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At the inception of the Stockpile Stewardship Program,
stockpile performance was the primary mission driver; post-
2020 mission drivers are more diverse

Stewardship Past: Underwriting the STS*
Emphasis on performance and reliability: The STS
Dominant concern: hubris

We cannot afford the same.

StewardSh|p Future Underwrltlng the ||fe CyC|e Protect against technological surprise
Broadened emphasis: From “Ore to Disposition” and others’ stockpiles

Dominant concern: paralysis. Preventing loss of confidence where we
should have it

- Production m Boom Disposition
UGLEAR POSTURIEN

To afford the mission, the way we do it must change!
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MaRIE will address the control of performance and
production of materials at the mesoscale

Performance of additively-
manufactured (AM)

structural components . .
i e P fDetonator d Ejecta and Mix in aged
performance an components under re-use
et Wrought safety in LEPs

Tungsten Particles

X-ray phage contrast images

- | AM
Annealed

Target Cylinder

Movies of ejecta in

Movies of functioning convergent geometry
slapper detonators
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Challenging experiments using multiple probes are planned to

observe and characterize the dynamic microstructure and phase
evolution of materials.

Requirements:
Sub-um space resolution
100’s — 1000’s-um samples
Sub-ns time resolution,

Strctura ~30 frames in
: %{%ﬁ 1-10-ps duration
Optical Laser g e S e | . -;‘#:
Speciroscopy TE=3 [ | ¢ The model:

Accurate sub-grain models
of microstructure evolution
oscev coupled to molecular

Boundary Ié;'eh: 15° UEW Hard

100.0 pm = 100 steps  IPF [010] Coherent Proton .
' " X-ray ﬁ Beam dYynamics.
Laser Particle Imaging

Th e - 0 a.l . Velocimetry and Accelerometry

Predict dynamic .

microstructure and Electron

. EBeam
damage evolution.

The first experiment

Multiple, simultaneous dynamic in situ
diagnostics with resolution at the scale of
nucleation sites (< 1 um; ps — ns)

Shock Front Shock Front

MaRIE will allow us to break apart the problem. —
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MaRIE will provide this capability by building a 12-GeV
electron linac feeding a 42-keV XFEL to new
experimental facilities

250 MeV 1 GeV 12 GeV )
- Iuhwn[ EH.J( ----------  pr— ) — () ARy AR f
Gun! BC1 | B2 || | ' |
L1 L2 |13 Undulator s .
__________________________________________________ /  multiple
superconducting electron accelerator pRad expenments

XFEL Injector

Our pre-conceptual

reference design would be

located on the north side of

the LANSCE mesa,

leveraging the capabilities of MaRIE

that proton/neutron facility. Laéﬁﬁf:;

EXISTERToan |
Sgzuling

"‘ I|at. Tunnel

-‘/
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We have used existing programmatic equipment to
help translate pre-conceptual physics designs to
realistic cost ranges

XF'iL ABAABAABAB |.f| BBBABABABABANBABABAABAABANABAABAABRAABA -MF
injector

\
L1 BC2 L3-CO1 L3-C02 L3-CO3 |_3 c04 Droop '
corrector beam switchyard
250 MeV 1 GeV 4.1 GeV 7.2 GeV 10.4 GeV 12 GeV w/ dechirpers

. 9-cavity ILC cryomodule, “A’-type
E 8-cavity ILC cryomodule, with quad / corrector / BPM,
“B” type

European
XFEL RF
Systems and
Cryomodules
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AOT also led the effort to define conventional facilities,
experimental systems, pre-operations and operational cos

Klystron  RF Power Supply Equipment Klystron Gallery Chase Pipe

Accelerator Tunnel Access
Elevator & Stairs Type A

Isometric views of the | fecslerator el
accelerator tunnel and klystron

gallery and the Multi-Probe SComventor alives
Diagnostic Hall N

Access Elevator

) — — Accelerator Tunnel
— — Access Stairs

Accelerator Tunnel Access Accelerator Tunnel Cryomodules

)
/
|
f‘l /'}
i

l‘|

P-RAD Experimental XFEL -
Line 3/ | Detector J——
esse Line
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Experimental facilities equipment is based on existing hardware at
LANL, SLAC, and ANL with planned improvements through R&D.

