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1 Introduction

The past decade has witnessed a remarkable explosion of dramatic paradigm-challenging results
in particle astrophysics. The most impactful of these results have emerged from a new generation
of high-precision space-based instruments, such as PAMELA[1], AMS-02[2], and Fermi/LAT][3].
These instruments — in particular, the magnetic spectrometers PAMELA and AMS-02 — have
revealed unexpected features in the cosmic-ray matter and antimatter flux spectra that have
challenged much of our traditional understanding of particle astrophysics, across a range of
topics. These topics include questions of cosmic-ray origins, high-energy particle acceleration
and propagation mechanisms, and the nature of dark matter. Perhaps the most intriguing result
has been the recent observation of a few candidate cosmic-ray anti-helium events[4], which,
if confirmed, would have profound implications for our understanding of the matter-antimatter
asymmetry of the universe.

Addressing these questions, and extending current measurements to higher energies, requires
powerful new instrumentation with extended exposure times. And while pure calorimeters, such
as the presently deployed DAMPE[5] and CALET([6] can provide some answers, only magnetic
spectrometers, with their ability to differentiate charge sign, and even measure particle mass, can
properly address the full scope of open questions.

The project described in this white paper is a next-generation spectrometer (referred to as
NGS throughout) conceived to be an international platform for precision particle astrophysics
and fundamental physics, at energy scales well beyond the reach of all current detector payloads.
Achieving this will require overcoming a number of key technical challenges, though in many
cases, technology already exists that can be adapted to provide the needed performance.

The heart of the instrument is a thin, large-volume high-temperature superconducting (HTS)
solenoid magnet, which provides a uniform 1T field within the tracking volume. When instru-
mented with proven silicon-strip and scintillating fiber technologies, the spectrometer will achieve
a maximum detectable rigidity (MDR, defined by 0r/R = 1) of 100 TV, with an effective accep-
tance of 100 m?sr. A deep (70 X(/4 \;) central calorimeter will provide energy measurements
and particle identification, with innovative ‘cubic’ detector elements enabling a large acceptance
of 30 m?sr.

Combined, this instrumentation will vastly improve on existing measurements and allow us to
probe, with high statistics and high precision, the positron and electron spectra to 10 TeV, the
antiproton spectrum to 10 TeV, the anti-deuteron spectrum to 8 GeV/n, and the nuclear cosmic-
ray component to 10'¢ eV, past the cosmic-ray knee. At the same time, it will greatly expand
our sensitivity to heavy cosmic antimatter (Z < —2), and provide all-sky coverage for very-high-
energy gamma rays with excellent resolution and energy reach. The magnet and detector systems
will be designed with no consumables, allowing for an extended 10-year payload lifetime at its
thermally-favorable orbital location at Sun-Earth Lagrange Point 2 (L2).

This white paper draws heavily on a recently submitted design study[7], which contains con-
siderably more detail than can be fit into this format. The goal here is to simply introduce the
mission scope and goals and advocate for support over the next decade.
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Figure 1: NGS Detector Concept

2 Key Science Goals and Objectives

NGS is conceived as a wide-focus platform for precision high energy astrophysics and physics
across a broad range of topics. The size, variety, and sensitivity of its instrumentation are chosen
to allow it to address key open questions in particle astrophysics, make important contributions
to multi-messenger astrophysics, and open a large window of discovery space. In addition to the
topics discussed in more detail below, the science possible with NGS includes studies of cosmic
particle and gamma-ray anisotropies, measurements of various isotopes and heavy (trans-iron)
nuclei in cosmic rays, searches for exotic particles, such as strangelets [8], magnetic monopoles [9],
and fractionally-charged particles [10], searches for evaporating primordial black holes [11, 12],
and investigations of quantum gravity through precision energy/arrival-time measurements of
photons from ~-ray bursts [13]. In the following, detector acceptances have been calculated
using GEANTA4[14].

