 0.7 ..-Corrective Maintenance: 1189 49.5 0.1357 I

1,8649
’493 I

INHERENT AVAILABtLITW

REQUIREMENTS
NC Accelerator 0.9100 ‘
Targel/Blanket 0,9S81
Trilium Extraction 1.0000
Balance Of Plant 0.9730
Reseive o ?’0 1.000;
Total APT Plant 0.6467

ALLOCATION
0.6297
0.9561
1.0000
0.9730
1.0000

~

NC APT PRODUCTIONAS ALLOCATED(kg):
2,74

Annual Production & Maintenance Budget

Scheduled

Corrective Mainhrance

Mainknence: Tolal:
+Aw. 1270

Required
Production:

74%

*
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Increased RF Power Operation Improves Performance

In the baseline 100 mA/1780 MeV configuration, the superconducting accelerator operates the
RF stations in each supermodule in its normal conducting front end at a reduced capacity so
that each supermodule can be treated as a redundant system with one spare. If an RF station in
a supermodule is Iostythe remaining RF stations pick-up the RF load and the system continues

. at the same current level of 100 mA as before. ..
,’

,,

There exists an alternative way of operating the system however. [f instead of Operating the RF
stations at a reduced capacity, they are operated at full power, the accelerator is capable of

~“accelerating higher value of current. This value is limited by the supermodule with the largest
number of stations. Hence, the maximum value of current that can be accelerated is 124 mA.
This system, however, does not have any additional redundancy in its normal conducting front
end. It is possible, though, to continue operation at lower current determined by the RF power
capabilities of the supermodule with one failed RF station, eg back at 100 mA. The combined
operation buys back about 23 YO of the production over a year as shown in the next page.
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4.0 RF Linac System Trade Studies

The Task 2 effort involved the conduct of system level trade studies involving the cost, RAM, or
both aspects of the APT accelerator and plant. These trade studies fall into several categories:

\

. ● Sensitivities to design andlor financial uncertainties

sConsideration of alternative operational strategies

● Consideration of more advanc’ed technology alternatives

cCost/RAMl incentives for potential design refinements

● Evaluation of alternative tritium production growth strategies

QEstablishment of RAMI requirements

The results of these system-level trades are summarized in this section. Each of these trades
has been conducted at the -2 or -3 kg/yr production levels (as noted in the following
descriptions), but the general conclusions are independent of the production level. Although
only the accelerator parameters are traded, to provide a more complete perspective, the capital,
operating and life cycle costs reflect the overall APT plant (i.e., they also include fixed
contributions for the balance of the APT facilities). ●

.

*
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4.1 Cost Trades

A list of nine APT Iinac cost trades performed for the Task 2 activity is provided on the next
page. These trades primarily addressed the superconducting Iinac (SCL) design, although
some cost trades for the normal conducting Iinac (NCL) were also performed.
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‘List Of Cost Trades

No,
-
1

....
**

.....
~.

.....
4

.. ..S*

... . .
6

... . .
7*

... . .
8

... . .9*

—

*

n
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of rrftlwrr

Trade Title “

Marginal Cost Per Unit of
,~[i,tiy~ p~oqil.qtiop. . . . . . . . . . . . . . . . . . . ...4
Sensitivity Of Life Cycle ~.
,CqS[qoT~~g#jt~. ~[qgj[~q[&c,
Initiai Current/Energy For
Baseljnq SCL System ‘ o.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Supermodule RF Utilization

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Part Year OperationAt .
.43.kgNr.ToJ?mduca.~2kg/yJ
Revisited SCL Baseline With

.LANL:svRPJj9d.RF.P?)R *.. ,,
IOT Vs Klystron

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Cost IncentivesForReduced
Aperture.. ... . .. . . . . . . . . .. .. .. . .. . .. . . . . . . ..
AlternativeGrowth
Strategies

Description

Evaiuate the incremental cost associated with a smali. increase/descrase in
s~~ J@,tjq,rnp[~du.q~ion.~o.d@erqinecQst~ensitlyityper percent production. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Consider variations between 20 and 50 mii/kWeH for SCL and NCL
~eq[gfl$.@*~o~.aJ@o+~g/y[p@~q\i.qR lpvpls.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , .,,,.,..,
For-2 kg/yrproductiontevel SCL, determineif there is a cost incentivefor
operatio~ at 100 mA @1342 MeV orwith74 ~A @ 1780 MeV,. .. . .. . . . . . . .. . . . . .. .. . .. .. . . . . ... .. . . .. . . . . ..**,.. . . . . . . . . . . . .. . . ...2.. . . . .. . . . . . . .,. ..O
For -2 kg/yrproductionIevet SCL and NCL, compare operation of all but
one rf stationin supermodule(max power per stationwith id16spare) with
rJP.watiQn.vL~l~da$nm iJ~wer.p~we.tper. $lati~n.wi!h np.erdag.qxm]... . . . . . .
For -2 kg/yr production using SCL, consider possibte incentives for
,operathmatA3.kfy’ycJate.fm2/3.~f.tha.tfrm. ....... . ... .. . . ... ... ..... ....... ..... . ..
This trade reflects late changes to the SCL baseline which incorporate
,MNL-RWPJlfKf.dflt%..... .. . . .. . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . .. . .. . . . . . . . .. . . . . . .. . . . .
Quantifythe advantagesfor use of advanced IOT rf amplifiertubes in SCL
!I?il$!lun%..... . . . .. . . .. . . . . . . .. . ... . . .. . .. . . . . . . .. . . . . . . . . . . . . . . . . .. .. . . . . . . . . . . .. . . . ..O.. . .
Quantifythe cost savings associatedwith the possibilityof reducing the
beam aperturein the SCL..... .. . . . . .. . . .. .. .. .. . .. . .. . . . .. .. .. . . . .. .. . . .. . . . . . . . . . . . . . . . . . . . . .. .. . . . . . . .. . .. . . . . . . . . . . .
Compare baseline SCL system (initially capable of -3 kgiyr production)
withthree alternatives:
1, Initial-2 kg/yrconfiguration(1300 MeV, 140 kW per rf drive) configured

suchthatrftubesare fullyutitized(840 kW to rf cavities). Upgradable to
final -3 kglyrconfiguration(1700 MeV) by increasing rf drive power to
210 kWand adding RF stations (sdme as baseline)

2. A 140 kW per rfwindow/driveline initial/finatconfiguration,(longer than
baselinewhen -3 kg/yr)

3. A 210 kWper rfwindow/driveline initial/finalconfiguration(shorter than
baselinewhen -2 kg/yr)

* Included in DRAFT CDR Section 3
~ GRUUWW
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Cost Trade #1: Marginal Cost Per Unit Of Tritium Production
( -3 kg/yr Production Level)

The results of a study to determine the “marginal cost of tritium production”, defined as the’
cost to change the production capability by a small amount about the nominal capability, are
shown on the next chart. Both the marginal capital cost and the marginal life cycle cost for the
Iinac (only) were calculated. The marginal life cycle cost is relevant to an increase or decrease

, in the tritium requirement while the marginal capital cost can also be relevant to a situation in
which it is desirabie to build-in, additional reserve (e.g., as a hedge against lower than expected
system avaiiabiiity) whiie not necessarily expecting to produce a different (higher or iower)
quantity of tritium.

“The approach was to consider an additional cryomodule (and the associated costs incl. rf
power, support services, building/tunnel extension) to produce an addhionai 16.8 MeV of
energy and an additional 0.033 kg/yr of tritium (1.05Yo). The marginal iinac capitai cost ratio,
defined as the capitai cost per unit of tritium production at the margin divided by the average
capital cost per unit of tritium production, was estimated to be 46Y0. The marginal Iinac iife
cycie cost ratio, simiiariy defined, was estimated to be 54Y0. Although the corresponding
quantities have not been estimated for the overaii APT piant, the expectation is that both ratios
will decrease significantly because much of the the baiance of faciiity (target/blanket and
balance of piant) cost is independent of smaii changes in the iinac. “

These resuits indicate that increases in production about the current SCL design point can be
highiy cost effective, but that the benefit for producing less tritium with this design is
diminished by the same ratio.
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Cost Trade #2: Life Cycle Cost Versus Electricity Cost

The following chart summarizes the impact of the cost of electricity during the first year of
operation on the life cycle cost (LCC) of APT’ plants based upon the normal and
superconducting Iinacs at both production levels, assuming an average plant capacity factor of
75V0. [Referring to earlier discussion, the reader is reminded that our LCC definition assumes ~
that the cost of electricity will escalate by 3.8Y0/yr over the lifetime of the plant and that the c
discounted value of the electricity charge averages 51% of the first year charge.]

Comparing the values at the ,high end of the scale (50 ,mil/kWeH) to those at the low end of the
: scale (20 mil/kWeH), the LCC sensitivity to the cost of electricity is between 1.8 and 2.4 $B

(depending upon which if the four cases) or about 35%. As the baseline value, 34.5 mil/kWeH
is somewhat arbitrary and subject to change as the local and national electric power industries
evolve, this input should be reevaluated on a regular basis. Opportunities to benefit from off-
peak rates should also be considered.

*
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Life Cycle Cost Versus Electricity Cost

Trade Studv Obiective: ‘

● Understand extent to which total
life cycle cost is impacted by
electricity cost ,.

Maior Considerations:

● Nominal elec. cost =
34.5 mil/kWeHr

c Variations between 20 and
50 mil/kWeHr

● Elec. cost denoted herein is
first year cost in 1995 dollars.

Conclusions:
Q-35°10LCC sensitivity to

uncertainties in indicated range

.

10000v

~’
m VormaI Cond Jcthlg -2.9 kglyrII

9000. 5g
E

r

s . .

8000- Normal Conducting -2.1 kg/yrA’

Superconducting -3.15 kg/yr

K

7000 .- r

I

6000 .-
Tritlum ProductIon Assuming “ .

75% Plant Avallabillly
,

5000, I
15 25

1
35

#
45 55 65

First Year Cost Of Electricity - (mil/kWeHr, $- 95)
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Cost Trade #3: Initial Current/Energy For SCL System

.

When the tritium production level is -2 kg/yr, the operator can chose between high current .
operation (100 mA) at reduced energy (1340 MeV) or lower current operation (74 mA) at full ●

energy (1780 MeV). The first mode requires dependable operation of the low energy section of
the Iinac (including the ion injector) at its full current and rf power capability, but reduces
operational requirements for,the rf system (incl. the window/drive line) and electric field level in “
the high energy section of the SCL. The second mode relaxes the low energy current and rf
power requirements, but requires full rf field in the high energy SCL. It also requires a 11YO

higher window/coupler power level.
,,

The 74 mA current requirement for 1780 MeV operation was determined by recognizing that .
operation at 1780 MeV, compared with 1340 MeV, results in an -36Y0 higher spallation neutron
yield. Therefore, to produce the same level of tritium as operation at 100 mA, 1340 MeV, a
modified current level of 100/1.36 = 74 mA wiil be required. ,’The resuiting tritium production,
assuming a nominal piant availability of 75% will be 2.2 kglyr.

The results indicate a near zero advantage for operation at the higher energy level. [A later
study (#5) indicated a much iarger advantage if the Iinac were to be operated at full current and
full energy, but over a reduced operating period, to produce -2kg/yr.]

*
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Initial Current/Energy For SCL System

Trade Studv Obiective: . ‘

e At -2 kg/yr tritium production levels, compare Iifecycle costs for baseline initial operation
mode (100 mA, 1340 MeV) with alternative mode (74 mA, 1780 MeV).

. .

Major Considerations:

.@ Alternative mode requires lower current, but same electric field as -3 kg/yr operation

● RF coupler power also slightly higher (155 kW vs 140 kW)

Principal Conclusions:

● Operation at 1780 MeV, 74 mA requires -1.1 MWe less electricity
● Lifecycle cost savings -$5 M (near zero)
● Operator can chose from a continuous spectrum of operating points . ~

#
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Cost Trade #4: Supermodule RF Utilization (Derating)

Both the NCL and the SCL etiploy “supermodules” to achieve rf power station redundancy for .
the normal conducting sectipn of the Iinac (7-217 MeV for SCL, 7-1300 MeV for NCL). If, during
normal operation (all stations operational), all of the stations in a supermodule are used, then
the required power from each station is less than if one station is held in standby condition

s (i.e., not producing power). This operational strategy may lead to longer component lifetime
due to component operation at lower than the rated capability , but it also results in lower
klystron electrical efficiency,

: This study quantifies the annual and life cycle costs of this reduction on efficiency, which can
be compared with the projected cost of rf station maintainance, resulting in a goal for station -
derating. For example, the results indicate that the average rf station component lifetimes in
the CCL section of the SCL would have to increase by 37% to justify the loss of efficiency that
results from simultaneous operation of all of the rf stations. The CCL of the NCL is
characterized by a far greater number of larger supermodules. In this case, the benefit for non-
simultanious operation is much greater ($129 Nl vs $29 M).

*

*
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Supermodule RF Utilization (Derating)
● Trade Studv Obiective: 70- 1 1“ I I
GUnderstand if there is a strong economic incentive to operate

60- -
-61.5%_ —.

supermodules most efficiently, such that N-1 klystrons operate S 56.3%

at full rated power and 1 spare is in idle standby ~ 50-
/ I

k ‘
● Use above economic incentive to develop a goal for rf ●

component lifetime improvement by power derating ,5 40- ‘
/

. — .
● Maior Consideration~. g 30- ‘
cConsider -2 kg/yr for both normalconductingand

/
/

superconductingIinacs g 20- ‘ /
. — .—-720kw

. . 1-
● For low energy supermodules use of 5:4 stations requires lo- . — .—..-”-.
720:900kW rf power output . — ———.-

sFor high energy, supermodule powers are 771:900 kW Oz I 8 I
o 200 400 600 800 1000

● Klystron efficiencies range from 56.3-61.5°10

PrinclDal Conclusions Max Power Out - kW
Superconducting’ Linac [Includes su~erm odules c217 MeV~
● Use of all N stations, representing. a 20°/0derating compared with use of N-1 stations, requires -5.3 MWe

more electricity ($1.4 M/yr, $29 M over life cycle) .

“ This cost Is equivalent to 27% of annual rf power replacement and refurbishment (R&R) budget for the
supermoduies

. So if rf station lifetimes increase by more than 37°\0,then shouid operate ali stations
Normai ConcfuctinaLinac (Inciude s su~ermodules t01300 Mel/] :
? Use of ali N stations, representing a 16% derating compared with”use of N-1 stations, requires -23 MWe

more electricity ($5.9 M/yr, $ 121M over iife cycle)
c This cost is equivalent to 20% of.annual rf power replacement and refurbishment (R&R) budget for the

supermodules
● So if rf station lifetimes increase by by more than 25°/0, then’ shouid operate aii stations

?5IR
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Cost Trade #5: Comparison Of Reduced Time Operation At 1780 MeV
With Full Time Operation at 1340 MeV To Produce Same Tritium Quantity

The baseline superconducting iinac is capabie of producing tritium at an instantaneous rate of 4.2 kg/yr (3.15 kg/yr
at 75% availability) if it operates at a maximum coupier power of 210 kW to produce a 100 mA, 1780 MeV beam. If
the coupier power level is reduced to 140 kW, then the beam energy is reduced to 1340 MeV and the production at
75’% piant availability is reduced to about 2.2 kg/yr.

However, if the production requirement’ is to be iowered to this level, then it maybe more economical not to reduce
the coupler power and beam energy, but to operate the system at its full capability for a shorter period of time,.
correspondingto a full power system availability (really a plant capacityfactor since the availabilitywiii be higher).
of 52.4% ( = 0.7 x 70’Yo).This questionderivesfrom derivesfrom the observationthat the tritium productionper unit .
energy at the higher energy (-3.15/1780) is 7.8% higher than the tritium production per unit energy at the lower
energy (-2.2/1 340). So If the electrical efficiency of the accelerator were the dominant cost component with the
other costs fixed, it follows that part time operationat full energywill result in a lower life cycle cost than fuil time
operation (i.e., 75Yo)at the reduced energy. The analysisshownon the following chart addresses this question.

A review of the scaling of various life cycle cost components 1s useful for presenting the advantages and
disadvantages. The capital cost of the two systems is the same (they are the same accelerator). The annual
electricity consumption for “part-time” operation of the sections of the Iinac through the medium ~ section, Is
reduced by 30% because part-time operation requires the same energy and current in these sections, but for 70 YO

as much time. In comparison, the annual electricity consumption of the high p section is 5% higher than for full
time operation at the lower power level (the part time Iinac operates for 70% as long with 210/140 = 1.5 times as
much rf power). Howeverthe electric consumptionof the high ~ section is about the same because the kiystrons
operate more efficiently at full power. The part-time machine requires 30% fewer replacement and refurbishment
parts (assumingthat the failure rate is not a strongfunctionof the operatingpower).

Our life cycle cost comparison included all of the above considerations, but ignored others such as the potential for
reduced staff (potentially small life cycle cost impact) and the possibility of lower electricity rates for an APT plant
that could be operated during off peak periods (a potentiality large life cycle cost Impact).

The overall result was a decrease in the”estimated annual operating cost (relative to full time operation with 140 kW
couplers to 1340 MeV) of 32 $M/yr(-17YO),resulting in a $653 M (1OYO)savings in the life cycle cost when the tritium
requirement is reduced to 2.2.kg/yr.

