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I. Executive Summary

We propose accelerator design studies for a unique small-scale facility at SLAC hosting
groundbreaking dark matter experiments. The new facility, DArk Sector Experiments at LCLS-
IT (DASEL), will divert electrons in unused buckets from the LCLS-II linac to a new beamline
that enables electron fixed-target experiments with a wide range of beam currents and phase-
space profiles. The experiments envisioned for this beamline will decisively test dark matter
scenarios in the largely untested GeV-scale mass range, placing SLAC at the top of a highly
competitive international effort to explore this physics. Extracting beam for DASEL
downstream of the extraction points for the X-ray lines ensures that DASEL will not affect
LCLS-II operations. This LDRD would fund design of a new kicker system, beamline, and
spoiler/collimator system required for DASEL, leading to a proposal that will be presented to the
DOE Office of High Energy Physics in tandem with experimental proposals using the new
beamline.
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I1. Project Description

A. INTRODUCTION

The identity of Dark Matter is among the most pressing questions in fundamental physics today.
Searching for dark matter is a core science driver for cosmology in the SLAC strategic plan, and
is among the major areas prioritized by the particle physics community in the P5 report.

Among the best-motivated and unexplored possibilities is that Dark Matter is comprised of
particles with mass similar to familiar matter, in the MeV-GeV range, and survives as a relic
from an era of thermodynamic equilibrium in the early universe. This simple scenario is realized
by a “dark sector” containing the Dark Matter particle, a new force carrier of comparable mass,
and possibly other accompanying particles. Though these particles couple weakly to familiar
matter, the observed Dark Matter abundance implies a lower bound on the coupling in simple
models, which is accessible in high-sensitivity fixed-target experiments.

This possibility has spurred a broad international program of experiments searching for dark
forces and light dark matter, including dedicated experiments at Jefferson Lab (APEX [1], HPS
[2], DarkLight [3], BDX [4]), Mainz [5], INFN Frascati (PADME [6]), and CERN (P348 [7]).
This program was one of five focal areas for the 2013 Snowmass process [8], has twice been the
subject of APS mini-symposia [9], and was the subject of recent dedicated international meetings
at Frascati [10], Brookhaven [11], and Genova [12]. Multi-GeV continuous electron beams are
particularly well suited to these experiments, and the APEX and HPS experiments at Jefferson
Lab (both of which have SLAC researchers in leadership roles) are flagship efforts involving
over 100 scientists at 35 institutions in 7 countries. The next generation of experiments does not
require CEBAF’s beam polarization or precisely tunable energy, but will require sustained low
beam currents for which CEBAF was not designed, as well as extensive run times and real
physics priority, which are very unlikely at CEBAF given its 10 year backlog of experiments and
the priority of Nuclear Physics at JLab.

Two experimental proposals are being developed in tandem with the accelerator design proposed
here, and these serve as benchmarks to inform the beam requirements. A “missing momentum”
experiment (MME) [13] searching for electroproduction of light dark matter calls for a diffuse
beam at very low current (at the 30-300 pA scale) impinging on a target with tracking and a
high-granularity calorimeter directly in the beamline so that the trajectories of individual beam
electrons and their byproducts through the detector can be reconstructed in detail. This approach
has unique potential to explore interaction strengths at the lower bound consistent with thermal
dark matter (see Figure 1), and would decisively test the hypothesis that Dark Matter annihilates
into familiar matter in much of the sub-GeV mass range [14]. A second concept (SuperHPS)
[15] would extend HPS sensitivity by reconfiguring the detector to increase acceptance, improve
mass resolution, and support higher beam currents in the pA range. A beamline capable of
delivering beam to the very different specifications of these two benchmark experiments will
also be capable of supporting a wide range of future experiments that call for a high repetition
rate, multi-GeV electron beam.