2.1 Protons and Other Nuclei

Protons are the most abundant species in cosmic rays. PAMELA and AMS-02 have reported
unexpected spectral breaks above ~ 200 GV in the spectra of protons and other light nuclei [15—
17]. Such spectral breaks encode information about the sources and propagation history of cosmic
rays, but thus far, no coherent and well-accepted description of the various observed features has
emerged. NGS will have the size and energy reach to directly measure, for the first time ever,
light nuclei in cosmic rays up to and through the energy of the cosmic-ray knee, as well as heavier
nuclei with vastly improved statistics. The detailed spectral and composition studies enabled by
NGS through the knee region will directly address several unresolved decades-old questions in
cosmic-ray astrophysics including, for instance, what is the maximum energy that can be reached
by galactic cosmic-ray accelerators. This information also forms an essential context for the



other studies detailed below, such as the origin of cosmic-ray positrons, electrons, antiprotons,
and antimatter.

2.2 Positrons and Electrons

The unexpected excess of high-energy positrons observed above the predicted yield from cosmic-
ray collisions has been one of the most exciting developments in high-energy astrophysics in the
last generation. As measured by AMS-02, the flux shows a dramatic rise at ~ 20 GeV, followed
by a sharp spectral break downward at ~ 300 GeV[18]. Possible interpretations have ranged from
new effects in cosmic-ray acceleration and propagation [19-21], to new astrophysical sources
such as pulsars [22-30], to dark matter decay or annihilation [31-39]. A generic source term,
which describes the contribution of the new source responsible for the positron excess, can be
described by a power law with an exponential cutoff (see, e.g., [18]). NGS will have the size
and energy reach required to measure, with very high statistics, the intermediate energies of 100-
1000 GeV in the cosmic-ray electron spectrum, as well as to completely map out the region up to
and beyond the cutoff energy. This region may include features associated with local sources of
primary electrons/positrons predicted in propagation models. Identifying such features will shed
light onto the origin of positrons, electrons, and other cosmic-ray species. Measurements up to
~ 20 TeV should be achievable with high statistics, an order of magnitude higher than existing
detectors. - see Figure2.
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Figure 2: Cosmic-ray positron spectrum. Expected data from NGS (statistical errors only) for two
different scenarios: a) Blue Circles: a power law spectrum plus a source term with exponential
cutoff - see text. b) Blue squares: generic multiple power law with spectral breaks, with the last
break at 300 GeV. The dashed green curve shows the expected spectrum from a) without the
source term. Recent experimental data from PAMELA [40] and AMS-02 [18] are shown.



If the origin of the positron source term is a process that also produces electrons in equal
amounts, then there should also be a signature detectable in the cosmic-ray electron spectrum.
Both pulsar models and dark matter models generically predict such a charge-symmetric source
term, but current detectors lack the statistics and energy reach needed to unambiguously identify
such signatures. At higher energies, H.E.S.S. [41], VERITAS[42], and DAMPE [43] have observed
a spectral break in the combined electron and positron flux at about ~ 1 TeV, which might be
related to this question, though firm conclusions are hampered by a lack of statistics. NGS will
have the size and energy reach required to measure, with very high statistics, the intermediate
energies of 100-1000 GeV in the cosmic-ray electron spectrum, as well as to completely map out
the region up to and beyond the cutoff energy. Measurements to ~ 20 TeV with high statistics
should be achievable, an order of magnitude higher than existing detectors.

2.3 Antiprotons and Antihelium

A key discriminator between various positron origin models is the presence or lack of antiprotons.
While pulsars will not generate these antiparticles, most dark matter origin models do. Hence, a
signature of these models is often a companion anomaly in the cosmic-ray antiproton flux, unless
the dark matter couples predominantly to leptons. NGS will be able to measure the antiproton
spectrum to energies more than an order of magnitude above current detectors, providing precise
information on the spectral shape up to up ~ 10 TeV.