*

-.

w
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Comparison Of Reduced Time Operation At 1780 MeV With
Full Time Operation at 1340 MeV To Produce Same Tritium Quantity

Trade Studv Objective:
s Consider reduced time operation at 1780 MeV to produce

same amount of tritium as full time at 1342 MeV “

Malor Considerations:

● 13asellne 2 kg/yr production for 100 mA, 1342 MeV, 750/0
plant capacityoperationincludes*IO% margin. Actual
production is -2.2 kg/yr

cTo produce 2.2 kg/yr with 3.15 kg/yr capabilit~ (100 mA, -
MeV, 75%) operatefor 70% as long(52.4%capacity).
Comparedwith base/he:

780

.

.

.

.

“

Low energy normal conducting Iinac ~ medium
~ SCL consume 30% less electricity
High ~ SCL consumesaboutsameelec. (3/2 as
much rf power,70’%as long,with higherKiystron
efficiency)
Reducedrequirementsfor replacementparts
Potentialopportunitiesfor smallerstaff, lower
elec. rates (not includedin analysis)
More time for maintenance(lower risk)

JWinci~alConciusio ns:
● Operating cost compared with iower rate, full year operation

decreases 32 $M/yr (17?40)
● Life cycle cost decreases $653 M (1OYO)

*
ID

Hiah Energy Mode
52.4 YOPlant Capacity

At 3.15 kg/yr Rate$
:3.0

Low Enerav
‘H

Mode
c 75?40Plant Capacity
~ I At 2.2 Kg/yr_Rate-

210 kW Per
Coupler

Operating Time During Year (Normalized)

#yer~ ~ ~GfZMY/WW
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Cost Trade #6: Revisited SCL Baseline With LANL - Supplied RF Data

Updated rf system cost and efficiency data became available from Los Alamos during
November, 1996. This data was then incorporated into the ASM model and used for
subsequent rf power trades. As shown, the modification in the rf capital cost items off-set one .
another while the improved efficiency predicted by the newer data leads to a 1.4?f0 savings in “

“ the life cycle cost.

47Is
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Revisited SCL Baseline With Los Alamos - Supplied RF Data

Trade Studv Objectives:

sIncorporate Los Alamos-supplied rf cost
data and evaluate impact on baseline
cost of superconducting Iinac operating

‘ at -3 kg/yr . .

cUse revised baseline for subsequent ~
power trades

Major Considerations: “

● Changes impact cost for: klystron
tubes, high voltage power supplies,
circulators and loads

Principal Conclusions:

● These changes will result in a 1.40/o
decrease in the life cycle cost, but will
not effect the capital cost

● They will not have a major effect on
other conclusions of our study

*
1s

Original Revised
Model* Model”

Max. Klystron Elec. Efficiency ~A) 64 65

RFTubeAndPeripheralsCost 200 190
($Keach)

HV Power Supply Cost ($K each) 394 370

Circulator & Load Cost ($K each) ‘ 81 116

RFPower Station Cost ($K each) 1450 1451

Accelerator Total Cost ($M) 1192 1193

Plant Total Cost ($M) 2526 2527

Annual O&M Cost ($M) “ 207 202

Total Life C~cle Cost ($M) . 6740 6645

● Data refers to 700 MHz components. All costs refer to average over 237 lot
quantity

Acce\er& ~
ProductIon

~ GRUMWW
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Cost Trade #7: Advanced IOT vs Klvstron
I

An advanced inductive output tube (IOT) for 1 MW CW operation at 700 MHz is currently under
development by CPI under Los Alamos funding. This technology promises some minor capital
cost savings, but the real incentive for its development is the promise of higher operating
efficiency (24~0 higher in this analysis). Our results indicate that the use of advanced IOT

- technology could save the program $17 M/yr in operating costs, equivalent to a discounted iife
cycle cost savings of $366 M (5.8Yo). :

.

*

m

Accoler
Produclbn

NWZ?MZWGRUUMW
of Trlflum Assessment Of Alternative RF Llnac Technologies For APT



..

..
...

,,.,

.

Advanced IOT vs KIVstron

Trade Studv Obiective: “

sDetermine the magnitude of the economic
advantage for use of advanced power tube
technology for super-conducting Iinac operating
at -3 kglyr

.$
Maior Considerations: “

● Compared with 700 MHz mod-anode version of
“super-klystron”, advanced ‘IOT promises higher
efficiency over full power range (class “C”

.operation), lower voltage operation, lower cost

cDownsides include lower gain (larger driver
required), less technological, heritage (e.g., no
failure rate data)

, Principal Conclusions:

● If it lives up to its promise, this tube can save 17
‘$M/yr OMVI (primarily electricity) and reduce life
cycle cost by $366 M (5.8yo)

Klystron IOT

Frequency, MHz 700 700

RF Power, kW 1000 1000

Max.Elec. Efficiency(’??) 65 73

Typ. Operational Efficiency (%) 58 72

Voltage (kV) # 95 45

Gain (dB) 40 25

Driver Power (kW) 0.1 3.2

Assumed MTBF (hr) 25,000 25,000

Tube & Peripheral Cost ($k) 190 145

HVPS Cost ($k) ‘ 370 327

RF DriverCost($k) 2 56

coolingSystemCost($k) 100 86

RF StatIonCost 1446* ., 1413*

. AcceleratorCost($M) 1193 1182

Plant Cost($M) 2527 2516

AnnualO&MCost($M/yr) 202 185

Life Cycle Cost 6645, 6279

● Data refers to 700 MHz components. All costs refer to
average over 237 lot quantity

?&m-m

g’~$ I MumnwGmlww
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Cost Trade #8: Cost Incentives For Reduced Aperture

The ratio of the SCL beamline aperture to the beam radius is very large and somewhat arbitrary
(a safety factor). Therefore it is of interest to examine if there are strong cost incentives to use
a smaller aperture. The results of this study, which consider magnet cost savings resulting
from a reduction in the aperture size indicate that this aspect of the cost will not drive the

“design to a smaller bore.

There are, however, other factors which ‘should be considered. One such factor involves
radiation heating into the cryostat, which will be reduced if the aperture is decreased. Another
involves the required separation between the superconducting rf cavities and the singlet
magnets, which is also decreased as a function of the aperture size, resulting in a shorter iinac
and savings in the cost of the tunnel. The later consideration may become the most important,
but it is not expected to be a strong cost driver.

?$718

Accuk?r r
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Cost Incentives For Reduced Aperture
Trade Studv Objective:

● Understand financial
consideration of beam

Maior Considerations:

incentives for reducing beam aperture in superconducting Iinac if
loss and consequent activation allows a reduction

. . Consider reduction in aperture ciear bore from 5 inches (nominal) to 1 inch

● Cost impact on tf cavities and.cryostat~will be minimai

● Cost of 519 superconducting EMQs in 108 SCL cryostats will decrease

● Scaie magnet costs with bore size in range of 1--5 in. while holding field gradient constant

Principal Conclusions:

● Saving (about $2.5 M for decrease to 3 inches) probably not large enough to justify losing risk
reduction benefit of oversize bore

● If include i-iEBT EMQs in analysis, benefit wiil increase, but expect overail concision to be
the same

Magnet Magnet Magnet Magnet Totai Cost Total Cost For
Bore Bore Material Labor 519 Magnets
(in) Cost ($K) Cost ($K) ($M)

5 4.9 11.5 16.4
4 10.2 3.5 10.5 14.0 :::
3 7.6 2.3 9.3 11.6 6.0
2 5.1 1.2 7.9 . 9.2 4.8

*

1 2.5 0.4 6.0ID 6.5 3.4

Accefer r
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Trade #9: Alternative Growth Strategies (con’t)

and the 2:1 splitters are replace with existing and new 1:1 splitters. In this scenario, the above-
mentioned splitters are located away form the Iinac in the rf hall (which is initially sized for the
upgraded rf level), so that the transfer can be affected without disturbing the accelerator hall “ ““
(except perhaps to install more capable rf couplers). This case and Case A both assume that “
the rf coupler will be tunable to match the rf system to the accelerating cavities over the 140- ~
210 kW coupler power range:” ~ :

Stratea v D starts with the same, more efficient configuration as strategy C, but assumes that
the coupler power will not be allowed to grow, but will be fixed at 140 kW. Therefore, to
produce 3.15 kg/yr, the Iinac structure must be lengthened and the additional 52 rf stations
must be provided along side. The longer rf hall and tunnel that will ultimately be added and the
Increased HEBT cost to traverse it prior to the upgrade are included in the initial cost.

Strateav E assumes that the coupler power can be fixed at 210 kW from the outset. Therefore,
the initial configuration is shorter (and uses the same amount of installed power as Strategies
C and D). To produce 3.15 kg/yr, the Iinac structure must be lengthened and the additional 52
rf stations must be provided along side (at which time it becomes identical to the baseline). .
The longer tunnel, rf hall, and the increased HEBT cost to traverse it prior, to the upgrade are,
again, included in the initial cost.

*

Im
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Growth 3.15 kg/yr

Strategy Description

I A
I Baseline

Baseline With
‘B ReducedOperation

Time** @ 3.15 kg/
yr -

Alternative Growth Strategies
RF Coupler Power) “(Depending Upon Achievable

fInitial 2.2 kgfyr
E A, B, C,-D
I

iSuperconducting Sections 664 m

.,;+

.,~i’ 996 m ~~’~~’\~i;:,i~:;~/?;j~g;~,.;t~I@I;’:<, ... . . . ,., ,! ...,,.,, ,,-..., . ,.,”, . , ,,,,, L.:~,;.,.,~~~~.~a,
J~ kdeti,&%,&@ ‘3:: m

,,
D“

Initial 2.2 kg/yr Growth 3.15 kg/yr
SCL Lgth. RFPOwer/cOuplerNo.RFSta.SCLLgth, RF Power/cOupler No.RFSta.,.

996 140 237 996 210 237Increase Coupler Power *

996 210
I 237 996 210 237

D
LOW Coupler
Power Limit

E High Coupler
Power Limit

IOperate Full Time I I
I A 1“

996 140 185 , 996 210 237
Add RF Stations& /nCreaS~ ~Couple~● Power

996 140 185 1392 140 237 .
Add Cryomodules & RF Sta~ions

664 210 185 996 .“ 210 237
I I I Add Cryomodules & RF Sk tions
● This Is the number of rf stations In the 52.47. pfant capacity factor compared with nominal 75’%.

*

tm
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Growth Strategies: Path C, RF Reconfiguration

● Each RF
cavities,
couplers
.

station initially serves three
each driven by two 140 kW
(840 kW total) .

● In upgrade configuration, , each
original tube serves two “cavities,
cot’responding to two 210 kW
couplers (840 kW total). .

● When the switchover is made, two
center cavities of every six cavities
require new 840 kW RF station

‘ ● Six cavities per cryomodule shown,
but smaller cryomodules may also be
possible

*
Ia

Initial Configuration (2 kg/yr)

Dispose

\

RFHaii

140kW
n~ l-l

H E m I cWItYI FI lib
AcceleratorTunnel

UpgradeConfiguration(3 kglyr)

.

$cC&derler~ ~GiWMMIU
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Growth Strategies: Path C, Design & Cost Implications

● Most rf transport lines and other components can be preserved, with very few exceptions.
Equipment changes for each six cavities:

- Remove two 1:2 splitters
- Add one 1:1 spiitter
- Add one rf power station ~

● To upgrade from 1300 to 1700 MeV wiil need to repeat this 48 times

- Add 40/0.84 =48 new RF stations
- Add 48 new 1:1 splitters
- Discard 96 old 1:2 splitters

● Changeover could be relatively quickly and cost impact minimized if Initialiy build fuii size rf
hall anticipating upgrade and if ali high power splitters are located outside the accelerator ~
tunnel, in the rf power hail.

- Additional wavegulde required .
. .

*

m
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Growth Strategies: Paths D & E, Hi & Low Power Coupler Limits

Path D: Limited To 140 kW Coupler

. 1340 MeVi 1780 MeV.
996 m SCL 1392 m SCL

~
. Initiai buy can delete 52 rf stations ($68 M)and their R&Rcostandelec.inefficiency costs, but must add

396 m extra tunnel ($33 M)and extra HEBTsection($6M)

● Final buy must include 39 additional cryomodules ($44 M) and additional rf transport components ($6M)

Path E: Early Validation Of 210 kW CouDler

Initiai (-2 kglyr)

1300 MeV,
664 m SCL

GhmluKX

1700 MeV,
996.m SCL

● Initialbuy can delete 33 cryomodules ($39 M), 52 rf stations and their R&R cost, but add extra 332 m HEBT
section($5 M)

47m
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Alternative Growth Strategies: Results

The estimated capital and life-cycle costs for the five alternative operating strategies discussed
on the previous pages are summarized and compared in the next two charts. In each case, the
initial capital costs include allowances for facilitating system growth (e.g., the initial cost for ~
Case D includes” a long enough tunnel to accommodate the longer accelerator that will be “

‘ required for growth from 2.2 kglyr to 3.15 kglyr). However there is no assumption on how iong
the system might operate at the iower production Ievei (i.e., the iife cycie cost is based upon 40
years operation at the specified’ ievei).

As shown, the lowest life cycie cost, a 10% improvement, is provided by Case B (part-time
operation at full capability). As noted eariier, the tritium production efficiency is about 8%

higher at the higher energy. This advantage, combined with improved rf system efficiency at
fuli power, drives the resuit.

Case C (iower instaiied rf power) results in a 2.9% iower capitai cost and a 5% iower iife cycle
cost than the baseiine (Case A) operated fuii time at the iower production Ievei. The majority of
the advantage results from more efficient operation.

Case D (140 kW coupler iimit) is more expensive than Case C because the initiai configuration
requires a ionger tunnel, a HEBT to conduct the beam over the tunnel

(Continued Next Page)

*
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Alternative Growth Strategies: Results (con’t)

and, ultimately, a longer Iinac structure. It still provides
production level. The cost penalty at the higher level is small,
of the life cycle cost.

some advantage at the lower
4% of the capital cost and 1.6%

. Case E (21OkW couplers) provides the lowest capital cost at the lower production level, but the
benefit is still less than 5% of the overall capital cost of the plant. The life cycle cost reduction
is comparable to that of Cases C and D, about half of the savings that can be obtained from
Case B.
.
With the exception of Case D (4’XOhigher), the capital and life cycle costs after system growth
to the 3.15 kglyr level are nearly the same. This result is somewhat optimistic because the
estimates do not the inevitable costs associated with a construction program disruption, which
could be substantial.

In summary, there appears to be little incentive to move from the baseline. It provides the
lowest life cycle cost at the lower production level without a substantial cost penalty.
However, if the risk associated with the 210 kW coupler is high, the financial penalty for the 140
kW coupler power is small and quite manageable within the overall context of the APT life
cycle cost.

47Iw
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Alternative Growth Strategies: Results

Anuud Iritium heeding

(kglyr)
PI ant Capaclt y Factor (%)

Final S(:1. Energy (McV)

l.cn~lh Of SCL Sect. (m)

Ayuc. ‘Iunncl Length (m)

Numhcr of Itwlallcd RF

, . . . . . . ..0 . . . . . . . . . ..$191J.0.111
PI ant Capital Cost ($M)

(~hmr~rFrom Bmellrre
~@d cost ($hI)

Change From Rmeline

,, . . . . . . . . .. C?E(%14.KW(I.%I
Annual O&M Cost

. . . . . . . . . . . . . . . . . . . ..w!y?)
LI fe Cycle Cost ($hl)

ChanBe From Baseline

LCC ($M)
Change From Baseline

Lcc (%)

slraluY-A
(Ilasclillc)

Ful I : Full

: lime : ‘Time
@2.2 : @3.l!
kelvr : kelvr

2!2 : 3.1s

7,5 : 7s
.

1340 : 17rln
.
.

996 : 996
.
.

996 : 996.
.

237 : 237
.. . . . . . . . . . . . . . .

2S26 : 2526

NA ; NA
..

NA : NA
.
.

. . . . . . . . . . . . . . .
192 : 207

.

.

‘iYii””~’kY45i”

NA : NA
.