SLAC Examples of a possible
MaRIE Instrument

Gun used t APS Pulser
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MaRIE is based on established
high-performance linac designs.

D 1.3 GHz copper RFG photocathode
. 1.3 GHz SCRF electron gun
DC droop corrector
] 3.9 GHz SCRF BSY beam switchyard
B bunch compressor
RFG L1 BC1 L2 BC2 L3 DC BSY

e P — | o ——
I B0 = I = D =

11 (- ! ! r
<. @) 7 2 7 P <
S 7 L 6\0 @ 0/& GG& ¢ 7 QO 7Q7 O@ .
2 6, Y

9-cavity ILC cryomodule, “A”-type
a 8-cavity ILC cryomodule, with quad / corrector / BPM,

SRV | 1.3-GHz cavities | 3.9-GHz cavities
L7 (X-FEL) 1 9

1 (eRad) 11 9

) el v ™ S - .f-%.*'

-l
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The MaRIE XFEL injector uses several innovations
to meet performance requirements.

JIEN D) - | - et

o -l ________________ g
Photoinjector (PI) _J— i OGB BD D ]
1.3-GHz, normal conducting. quadr;poles
Long pulse (100 us) operation, 60 MV/m

: Double reversed-chicane helps reduce time-
gradient at cathode. dependent dispersion from CSR wake.
Cryomodules 1 & 2 (CM1 & CM2) e e

1.3-GHz superconducting.

Capture beam from PI, accelerate and
introduce energy slew for BC1.

Cryomodules 3 & 4 (CM3 & CM4)
3.9-GHz superconducting.
Linearize beam energy slew for BC1.

o ‘Solenoid
Photoinjector

m(ldentical to PITZ) l/
] 3

Bunch compressor 1 (BC1) : |

The MaRIE photoinjector design is based on the PITZ
~ 20x compression at ~ 250 MeV. photoinjector with a modified solenoid configurationssss®
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11992 mm

Input coupler

Figures from J. Sekutowicz, “Superconducting
Linear Accelerator for the European XFEL”,
International Workshop on X-ray Diagnostics and
Scientific Application of the European XFEL, Ryn
Poland, February 14 — 17, 2010.
1.3-GHz Cryomodule has slots for 9, 9 cell accelerating cavities.
Type A
All 9 slots filled with accelerating cavities.
Injector uses Type-A cryomodules in present concept.

CM1 has independent phase and amplitude control for each cavity. (This allows for
more efficient use of CM1, but may not be strictly necessary.)

Type B
8 slots filled with accelerating cavities. —

One slot reserved for a quad/BPM/steering magnet. -
UNCLASSIFIED
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3.9-GHz Cryomodule

Will be used to linearize the beam
phase space.

Cryomodules contain 4 accelerating
cavities.

Accelerating cavity scaled from 1.3-
GHz cavity.

Routine operation at FLASH with
18.9 to 19.7 MV/m average
gradient.

Capable of 22 MV/m average
gradient.

Fabricated by FNAL.

E. Harms, “3.9 GHz Cryomodule for FLASH”, FNAL-LBNL joint
meeting on SRF Cavities and Cryomodules, March 25, 2012.
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The MaRIE undulators are based on SwissFEL U15.

Symbol Value

Undulator period A, 18.6 mm

Undulator magnetic field Bo 07T

rms (peak) undulator parameter Kims (Kpeak) | 0-86 (1.22)

FEL resonance wavelength Ao 0.2934 A
FEL (Pierce) parameter p 0.0005
Calculated 3D gain length Lg 26m
Calculated 3D saturated power Ps 9 GW
FEL pulse energy at saturation W, 0.3mJ

e PM material = VACODYM 863 TP with Dy infusion
* B, = 1.25tesla; intrinsic H; > 2,300 kA/m

* Pole material = vanadium permendur

* Wakefield shield and RF fingers = 0.1-mm CuNi foils with
50-um copper as the RF surface.
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MaRIE bunch compressors extend conventional designs.

