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Outline S

« DMMSC - the science need driving a high X-ray energy XFEL

 The Los Alamos MaRIE XFEL concept

« Challenges of ultra-short wavelength XFELs at moderate beam
energies (MaRIE is 0.3 Aat12 GeV)

« Achieving low emittance comes at the risk of too high an
energy spread

« High-brightness beam technology development for reducing the
design risk

« High-gradient cyro-cooled NCRF structures

* Novel microbunched beam architecture (laser-assisted bunch
compression — LABC)
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Revolutionizing materials in extremes

MaRIE will couple theory, experiment and simulation
through real-time feedback to achieve

determined there is a
transformational material advances in extreme environments. i m p o rta n t s c i e n ce g a p
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« This science gap is in

3 understanding dynamic
o materials: Dynamic
Mesoscale Materials
Science Capability
(DMMSC)
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* An XFEL light source could
e et o be used to close this gap

mesoscale is the spatial scale where the heterogeneous
physics of nucleation, growth, and coalescence takes
place. Heterogeneities can occur as a result of spall
damage, creation of void and gas bubbles due to fission
or irradiation, phase transft plasticity,
twinning, or other processes. High-fidelity predictions

EXPERIMENTATION of materials performance at the mesoscale under

mic conditions require large-scale computation to
Measurement - Create Extremes 2:taure the relevant ::ysics vaglidated by mﬂlti-scale

data from fadilities such as MaRIE.
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Revolutionizing materials in extremes requires ’ J \
understanding material behaviors at the mesoscale
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MaRIE seeks to probe inside
multigranular samples of condensed
matter that represent bulk
performance properties with sub-
granular resolution. With grain sizes
of tens of microns, "multigranular”
means 10 or more grains, and hence
samples of few hundred microns to a
millimeter in thickness. For medium-
Z elements, this requires photon
energy of 50 keV or above.

This high energy also serves to
reduce the absorbed energy per
atom per photon in the probing, and
allows multiple measurements on the
same sample. Interest in studying
transient phenomena implies very
bright sources, such as an XFEL.
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50-keV-class photons are needed for the DMMSC mission
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Los Alamos has developed a “pre-conceptual” design for a , . ‘
42-keV XFEL (MaRIE) for supporting Critical Decision 0 (CD-0) “\ommsc*

= It’s an acronym — Matter-Radiation Interactions in Extremes

= The MaRIE experimental facility will eventually incorporate:
« Capabilities of Los Alamos Neutron Science Center (LANSCE)
— Pulsed proton radiography
— Pulsed neutron source
« 12 GeV electron accelerator
— 42-keV X-ray free-electron laser
— Pulsed electron radiography

Existing LANSCE proton linac
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42-keV X-rays with a 12-GeV accelerator requires an ,,/ \
exceptionally small emittance and energy spread NQUMES/

= Both the emittance and energy spread requirements become harder
at low energy

e < 7/ﬂ’x—my 57/ < ﬂ _ 7/3/2 ﬂ“X—I”ay 1 ( K jJJ
" Ag maxT g 8ze, \21 ,\1+K?/2

Linac target:

&=0.10 um, 57/y=0.01% \méN--—-' > et oes=0lum
100 pC o - £=0.15um XFEL requirement:
_ = 8 B &,=0.2um E,<0.2um,, 8y/y~0.015%
Photon requirements: 2 (factor of 2 decrease in flux)
5x101° 42-keV photons §
0.02% bandwidth =
£ —
(about 10-15% decrease in = AE=1.8 MeV
flux in plot from being time i | ‘ ‘ ‘ ‘ ‘ 0/=3.5
dependent) 0.00 001 002 003 004 005 0.06
Energy Spread (%)
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Pre-conceptual design for “CD-0” was based on TESLA-style | ,/\

superconducting RF cyromodules
Beam parameters for lasing SRF LINAC parameters
« 12GeV  beam energy « 1.3 GHz operating frequency
« 100 pC bunch charge « 31.5 MV/m accelerating gradient
« 13fs bunch duration « 20:1 compression ratio, BC1
« 3KkA peak current - 251 compression ratio, BC2
« 0.015%  energy spread * 1 msec RF pulse duration
e 0.2um rms emittance
Other requirements
« Multiple bunches per RF macropulse (up to 100s total
over 1 msec, up to 10s in ~ 20 nsec burst mode )
«  5x1019 X-rays/pulse
« 2-nC bunches interleaved for radiography
» Los Alamos
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We can achieve the low emittance but the resulting low {) \
bunch current requires high total compression ratio \oMMSC/

Current vs. Time In our current design, we suppress
the thermal emittance by keeping
the RMS beam size ¢ very small,
which makes a very long, low
current bunch

Implies 450:1 5
compression to \
achieve 3.5 kA at

We might be able to have twice
MaRIE undulator

the current (and need only half
the compression) at the same
1 total emittance if the thermal

0

wews  @mittance contribution vanished
Energy 195 MeV
Charge 100 pC
Thermal &, (copper” 41om S— W <—  Excess energy
Residual ¢, 60 nm Etherm ~ O 2 from emission
Total RMS ¢, 73 nm mc
o, ju—
RMS Energy Spread 0.08% 8t0tal gthermal + 8residual
. Los Alamos (WEAO02 — Nathan Moody'’s talk on photocathode research) Siide 10
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MaRIE XFEL compression ~ 450:1 leads to tight energy spread | / -&\
requirements

s Designing the photoinjector for the required emittance
increases the risk of achieving the required energy spread

s  Maximum energy spread at 12 GeV of 0.015% is 1.8 MeV

s Using 20:1 and 22:1 for BC1 and BC2 compression ratios
We can tolerate 81 keV before BC2
We can tolerate 4 keV before BC1 (~ 200 eV from RF gun)