NA ; NA
.
.

-

~~~g*J

(Part “lime
opcrstion)

Part lime
@3.ls
k~lyr

2.2

52.5

17s0

996

996

237

. . . . . . . . . . .
2S26

NA
.

NA

. . . . . . . . . . .
160

““Yf$6”””

-6S3

.10

&l@$gy&

(it F Rccnnrig.)

Inllial : l’ln81

[:onfi~. : (:onri~.

..
- . 3.15

.

1340 ~ 1780
.

996 i 996..
996 ; 996

.

.

18S : 237

. . . . . . . . . . . . . . . . .
2453 : 2531

..
-73 : +5o..
-2.9 : +0.4... . . . . . . . . . . . . . . . .

179.s : 207.0
i

61i4““-” ““”y”wd”
.
.

.329 : +5.
.

.s.0 i +0.2
.
.

-

Inalysls does not Include cost Increases due to program Interuptlon

MmsEY-11
(140 kW
. t~

Initial : Final
:nrr(i#. S Cnnrlx..

.

..
2.2 : 3.15

..
7s : 7s

.

1340 ! 1780.

996 ; 1392
. .

.

1392 { 1392

.
IR5 : 237

.
. . . . . . . ... . . . . . . .
2499 : 2634

.

-27 [ +10S
.
.

.I,3 ; +4.0
,

. . . ... ...>.. . . . . .
179.9 , 208.0.

‘ii.j6..!’.4A\Y’..
.273 ; +12R

.

.
-4.4 : +1.6

..

-
ME21SMJ

(210 kW

##%%=
%nrix { (:onrig

..

.

.
2.2 ; 3.1s

.

75 ; 75

1340 ~ 17110
.
.

664 ~ 996
.

996 : 996
.

Ins : 237
.

. . . . . . . . . . . . . . . . .
2413 : 2S32

.

.
.113 : +6.

.

-’4.s : +0,2
..

. . . . . . . . . . . . . . . .
179.1 : 207.0

.

“iiiig.:’”i w.”

:
.378.: +s.

.

-5.6 ! +0.1.
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Summary Of Comparative Capital & Life Cycle Costs
For Alternative Growth Strategies

Initial 2.2 kg/yr E% A, B, C, D
I I iSuperconducting Sections 664 m ~.;996 m ‘.~t~~,.“iA. :,.’,. .,. ,. ’., ., - .;.:.;&L&=g&#_ ,,~,,-.u%,,*.1..,.:,,:l,!/,>.*,+,+... Jt ;., ; . ; 1392m .‘ $Yhtdb;ifikti?siw.%?$fd ,-.,..,,.,, ,. .,....+-. .,,

Growth 3.15 kglyr A, B, C, E D

. Strategy Description . lnitiai2.2 kg/yr Growth 3.15 kg/yr. . Piant : ~ Piant Plant ~~ PiantCapitaiCost ($M)iLife CYcieCost ($M) CaPitaiCost ($M)~Life CvcieCost ($M),
A Baseiine 2526 i 6448 2526 : 6740

B BaselineWith Same ~ -lo% Same { SameReducedOperation .. 0

Time* @3.15 kg/yr
.
●

...* ... .. .
c

,
LowerInitiai

* .
-2.9Y0 : -5.0%

instailed +0.4Y0 : +0,2?40.0 ●

RF Power
. .
. .
. ..., .
. ,,

D LOWCoupier
.

:
-1.370 ;

.

Power Limit
-4.4Y0 +4.OYO j +1.670., .. ..0

E High Coupler
.

-4.5% !
.

Power Limit
-5.6Y0 +0.2Y0 : “ +0.1 ‘A.. ,...,

● 52.4% pianl Capacity factor compared with nominal 75%

*
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4.1 RAMI Trades

A list of seven APT Iinac RAMI
page. These trades primarily

trades performed for the Task 2 activity is provided on the next
addressed the superconducting Iinac (SCL) design, aithough

some RAMI trades for-the normal conducting Iinac (NCL) were also performed.

●

pwer& J ~ GKWYM?AN
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List Of System Trade Studies (Primarily RAMI Trades)

,,

-FTC
—

Ic

‘“ii

‘“3Y

.. ..
13

,.-...
14A

ltE

T#ade Title

RAMI Sensitivities To ‘
Data Uncertainties

,.H6quli&d ~6ve,&& . . . . .

Redundant Cryomodules
and RF Power Stations

● ,6h.,hj661&r.Gphi&, ..,. ● .

. . . . . . . . . . . . . . . . . . . . . . . . . . .

Clam Shell EMC)’S In
t-tEBT

.-..*... . . . ....-..-..*. . . ... ... ...........
Optimal Operating I&lode
For Supermodules

Description

Consider sensitivities of key availability drivers to uncertainties In RAMI data
(e.g., failure rates, repair/repiace otimes). Consider normal and
superconducting systems.

● ✎ ✎ ✎ ✎ ✎ ✎ ✎ ✎ ✎ ✎ ✎ ✎ ✎ ✎ ✎ ✌✎✌ ✌✌ ✎✎✎ ●✌✎ ☛✌✌✌ ✎

Gonslder posslblhttes /or avalfab]~i~lrnp{dtibrndfif by use01oneor more spare. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

(on iniectors.

.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Consider possibilities for availability improvement by use of “clam shell” EMQ
configurations in HEBT that do not require vacuum break for repair or
replacement.

. . . . . . ...... . . ....... . ..... . . ... ... ..... . . ..... ... ... ... . .. . ..... ....... .. . . ... ..... ... . . ........ . .. .. . .... . . . . . . . ..... . . ,Consider the increased beam current level thatcan be supported in the 2 kg/yr
normal conductingIinac (#15A) and the 3 kg~r superconducting linac (#156)
If the maximum amount of rf power capacity In the supermodules were to be
used. [Assume that this increased beam current oan be produced by the ion
injector and transportedthrough balance of the Ilnac.]

Assume that machjne will operate at this Increased level unless an d station is
out of service. If so, then the production Ievsl will be decreased to the nominal
level (2 kg&r forthe NC case and 3 kg~r for the SC case) while the d station is
repaired.

Calculate the effective level of tritium production and compare with the
nominal level,

*
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Trade #1 O: RAMI Sensitivities To Data Uncertainties

Trade Studv Objective:

● Recognizing that there are uncertainties in the RAMI data base, determine which uncertainties ,0
have the greatest effect on,the overall accelerator system availability

‘ Maior Considerations:

cConsider uncertainties in MTBF (failurd rate) and MTTR (repair time) ‘. .
● System availability is a function of a dimensionless parameter, (X= MTTR/MTBF.

~ Availability sensitivity can be represented in a dimensionless form: S = (dA/A) / (d u / (x),
where A is accelerator system availability.

Principal Conclusions:

s The SCL rf coupler/window is a strong driver of system availability with a large uncertainty
associated with its failure rate. Although undesirable, such a loss of availability would be
tolerable and couid be offset by additional performance elsewhere in the system(see Section
2.0).

● Ion source window is another important element with high sensitivity and relatively large
uncertainty. High system availability sensitivity to the ion source window is @rivenby the iow
MTBF value of this item. Design for maintainability and continuing reliability. improvement are
crucial for this item.

*

#m
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Trade #1.0: RAMI Sensitivities To Data Uncertainties - Typical Results

.,

0.90
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= 0.80~
a6 0.75=

~ 0.70
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0.50
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SCL RF Coupler MTTR/MTBF (Normalized)

0.90

0,85

>0.60~
aa 0.75=

~ 0.70

E 0,65
m
zs 0.60
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0.55

0.50
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—
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Trade #11: Required Levels Of Redundant Cryomodules and RF Power Stations

Trade Studv Obiective:

● A key question of interest to the designers of the SCL is the number of required cryomodule
spares which is necessary-to obtain the required availability level. An analysis was performed .
to investigate this issue..

.

Maior Considerations: , , , ~
. .

●

“e

●

The baseline SCL includes five in-line spare cryomodules

[f an individual failed cryom”odule or component thereof fails, the remaining modules can be
rephased to continue operation with little loss in performance

However, there Is likely to”be a constraint on the concurrent failure of adjacent or near-
adjacent cryomodules (Beam Dynamics Analysis Required)

Also, if rf power station fails it”can be repaired on-line. If the cryomodule or rf coupler fails,
must wait for accelerator to be down before repair will be possible

Princi~aI Conclusions:

●

●

●

Spare cryomodules must be distributed over both medium and high beta sections of SCL

No fewer than two spares (one in each section) should be allowed. .

*
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Trade #11: Required Levels Of Cryomodule Redundancy - Results Of Analysis

——-——— ——— _____ ___ ,- _ . . . . . . . ... —- ..-—- -— .— .-,

0.9C

0.85

go80

~“
.=

9
4

E 0.75
$

~
C/J

0.70

0,65

Each High High High
SCL Beta Beta Beta

~ Section -, Section - Section —

o 1 2 3 4 “5 “

Total Number Of AllowedFailures

— -—--..... .......—.
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Trade #12: Ion Injector Spares

Trade Studv Obiective:

cDetermine the availability and reliability
benefits for.one or more spare ion
injectors

Ion injector has short iViTBF , , ‘

Therefore it is an availability and
reliability driver

Its low cost suggests that redundancy
should be explored

-Maior Considerations:
*

,.
●

-

u 1- 2 ‘1
Numberof SpareInjectors- . I

cHowever, there may be technical issues: I 1.00T:,.,v,.>,,w.,:,,,,,,ofi.,.,...,*c.w,x.,,x..,,.,,,..
- Additional components in tandem

configuration
-.Long LEBT (beam quality)

-.-.

1=
0.90 ‘i::;

~0.80 ;;
~ 0.70 1...,.;,X?p>:.i&lc,,,v.v

jj 0.60 W%%%%%!!iii%+s1W,$.l!,,,,,.......I...60.50
:.0.40Principal Conclusions:
s 0030‘ , ,,.,?,

● Dual injector buys about 1.5°10in availability ●to.20 “-
and doubles reliability Eo.lo- ‘~;:~::

0.00 i q..!!w J;kj$~.$, 1 Iw?wqB , I● If technically feasible, it should be o 1 2seriously considered Numberof Spare Injectors

*
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Trade #13: Improved Diagnostics To Avoid Supermodules

Trade Studv Objective:

● Consider the potential effectiveness of the diagnostics for prediction of anticipated failures of the klystron
in the rf station and a possibility of using highly efficient diagnostics instead of supermodules

● Consider supermodules to 217 MeV in
● superconducting accelerator

JVlaiorConslderation~

● The klystronis only one contributorto
the rf stationavailabilitybudget. HVPS,

transmitter electronics also major

contributors

● Due to redundancy in supermoduies
and failure tolerant SCL, the rf station
itseif has a diminished effect on system

availability

JVincinai Conclusions:

● Without supermodules the system

availability decreases by 2%

● To recover this advantage will have to
employ effective diagnostics not just .

——

Circulator LLRF

(1

‘transmitter
63%

-—.. —.— ..— -----

for kiystron, but for aii major components of rf station

. Same conclusion for normal conducting accelerator

*
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Trade #13: Improved Diagnostics To Avoid Supermodules -
Effect of Klystron Failure Diagnostic Efficiency On System Availability

0.90.

0.89.

0.88.
,

0.87. ~

0.86.

0.85. -~ ~ ~ ~

0.84. ~ EEEEisl

0.83.. ‘

Om82-

0.81..
●

0.807 #
o 20

1
40

t
60 80 100

Anticipated Failures (%)
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Trade #13: Improved Diagnostics To Avoid Supermodules -
Effect of Klystron MTBF on the Top Level System Availability

I

I

—

0.86

0.86-’

Baseline(MTBF= 25,000hrs)

0.85-

0.85-

0.84- .
8 I I

o t
10000 20000 30000 40000 50000 60000 70000 80000

90000 100000
Klystron MTBF [h]
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Trade #14A: Optimal Operating Mode For Supermodules In
Normal Conducting Linac

Trade Studv Obiective:

● In the baseline 100 mA/1300 MeV NC Linac, the rf
stations operate at reduced capacity. If they are
operated at full power, the normal conducting
accelerator is capable of accelerating higher
value of current. The objective of the present
trade study Is to determine the poteptial benefit,of
such operation. . .

Major Considerations:
.The maximum value of beam current “inthe

full power operation is limited by the
supermodule
with the largest number of stations to 124 mA.
This system, however, does not have any
additional redundancy. It is possible, though,
to continue operation at lower current determined
by the rf power capabilities of the supermodule
with one failed rf station, e.g. back at 100 mA.’

Prlnci~al Conch.dons:
●The combined operation results in additional
output of about 28 9f0of the production quota over
a year. -

Standar~ 124% Current Additional Combine[
Supermodule Operation w/outProduction at Fuii Operatior
Operation Supbrmoduies Current

w/S”upermoduies

fwer$ J : NWZIWUPGRMWWN
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Trade #14B: Optimal Operating Mode For Supermodules In
Superconducting Linac

Trade Studv Objective:

c In the baseline 100 mA/1780 MeV SC Linac, the rl
stations operate at reduced capacity. If they arc
operated at full power, the normal conducting pari
of this accelerator is capable of ac~eleratin{
higher value of current. The objective of tht
present trade study is to determine the potentia
benefit of such operation.

J’wlaiorConsiderations:
~The:maximum vaiue of beam current in the

fuii power operation is limited by thi
supermoduie
with the largest number of stations to 124 mA,
This system, however, does not have an!
additional redundancy in the normal conductin{
‘front end. It is possible, though, to continu[
operation at iower current determined by the rl
power capabilities of the supermodule with or
failed rf station, e.g. back at 100 mA.

j%incipai Conclusions:
●The combined operation resuits in additiona
output of about 23 YO of the production quota ovel
a year,

*
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5.0 Task 3: Manufacturing Schedule Evaluation

After a review of the Los Alamos Conceptual Design as of 6 August
independent APT Fabrication” Process Fiows and Manufacturing
developed for the Baseline Normal Conducting Accelerator
Accelerator Configuration.

1996,
Schedule/Cycle Plans were
and the Superconducting “

.

These results are presented in section 5.1 “Accelerator Subsystem Manufacturing
Considerations” and Section 5.2 “Evacuations of Integrated Production Schedules”. ~

.,

*

18
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5.1 Accelerator Subsystem Manufacturing Considerations

High rate production components that were reviewed included the Coupled Cavity Drift Tube
Linac (CCDTL), the Coupled Cavity Linac (CCL), Superconducting Accelerator Structures and :
Supporting RF Power Stations. Emphasis was placed on gaining an understanding of Critical
Path Fabrication Concerns, F~nal Assembly, integration and test requirements as well as
unique factory requirements. Longlead procurements, requirements and potential suppliers
were identified. ,.,.. .

Possibilities for improvement in areas involving manufacturing producibility, cost and quality ,
were reported.

4788
Accel#r
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.,

5.1.1 Normal Conducting Accelerator Structures CCDTL

Critical Path Activities for Developing a Detailed Manufacturing Plan

●

●

3 Braze cycles and 2 anneal heats for flanged section build
Leak test after each braze operation
Strict adherence to cleaning, chemical deoxidization and handling procedures
Tuning steps include performing frequency and coupling measurements during stack
tune and flange section tune ‘

47#m

Acceler r
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APT Room Temperature CCDTL I Flanged Section

Typical In-House Manufacturing Assembly Flow - Number 2

r

I
I

I

I
I

i
.— J

4718
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(y---- .
El

/

d!$
(Step U4)

‘. Machine Cool ing Passages
Stem Pilot Holes into Dri
Cylinders for each Cavity
required For the (8) Cavi

.,11,, ,.,.
Sect i on.

@QQ

e

I e

I

I Bore 8

and