B. OBJECTIVES

We propose to design a beamline, parasitic to LCLS-II, delivering multi-GeV electrons at a 186
MHz repetition rate with currents ranging from 1 pA to 1 pA. This would furnish SLAC with the
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unique opportunity to host the next generation of cutting edge dark matter and dark force
experiments. We refer to the new beamline and facility collectively as DArk Sector Experiments

at LCLS-II (DASEL).
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Figure 1: Left: Sketches of the MME and SuperHPS experimental concepts. Right: Yield-Limited Dark
Matter sensitivity of missing momentum experiment vs. other current and proposed limits on dark matter
production at accelerators. The y-axis is a dimensionless interaction strength, while the black line is the
minimum interaction strength consistent with thermal relic Dark Matter. Assumptions for missing
momentum yields are as in Scenario III of [13] but shown for a 4 GeV and 8 GeV beam.
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Figure 2: We propose to evaluate the feasibility of three possible locations for DASEL: South Arc or
End Station A or B, as illustrated in Figure 2, which would use beam from the LCLS-II superconducting
linac in a parasitic mode of operation. If it is found to be feasible, these studies will pave the way for
DOE-HEP proposals for the beamline and first-generation experiments. Completing the studies in a
timely manner is key to identify design elements that must start early for an efficient installation during
the planned accelerator down times in 2018.

C. APPROACH/METHOD

LCLS-II [16] fills a GHz accelerator with pulses at a MHz, so the approach is to fill the unused
buckets with a low current that can readily supply DASEL. The LCLS-II superconducting linac
will accelerate up to 250 kW of electrons to the beam switch-yard (BSY). The baseline LCLS-II
design has a maximum bunch rate of 929 kHz but the linac RF operates at 1.3 GHz and the RF
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gun operates at 186 MHz [17]. Two high-speed kickers can deflect FEL bunches towards either
the soft x-ray (SXR) or hard x-ray (HXR) undulators; unused beam travels to a high-power dump
in the BSY.

DASEL will use RF gun dark current and/or a secondary gun laser operating at 186 MHz to
produce a lower-current beam with 5.4 ns bunch spacing. These “dark” bunches will be diverted
to the DASEL beamline headed to ESA, ESB, or SARC by a third (new) kicker. The secondary
gun laser and a spoiler/collimation system will control the charge delivered to DASEL. This
concept should be completely parasitic to LCLS-II operation, since the DASEL beam is low-
current (<IpA compared to 62 uA nominal LCLS-II current) and is deflected downstream of the
kickers to the undulators. In the following we outline requirements for the secondary source
laser, DASEL beamline, kicker, and spoiler/collimation system.

Dark current originating in the RF gun is expected to be accelerated to the full 4 GeV energy,
while all other sources will be collimated away. This dark current is expected to uniformly fill
the buckets with a 5.4 ns (1/186 MHz) spacing, but its absolute level is unknown. Injector
specification requires dark current below 400 nA [18], while dark current measurements of the
RF gun prototype are less than 1 nA. To achieve higher currents for DASEL (as for SuperHPS),
a separate gun laser may be used to intentionally populate ‘dark current’ bunches at the gun
frequency. These bunches would be well separated from the primary beam bunches so they
could be extracted downstream. The new gun laser could be similar to the baseline gun laser but
operating at lower power and higher repetition rate [19]. This system will need specification.

Figure 3 illustrates the configuration of the beamline in the BSY region, the location of the
extractions to the HXR and SXR undulators, and possible locations for extraction to ESA, ESB,
or SARC for DASEL. The BSY is a complicated region with 4 beamlines running through a
0.65-m x 0.65-m cross-section, so the new beamline will need a detailed design to understand
feasibility and cost.
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Figure 3. LCLS-II beam from SCREF linac to BSY dump showing locations of the HXR and SXR
undulator extraction beamlines and possible locations for beamlines to ESA, ESB or SARC.

The LCLS-II pulse structure and profiles of the FEL kickers and proposed DASEL kicker are
illustrated in Figure 4. The DASEL kicker will operate at the same rate but a lower amplitude
and looser tolerance than the FEL kickers. The FEL kickers have a 90% rise/fall time less than
300 ns [19], so that roughly 800 ns of dark current between successive primary bunches would
be available for DASEL experiments. The DASEL kicker would only deflect dark current and
would need to avoid the high current primary beam bunches that may be headed to the BSY
dump (which could be used, in a parallel effort, for a complementary beam-dump search for light
dark matter as in [4]). The DASEL kicker system will need specification and initial prototyping
to ensure the viability of the concept.
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Figure 4. LCLS-II pulse structure showing primary pulses with 4x10°® e- and dark current bunches from
the gun with ~30 e- per bunch. The DASEL beam would require control of the dark current population
with an additional seed laser and a spoiler/collimation system to deliver final current in the pA (for MME)
to pA (for SuperHPS) range.