Strategy: Large chirp
/ small Rgg; Dual
chicane for wake
cancellation

Known issues:
Microbunching;
residual chirp

| | | , Open questions: Will
U0 -0.05 000 0.09 wake cancellation
t (ps) : o e
work in practice?
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Strategy: Use short TW copper linac
section to boost “drooped”

Strategy: Use corrugated pipe
bunches

dechirper to remove post-
compressor energy spread

Open questions: needed pre-BC2?

Open questions: tuning, practical how flexible can it be?

imp|ementation’ R. L. Sheffield, “Enabling cost-effective high-current burst-mode e
operation in superconducting accelerators,” NIM A 785 (2015) _ it

wakefields =
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Spatial and Temporal resolutions for MaRIE multi-
probe mesoscale experiments are defined by
analysis of the measurement techniques.

Metals

Manufacture Welding and

and Age aware | HE certification and | Turbulent Materials | Additive

performance gualification IXi Manufacturing
]
100 nm - 20 ym 100 nm - 20 pm 500 nm 1 um — 100 pym
100pm-1mm 100 ym - 2 mm 1 mm 0.3mm-1cm
up to 30 up to 30 up to 30 1000 per second
0 psec 500 psec 30 nsec ~10nsec
10 ysec 7 usec 15 usec 100 psec
e > 250 um s 10pm—6¢m 1= 10cm  0.1to10mm

species Be - Pu Typically C, H, O, N Noble gases, Ga, Be Be - Pu

sample
spatial Framing thickness# sample sample
resolution |time Z=13 thickness# Z=26 | thickness# Z=92
> 20 ym 50 nsec 15cm /0.8 GeV 3cm/0.8 GeV 1cm/0.8 GeV
B > 1um >25nsec  6cm /12GeV  5mm /12GeV  1mm /12 GeV

>10 ym/ 8 keV 500 um/42 KeV 200 um/42 KeV
A EVA > 0.1 um <100 psec 2cm/42keV 4 mm/122 KeV 2 mm/122 KeV
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X-ray-only End Station measurement
reguirements require ms-long macropulses

Requirement Multi-probe End X-ray only End
Stations Stations

Time scale for smgle image <0.1ps <0.1ps
30 within 1uis 30 within 1 ps
41 MHz 41 MHz
2 within 300 ps Not specified
100 ps Sims
10 Hz 10 Hz
10 to 1000 10 to 1000
5% 5%
Minimum imaging resolution <0.1 mm <0.1 pm
Materials of interest Be to Pu Be to Pu
eRad pulse separation/micropulse charge 4.6 ns/0.4 nC N/A
eRad density resolution 2% N/A
eRad imaging resolution <1 mm N/A

A superconducting linac can cost effectively
meet the long macropulse requirements.
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cm”~2/g

The 42-keV photon energy and flux are a trade-off between
maximizing elastic scattering for diffraction, minimizing
absorptive heating, and sample thickness in plutonium — other
elements are easier.

Attenuation Coefficients 10 E =
1.E+04 \ :
1.E+03 i S H g 107 .
N \w\ —re 2 it
1.E+02 —— = g ‘. '{»nf-;
— =U_coh g 1024 {!/ { I
1.E+01 :———'- — > \ = =fFe_ooh a g L -, ,:' I
[ ___.\ 4 — -Al_coh - F:"}- -~ I
+ el ~ - ! - - m
HERO e & 3 harmonic % 107 - | | B -- LL‘I:‘,mi,
~30 070 ke S y | AN - = AI(1um)
MR KPP mi@m\ \ \‘““—-:J © / ; | b _Ee(:?go“?n:)
. ——AI (100 pmg
1.E-02 . b . h 10°° AN - s r——
1.E-03 1.E-02 1.E-01 1.E+00 1 10 100 1000
Photon Energy (MeV) Photon Energy (keV)
High resolution requires a minimum Coherent scattering signal (fraction of incident
number of coherently scattered photons photons coherently scattered just once) as a
per sub-ps pulse. This sets the incident function of incident photon energy for various
number of photons on a sample of materials at thicknesses of 1 ym (dashed lines)
~2x1019, and 100 ym (solid lines)

J. L. Barber et al., Phys. Rev. B 89 (2014):18410
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42-keV x-ray photons (red), 12-GeV electrons (blue), and 0.8-
GeV protons (green) will be multiplexed to interrogate a single
dynamic event.