ft Tube

Beta
ty Flan

I
Nipple

ge

Machine Cool ing Passages into
15 Pcs. Backing Plates. Face
Mating Surfaces between Backing
Plates and Cavity End Hal f-CeI is.
Repeat Steps for I Pc. Flanged
Cavity End Half-Cell.
Pcs. Coupling Cavity Caps Confla
Holes to size.~(@,,f~~o_____

fyil Chemically Clean in Preparation for First i3raZe

24 Pcs. Drift Tube Cylinders*

“8 e“pc’”
Backing Platesies.

45 PCS. Cavity End Half-Cells
\ Pc. cavity Flanged End Half-cell

NWTHfWP GtWMM&Pf
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APT Room Temperature CCDTL I Flanged Section .

Typical In-House Manufacturing Assembly Flow - ~umber 3

.

I
I

--

47Is
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I
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I

I

I

I

I

I

I

I

I
I

J

fyl~. (Step H6).. ‘-”””’ assemble into Braze Tool ing with 35-6S
-. 0(=J(QJU*W*,,‘Ru/cu Braze Mater ial and Braze at

8

. .
.

0

@, T=1900° F.

o

●
. . 8 Pcs.

.

Q

e“’

Q

Is PCS+

9
I I Pc., :s.

I
1
I

.

8@$;,g@ @--------------
.

80
. .

8“Pcs. Brazed Dr i ft Tube Ossembl ies

Drift Tube Sub-Assemblies using
Correct Thickness of 300 SS Shim.
Cavity End Half-Cell with “
Backing Plates.
Cavity FlanSed End Half-Cell “
with Backing Plate.

15 Pcs. Cavity,End Half-Cell with
Backing Plates.

I Pt. Cavity Flanged End Half-Cell
with Backing Plate.

NO&17i?lW GfWMhMN
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APT Room Temperature CCDTL I Flanged Section

Typical In-House Manufacturing Assembly Flow - Number 4

r—

I

I

I

I

I

ep E18)
8 Pcs. Drif

es and open
s. Cavity Ri

t Tube Sub-R ssembl y

Stem Holes to size.
ng Mating Surfaces,

L%ll Rdd Perimeter Cool ing Slots, and open Stem Holes.
Repeat Cavity Ring steps for IPc. Flanged Cavity

I

w

Ring.
1“ Mltl,* ,*1
I
I

@--
;achine 8 Pcs.

15 Pcs.

“.

I Pc.
8 PCS.

@ @ @ @------

Enti Half-Cell/CouP,ling Cell Sub-fissemblies.
Finish Outside Surface of Backing Plates to
Correct Thickness and Mating Surface of the
Coupling Blocks.Bore Beam Tube/Bellows Hole

.to Size, NOTE 9S REQUIRED 2 PCS. OF THESE
WILL BE M9CHINED TO EXCEPT GLIDCOP DISK fJND

,SS THREfJDED INSERTS FOR BERM TUBE D19GNOST ICS.
Cavity Flanged End Hal f-Celi Same as Rbove.
Finish Mating Surfaces of the CouPl~ng Blocks.

w19
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APT Room Temperature CCDTL I Flanged Section

Typical In-House Manufacturing Assembly Flow - Number 5

.

‘CS. Ilr i ft Tubes Sub-Qssmbl ies

‘CS. Cavi ty Rings
‘c. \Flanged Cavity Ring
3CS. Cavity Ring Cooiing Fittings ‘

‘CS. Drift Tube Stems

*:::-----”-”: ---

8 F’cs.
8 Pcs.
1 Pc.

13 PCS.
2 Pcs.
i Pc.
7 Pcs.
2 Pcs.

32 PCS,
8 pcs.
8 PCS.

i6 Pcs.

COUP I ing Cavit,y Blocks
Connecting Stnaps
Cavity Flanged End Half-Cell
Cavity End Half-Cells
Cavity Diagnostic End HaI f-Cells
Cavity End Haif-Celi Flange
SS Beam Tube/Beliows Qssemblles
Diagnostic G1.idcop Disks
SS Cooling Fittings
ConFiat Fiange Nippies
Coupling Cavity Caps
SS Threaded inserts

*
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APT Room Temperature CCDTL I Flanged Section

Typical In-House Manufacturing Assembly Flow - Number 6

I
@

.- J

I

(Step UIO)
Qssemble into Braze TCICII ln~ w]th
50-50 Qu/Cu Braze Mater Ia I and
Braze at T=1850 F.

,.-.@ @g

@ii!9J@@H
7 PCS, ll;Jf&~:llh”/r=\/* * ,.

@@

o
I Pc. -Flana~

Q

a
Q

e.”

-.-*ru Llv, (. GJ

:embl ies,
Drift Tube

Rl~g”~ub_Rssembly
7 Pcs. End Hal f-Ccl I \Cou

Cavi ty Sub-9 ssemb
NOTE RS REQUIRED
WILL BE FOR BERM.
DIRGNOSTTnR

ezY—4
-------

1 PC,

& 8 PCS.

@

,

c), ”

@

.
.

Q,”

f?tng

/Cavi ty

Pling
I iese
IPC.
TUBE

Flange End Half-Cell/
Coupling Cavity Sub-
assembly.
Coupling Cap/Conflat
Nipple Sub-Assemblies.

@

.
.

0,’

@

.
..

Q,”

diiiiJJ@@
.. .

0
. Q;’ ‘-—=

.

Q,” Q,”

4718
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APT Room Temperature CCDTL I Flanged Section

TypicalIn-HouseManufacturingAssembly Flow - Number 7

embl ies.

--- ___ _..-

1 Pc.

8 Pcs.

Drift Tube/Cavity Ring
Sub-Qssembl i es.
Flange Drift Tube/Cavity
Ring Sub_Rssembly.
End Hal f-Celi/Coupiing
Cavity Sub-flssemb lies.
NOTE. 9S RECJUIRED I PC.
WILL BE FOR BECIM TUBE
DIAGNOSTICS.
Flange End Half-Cell/
COUP I i ng Cavi ty Sub-
flssemblu.
CouplinE Cap/ConFlat
Nipple Sub-Assemblies.

*
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APT Room Temperature CCDTL 1Flanged Section

Typical In-House Manufacturing Assembly Flow - Number 8

.

.-

@

Machine Cool ing Passages
and Finish Cavity Shape of @@
8 Pcs. Coupi ing Cavi ty Caps. .0 .

=+*SW

@@:@

[--&@3 (o

m it...,n$lo-
(Step Hi3)

.6

Clean ln Preparation
for Stack Tuninq 91 I

@ @-@ ~~

Finish Machine Coupling Cavity
i3iock Shape, Coupl ing Siot,
Flccelerating Cavity End Ha if-
Cells, and Cavity Rings. :

T‘L I Fian
---

ged Sect

——. - _

I clrl

—-

*

1,
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APT Room Temperature CCDTL I Flanged Section

Typical In-House Manufacturing Assembly Flow - Number 9

r—

I

I

1

I

I

I

I

I

I

I
.— -1

a
“69❑lIll , m

(step W14)

Rssemble 911 the Pieces of CCDTL 1’s
Flanged Section into the Stack Tuning
Clamp Too]. Perform Frequency and
Coupling Measurements.

.
Disassemble Stack and Machine Coubling
Cavity Noses, Drift Tube Rings (Inner

Diameter), and Cavity/Cavity Coupling
Slots to Correct Frequency and Coupling.

Repeat this Procedure Until the Stack [s
Tuned to Correct Frequency and Coupling.

--- ——- -—— —-— -—- —--- -——-

.

“.

.

4718
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APT Room Temperature CCDTL I Flanged Section

Typical In-House Manufacturing Assembly Flow -
Number 10

.
●

.

(Step HIS)
Chemically Clean in f’reparation
for Third Braze.

8 PCS. CoUpl ing Caps
7 Pcs. Cavity Rings
I PC* Flanged Cavity Ring
7 Pcs. End Half-Ccl l/Coupl ing

Cavity Rssembi ies

1 Pc. Flanged End Half-Cell/
Cayity t9ssemble

I PC, RF Window Transition

.

___ ___ __

47##
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APT Room Temperature CCDTL I Flanged Section

Typical In-House Manufacturing Assembly Flow - Number 12

.,

*
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.

I

I

I

I
-J I&

~ FlarIge Jc)int., Tuning

k Repeat Procedure From

CCDTL I Flanged See; (on and v “

I

Lead
I Flanged Sect ion
the Oppc)si te Ends

I Flanged Section.

be----

Lead CCDTL I F!anged Section. Perform RF ‘-’w’
Measurements, Disassemble, and make Tuning Cuts
on Flanged Cavity. Repeat this Procedure Until Tuned.
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APT Room Temperature CCDTL I Flanged Section

Typical In-House Manufacturing Assembly Flow - Number 13

(step 1119)

.

I

I

I

I

i

I

I
--l

.J

.i

Mount In-house Fabr i cated Strong Back
into ”~ssemb y/Shi PPing Fixture.

(Step H20j
Install Support
and Vacuum Tank

;r::;,,
i I Flanged Sections
I onto Strong Back and

.lOPticllg align.

1“
i

.- .I

*
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APT Room Temperature CCDTL I Flanged Section

Typical In-House Manufacturing Assembly Flow - Number 14

Instal I Ouadrupole wSinglets, Diagnostic
Beam Tubes W.REQUIRED,
RF Wi ndows, and Hook-Up 91 I
Cool ing Lines.

I

I

I
i

vwo

#“

. I 1=
.. _-,

~Leak Check Rssembled
\

‘flDTL I Flanged Sections

----- -—_ __

. ULeak Check Gssembled

Cooling Lines
.

*

Iv

Accet.w r

NOUTURW GRt#WAIV
ProductIon
of rrltl”frj Assessment Of Alternative RF Linac Technologies For APT :
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APT Room Temperature CCDTL I Flanged Section

Typical In-House Manufacturing Assembly Flow - Number 15

., @nEi!!?%i!k
.

CIVtTFcH~ed>~$!;Purge the Completed
Build-Up Of (2) TWO

Seal Q]i penetrations-and 1
Package for Shi pment. .

I

i---”

I
I

. .

‘ JJJfJ’Jfj (Ste. l-1.25)

III= In House Fabricated
Monumt ~ystem is ‘5111~ped with
CCDTL I s Completed Ossembly.

*

88

Accoler r
Produclfon
of Trlflum ~ GliUWWVAssessment Of Alternative RF Llnac Technologies For APT
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5.1 .Ia Normal Conducting Accelerator Structures - CCL

Critical Path Activities for Developing a Detailed Manufacturing Plan

● 5 Braze Cycles for Flanged Section Build
● Leak Test After Each Braze Operation
● Strict Adherence to Cleaning, Chemical Deoxidization and Handling Procedures
● 4 Tuning Steps: 1/2 Cell Tune, Stack Tune, Measure Coupling After Cut of Drive
Iris and Final Tune ‘ ~ ‘

v / v /

47Is

Acahr
RO&ctiOn ~G?UwMiw
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APT Room Temperature CCL I Flanged Section

Typical In-House Manufacturing Assembly Flow - Number 1

@iiil.
(Step Ill)

o 100% Dlmenslonal Inspect Ion of
Rough Machined Ccl Is-

e a~
(Step W6) “ -?$=23f%semble and Braze

i

II Pcs. Fuli CourJlln9 Ccl Is
wI Pc. Flanged Full Coupling Ccl I

I Pc. Elongated Full cou~l ,~g Cel I
I f’c. Elangated Flanged FUI 1 COupltng CC I I

2 PCS. Qlldcop D18ks 88 required for Beam Otagnostlcs

❑
19.***.,

r --- 0 .—-___ __
/2 Cawllng Cell

#b.”,,

1/2 Coupllng CUII
I

1/2 Coupling Cell I 0“
ated l/2 CouDllng Cell

!
I

I

I

I
I

* I
.—- ——- -1

(Steo I!3)
Chemically Clean in Proparatlon for I:Irst Braze

Cleaner Uoter Oeou. U’!% Orwr 23Pcs. 1/2 Couplin Cell
Rlnsc Rinse I Pc. Flanged 1/2 ?ouplln Cell

7
I

3 PCS, Elongated 1/2 COUP Ing Cell
I Pc. Flanged 1/2 COIJOIIn~ C=II

2 pCS. GlldcoP Disks as required for Beam Dlognostlcs

47la

Acceler r
Ptoductfon NWR27UUWGFUW..
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APT Room Temperature CCL I Flanged Section

Typical Manufacturing Assembly Flow - Number 2

.

r——

I

I

I

1’

I

“1
1

.“

. .

. .

H)000 (Steo US)
Leak Check

0. It P*s. Full COUCIi 109 Cells
I Pc* Flanged Ful I Cowl Ing Cel I

‘iS’-spe ‘rwater I Pc. Elongated Ful I COUPI Ing Cel I
I Pc. Flanged Elongated Ful I COUPI Ing Cell

1“
I

1“

-J I@ A

r -.-—

I
I

-—. J

Ports to size

r —--— ----

I
1’
I
I

Cteaner I/star
D*OW,

Hot
Rlnw Dryer

w:!

/

(sterJ t17)
Chemically Clean In Preparation for Second Braze
it pCS. Full COUPIIIW cci!s

I Pc. Flanged Ful I COUPI Ing Ccl I
1 Pc. Elongated Full COUPIIng Cel I
I Pc. Flanged Elongated Ful I Couol tng Ccl I
2 Pcs. Stainless Steel Flanges

Stalnl.ss Steel RF WlndawFlanges2 pcs.co~~at Transl t 1~S
8 Pcs. Stelnless Stee Cool Ing Tube
14 Pcs. Slalnless Steel Pump Down Tubes
1 Pc. Stainless Steal Beam Tube/Eel lows as rertulred

11 Peso Full CouPIIng Cells
1 Pc. Flenged Full COUPIIng Cell
1 Pc. Elongated Full Cotmllng Call
I Pc. Flenged Elongated Full CouPllng Call

*

18

Accoler r
PfoducIlon

UO~ GtWMMAiJ

of Tdflum Assessment Of Alternative RF Linac Technologies For APT
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APT Room Temperature CCL I Flanged Section

.

Typical In-House Manufacturing Assembly

r -—

I

I

I

I

Flow - Number 3

.

m000

0-14ass-%m tremeter

I

I

I

I I
I I

L—

(Step W8) -
ftssemble and Braze
II Pcs. Full Coupllng Cel Is
I Pc. Flanged Full COUPI Ing Cell
I Pc. Elongated Full Couoling Cell
I Pc, Flanged Elongated Full Coupllng Cell
2 Pcs. Stainless Steel Flanges

Stainless Steel RF Ulndow Flanges2 f’cs.cop~er TransltlOnS

8 Pcs. Stainless Steel Coollng Twbe
14 Pcs. Stalnlass Steel Pump Down Tubes
I Pc. Stainless Stael Beam Tube/Bellous as .euulred

(Step t19)
Leak Check
II Pcs. Full Coupllng Cells with

Pump Down lube
! Pc. Flanged Full Coupling Cell

with Pump Down lube
I pc. Elongated Full Couoilng CCII

with Pump Down Tubq. Beam Tube/Bellow
or Glldcop Disks, and Coollng Tubes.

I Pc. Flanged Elongated Full Couollng Cell
with Pump Down Tube. . Beom Tube/Bellow
or Gild cop Disks. arid Coollng Tubes.

-—- —

@
0

ttlo)
c Drive Iris

F!ssembled Clcceleret

-—- —-

Inlo 2 (rvo)
ing cells

?!’719

Accofer r
Production

NWT7WUV GRlzMw
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APT Room Temperature CCL I Flanged Section

Typical In-House Manufacturing Assembly Flow - Number 4

.

;

I

I
I
I
I
I
I

J

I

(Steo U(l)
Stack RI I Ccl Is Into Complete CCL end
Per form Tunl ng Measurement to Det crml ne
!/2 Cei I Tuning Cut, Dlsagsembla stack
and Tune 1/2 Cel Is on CNC-1.athe. Repeat
Process unt I I I CCL Stack Is Tuned.

r ---- --

I

I
I
I
I
I
I
I
I

1 I

Y @
Cleaoer Uat er

Rlnsc DeOn. tlTt :r Drwer
Rinse

.

/@

0
(Step W12)

Chemically Clean In Preparation for Thrtd Braze
DlsasSmnble Stack and Clean 2 l’cs. Drive Iris Qgsembl Ies.

@@

u85.*,1.,

o
VI.-*,

@
I

I
I

I

(Steo 1113)
Qssemblc ond orate
2 (Two) Drive Iris
Rssambl I es.

Im000 -—-___._
o

Mass-gpe \rofllelljr

(Stcrl 1114)
Leak Check 2 (Iwo)

F (p

Drive Irts ~sse.,bl ICS.

@

471,

Acceler r
Production
01 Trlllum Assessment Of Alternative RF Linac Technologies For APT ,’

i .
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APT Room Temperature CCL I Flanged Section

Typical In-House Manufacturing Assembly Flow - Number 5

r —- Cl**ner Water
Rinse Deox. U%?kr Dryer

Rinse
-——_ .

I
I

i QQ@@
I

(step W Is)
I Chem~callM Clean In Preparetl On for Fourth graze

2 Pcs. RF Ulndou Flange/Transl tlon fissembl Ies

I 2 Pcs.. Drive Iris ftssembt Ies

I r ----- —---- _____ ___

I I

I I

I I I

-J

m---

w0
Hssa-SOe trofrmtw

(Stap tl17)
I.aak Check

2 (Two) RF Ulndou Ftssembl I es

U*L ●r
Ulnse

e (Sten il IG)
assemble and Bra~~

t 2 (Two) RF Utndtyw Clssembl I=S

I

I

-- J

(StepU18)
Chemically Clean In Preparation for Fifth Braze
Clears 91 I CCL Gssembl Ies reaulred for Flanged Sect Ion

-.

47Iw

AccelLv r

Nvmn.. GRU..M2NProducllon
of Trltlum Assessment Of Alternative RF Linac TechnologiesForAPT ~~
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APT Room Temperature CCL I Flanged Section

Typical In-House

--

Manufacturing Assembly Flow - Number 7

r

I

I

I

I
J

m000

Q
MasseSoe tromet8r

(SteP li24 )
Check CCL Flange Sect Ion

with Conflat Flange NIPPICS Welded
I to pUmP Down lubes.

.—-—

(Step W2S)
Mount Inhouse Fabr I cated
Strong Back Into tlssembly/Shlpolmg Fixture,

c

I
I

llons

-—

Install 2 (Two) Sets of CCL Sutwort IMackcts
and 2 (Two) Vacuum Tank Qssembl I es.

?!7tm

Acceler r Mtmz/2W GIWMMW
Producllon
of Trlllum Assessment Of Alternative RF Linac Technologies For APT ‘
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APT Room Temperature CCL I Flanged Section

Typical In-House Manufacturing Assembly Flow - Number 8

k’ (Step 1129)
<Install O.adru.ole Sln*let* and

)_ Hook-UP Cool lng Lines. Instal I
~ Dlagnost Ic Beam Tube Spool

.— _

.

--

. .

I
I

‘o Ids
Lines.

-N&LNQyl-’
I
I ‘w

,

I
I
I

-1

47Im

Accehr r :
P(oducf/on
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APT Room Temperature CCL I Flanged Section

Typical In-House Manufacturing Assembly Flow - Number 9

(Step B51)
Leak Check
Of 2 (Two)

.— _

I \
(Step W32)

. Leak Check

h* .—- .

al I

-.

COmPlet U Bul ld-tJp
CCL Flange Sect ton.

P

coo

I

I
---- __ J

*

f,

Acceler r
Producllon
0! Trlllum MR7WJ7UJ GJW.WWVAssessment Of Alternative RF Linac Technologies For APT .
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APT Room Temperature CCL I Flanged Section

Typical In-House Manufacturing Assembly Flow - Number 10

I
1

.

--- —- J

i

(Step’ W 33) I