The MME benchmark would require limiting the average beam current to 5-30 pA for its first
engineering run, increasing to about 300 pA for an ultimate physics run. Spoilers and collimators
along the DASEL beamline can be used together with the secondary laser to carefully control the
number of particles and the phase space of the e- arriving at the detector. MME will require a
high suppression of off-energy electrons. It is expected that graphite spoilers and LCLS-II-style
collimators will be sufficient for this task but the spoiler/collimator system needs to be designed.

D. ANTICIPATED RESULTS/ DELIVERABLES

The timeline is set by the LCLS-II construction and installation schedule. Areas in the BSY are
optimally accessed during this period so as not to interfere with LCLS-II commissioning and
operation. We anticipate a LDRD project duration of 12 months. Progress will be monitored by
weekly meetings and two semi-annual reviews. By the time of the first review we will

* Evaluate and decide on the location for DASEL (SARC, ESA, ESB). Each choice has
advantages and disadvantages arising from existing beamlines (ESA) and infrastructure
(ESA,ESB), the need to deal with dispersion induced by the LCLS-II vertical bend
(SARC, ESB) and long term alternative plans for the areas (ESA, ESB).

* Have a beamline design to the preferred location and a good understanding of how the
location and design will impact the experimental infrastructure, machine protection and
personnel protection systems. Conceptual designs for the kicker, the spoiler/collimation
system and the source laser system will be available.

By the time of the second review, we will have

* A detailed beamline design based when possible on pre-existing magnets together with
lists of vacuum, instrumentation, and power supply components. Additionally, we will
perform an engineering study of how to interface to the SLAC infrastructure without
adversely impacting LCLS-II as well as an installation plan. Engineering specifications of
the kicker, the spoiler/collimation system and the source laser system, based on prototype
studies when required, will be available.

* A cost estimate suitable for seeking DOE-HEP construction funding for DASEL in
tandem with experimental proposals.
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III. Strategic Alignment

This proposal will fund the crucial design work needed to seek FY18 DOE-HEP funding for
engineering and construction of a new small-scale facility for accelerator-based searches for dark
matter and related interactions. Scientific proposals for the first experiments on the beamline
will be developed in parallel by collaborating institutions and SLAC. This timeline allows much
of the installation to proceed during LCLS-II installation, and for a first experimental run to start
in 2020. It is foreseen that the first-generation MME and SuperHPS would remain on the floor at
DASEL for about 5-6 years, and that the facility would support other user experiments thereafter.

DASEL is highly cost-effective because it runs parasitically to LCLS-II. It is unique and well-
motivated, shedding light on one of the foremost questions in cosmology by offering the beam
needed to decisively test dark matter and dark force scenarios in the MeV-to-GeV-mass

range. And, it will become a world center for dark sector experiments with excellent discovery
potential, resonating with three of SLAC's four Strategic Initiatives — "Innovate and Operate
Premier Accelerator-based Facilities", "Identify and Pursue New Science Enabled by Our
Facilities", and "Pursue a Frontier Program in Cosmology".

IV. Management Plan

The personnel covered under the LDRD plan are 1) Tony Beukers, who will design and specify
the kicker, demonstrating proof of concept via a test system if deemed advisable, 2) Thomas
Markiewicz, who will produce a conceptual design of the spoiler/collimation system and
integrate facility features resulting from experimental or safety requirements, and 3) Yuri
Nosochkov, who will design the optical systems that integrate a kicker and septum to the LCLS-
II beam and the magnetic elements to match the extracted beam and transport it to the
experimental facility.

Other personnel centrally involved include: Natalia Toro and Philip Schuster, who will
coordinate the efforts by SLAC and external collaborators on the design of the experiments and
Tor Raubenheimer, who will ensure the interface to LCLS-II. They will regularly meet with
Beukers, Nosochkov, and Markiewicz to assess progress and status. When a location is decided
upon, the relevant SLAC safety departments will be consulted as to the requirements that would
be imposed. Throughout, Joe Incandela (UCSB), John Jaros (SLAC), and Tim Nelson (SLAC)
will also be regularly consulted on the experimental interface with the beamline.

After the LDRD funding period, we expect the DOE-OHEP to fund the construction of the
beamline, facility, and initial experiments.

V. Budget Explanation

A total budget of $240,000 has been developed according to the guidance given that is comprised
of 20% effort from each of two scientific staff (Nosochkov and Markiewicz) and 20% of
ICDAPSE engineering (Beukers) along with $30k M&S for kicker development.
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