= This puts constraints on several oy growth mechanisms

m If we need a laser heater to suppress micro-bunch instability, it can
only put on a few keV onto the beam or it needs to be reversible

We would really like an energy spread of <1 MeV at 12 GeV

» Los Alamos
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High-brightness beam technology development in two key ,} \
areas can add significant design margin \DMMSC/*

« Cyro-cooled NCRF technology:

» Higher gradient in photoinjector will reduce the required total
compression ratio

« Higher gradient in linac (120 MV/m real-estate gradient) will
suppress LSC and transverse emittance growth

* Microbunched electron bunch
« Can suppress:
« Undulator resistive wall wake (for sure)
* Microbunch instability (partially)

« CSR-induced emittance and energy spread growth (open
research question)

» Los Alamos
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Simulations show it can produce
up to 20 A with our emittance
requirement

Target linac gradient: 120 MV/m
real-estate gradient
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Cryo-cooled NCRF technology development is a multi- {) \_
institutional effort N

Joint SLAC/UCLA/LANL/INFN effort
« SLAC - core DOE accelerator R&D program
« UCLA - DOE stewardship
 LANL — LDRD program

LANL focus areas

» Materials development for RF breakdown suppression (custom
copper alloys)

» Advanced manufacturing for compatibility with material properties
* Cryo-cooled operation for long pulse (70s of us) operation

« Established extension of Molecular Dynamics simulation tools to
include RF fields and study macroscopic materials

» We have identified C-band as best compromise for efficiency, wakes,
FEL operation

» Los Alamos
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C-band is likely the best frequency compromise for cyro-

cooled NCRF

C-band (5.712 GHz) was identified as the most
Suitable RF operation frequency for XFELSs.

RF performance metrics for RF structures B:ld:g_ood’jreyzFY|[;ns';/ ] L'ba",d shand | Chand | Xhand
(efficiency, gradient and multi-bunch 5 “:‘ e AL IS SR S
decoupling) favor higher frequencies (C and ~ |[Wakeslongitudinal Vpdl | 107 | 261 ] %7 1 °0¢
X) Energychange @ 1GeV | 03% | 25% | 3.5% | 8.0%
. Wakes transverse [V/pC/m] | 151 | 155 | 835 | 4420
Coupling between an RF structure and the Deflecton @Lm [tV TRETEETEEGT
transported beams (wa_ke_ fields apd control of Cradient Wl 1 30 | 50 | 10 | 50
the energy spectrum_ within a particle bunch) Dedhiper length @ 10eV | WA | 29 I 0
favor lower frequencies (S and C). Fabrication tolerances| good | good | good | hard
Ease of fabrication and RF-transport losses long range wakes forburst | bad | bad | good | good
also favor the lower range (S and C). '
C-band is the only established frequency that
has favorable properties on all these criteria.
S
» Los Alamos
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Laser-assisted microbunched electron bunch is the second
area of high-brightness beam research
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The idea is to use a laser to
eliminate the second BC. Ouir final
current is the same current as
before, 3 kA.

Lack of second BC reduces CSR,
minimizes the microbunch
instability, and suppresses
undulator resistive wall wake

More details in THBO01 — Petr Anisimov:
“Using an E-SASE Compression to
Suppress Microbunch Instability and
Resistive-Wall Wake Effects”
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Laser-assisted microbunching allows more efficient ,,) ‘

operation of the RF \MMSC/
Electrongun L1 BC1 L2 BC2 L3 Undulator
(~ few MeV) (~ 250 MeV) (~ 2 GeV) (~12 GeV)
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Electrongun L1 BC1 Laser modulator L2 Small chicane Undulator
(~ few MeV) (~ 250 MeV) (~12 GeV)
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Simulation of microbunched beam
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current while the eSASE condition maximizes compressed , : ‘

current — more details in Petr’s talk NS/
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LABC estimates indicate we can achieve a low energy spread -’

BC compression factor

Initial energy spread LABC compression factor Hemsing et al., Rev.
/ Mod. Phys., 86, 2014
Final energy spread induced by LABC

T, inat = =0 mitiaCae (CLapc)¥’?  (scaling comes from needed a large
enough modulation on the beam)

As = 0.5% Microbunch length formed by LABC

As has to be at least as long as the slippage through the undulator

With compression ratios of 15/10 the formulas predict a final energy spread of
~ 450 keV
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Conclusions : =

* Our baseline MaRIE parameters are very ambitious — we want to generate 0.3
A light with a 12 GeV electron beam.

 We have a pre-conceptual baseline design that will likely work — we can
always reduce risk by increasing the beam energy

« With international partners, we have started to work on novel high-brightness
beam technologies as an alternative to higher beam energy for reducing
design risk

» Better cathode thermal emittance can provide additional margin

» Still a lot of questions to work out:

« A1 um laser is too small because of slippage, while a 10 um laser is probably too
large, because you still need a large R56. What is the optimum wavelength,
maybe 3 or 4 ym?

* How much can we actually reduce both 1D and non-1D CSR and microbunching
effects by using LABC?

« Is it practical to use higher harmonics of the laser to get more than % the particles

compressed? How would this be done?
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