In House
Monument
with CCL

Fabricated
System is Shloed
Rssembl H to Site.

I
I

. .

IG91

w

*

19

Accefer r
P/Ocfucf/ofl

NOtWHl?W GRUMWW

of Ttlllunl Assessment Of Alternative RF Linac Technologies For APT ~
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5,1.2 Superconducting Accelerator Structures

Superconducting Cryomodule Sub-Assembly and 3~/,..MOM~o
Final Assembly Integration

/

fpct

/
0“tloM 00
iLAfloE
[2)

● Critical path activities for developing a detailed
manufacturing plan for assembly of the APT
Cryomodule include:
1. Forming of half cells,and machining

of inter-locking joint lr HOM 00-
FLAIIoE

2.
10.

Electron beam welding
3.

:;A!!!

Buffered chemical polishing 16]

4. Maintaining cleanliness
requirements of a class 100
clean room during assembly process.

●

●

As we tailor our plan to meet APT requirements,
we wiil investigate semi-automated cleaning
processes such as high pressure water rinse,
and improved agitation of chemical solutions.

,

Manufacturing issues such as prediction of E.B.
Weld Beam and Niobium shrinkage wiil also be
addressed

@b

*

/8

Accdar r
Produdfon ~ GKVMAWW
0! Tr/llum Assessment Of Alternative RF Linac Technologies For APT
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APT Superconducting Cryomodule

Typical In-House Manufacturing Flow For Unit #30

ID

VendorFeb. NbbhrmCavlly,ButtaraddhamloalPolishlng,LaakCheck,CleanTo
1 I I I I I

...................*.. ................................................
1 InhousaRecaMnglnspestlon.........................................................................................................................................................,.
2 \ WafdCryo.Vassala 1. CleanParts,Asaem.Into~oollng,TackAd Wald.

3 \ LaakCheckCryogenVassalM “........................................................................................................................................................... .,,. .,,,
4

1

Claan& FlushOutlnsfdaOf Cryo.Vasw+l# t @d Cap.CleanOutbldaSurfaceToClass
....1.... ....1........1....

100lad Efafl. ,....!!.. ................... ,..,,..,,.................*................................................................................................,.. .,..

“1

! I ~ I ! I [ 1 1.... .0...... ...! ..... .... .... ,... ..... .... .... .... ..... .... ,.,. ,.,. ..... ...,
5 WeldCryo.Vessel# 2, CleanParts& kern. IntoToollnq,TadsAndWeld........ .............. ,..,,...................................................................... ...................................................... .... ....

6

“.* q.,.. ..... .... .. .. ..... ... ..... ... ....+.... .,,:’p..
LeakChadrCryogenVe.ssal112

7 Clean& FtushOutInskfaOf Cryo.Vessel#2 AndCap. CleanOutsktaSurfaceToCfass100

8 CleanToClass109AftRI DrtvaLfnePartsAndBagForSlorage,

9 AssembteFour(4) Rf DrfvaUna Asy, .

13 ~ LeakChedrCryomoduleSubassembly,EvasuataAndSealCavllyIWY, BagForStorage

.1.... ....1.... ....L... ....1....

.., .......... ....”,.. .........

4718

Accdor r : fWZIWUWGIUW..
Prodrrcthm
of Trllhrm Assessment Of Alternative RF Linac Technologies For APT
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Fabricate Niobium Cavity Parts

. .

1/2 Cell:

I.RoughCut 8Pcs..
2.PressForm8Pcs.IntoCm’ilyShape.
3.Machine4Pcs.To SizeWith FemaleInter LockingJoint.
-1.Wcltinc 4Pcs. To Size Widl Midc lntcr Locking Joint.

Cavity End Pipes:

I.Rough Cut 2Pcs..
2.Machine lPc. To Length With Female Inter Locking Joinl On One (1) End “.Two (2) RF Power Holes And

One (1) HOM Hole.
3.Machine lPc. To Length Wi[h Male Inter Locking Joint On One (1) End . One (1) RF Probe Hole ,And

One (1) HOM Hole.

RF Power Tubes:

I.Rough Cut 2Pcs..
2.Machine 2Pcs. To Length With Fish Mouth On One End AndMaleInter Locking Joint On TheOther.

Horn Tubes:

1.Rough Cut 2Pcs.. .
2.Machine 2Pcs. To Length With Fish Mouth On One End And Inter Locking Joint On The Other.

RF Probe Tube:

l. Rough Cut lPc..
2.Machine 1Pc. To Length Wilh Fish Mouth On Onc End And Inter Locking Joinl On The Other.

SdffenexsBetween CelJs:

I.Rough Cut 6Pcs. With Cooling Holes.
2.Machine 6Pcs. To Correct Width And Length.
3.Press Form 6Pcs. Into _ Circles.

Sdffenen End Corw

lRough Cut Five (5).13ifferent Shapes Required To Fabricate Two (2) End Cones.
2.Machine Each Of The SPes. To TMr Conect Size And Shape.
3.PIess Foxm Each Of The 5Pcs. Segments Into Shape.

\

m-!!%
(6J

n

Elm

\

STFFE~R
(2 sEGMEHrs]

STIFFENER
. (6 HALVES)
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Fabricate Stainless Steel Cryogen Vessel Parts

End Covets:

1. Rough Cut 2Pcs..
2. Machine 2Pcs. To Size.

Centml Cylinder:

1. Rough Cut 2Pcs..
2. Machine IPc. To Size With Retu”mPort Hole..
3. Machine IPc. To Size With Inlet Hole.
4. Press Form 2Pcs. Into 1/2 Citcles.

End Cones:

1. Rough Cut Five (5) Different Shapes Required To Fabricate Two (2) End Cones.
2. Machine Each Of The 5Pcs. To Their Correct Sim And Shaue
3. Press Form Each Of The Five (5) Segments Into Shape. = “

. . .
Manufacturing I&ues

For Discussion

“..

SS CIIYOGEII .-/ ‘-J

VESSEL
(7 SEGh4Et{TS]

r,.,?~.~-,-,; -.>~,~,-&~... \ ,, .,... ., . .,, _ ,,. , ,,lU,, ,,A-. . ..7 ,.,

,. ,1,.. . . . . . . . ..:. .,<. . . . . . . , . . . . . . . . . . . .. . . . . . ,,r,, ... j . ., --



~-Purchased Parts Required
For

NTiobiumCavity And Cryogen Vessel

Niobium Cavity
1.8 Cavity End Flanges 2Pcs.
2. S- Cavily End Fkmgc And Bcllon-s Assemblies 2Pcs..
3. 6“ RF Power Tube Flange And Bellows Assemblies 2Pcs..
4.4.625” HOM Tube Flange And Bellows Assemblies 2Pcs..
5.3.375” RF Probe Flange And Bellows Assembly IPc...

C~ogen Vessel:
1. 11“ Vessel End Fkmge And Bellows Assembly l_Pc...
2. 8“ Vessel End Flange And Bellows Assembly IPc...
3. Return Tee With nvo (2) 4.625” Flanges On The Run And One (1) Fish Mouth Tube To Fit Cxyogen

Qclinder.
4. Inlet Tee With Two (2) 3.375” Flanges On The Run And Onc (1) Fish Mouth Tube To Fit Cryogen

Cyclinder.

Manufacturing Issues
For Discussion

● Buying AS De~il Or
Assembly.

. . .

..

W ROMCID
FLANGE
(1]

8“ ttOM
FLANGE
(5)

&

‘a

&

..

..6“NOM00
FLANGE
(2)

Ss BEUOWS
(9] 7

..

% o
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Clean Parts For Welding

,. Preparation And Assembly.
For Stainless Steel To Niobium

EB VVeld#l

1. RF Power Tubes 2Pcs..
2. HOM Tubes 2Pcs..
3. RF Probe Tube lPc..
4. 6“ Flange And Belhvos Assembly 2Pcs..
5.4.625” Flange And Bellows Assembly 2Pcs.. “.
6. 3.37S” Flange And Bellows Assembiy lpc..

Assemble Parts Into Weld Tooling:
1. RF Power Tube With 6“ Flange And Bellows Assembly 2Pcs..
2. Horn Tube With 4.625” Flange And BelIows Assembly 2Pcs..
3. RF Probe Tube With 3.375” Flange And Bellows Assembly IPc..

EB Weld:
1. Close Chamber And Pump Down.
2. Weld One (1) Seam On Each RF Power Tube= 25” Of Weld.
3. Weld One (1) Seam On Each HOM Tube= 19” Of Weld.
4. Weld One (1) Seam On RF Probe Tube = 6“ Of Weld.
3. Time Requi&d For Rapid Travel.
4. Release Vacuum From Chamber And Open.

Remove Welded Pans From Tooling:
1. RF Power Tube Assemblies 2Pcs..
2. HOM Tube Assemblies 2Pcs..
3. RF Probe Tube Assembly lPc..

Inspection:
1. Visual Or X-Ray?
2. Dimensional Check. . . .
3. Leak Check.

. .

Y
8-NOM OD
FLANGE

/

- ~L;’;;ENOM OD
(2)

(!) . .

S#—Ss
(5)1“

TUBING

ef- -
u 4 6/6” Iioh’, Gu ‘

FLANGE
(2)

.

Muxufmuring hues
For Discustim

. .
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Preparation And AssembJy
For Niobium To Niobium

EB weld #2

Clean Pans For Welding:
1. RF Power Tubes t%xemblics 2Pcs..
2. HOM Tubes Assemblies 2Pcs..
3. RF Probe Assembly IPc..
4. Cavity End Pipe With Femnlc hucr Locli 1Pt..
5. Cavity End Pipe With Male Inler Lock lPc..
6. Cavity 1/2 Cells With Female Inter Lock 4Pcs..
7. Cavty 1/2 Cells With Male Inlcr Lock 4Pcs..

Assemble Parts Into Weld Tooling:
1. RF Power Tube Assemblies 2Pcs..
2. HOM Tube Assemblies 2Pcs..
3. RF Probe Tube Assembly IPc...
4. 1/2 Cells With Femamle Inter Lock 4Pcs..
5. 1/2 Cells With Male Inter Lock 4Pcs..
6. Cavity End Pipe With Fenmle Inter Lock lPc...
7. Cavity End Pipe With Male Inter Lock lPc..

. .

EB Weld:
1. Close Chamber And Pump Down .
2. Weld Five (5) Minor Dia. On 1/2 Cells = 94” Of Weld.
3. Weld Four (4) Magor Dia. On 1/2 Cells= 195-Of Weld.
4. Weld Two (2) RF Power Tube Assemblies Onto One (1) End Pipe= 26” Of Weld.
5. Weld Two (2) HOM tube Assemblies. One (1) Onto Each End Pipe= 19” Of Weld.
6 Weld One (1) RF Probe Tube Assembly Onto One (1) End Pipe= T’ Of Weld.
7. Time Required For Rapid Travel.
8. Release Vacuum From Chamber And Open.

Remove Welded Pans From Tooling:- -
1. Cavity Assembly Less Stiffeners. &’ End Flanges. And 8- End Flange/ Bellows Assemblies.

Irl.qxztion:

1. Visual Or X-Ray/
2. Dimensional.
3. Leak Check.

Manufacturing Issues
For Discussion

l!!?

: !%zinkageOf Niobium.
s Inside Bead Prediction.
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Preparation And Assembly
For Niobium To Niobium

EB Weld #3

Clean Parts For Welding
L Cavity &sembly Less Stiffeners. 8“ End Flanges, And 8“ Flange / Beliows Assemblies IPcs..
2. B.ehveen Cell Stiffeners lR Cides 6Pcs..
3. End Cone Stiffener Segnlcms5Pc..

. Assemble Parts Into Weld Tooling:
1. Between Cell Stiffeners Onto Cavity Assembly 6PIs..
2. End Cone Three (3) Segments On End Pipe With Twfo(2) RF Power Tubes And One (1) HOM Tube. -
3. End Cone Two (2) Segments On End Pipe With One (1) RF Probe Tube And One (1) HOM Tube.

EB Weld:
1. Close Chamber And Pump Down. ‘ “
2. Weld Six (6) 1/2 Cixcle Between Cell Stiffeners = 195” Of Weld.
3. Weld lluee (3) End Cone Segments Around One(1) Cavily End Pipe= S8” Of Weld.
4. Weld Two (2) End Cone Segments Around One (1) Cavity End Pi%= 39” Of Weld.
5. Time Rquired For Rapid Travel.
6. Release Vacuum From Chamber And Open.

Remove Welded Parts From Tooling
1. Cavity/ Stiffener Assembly Less 8“ End Flanges And 8- End Flange/Bellows Assemblies.

Inspection:
1. Visual Or X-FUy?
2. Dimensional.

. .

. . - $=?
●

●

●

●

-V-7 .-.— ..-m-?’=-!-l- ,,. ..,, .. . . . ... .. .. . ..-. .!.-.. .,. -.? . .rr. . ,.-. .. ., . . . . . . ... . . ,, ,... ,,, ..,-.

Manufacturing Issues
For Discussion
Tacl@titch,Or Continous
Weld.
penetration Of Weld.
C1emnee Around Pipes.
Reason For Cutouts On
Major And Minor Diameter
of cones.

. .

..-.
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Preparation And Assembly
For Stainless Steel To Stainless

Tig weld #4

. .

Steel

Clean Parts For Welding
1. Cavity/Stiffener AssembIy Less 8“ End Flanges And S“ Flange /Bellows Assemblies lPcs..
2. C~ogen Vessel Centml Cyclindcr U2 Circles With Rcmm Port Hole lPc..
3. Cxyogen Vessel Central Cyclindcr 1/2 Circlc With Inlcl Port Hole lPc..
4. Cryogen Vessel End Cone Segments 5Pcs..
5. Cryogen Vessel End Covers 2Pcs..
6. Cryogen Vessel 11“ Flange And Below’sAssembly IPcs..
7. Cryogen Vessel 8“ Flange And Bellows Assembly IPcs..
8. C~ogen Vessel Return Tee IPc..

. .

9. C~ogen Vessel Inlet Tee IPc..

.

Assemble Parts Into WeId Tooling
1. C~ogen Vessel Central CyIindcr One (1) Rcmm Pon And One (1) Inlet Port 1/2 Citde Around

cavity Assembly.
2. Cwogen Vessel End Cone Three (3) Segments On End With Two (2) RF Power Tubes And One (1)

HOM Tube Around C4vity Assembly. .

3. Cwogen Vessel End Cone Two (2) Segments On End Whh One (1) RF Probe Tube And One (1) HOM
Tube Around Cavity Assembly.

4. C~ogen Vessel End Covers 2Pcs. One (1) On Each End Around Cavily Assembly.
5. Cryogen Vessel 11“ Flange And Bellows Assembly 1Pc. On Cavity End With One(1) RF Probe Tube

And One (1) HOM Tube.
6. Cryogen Vessel 8“ Flange And Bellows Assembly lPc. On Cavity End With Two (2) RF Power Tubes

And One (1) HOM Tube.
7. C~ogen Vessel One (1) Return Tee Onlo Ccnwal Cyclinder.
8. Cxyogen Vessel One (1) Inlet Tee Omo Ccntial Cyclindcr.

Tig Weld:
1. Tack Weld All Cxyogen Vessel Seams Together.
2. WeId AU Cryogen Vessel Seams And Around All Pipes = 292” Of Weld.

Remove Welded Parts From Tooling
1. Cavity With C~ogen Vessel Assembly Less 8“ Cavity End Flanges And 8“ Cavity Flange/Bellows

Assemblies.. .

hspection:
1. Visual Or’X-Ray?
2.Dimensional Check.
3. Leak Check.

Manufacturing Issues
For Discussion

.
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Preparation And Assembly
. For Stainless SteeI To Niobium

EB Weld #5

Clean Parts For Welding:
1. 8“ Cavity End Flange 2Pcs..
2. Cavih With Cryogen Vessel Less 8“ Cavily End FLlngcs And S- Cavi[y Fiangc / Bellows.

Assemblies lPc..

Axanble Parts Into Weld Tooling:
. .

1. Cavity With Cryogen Vessel And Two (2) End Flanges One(1) On Each End.
.,

EB Weld:
1. Close Chamber And Pump Down.
2. Weld Two (2) Cavity End Flanges One On Each-cavily End Pipe On Inside Diameter = 37” Of Weld.
3. Time Required For Rapid TraveI.
4. Release Vacuum From Chamber And Open.

Remove Welded Pans From Tooling:
I. Cavity With CVogen Vessel Less 8“ Cavity Flange/Bellows A&mbiies.

Inspection:
1. Visual Or X-Ray?
2. Dimensional Check.
3. Leak Check.

Manufacturing Issues
For Discussion

. .
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Preparation And Assembly
For Stainless Steel To StainIess Steel

Tig weld #(j

Clean Parts For Welding:
1. Cavity With Cxyogen Vessel Less 8- Cavity Flange/ BCI1OWSAssemblies.
2. 8“ Cavily Flange And Bellows Assemblies 2Pcs..

Asemble Pans Into Weld Tooling:
1. Cavity With Cryogen Vessel And Two (2) 8“ Cavity Flange And Bellows Assemblies One(1) Each End.

Tig Weld:
,.

1. Weld Two (2) Flange/Bellows Assemblies Omo Cavity End Flanges One (1) On Each End= 38” Of
Weld.

*
Remove Welded Parts Fmm Tooling:

1. Completed Cavity With C~ogen Vessel Assembly.

Inspection

1. Visual Or X-Ray?
2.Dimensional Check.
3. Leak Check.

.

.

. .
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Cavity And Cryogen VesseI Assembly
Preparation

Prior To lnst.aI1ationInto Cryonmduk

L Decreasing CIeaning Process.
2. D~ing ( Purge With Heated DV Nitrogen ).
3. Cap Off Inlet And Return Tee’s On Cryogen V=sel.
4. Clean Inside Surfaces Of cavity With Buffered chen~~l polkling.
5. Rinse With U1tm Pure Water. -
6. Uh.msonic Agitation, Twofold Rinsing With Reagent Gmde Methanol Till Class 100 H% Been Achieved. .
7. DWing.(Purg With Heated DV Nitrogen Filtered To Class 100).
S. cap Off Two (2) Cavity End Flanges, TWO (2) ~ power Pofi F~ng=, Two.(2) HOM l’ofl Flang=. And

One (1) RF Probe Port Flange.
9. Evacnate Cavity And SeaI.
10. Clean Outside Surface Of Cavity And C~ogen Vessel Assembly To Level 100.
11. Double Bag Cavity And Cxyogen Vessel Assembly For Stoxage And /Or Shipment To -mbly Facility.

Manufacturing Issues
For Discussion

● EfkctOfBuHemd Cbnical
Polishing On Conflat
Flanges.

.-.

. .
. . . . .
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Purchased Parts Required
For

RF Drive Line Assembly

1. RF tinter Conductor Drive Shaft.
2. RF Center Conductor lPC..
3. RF Drive Line/ Cavity Vacuum Valve lPc..
4. Vacuum Vessel Flange/ Bellows Assembly lPc..
5. RF Wave Guide Window Assembly lPc..

. . 6. RF Wave Guide End With Vacuum Vessel Bellows Fiange. Ouler Conductor”Bellows / Flange Tube
Assembly ,