Macropulse, variable, <lms
XFEL 42'126 keV (SQ), 300 pS .-‘/ ________ ;ﬂ pRad SOOMeV’ 5_50 ns
|

frame speed, 30 frames, 2x1010 i frame speed, 30 frames,
photons @50 fs/pulse, >0.1um | 20-30 um resolution

resolution \
eRad: 12 Gev, 25 ns

frame speed, 30 frames,
>1 um resolution, —
0.4 nC/pulse

Adds significant machine
costs:

Each probe beam
covers a different
parameter range for
sample interrogation.

- Requires another
Injector

XFEL has sub-ps pulse lengths, sub-ns pulse spacing, sub-
micron resolution, but is limited in sample thickness at 42 keV to <
0.1 mm for high-Z materials

- Impacts XFEL beamline
design

- Increases experimental

hall complexity & cost eRad has ~10-ps pulse lengths, ~20-ns pulse spacing, <1-um

resolution, penetrate <2 mm high-Z materials

m pRad has 50-ns pulse lengths, 100-ns pulse spacing, >10-um
resolution, penetrate >1 cm high-Z materials
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Flexible x-ray and multi-probe pulse structures, including high
repetition rates, will be required to study time-dependent
phenomena at multiple scales.

Macropulse separation = (10 Hz)™?

I l .......................... 100ms. ... ,I I

Macropulses

Variable up T o= 69 1S t0 700 s (1 ms goal
=69 ns to s (1 ms goa
to P macro—.. O¥ 115 1O UV us (1 ms goal) Burst mode operation
continuous | | | | | | | | | | [Jlll__ forimagingovershort
40.6 MHz duration events
train of 246 s 30 pulse burst
micropulses « : > with a spacing of | 1 \\/ +5 42 keV
2.3nsto24.6ns
» 2x10'° (5 x 10'%goal)
10fsto 100 s “ ﬂ ﬂ ﬂ f\ photons/micropulse
Use optical split and delay — A } \
to generate sub-ns pulse ITunabIe'l
separation 01023 ns
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Key Performance Parameters derived from the measurements
guantify the accelerator/XFEL requirements.

Electron Beam Requirements

Photon Requirements

emittance

bunch separation

Energy 12 GeV # of bunches per 10 to 20000 Energy 4to 42 keV
macropulse (3™ harmonic: 126 keV)
Linac 1.3 GHz RMS slice energy <0.01% # per bunch 5x1010
fundamental spread (3rd harmonic: 1x108
frequency
Linac type Superconducting Macropulse to < 0.02% % Transverse 70%
macropulse energy coherence
variation
SC L-band cavity 31.5 MV/m Pulse energy < 0.01% Pulse length <100 fs
gradient variation within a
macropulse
Maximum 2.0 degrees @ 12 GeV Min. bunch 2.3ns Bandwidth 2x104
beamline angle separation
Maximum 0.1 ms Dropped bunch rate 1x103 Divergence <1 prad
macropulse
duration
Electron source Photoinjector Normalized rms < 0.2 micron Polarization linear
slice emittance
XFEL bunch 0.2nC Macropulse 10 Hz Tunability 1%/ms
charge repetition rate
eRad pulse 0.4nC eRad energy 5x104
charge spread
eRad normalized < 1000 microns eRad minimum 4.6 ns
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A parametric model was used to evaluate linac design
space and for technology down-select, such as cost
versus pulse length, SC vs. NC, etc.