Center Conductor Flange. And RF Drive Line/Cavity Vacuum Port IPc.. “

Manufacturing

t

VACUUMVESSELBEUOW

GATEV&

For Disucssion

.

. .

Issues

.-

. .

. .
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~ Cieaning And Assembly Of
RF Drive Line Assembly

In A Class 100 Clean Room

Clean Parts To Class 100 Using Ultrasonic Agitation. Twofold Rinsing With Reagent Grade Methanok
L RF Center Conductor Drive Shaft lPc..
2. RF Center Conductor IPC..
4. RF Drive Line/ Cavity Vacuum Valve lPc..
5. RF Wave Guide Windowl Assembly IPc..
6. RF Wave Guidr End Assembly Ipc.. “
7. VacuumVessel Flange/Bellows Asseembly lPc..

Assembiy In Class 100 Clean Room:
1. Install Vacuum VesseI Flange /Bellows Assembly Onto RF Wave GuideEnd Assembly.
2. Install RF Drive Line 1 Cavity Vacuum Valve Onto RF Wave Guide End Assembly.
3. InstalI RF Wave Guide Window Assembly Onto RF Wave Guide End Assembly.
4. Install RF Center Conductor Into RF Drive Shaft Assembiy.
5. Install RF Dxive Shaft Assembly With RF Center Conductor Into RF Wave Guide End Asembly.

. .
Testing And Inspectioxx . .

1. Install Tempormy Seal /Storage Flange Test Assembly OntoVacuum Vessel Flange/Bellows And Outer
Conductor Bellows /Flange Tube Assembly.

2. Leak Check.
3. Check Assembly For Correct Hardware And Installation..

Storage:
1. Evacuate RF Drive Line Assembly And Seal.
2. Double Bag RF Drive Line Assembly For Stomge UntilI Installation Into C~omodule.

. .

. .

VACUUM VESSEL BELLOWS

GATE VALV

y
9P
vl

.-/

/

OUTER CONDUCTOR . ‘

CENTER cONDucT(#”-

Manufacturing
Issues

For Discussion

I



Purchased Parts And Precleaned / PreassembIied
Parts Required For

Cryomodule Subassembly. .

Additional Parts:
1. Coolant Shield Ring Manifolds 4PCS..
2. Supporl Arm (5 Per- Cavity) 10Pcs..
3. HOM Wave Guide Assembly For RF Power End Of Cavily (1 Per. Cavity) 2Pcs..
4. HOM Wave Guide Assembly For RF Probe End Of Cavity (1 Per. Cavity) 2Pcs.
5. HOM Wave Guide Window Assembly 4Pcs..
6. RF Probe Assembly (1 Per. Cavity) 2Pcs..
7. C~omodule Main Body Structure Less Suppmt Stand. Removable Staves .“And Skins lPC..

Precleaned And Assembled Parts:
L Cavitv And Cryogen Vessl Assembly 2Pcs..
2. RFD-riveLine Assembly 4Pcs..

m

.

Manufacturing Issues
For Discussion

. .
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Cleaning And Assembly Of “ o
Cryomodule Subassembly

ln A Ciass 100 Clean Room

Clean Parts To CIass 100 Using Ultmsonic Agitation ,.Twofold Rinsing With Reagent Gxade Methanol And Dry
By Purging With Heated Dry Nitrogen Filtered To Class 100:

1. Coolant Shield Rmg Manifolds 4PCS..
2. Support Arm (5 Per. Cavity) 10Pcs..
3. HOM Wave Guide Assembly For RF Power End Of Cavity (1 Per. Cavity) 2Pcs..
4. HOM Wave Guide Assembly For RF Probe End Of Cavity (1 Per. Cavity) 2Pes.
5. HOM Wave Guide Window Assembly 4Pcs..
6. RF Probe Assembly (1 Per. cavity) 2Pcs..
7. Cryomodule Main Body StmclureLessSupport Stand. Removable Staves. And Skins IPc... .

Storage Of Parts Prior To Assembly:
1. Double Bag All Parts For Stomge Until Installation Into CVomodule Subassembly.

Assembly In Class 100 Clean Room
L install Cryomodule Main Body Sttucture Into Assembly Tooling.
2. Release Vacuum Fmm Ons (1) cavity And Ctyogen Vessel Assembly.
3. Piace One (1) Coolant-Shield Ring Manifold Around Each End Of Cavity And Cryogen Vessel A&mbly

Two (2) Caolant Shield Ring Manifolds Required. .
4. Remove Flange Caps Fmm Both Cavity End Flanges.
5. Install Cavity And Cxyogen Vessel Assembly Onto Beam Tube Interface Nipples In One (1) Cell Of The

CVomodule Main Stmetures Two (2) Cells And Attach Five (5) SWpon Ares.
6. Insmll Flange Cap Onto Beam Tube Interfaee NippIe (Outboanl Flange).
7. (REpEAT Smps 2 ~. 6) For The Cvomodule Main Stmctmes Seeond Cell And Adjust Beam Line.
8. Remove Flange Cap Fmm HOM Port On RF Power End Of Cavity And Ctyogen Vessel Asembly.
9. install One (1) HOM Wave Guide Assembly For RF Power End Of Cavity Behveen RF Power Flange And

HOM
Interface Nipple In One (1) Cell Of The Cyomodule Main Structures Two (2) Cells.

10. Install HOM Wave Guide Window Assembly Onto HOM Intefiee Nipple.
11. hm.11 HOM Flange Cap Onto HOM Wave Guide Window AssembIy.
12. (REPEAT SIEPS 8 Thru. 11) For HOM Pott On RF Probe End Of Q@ And CVogen Vessel Assembly.
13. Remove RF Probe Flange Cap.
14. Install RF Probe Onto Flange.
15. (REPEAT STEPS 8 Thru. 14) For The Cryomodule Main Stmctures Seeond Cdl.
16. Install Tempomry Support TooIing Onto RF Drive L]ne Assembly.
17. Remove One (1) RF Power Flange Cap.
18. Insert One (1) RF Drive Line Ass&ttbly Through C~omodule Main Stmctum RF Coupler Vaeuurn Vessel

Flange Ahd-Center Conductor Into RF Power Poxt.
19. Secure Temporaxj Support Tooling To Ctyomodule Main Stntetme.
20. Install Hardware Into Outer Cm&tetor BelIows And RF Power Fkmge Interfaee.
21. Install Hardware Into RF coupler Vacuum Vessel Bellows And Cxyomodule Main Structure RF Coupler

Vacuum Vessel Flange.
22. (REPEAT STEPS 16 Thu. 21) For Remaining.l%ree (3) RF Drive Line Assemblies.

Testing And Inspection
L inspect For Pmpr AssembSyOf C~omodule Subassembly.
L Check Beam Line Adjustment Of Cryomodule Subassembly.
2. Leak Check Cryomodule Subassembly.

StoxageOr Fwther Assembly:
1..Evacuate cavi~ Assembly And Seal.
2. Double Bag Cnomodulc Subasscmbly For Storage Unlil Final Asscmbiy.

(NOTE THIS COMPLETES CLASS 100 CLEAN ROOM OPERATIONS)
.

. . .

.
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Purchased Parts Required ~
For

Cryomodule Final

1.ca~iq’And Cryogen Vessel EMI Blanket Assembly 2Pcs..
2. Cwomodule Skin EMI Btanket Assembiv 4Pcs..

Assembly

—.—... . . .
.3. Cryomodule Main StructureSide EMI Bjankct Assembly 4Pcs..
4. Crvomodule Main Structure End Plmc EMI Blankcl Assembly 2Pcs..
5. Skin Staves 4Pc...
6. Side Staves Assembly 4Pcs..
7. End Plate Sraves Assembly 2Pcs..
8. CWomodule Skin Assembly 4Pc..
9. RF Drive Mechanism Interface Plate 2Pc..
10. Tuner Drive Mechanism Interface Plate 2Pcs..
11. Drive Mechanism 6Pcs..
12. RF Drive Line/ Cavity Vacuum Pumps 4Pcs..
13. RF Feed Line Bellows Askembly 4Pcs..
14. Flexure Tuner Assembly 2Pcs..
15. Magnetosrnctive Actuator. Bellows. And Tuner Drive Link Assembly 2Pcs..
16. Cryogen Vessel HeIiuni Return Cnxs-Over Bellows /Tube Assemblyl Pt...
17. Cxyogen Vessel HeIiurnRetum Bellows /Tube Assembly IPc.. “
18. Cryogen Vessel Helium Return Flange Cap lPc..
19. Cryogen Vessel Helium Feed Cross-Over Bellows /Tube Assembly IPc...
20. C~ogen Vessel Helium Feed Bellows/Tube Assembly lPc..
21. Cryogen VesseI HeliumFeed Flange Cap IPc...
,22. Coolant Shield Ring Manifold Return 90Deg. Cross-Over Tube Assembly lPc..
’23 Coolant Shield Ring Manifold Return Tube Assenlbly 1Pt..
24. Coolant Shield Ring Manifold Return Tee Fiuings 3Pcs..
25. Coolant Shield Ring Manifold Feed 90Deg. Cress-over Tube Assembly lPc..
26. Coolant Shield Ring Manifold Feed Tube Assembly lPc..
27. Coolant Shield Ring Manifold “FeedTee Fittings 3Pcs..
28. Cryomodule Skin Seals 4Pcs..
29. Cxyomodule Support Stand lPc,.. .

. .
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Cleaning Parts Required For”
Cryomodule Flnai Assembly

In A Class 100,000 Clean Room

Clean Parts To Class 100.000 By Rinsing Wuth Reagent Gxudc Methanol And DIY By Purging With Heated Dn
Nitrogen Filtered To Class 1O(MOO:

1. Cavity And CVogen Vessel EMI Blankc( Assembly 2Pcs..
2. C~onlodule Skin EMI Bkmkct Assembly 4Pcs..

.3. Cxyomodule Main Structure Side EM1 Biankel Assembly 4Pcs..
4. Cryomodule Main Structure End Plate EMI Blanket Assembly 2Pcs..
5. Skin Staves 4Pc...
6. Side Staves Assembly 4Pcs..
7. End Plate Sraves Assembly 2Pcs..
8. C~omodule Skin Assembly 4Pc..
9. RF Drive Mechanism Intetiace Plate 2Pc..

10. Tuner Drive Mechanism httcrfacc Plate 2Pcs..
11. Drive Mechanism 6Pcs..
12. RF Drive Line/ Cavity Vacuum Pumps 4Pcs..
13. RF Feed Line Bellows Assembly -lPcs..
14. Flexi Tuner Assembly 2Pcs.. ..

15. Magnetostrictive Actuator. Bellows. And Tuner Driw Link Assembly 2Pcs..
16. C~ogen Vessel Helium Return Cross-Over Bellows/Tube Assembly IPc...
17. Cryogen Vessel Helium Remm Bellows/Tube Assembly lPc..
18. C~ogen Vessel Helium Return Flange Cap lPc..
19. Cryogen Vessel Helium Feed Cross-Over Bellows /Tube &sembly IPc...
20. Cryogen Vessel Helium Feed Bellows /Tube Assembly IPc..
21.C~ogen VesseI Helium Feed Flange Cap lPc...
22. Coolant Shield Ring Manifold Return 90Deg. Cress-Over Tube Assembly lPc..
23 Coolant Shield Ring ManKold Return Tube Assembly, IPc..
24. Coolant Shield Ring Manifold Return Tee Fitlings 3Pcs..
25. Cooiant Shield Ring Manifold Feed 90Deg. Cross-over Tube Assembly lPc..
26. Coolant Shield Ring Manifold Feed Tube Assembly IPc..
27. Coolant Shield Ring Manifold Feed Tee Fiuings 3Pcs..
28. Cryomodule Skin Seals 4Pcs..
29. Cryomodule Support Stand lPc..

Storage Or Further Assembly:
1. Double Bag Parts For Storage Uruil Installation Into C~omodule.

..
....
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CryomoduIe Find Assembly

h A

class 100,000 clean Room

AssemblyStage #1:
L Install C.xyomoduleSuMscmbIyhAsembIy T-.
2. Rr@GA Cavity M cryogen Vcssd Assembly In One (1) EMI Blanket -bly 2 A=blics Rqubed.
3. Inwll One(1) EndPIa!c EMI BWAsscmbiy On E=h End Of@tiie 2 .4ssemb!ies Required.
4. install one(1) End Plait Stave _ly Ovt@ach Ofl%c End Plate EMI Blanl@s 2 Assemblies Required.
s. M cm (1) SideEM Bkmka A-W ~ ~ ~~ ~-~e S* 4 *@ R~u~” .
6. InstallOne(1) Side Stave Assembly OvcrEacb Of Side EMI131ankcts4 Acmblics Required.

AssanMystqjc#2
?.--(I) flvT=&@titi~i_Vti~UPtiti

2kUllbxicsRequina
8.M*(l)h*M~~PwmMm~~lcm&
9. Assanble @ (1) Ma&@o@ictivdlmlafm,Bcnows,AodTimceDliveIacInioOnc(1)Drive I@&nism Tw

(2) Oflhese &sanb&s hRcquicc.d.
lo. J.nseriofbe(l)ofstep #9's AssembIies17mxl@l TbnerDrive Mechan&I@2uxPiaie& WfiMouu@

Hnrdwmc, @i TunerMvcH, AndAtachToFlcxurclbncrAsscmbly.
11. (REPEAT ~ MO) For*Emds OfQmmdulc

.

12.Io&uo&(l)RFDriveMdaalsm- hI&facePIa@GltoEadlofTbemo(2)&kofRFcoup1erl3mkUsOa
Eachs&ofThecIyOlnoduk -

13. Instanonc(l)D&eNMulmsm - 0ver13aehOfl’hek@$)DriveShsftsA,md&cureToRF~~
Hdacc PlatewithHardmlR

14. A!&hDriYcSbaRTo lXIiYeMe&mtsm“ AndAdjust&ntesCawiu-0nEA0fl&Fa(4)~Wla
Assemblies.

15. CoumiRFPmbeWmToEl&caiIxIiai&~Sn c&omd&sminstu&em@Umobc
ccm&nlRqtlimd

Tcit And Inspaxiom
1.~M*~mm*(4)m*&xMdffM~~
2. TcstOpcndionalI%zftomname FbrE8chofTflcFolx(4) xFcoupluccllfcranlductorAdjj~
3.cbcckmleMjwtmaltonEacb of`l'bcFour(4calfcrc!ondal%r5. -<

4. inspcdElcc&ical ~muw(2)wMFwPr~-lyTom~c~
5. Test Electrical %hnancc OfTheTwo (2) RF Probes

Asefubly sage#4:
16.ImtaIl One(l) RdumTa M (he (1) Fed Tee B&veenTheTwo(2) Co&at Shield Ring ManKold ~14 ‘

Around Each Ofl%e Two (2) &v@ And &yO&ll Vkssel Assemblies
17. Install One(l) RctumTce ti RctumTcc OfCooli@Sbicld Ring Manifold Assembly On Ream S~+ Of

Cryduk
18. Install One (1) Feed Tee Onto Feed Tee Of CooIasd Shield Ring Manifold AssanMy On Fed Side OfGyomodulC- .

. .

WI

Ll

I

. .
. .
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Cryomociuie

19. Jib&l 0~ ( 1) Kmm 9( ID+ Crws-Over Tuk ASSMIMY .-UILI OUP ( 1) F&cI 90D+ CnKS-OVt?f lUIX AWZIIbl\
lkmvecn llc Two (2) Coolant Shield R@ tiokk.

20. knoll One (1) Raum Tube Assembly Betwan CoohuxiShield Ring Madold Tee And Coolant Shield Ring
Helium Return ~ N~le Luca&d In Chycmnxhk End P-

21. (REPEAT STEP #20) For Ooe (1) Feed Tube z&Sddy.

TessAnd Jnspaicw
Lhnpesz Coolant Shield Ring f@cznFor Propcx~m
2. LdcchdL
3. PUqy Coola@Shield Ring Systan With Dry Niigen And Seal For Sbipmcm

Assanbly !3tngci?5:
. .

22.had one (1) cryogenVessel =Reium Cross_ Bellows /TubcAssanbiY Between ~ Two (2) Cam
And cryogen VcssdAssanblics

23. Insisil*(I)C@qsnVesstiHeIiumRetml3diom/TubeA=mMyI3ciw=n CMvdyAnd CryqerIVC=4
AssanblyAndHcliumRctum lntcduxNi@e"LouicdJ nC!iyomodnlcsF@Pti

24- IusaIIOne(l)CXYogcQVcssdHdiUmk_~
.,

2S. (REPEAT STEPS 22 l%m. 24) For~c&nVessel HclhxmFudkamMy.

Tcs And Iaspcdiom
l. LqectQogenVessd-_Fo rPropcrInsalMim
2. IxIlk chCCk
3.&@o@V~H&_W~~N_ti~Fa_

._bly Stage K
26. M1~(l)~%wti~_, ti(l)S&HB~ti&~~ *W, &(l)Sti

Seal Isuo Gpnodule,AndAtlii chti@)Skin~lyTo~_c
27. (REPWT m 26) ForEu&Ofl%eFour (4) CzyomoduleOpm@3s

Test And InspecAom
l. Inspeu ForPxop&sembly&i InsMb&n OfSkius.

. . . .

2. bllccbdL
3. Evaci.weAnd SealFwS@tueuL “ “

Aswnbly Stnge~
28. install onc(l)RFDrivcIArlc/C%vityv~ Pumpontok?lofTlleFoar(4) EFD&?&ShC/@Vity vac&llrm

Vahk?s ““ ““

Testm bqxctk ..

loImpcctForPrcqxr InskW&nonEudlOflk Fbur(4)KFDlivcLim/cmity vawunlPmnp&
2. Tetrtl’b Opedoml ~oltEJlAOfTbaOw(4QRFD fiwLi5?/&ityvac?ll!fll*
3. LellkChcCk&ChRJnlpDurhlgTlli&—APd~ TesL

Assemblystage #8:
29. RemoveCaymodule From AssemblyTooling
30. InsectCymoduk Into Sup@ Wmd Aud Secure With Hardware.
31. IrrstdIone(1) Quadrupole J)oubId AssanbIy Iuto Support Stand, AM& To Gymodule,AIXI /@islBeam

Line.

TesI .+mdImpc&II:
1. inspect For ~ Ins&UmionOf C@wmoduieAssembly Into Sup+ Stand. . .

m

&l
N
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TCSIAnd Jnspcction:
2. bqx~ For Proper Instxlla!ion OfQuadmpole Doublcl Assembly.
3. clleckB4a.m Line Afijus#m5ts.
4. kkC&ck Qua&upole DoublctAsscmbly.
S. Evacuate And Seal For S@pmcn!

32. hISI& S~pping Caps On Each Of l%eFour(4) RF Wiwknvs &semblk.
33. Ba~ For ShipsncntAIXIRemove From Ciass 10@OO Clean Room

.,-

.-
. .

. .
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Cryomodule Preparation
Prior

To Shipment

1. Kit One (1) RF Feed Lix Bellows Assemblies With Mounting Hardware.
2. Package Into Shipping Crate One (1) Cxyomodule Assembly And Four(4) RF Feed Line Bellows Kits.
3. Seal Up Shipping Crate For Shipment.
4. Place In Holding Area Or Ship To Silt.

..

..
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5.1.3 RF Power Stations

Assumptions for Scheduling of Production RF Stations

In order to provide a schedule for the production of the RF Stations a number of assumptions
were made. The first of these relates to the possibility of using the HOMIOT as the output tube

~for the 700 MHz stations. Because the decision date for the HOMIOT vs klystron selection.
appears as late as it does, the assumption is made that the preliminary design of both klystron
and HOMIOT approach will be started simultaneously,” with a down select made after the tube is
chosen. At that time the effort on the approach not selected can be curtailed. And alternate to
this approach is to force an earlier selection of the output tube. Indications have been that the
HOMIOT development could proceed more rapidly, but the assurances gained by accumulating
operating hours is certainly essential to.rnake the selection. With the exception of the HOMIOT,
there are multiple vendors on virtually all of the major subassemblies and components for the
RF Stations. This fact not only ensures competition but is going to be necessary to meet the
high rate production required for the RF equipment. The model utilizes a learning curve based
on the total quantities required. Splitting orders between vendors will make the quantRies
smaller but the competition should allow even greater price breaks.

,

471#
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of Trlllum Assessment Of Alternative RF Llnac Technologies For APT
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5.1.3 RF Power Stations (continued)

Integration of all of the 350 MHz and first seven 700 MHz RF stations is assumed to be done at
contractors facility to ensure that the interfaces and production drawings, tolerances, and
interfaces are proven. After that time, because of the extensive use of tested assemblies at the
subcontractor facilities, the remaining RF Stations can be integrated directly at the final site.

. The schedule shows that the production of the RF equipment should start relatively early to
meet the proposed end dates. However, the klystr,on gallery completion schedule shows 12/31/
02, creating a need to store hu~e amounts of equl~ment for over a year. What is suggested is
that the installation of the RF equipment starts on 10/1/01, prior to the completion of the
klystron gallery. Since this Is an extremely long building, it is assumed that there would be
progress from the injector end to the target end and that the installation could start as the first
parts of the building are available. cEven without operating power to run the equipment,
significant schedule advantage can be gained by starting the installation early.

There” are assumptions made for the definition of the outputs of the program phases. It is
assumed that the Preliminary Design phase results in the generation of manufacturing drawings
adequate to do high volume production planning. Limited manufacturing of the key assemblies
would be done during the end of the preliminary design phase to verify manufacturability prior
to start of fuil production. Finai design will entail changes to the manufacturing drawings to
minimize any impediments to successful high volume production

*

/8
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Produclfon
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Assumptions for Scheduling of Production RF Stations

●

✎☛

●

‘ ●

●

●

●

●

Start preliminary design activity of 700 MHz klystron & HOMIOT RF Station configurations c
and downselect after tube selection is made or expedite the tube effort to make the ●

downselect earlier ‘ . .
. .

Large percentage of the components can be bid competitively -
. . .

Costs refiect learning cunies for high volume production

Integrate RF Stations directiy at site after ali 350 MHz and first seven 700 MHz RF stations
are done at contractors faciiity

Preliminary design phase assumes that the design has progressed to the point where
manufacturing drawings exist and pianning for the construction phase can start

.

Manufacture small quantity of key assemblies during the end of the preliminary design
phase to verify manufacturability prior to start of fuii production

Final design will update the manufacturing drawings to ensure producibility

Start installation prior to finai completion of klystron gailery (10/1/2001 ) to relieve schedule
concerns and minimize the need for large storage space for production equipment

*

1#
Acc81er r
PmducfJon
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5.2 Evaluations of Integrated Production Schedules

Typical FIOW Plans and Cycle”s Plans were developed for rate production structures on both .
normal conducting and superconducting accelerators. “Grass Roots” estimates of conceptual
design data provided the basis for establishing production work station flows for a planned two .“ .
(2) shift operation on a five (5) day workweek.

Starting with major milestones defined ‘in LANL Integrated Accelerator Schedule of 4/96, A
preliminary schedule assessment was constructed as shown in Section 5.2.1 (page 5-62) and
section 5.2.2 (page 5-63 & 5-64). “

Phased Preliminary Design Reviews (PDF?’s) were scheduled prior to industries placing Ionglead “
purchase orders for components. Production Readiness Reviews (PRR’s) at the industry
fabrication facility were planned to ensure assembly qualification. An industry ramp-up phase ,
was scheduled to proceed a production phase where peak deliveries are attained. Installation
and testing of accelerator and RF Power modules were planned to be started at SRL prior to
completion of tunnel and klystron gallery construction (phased start-up).

.,
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Amendix A

Comparison Of
Estimates

ASM & Early Los Alamos Capital
For Superconducting APT Linac

Timothv J. Mvers
AdvancedTechnolog~& DevelopmentCenter

NorthropGrummanCorporation
Bethpage,NY,I 1714

Presentation at Los Alamos National Laboratory
.

25 September, 1996
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High Dollar/High Percentage Differences

k

A to Los Alamos Estimate $k-95

1- Cost Account Material I Labor
.

Comments I

7-MeV RFQ ($268) $5,474 . ASM estimate based on prior Fabrication plan

deve/oped in 1993 for Los A/amos. ASM estimate
also lnc/udes extra first physics/segment.

20-100 MeV CCDTL ($16,743) : $10,325 ● ASM projections based on in house manufacture of
half cells

100-1000 MQV SCL ($47,988) $15,428 ●

Instrumentation & $4,588 $12,870 ●

Control

AC to DC Conversion ●

and Distribution

RF Transport ●

($59,386)

($19,941)

($654)

($1,704)

ASM projections based on in house manufacture of
niobium cavities

Higher level of professions/software development
effort included. Material figure depends on break
withfacilitycontrol equipment

Difference In contents probably exist.
AW estimates based on 12pulse system.

A$M line run lengths (and bends) probably
not In concert with basis in Los Alamos
figures

%7- mnrrHKPQwvMAN
+*_ti Assessment 0( Alternative RF LInac Technologies For APT

PRS-%-042
7 A.9



.-
1

Highlights

Q Comparison with configuration details and cost estimate generated ~
for “A Feasibility ‘Study of the APT Superconducting Linac, 1995”,
LA-lJR-95-4045; dated April 1996. .

. .

● ASM capital costs within 14% of Los Alamos estimate

- ASM predicts lower capital cost:

● Accelerator: 3% \

● RF power: 285%0

- Los Alamos HEBT costs used:

● ASM model modifications not ready in time

● Individual differences exist at the component level

- Material:
● Different“M”ake/Buy” assumptions and Government Furnished

Equipment

- Labor:

● Different tasks (depends on above) .

c Different staffing approach to tasks

- engineers instead of technicians (or reverse) “

- technicians instead of craft labor (or reverse)

*Arcdm
navmmwtzuwAu
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d r- Assessment Of Alternetlve RF LlrracTechnologies For APT

Pf?s.96.042
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September 95 Superconducting Accelerator

4.

.

:.

.

.

.

.:

. .

0.075 MeV 7 MeV 8 MeV 20 h4eV 100 MeV I 260 MeV I 1000 MeV

I CryogenicSupply Plant I

100
mA

Details:

● Room temperature configuration similar to configuration In draft Conceptual
Design Report dated 7/19/96

“ Superconducting configuration from, LA-UR-95-4045: “A Feasibility Study of
the APT Superconducting Linac, 1995”, dated April 1996

cryomodules comprised of two four cell cavities, with external warm magnets.
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n’c4Rc-
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Los Alamos Principle Accelerator Accounts

EEDB
Account
271.1
271,2
271.4
271.7
271.8
271.1s
272.2s
273,1
273.2
274.1s
274.2s
274.3s

. 274.4s
274.5s
274.8s
274.7s
275.1s
275.2s
275.3s
276.1
276.2s
276,3
277,1s
277.2s

$4,000
$4,100

$12,000
$12,021

$123,908
$31,928
$4,225
$3,.203

$107,952
$45,480
$11,315
$15,395
$60,361
$11,238
$6,492
$7,405

$46,815
$2,891
$4,050
$8,863
$2,650
$5,520
$6,368

I MATERIALI Other MAT & Olher Labor Hours

i
Labor

I
Total

Cost Categories costs costs costs Pro{ I Tech I Craft Costs cost
In]ector $929 $0 $929

1
9,042 10,970 6,088

7-Mev RFQ
$1,970 $2,899

20-M13VCCDTL
100.MeV CCDTL
Low-E Llnac Intertank Assemblies
High Energy SuperconductingUnac
High Enargy Intertank Assemblies
HEBT Transport Lines
HEBT Beam Expanders
RF HV Ganeratlon and Distribution
RF Generators
Klystron Support StallOn .
Low Levet RF
RF transport
RF support Equipment
Klystron Primary Loop Cooling
SC LtnacVacuum Systems
SC Unac Primary Cooling Systems
SC Unac SupportStands
Low Energy Llnac Control Systems
High Energy Llnac Control Systems
HEBT ControlSystems
Beam Dlagnostlcs,Sensors
Beam Diagnostics, Electronics

$880 $4,880 6,100
$1,600 $5,700 11,800
$3,665 $15,665 34,900

$270 $12,291 4,218
$16,000’ $139.908 46,050

$1;020
$613
$572

$0
$0
$0
$0
$0
$0

$6ii
$1,243

$642
$0
$0

$t,2:!3
$2,224

$32;948
$4,838
$3,775

$107,952
$45,480
$11,315
$15,395
$60,361
$11,238

$6,492
$8,086

$48,058
$3,733
$4,050
$8,863
$2,650
$6,613
$8,592

10;100
3,352
3,674

19,230
37,343

8,559
28,434
21,366
18,552

6,690
5,175

17,660
7,615
9,510

20,730
6,525
4,359
3,224

●

6;200
9,200

22,200
6,132

32,000
9,800

15,706
10,052
28,126
15,162
22,236
62,600
71,760
37,762
34,956

5,939
21,127

8,979
36,000
86,050
20,890
26,748
20,272

2;400
5,500

13,000
2,360

62,000
11,000

992
528

109,397
2,429

17,656
1,395

12,526
2,919

16,692
2,340

13,375
6,200

625
1,250

625

5,560

$1,196
$2,126
$5,829

$983
$9,016
$2,121
$1,571
$1,171
$8,960
$5,306
$3,056
$7,658
$6,046
$4,946
$3,995
$1,073
$3,864
$1,736
$3,762
$9,713
$2,300
$2,486
$2,014

TOTAL:

$6,076
$7,626 “’

$21,494 “
$13,274

$146,924
$35,069

$8,409
$4,946

$114,912
$50,766
$14,371
$23,253
$68,407
$18,184
$10,467

$9,161
$51,922

$5,471
$7,812

$18,576
$4,950
$9,299

$10,606.
$663,110

*A,dc.m
~auRrMN
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Cost Accounts for Comparison

. .. . . . . . . --- —., ------ —. —-— ,— —— ...4.---..-,---..W ,., . . . . . ““,.. ,., , ,. ,,. . .,,

Account Name Contains The Following Los Alamos Accounts---..-— -
● Injector

.— . .v_—-e:-!,.
..

● Kmm
.—...—. —

-e
● 7 to 20 MeV CCDTL

. . . . .. . . .,. .,
,$, ,,:,

. . . .
. .

!., ,,. . ,.! 1!. /iL,.’.’ !,,
● 20 to100MeV(XDTL ,. ({, .,.;<,.),,.l ):1

‘.

. . . .—
. . ,,. ‘,. ,

● 100 to 1000 MeV SCL :, “’}’):. ‘“ ‘j ~‘Jl<~ !:”~?!!(l!!!”..:’. ~
-—.—.

>“. ---

,,, :
,.

● VacuumSystems
%—..,. .“..—. . .

,...—— :.:..,,:.
● StructuralSupport/AlignSystem

———...
<., I.; <ii $j’., L!; i:~f, . i.fp)w! i i>tuflds

Q Thermal Control (including Cryopiant) ,, :.,,. ,. ,.... ., ..Y ., ~ ~~i,’.,’; : ! il.”.,.;; I“ fc’”w!h’, ~: : .; .; “ ,

● Beam Diagnostics ::T, <If; ~~r!;l~)ll)~<~~l~?f:$;.li~n~;. ‘j~%lls(jr::

.,:., :, .1 r.
>. ~1..f.’y!,!, ; .,::,, “. !;~,.-llllq: . .. :

● RF Transport
●

—.— .—
..’.: ,,<. !’1~“li;?jl$~~’);i...}

● Support Structure ,,. !1!’
----

,J v,, ,, ~,,, ...!f’,!:, l..

A*c#4n
~l?mrM44
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~1

1 Top Level Costing Groundrules/Assumptions;:.
:

‘1
...

● LEDA program resolves major technology feasibility issues .
“,..;. - Prototype cavities produced for all accelerator structures?-::

- Contractor Preliminary & Final Design Engineering of components addressed in the LEDA
are minimized

● Estimate P&FD project management only

- Project management duringfabricationor installationand check out periods is tracked in
other non-accelerator cost accounts

● ASM RFQ costs reflect electroforming, not brazing
,.

● Same three iabor rates used:
- professional: $110/hr
- technician: $75/hr
- craft labor: . $25/hr

● “Make/Buy” decisions refiect Northrop Grumman’s manufacturing capabilities

● Government Furnished Equipment

- Raw material (Copper & Niobium)
- 1l~hthroughnthunits [first 10 unitsreceive full burden] ,

● RF station equipment

● vacuum pumps (turbo and ion)

● focusing magnets

I

*’&c**

%%%-

,.
~QuuMw
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Component Level Summary Cost Comparison ($k-95)

c~s
Injector
7--MeVRFQ
7 to 20-MeV CCDTL ‘
20 tol 00-MeV CCDTL .
100-1000 MeV SCL
Vacuum Systems
Structural Support & Aligriment
Thermal Control
Beam Diagnostics
lnstrumen~ation& Control
HEBT
AC to DC Conversion and Distribution
RF Tubes, Peripherals, & Cooling
RF TransDott
Support Structure and Cablinq
Major Assembly Cost Comparison

Accel
HEBT

Cryo
SUBTOTAL less HEBT:

RF
Total

$2,899
$6,076

$10,395
$32,199

$183,993
$9,161
$5,471

$51,922
$19,905
$26,388
$16,306

$129,282
$84,525
$68,407

J!EiEiL

$296,485
$16,306
$51,922

$348,407
$298,398

$663,110

nmii
$2,513

$;;,mg

$25:782
$151,433

$9,237
$8,822

$55,369
$19,827
$43,855
$16,306
$69,243
$91,221
$46,762

=d!uJJL

$282,002
$16,306
$55,369

$337,370
$215,935

b569,612

a

($1,144)

$76
$3,351
$3,447

($78]

$0
(’:,,(!( ,,,.’,’:1’

$6;696’
,}:,$/’.:/:

k

($14,483)
$0

$3,447
($11,036)
($82,462)

I!!W!Wl

Zzc
-13%

-11%

1?4
61%
7$%0
0$40

0?40.. .,,,,,
8?fo

-46Yo

-5Y0
070
770
-3?40
-28Y0
“14?40

.

*A,dta-m
M r-
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High Dollar/High Percentage Differences

A to Los Alamos Estimate $k-95

[ Cost Account Materiai I Labor Comments I

7-MeV RFQ ($268) $5,474 . ASM estimate based on prior Fabrication plan .

. . .

20-100 MeV CCDTL ($16,743) ‘ $10,325 ●

100-1000 MeV SCL ($47,988) $15,428

instrumentation &
Control

$4,588 $12,870 .

AC to DC Conversion
and Distribution

RF Transport

($59,386)

($19,941)

($654)

($1,704)

●

●

developed in 1993 for Los Alamos. ASM estimate
ako includes extra first physical segment.

ASM projections based on in house manufacture of
half cells

ASM projections based on in house manufacture of
niobium cavities

Higher level of professional software development
effort Included. Material figure depends on break
with facility control equipment

IMference In contents probably exist.
ASM estimates based on 12 pulse system.

A$M line m Iengths”(and bends) probab/y
not in conceti with basis in Los Aiamos
flgums

*A*,Ohc#
mww6#uJtmu4nAu

%%%- Assessment Of Alternative RF Linac Technologies For APT
PRS-96.042

A.9



r --

Appendix B

RF System Highlights

Ed Piechowiak
Electronics Sensors and Systems Division

.Northrop Grumman Corporation
Baitimore, Maryland 21203

18 December 1996

*

n
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Mapping Between LANL Elements and ASM Elements
LANL RF Subdivisions

High Voltage Power Supply ====>>

Klystron ===================>>
. . .

RF Transmission ============>>

Transmitter Electronics ========>>
-- Includes mod anode modulator

ASM Code RF Subdivision
.

AC-DC Conversion
-- Remove matching transformer
-- Includes mod anode modulator
RF Tube& Peripherals
- Includes lead garage, window cooling, sensors, etc.

RF Transport
- W/G, arc detectors, filter, circulator, loads, splitter,

couplers, W/G switches, sensors, etc.
Low Voltage Power Supplies
RF Source& Driver

~RF Control

*,

IB

Acalm
PnMucnm
0/ mum

Global Monitoring & Control
RF Cooling (less pumps and distribution)

-- Includes valves, manifold, sensors, gauges, etc.
Structure, Interconnecting Cables, etc.

=================>> Phase /k Amplitude Control

~Qubmaw

AssessmentOf AlternativeRF LlnacTechnologiesFor APT , B-3



Data Inputs for Updates to Trades -- RF Tubes