1500 : 2200.00
. 1400 - 1 Relative cost contribution of RF and SClinac at 10 Hz using a 5.8 MW peak power klystron
£ 1300 | 2000.00
< 1200 | AL - -
& XFEL Cost | - :
S 1100 L 130000 E
1000 J{i) A 35
E a0 ‘_\-_ . '1 ! ﬁ. Jorids
r i < e T 1 0
§ 200 :;' XEEL Length - 1600.00 & 600 - 300 ...E-
700 - 4 i 500 e 50 £§
r I Site lengeh 1400.00 g Lo 3 @
- L La L A ta] manitt et e s Em Lar’ w0 X§
500 s 1 T Bt — £
.- -
£ 400 - A1 120000 § A — = 10 &
- - \
E 300 - I 200 1w
® 200 ——- I 1000.00
100 Lot I 100 050
0 - 1 200.00 0 0.00
1.0 hoo 100.0 1000.0 10 15 2 25 30 3 40
Beam macropulse length (microseconds) cavities/kiystron
SCcost RF COStS s SC COSES ==e SuM 0f RF 30 SC cOSts = === Qext == + RF pulse length

Maximum gradient NC cost

251 MV/m NC cost

17.5 MV/m NC cost

If overall accelerator length and costs

14.9 MV/m NC cost

e SCXFEL langth ) are the major constraints, for macropulse
= = = = Maximum gradient NC XFEL length (m) Iengths > HS a SC linac is optimal.
25.1 MV/m NC length {m) .

17.5 MV/m NC length {m) UNCLASSIFIED Slide 23
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Time-independent GENESIS simulations show that
>2x1010 42-keV photons within 0.015% bandwidth can be
obtained using expected electron beam parameters.

1.210"

— @ Design Goal: Electron beam

110 s simulations give 0.1 um emittance
\ at 0.01% energy spread.

810" ﬁ\\

610" -
\K

emit=0.1 * Planned: X-ray flux using
emit=0.15 \ nominal emittance of 0.2 um for

L&, 8y=0.2 um, 0.015%

Number of photons/(100 pC)

T | s 2 x 101° photons
210" emit=0.2 ~— P 100 pC scaled from PITZ
emit=0.25 photoinjector.
0 1
0 0.00766% 0.01022% 0.01533% 0.02044% 0.02555%
dyly

We have 150 m tunnel contingency to go to 15 GeV in the future; worth ~2x photons.
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XFEL performance rlsks associated with beam

after saturation

10" E 3
: e e +- Goal: 2 x 100 photons/bunch
10" E P
= - i
= 10° E / :
o : /J 1 + Time-dependent (multi-slice)
2 - T Genesis simulation results
O 5 P .4/'
107 E = 0
o : / & ofy=0-2 pm, 0.015% 1 « 12-GeV beam energy
O i
5 107 |’ |+ Tapered undulator
fm] ]
E » Distributed seeding
= 10°
10°

0 20 40 60 al 100 120 140 160

Undulator Position (m)
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MaRIE Critical Technology Element Priorities

To do the following prioritization we used the following metrics:
Does it drive schedule, does it need to start soon to avoid delaying the project? Red most important

How significantly does it affect a key risk of the project? Red most important,

Will our sponsor, NNSA, see value in the work independent of the MaRIE project?

Will strategic partners (SC Lab interest) be drawn to work with us by this project?

| KPP |sSchedule? | Risk? | NNSA|SC_

Undulator and Distributed Seeding FEL Photon Quantity - v
Start-to-End (S2E) Simulations of XFEL Photon Beam Energy -- v
High-Energy and Ultrafast Imaging Camera # of bunches and pulses - v v
Photo-Injector Design Test Linac Electron and Photon -- v
Beam Energy
X-ray optics # of closely spaced pulses v
Long-Range Wakefields # of closely spaced pulse V4
Bunch Compression/De-Chirping Photon Beam Energy, FEL v
Photon Quantity

Microbunching Mitigation with Laser Heater FEL Photon Quantity V4
Bulk Thermometry of Dynamic Materials with Laser-Driven NRS v
Development of Charged Particle Radiography for the Study of Multiple probes v