●

●

☛

n

Aedm
$&L&f&l

Klystron ‘ ~

Efficiency - 65% maximum at saturation

Range of 25,000 to “35,000 -- used 25,000 hours

Total margin (design, ope[ating, derating) --10$10. .

Cost -- $215 K for 4 lot of 350 MHz klystron

Cost -- $235 K for 1 lot 700 MHz klystron

HOMIOT

Efficiency - 73% maximum at saturation ;

Range of 25,000 to 35,000 -- used 25,000 hours

Total margin (design, operating, derating) -- 10%

Cost --$175 K for 1 lot of 700 MHz HOMIOT

Mm7w=PGzmwaN

AssessmentOf AlternativeRF L[nacTechnologiesFor APT
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Data Inputs for Updates to Trades -- Circulator

● 350 MHz Circulator

LOSS 0.05 dB - ‘

Cooling required -- 25 C inlet water

Cost --$150 K for assumed 3 lot circulator

Cost -- $17.2 K for the circulator load in 1 lot

●

●

*

Iw

Acc.aua
Iyfuslfmm

700 MHz Circulator
LOSS 0.07 dB

Cooling required =- 25 C inlet Water

Cost --$140 K for assumed 6 lot circulator ~

Cost -- $16.7 K for the circulator load in 1 lot

Total losses in RF transport
5!% including circulators

~aJuJwaw
Assessment Of Alternative RF LinacTechnologiesFor APT



RF STATION BASELINE FOR THE NORMAL CONDUCTING ACCELERATOR
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,7 RF STATION TRADE FOR RF OUTPUT TUBE
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RF STATION TRADE FOR HV POWER SUPPLY
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RF>. STATION TRADE FOR RF OUTPUT TUBE
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Results Summary for RF Station Trades

Case

Accelerator Type

Tube Type (700 MHz)

Number of Tubes

~PowerSupplyType

RFPower (MW)

- into cavities for 2 kg/yr

- into cavities for 3 kg/yr

- output capability from tubes

AC Power Input (MW)

- for 2 kg/yr

- for 3 kglyr
‘Total RF Equipment Cost($)

. Average Cost per Station (K$)

Dollars per RF Watt into Cavities

for 2 kg/yr

for 3 kg/yr

Baseline

NC

Kiystron

273

, 1:2Pulse ~

I

j 191 /
i
[

274
!

421 ,
6I

389.3 i

1426 ;
!

2.04 ;

Ait #1 Ait #2

Sc Sc :
Kiystron HOMIOT :

237 237 ~

12 Pulse ! 12 Pulse />,, “~
I

,’!,

142 i 142...r’ ,.
191 191

238 ‘ ; 238’”. .

339 287
400 ~’ ’339

342.9 ! 335.0

2.41 ~ 2.35 i

1.79 1.75

Alt #3 Ait #4 !

Sc Sc /
Kiystron i HOMlOT ~

237 ~ 237 ~

Modular ~ Modular I
t

142 ~

191 !

238 :

353

417

364.8 ;

1539

2.56

1.91

142

191

238

300

354

354.7

1497

2,49

I

1

i

i

I

1.86 ‘

*
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Assumptions for Scheduling of Production RF Stations

●

●

●

●

●

●

●

●

Start preliminary design activity on 700 MHz klystron & HOMIOT RF Station

configurations and downselect after tube selection is made or expedite the tube effort to
.

make the downselect earlier .

Large percentage of the components can be bid competitively

Costs reflect learning cuwes for high;volume production

Integrate RF Stations at directly at site after all 350 MHz and first seven 700 MHz RF

stations are done at contractors facility

Preliminary design phase assumes that the design has progressed to the point where

manufacturing drawings exist and planning for the construction phase can start

Manufacture small quantity of key assemblies during the end of the preliminary design

phase to verify manufacturability prior to start of full production

Final design will update the manufacturing drawings to ensure producibility

Start installation prior to final completion of klystron gallery (10/1/2001 ) to relieve

schedule concerns and minimize the need for large storage space for production

equipment

.&.
kg ~au/Mi4N

ofTiilfm Assessment Of Alternative RF LinacTechnologiesFor APT
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RF Station Production Manufacturing Schedule=- (Sheet 1 of 3)

. .

see Microsoft project file -- SCHED4.mpp

*

n
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RF Station Production ManufacturingSchedule=- (Sheet 2 of 3)

. .

see Microsoft project file -- SCHED4.mpp

1’

*
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‘Appendix C ~
.

PARAMETRIC STUDY OF EMERGING HIGH POWER ACCELERATOR
USING ACCELERATOR SYSTEMS MODEL (ASM) .

D.I-I.Berwald.S. S. Mende~OhmT-J.Myers.C.C. paUISOXI~
M.A. Peacock, C.M. Piaszczyk, and J.W. Rathke,

Advanced Technology &Development Center
Northrop GrummanCorporation

. .
Ii 11 Stewart Ave.

Bethpage, NY 11714

Abstract

E;erging applications for -high power rf Iinacs

include fusion materials testing,. generation of intense
sprdlation neutrons for neutron physics and materials
studies, production of nuclear materials and destruction of
nuclear wx’te. Each requires the selection of an optimal
configuration and opemting parametem for its accelemtor, K
power system and other supporting subsystems. Because of
the high cost associated with these facilities, economic
considerations become paramoun4 dictating a fiIll
evaluation of the electricrd and rf performance, system
reliability/ availability, and capital, operating, and life cycle
costs.

The Accelerator Systems Model (ASM), expmded
and modified by Northrop Grumman during 1993-96,
provides a unique ‘capability for delailed layout and
evaluation of a wide variety of normal and superconducting
accelemtor and rf power configurations. ‘lltis paper will
discuss the cument capabilities of AS~; . including the
avtilable models and data base, and types of trade studies
that can be performed for the above applications.

.

Introduction And Background

,.
High Powe; rf-ckiven ion Iinacs are currently hehtg

considered for a variety of applications including, but not
limited to:

● Spallation neutron production for scientific and
materials studks (e.g., European Spaliation Source
[ESS], US National Spallation Neutron Source
[NSNS])

● -14 MeV neutron production for fusion materials
testing (e.g., International Fusion Materials
Irradiation Facility m)

. Production of nuclear materials (e.g., Accelenttor
Production Of Tritittm [AITJ)

. Destruction of high-level nuclear waste (e.g.,
Accelerator Transmutation of Waste [ATWJ)

The Accelerator Systems Model (ASM), expanded
and modMed by Northrop Grumman sines 1993, provides a

APPLICATIONS

E.M. Piechowiak
Electronic Sensors & Systems Division

Northrop Grumman Corp.
post OffIce BOX 1897-Ms709

Baltimore MD 21203
.

unique capability for detailed iayout and evaluation of the
wide variety of rf Iinac and rf power configurations. This
capability, recently used to support the IFMIF accelemtor
ddgn effort (as well as internally funded efforts involving
higher energy iinacs), provides the following features:

Ability temodel ion linac configurations based upon a

large number of existing and recently proposed normal
and superconducting Iinac structures, operating over a
wi& range of rffrequencies

Detailed tracking of the Iinac’s cell-by-cell
conjuration and the electrical and rf power system
performance

Generation of detailed component inventoxy that
includes all accelerator systems and dedicated facilities

System reliability, availability, maintainability (MM)
modeling for estimation of operational availability and
the cost of component replacement and/or refurbishment

Cost analysis capability which encompasses capital,
construction, and annual operating costs, resulting in a
single net present value life cycle cost estimate.

ASM allows the user to consider many Iinac configurations
and technology trades, in a limited time, using a complete
set of data and a consistent set of modeling algorithms.

l%e on-go!ng physics and engineering modeling
effort of ASM is now concentrating on improvement of
existing models (e.g., diagnostics, instrumentation and
control and cryogenics), implementation of an automated
capability for pammeter _ and adaptation of the code for
pulsed. ion linacs. I%ttttre ASM variants dedicated to

applications invoiving electron beam accdemtors, free
electron lasers, ion cyclotrons and ion storage rings am
envisaged.

ASM Calculational F1OW

The ASM code is driven by a Macintoshnl Graphic
User Interface (GUI) that provides a user interactive, on-
screen format for data input. In addition, the C* *
severqi formatted tiles that convey engineering,costand
Iwvl &ta.
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Figure I. Acce]era& Systems Model (ASM) Calculmional Flow

!!w!E
● Globalrequirements(energy,

current, frequency, mass, charge)
● Linac rf structures & configuration
sPhysics assumptions & constraints
sRF power technologies & config.
DEngineering, RAM, cost data
DEnergy breakpoints & other logic

Beamline Phvsics Lavout
● Injector & RFQ sizing & performance
● Matchhg between accelerating structures
● Cell-by-cell lattice & magnet requirements
● Cell-by-cell electric field ramping & power

consumption
● Tanking break points
● Beamiine power& parts inventory buildup

RF Power Sizinq
● Selection & sizhg of 2-3

stage rf amplifier-chain
● RF configuration (AC

line to accelerator cavity)
● Determination of AC

power requirements

I

● Equipment failure rates & times to
repair or replace

● Subsystem refiabuifii/avaMifii/
maintainabifii (RAM) buildups
(incl. spares))

‘ System reliability& availability
estimation

● Non-recurring engineering cost
● Unit manufacturing coats for major

components & assemblies
● Scaling for size & quantity
. Building &facility costs
● Operating costs (staff, electricity,

replacements)
● Discounted present value of Iiie cycle mat

● Cell-by-cell & tank-by
tank details

● Accelerator layout
. RF & power flow
● Reliabilii & availability
● Capital & operating costs
● Life cycle costs

As shown in Fig. 1, the fmt series of Fortran l%e electric field is linearly ramped within an rf tank
routines use the input data to establish a cell-by-cell layout of Sccmding to any of several criteria (e:g., proportional to
the accelerator, starting at the ion injector and ~g patticle velocity, ~, up to a limiting value). Tank sizing may
‘h.mugh all of the major rf structures, completing each at a be specified according to the available rf power, energy break
.~cified energy breakpoint. A generalized set of algorithms is points or other user inputs. When the layout is completed, the

used to match the synchronous phase and the longitudinal d rf power tqtirements and an inventory of linac components
transverse phase advances from structure to stnxcture. (see Fig. 2) is passed to the subsequent routines.

Fig. 2 DTL Parts Identification Schematic I@treting Level Fig. 3 CW-Rated RF Output Amplifiers Currently Included
Of Cost Estimation Incorporated Into ASM Model
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‘he next set of ASM routines are used to size ad
configure the rf power system, which is critical to the overall
evaluation because it represents the largest cost component of
the accelerator, dominates the electric power requirement and
plays a major role in the system availability. As a first step,

I
I
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rf power requirement also ckmases, but the DTL length and
the number of rf tanks increase, decreasing the rf power per

tank and ultimately increasing the overall life cycle cost. me
best balance between these trends results a~ a gradient of

ASM reviews the tequit’edsizes ~ fmqtencies of ~ soumes. .
and compares them with its rf amplifier data base, illus~ted in
qgure 3. The code selec~ tie tube with the best opetion~

efficiency, then lays out the twnainder of the rf system
including the driver tube(s), peripheral equipmeng high voltage
equipmeru and rf transport components. Based upon the
inventory of rf components and their various rf and electrical
efficiencies, the electrical power requirement of the rf system is
estimated.

A third set of ASM routines is used to estimate the
overall operational availability of the accelemtor (during
scheduled operation). Starting with a RAM library containing
the failure rates (mean time before failure, or MTBF) and repair
times (mean time to repair, or M’ITR) of the constituent
equipment, the ASM W routines process the configuration
and parts inventoty data to develop estimates of the RAM
performance of individual subsystems. ‘Ike ate combined
(with consideration of spares and mdtmdancies) to develop an
overall estimate of the system reliability and availaidity. The
results are also used to predict the rates of replacement of
major components.

The next set of ASM routines provide estimates of

1.8 MV/m, where the life cycle cost is minimized.

Table 1. Cument ASM Trade Studv tiuabilities. .
LinacApplication

Candidate Trade Study
Beam wse Length

ISNS
●

●

.

.

.-

.

.

.

WA

WA

WA

WA
.

.

.

.

.

.

AttemativeAcceleratingStructures
Normalvs.Supefcondueting

TransitionEnergies& Matching
BeamEnergyvs. Current

AcceleratingGradient
RFFrequency

FtequencyDoubling
CtnrentFunnermg

MuitipleVS.SingleBesIMnee
Muttiplevs. Si@e tonInjwtots

DesignOptimkattonvs. PtantLife
RF Amplifier Technology

RFTanldng
RF Pra-Ar@irStaging

RF AntpiifierRWmdan&s
High Vottage PowerTechnology

RAMTrades
the capital, operating, and life cycle costs for the nyijor
subsystems of the accelerator. Using the parts inventoxy,
these routines develop engineering, fabrication labor and
materials cost estimates. The engineering estimates am

omprised of both non-recurring design and development
.cttv]ues for the first unit and recurring engineering fbr
subsequent units. Where large quantities of parts or
componerm are required, learning curve techniques am used to
model the decreasing cost of unit production or acquisition.

Annual operating cost’ estimates are developed from
[hc electric usage, component refitrbishmentheplacement
requirements and facility staffing estimates. A life cycle cost
esumate that combines the capital coqts, with projections of
the facility construction costs and the annuaI operating costs is
also developed. Standard net present value analysis is usedto
represent the life cycle cost as a single value. “

Trades That Can Be Performed Using ASM

The types and applicabilities of tmdes ctttrently
supported by ASM are indicated in Table 1. In the table, a ~“
mdlcates that the code has alteady been used to perform the
tndlca[ed type of trade, a “*” indicates that the tmde should be
considerul for the indicated application, and WA”’ indicates
that the trade is not applicable.

An example of a recent trade involves the selection of
the preferred accelerating gradient for a dtifi tube linac (DTL).
As shown in Figure 4, the capital and operating costs increase
w high gradient due to the increased rf power consumed in the

structure, which leads to larger rf power requirements and
larger electricity requirement. As the gra&ent is ~ tie

Fig. 4 Example Of Use Of ASM To Determine Optimal
Accelerating Gradient For A Drift Tube Linac-

1

iw!

‘...

Number DTL Tanka -

t EnergyOf Final Gmdient

1 I Kilpatricka

0.5 1.0 13 2.0 25 3.0 3.5 4.0 4.5

Final Accelerating Gradient (MV/m)
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