Small and Fast Physical Processes

Long-Pulse Laser Technology Development Sample subject to time- - v

dependent change

Multidimensional Dynamic Imaging Multiple probes V4 V4
High Voltage Converter Modulator Development [operational cost] v
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DOE-Office of Project Management, Oversight, and
Assessments (PMOA) staff completed an Independent (
Cost Review (ICR) in June

The ICR team concluded the MaRIE project team
prepared a credible and comprehensive cost estimate
for the projected scope definition that exceeds what is
expected at CD-0.

“The MaRIE CD-0 package exceeded DOE's expectations”

“The preliminary cost estimate range addressed current known o e et e
costs and was well documented.” O ——
“Considering the comprehensive and advanced state of the T
point estimate at CD-0, the ICR team recommends expanding @

the upper end of the range +30% above the point estimate.”

“DOE-PMOA recommends an estimated ROM = $1.9 - $3.7B.” i
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We have a proposed near-term schedule to
complete conceptual design

/ R&D projects, completion of an Analysis of Alternatives, and a subsequent Conceptual Design report

Initial Funding Allocated
4/1/2016

}'ch:hnnlnnr Maturation Initiated
* Aok Review and Assessment Complete

Conceptual Design Report and Review

C lete
i CD-1 Approved
= 33112019

Analysis of Alternatives Initiated

>

Conceptual Design Begins

Project Approved
.. 12/31/2015 }

} CD-1 Briefing Book Submitted to DP

2019

2015

Today

Analysis of Alternatives _
Conceptual Design of Down-Selected Option

Technology Maturation /Risk Reduction |
Invastmeants

515 mil S45 mil S45 mil

B Aod Support and
(]

B Conceptual Design

® Tach Mat f Risk
Reduction Projects

Low Range S5 mil

520 mil $60 mil S60 mil
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Many SC projects are similar to MaRIE 1.0 in scale and complexny&“@
and provide benchmarks as well as potential partners

Topic
Successful Project Management Practices :
la]
= Basic approach proposed will be Office of Science T e
to meet essential requirements, ) ::::: :::f.:ftt:.::m
then maximize science capability Baniel 7. Lehman, Cantractar - Suffcient and Stable Funding
within TPC and schedule, i.e. L. Edward Temple Ir | ReErimepende Querant
ud eS I g n '[O b u d g et”_ raject eyl ta e L3 rectes, SML Otfies af Sclence Pecs Revbeus
[ 1a WA Lol TR Wk~ - Ery PR ]
» Project will benefit from rigorous February 2015
SC Project Management Methods e
including robust Peer Reviews. =

» Implementing the SC Process is

our proposed risk mitigation 7
approach to lower the risk for AT
MaRIE and meet TPC as the next e
NNSA Project. o <

We mtend to apply “best practlces” from all organlzatlons

LCLS Undulators
with demonstrated success. e o

EST.1943



Summary

* There is a clear, compelling mission need and outstanding scientific
opportunity.

» At least one viable technical approach, an accelerator with XFEL, is well
understood and R&D has been identified to address the important
technical issues.

» Critical Decision 0 approved by Deputy Secretary on February 18.
« ROM: $1.9to 3.7 B; CD-4: mid 2020’s

 LANL’s robust engineering capability was vital in preparing the MaRIE 1.0
CD-0 project scope definition

* Now that CD-0 is approved, planning for the project definition phase is
underway

 It's time for wider engagement in MaRIE. Formal recognition of mission
need will allow the entire DOE “network of Labs” to engage on
requirements, alternatives, and technology risk reduction.
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LANSCE Facility Overview

Isotope Production
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Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA
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The LANSCE accelerator provides flexible time-structured
beams from 100-800 MeV to >20 active experimental stations.
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Artist Rendition of MaRIE Conventional Facilities
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An XFEL pre-conceptual reference design that meets the
MaRIE performance requirements has been developed.

1.3-GHz ILC cryomodules
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