AMS-02 has shown in 2018 both *He and “He candidate events at a CERN Colloquium [4].
These unexpected events are observed in AMS-02 at a rate of 1 event/year or 1 He event per
100 million He events, well above the rate of secondary He production in coalescence models.
Their origin is presently unclear, however, the statistically significant detection of unambigu-
ous anti-helium events could have the most profound implications for physics and astrophysics.
Progress in this direction requires new instrumentation achieving high-confidence particle identi-
fication, a solid understanding of potential backgrounds, and powerful systematic checks. NGS
will have the performance and exposure to do exactly this - extrapolating the AMS-02 candidate
He event rate to the NGS acceptance results in the prediction of ~ 1000He events/year. Ad-
ditionally, the rotational symmetry of NGS allows systematic studies equivalent to inverting the
magnetic field of the detector. As AMS-02 has demonstrated [44], cosmic-ray nuclei belong to
one of only two families: primary or secondary cosmic-ray nuclei, each with distinctive spectral
shape. Hence, the precision measurement of the spectral shape of the He flux will allow key tests
of the origin of He.

2.4 Antideuterons

Antideuterons potentially are the most sensitive probe for dark matter in the cosmic rays [50, 51].
While antiprotons are dominantly produced in secondary interactions in the interstellar medium,
antideuterons at low energy have no other known origin. No antideuterons have ever been
identified in cosmic rays. The current best limit has been set by BESS [52], excluding a flux of
1.9 x 107*(m?ssrGeV/n)~! between 0.17 GeV/n and 1.15GeV/n at the 95 % confidence level,
though results from more sensitive searches at low energy are expected from both AMS-02 and
GAPS in the next few years. The expected sensitivity of NGS is 3 x 107! (m?ssrGeV/n)~! in
the energy range between 0.1 GeV/n and 8 GeV/n. At this level of sensitivity, it is no longer useful
to quote an integral sensitivity, which is related to the chances of observing a certain number
of events anywhere inside a given energy range. Instead, we calculate a differential sensitivity,
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Figure 3: Differential sensitivity of NGS to antideuterons in cosmic rays for a mission time of
10 years and a single-layer ToF time resolution of 20 ps, with a logarithmic binning of 20 bins
per decade (thick dashed red curve). Sensitivities for time resolutions of 10ps, 30ps, 40 ps
and 50 ps are shown by thin dashed red curves (from right to left). The red symbols show the
expected data from NGS if the antideuteron flux follows the dark matter model of Ref. [45] with
statistical uncertainties (which are smaller than the symbol size). The solid black curve shows
the antideuteron flux expected from secondary production by charged cosmic rays interacting
with the interstellar material, as derived in Ref. [46] for the EPOS LHC interaction model. Data
for the other Z = —1 particles in cosmic rays, from AMS-02 [47, 48] and BESS-Polar [49], are
shown to indicate the signal to background ratios for the antideuteron measurement.

which can be directly compared to model predictions for the differential D flux. We choose a
logarithmic energy binning with 20 bins per decade and calculate the sensitivity individually for
each bin. The differential sensitivity for antideuterons is shown in Fig. 3. It is defined as the
95% CL limit that will be set in case no D events are observed in the given bin. NGS will be the
first instrument to measure the cosmic-ray antideuteron spectrum with thousands of events, even
in the pessimistic case that antideuterons originate only from secondary production. NGS will
have the sensitivity to distinguish between antideuterons originating in dark matter annihilations
and those produced in interactions within the interstellar medium, due to the different spectral
shapes expected for these components. While it is not clear if antideuterons from dark matter
annihilation exist, the observation of antideuterons from secondary production would allow us
to set additional constraints on the 3He and *He rates in cosmic rays: Every nucleon in the
antimatter particle reduces the production rate by a factor ~ 10® — 10* depending on the energy,
i.e. we expect N(p) : N(D): N(®He) : N(*He) ~1:1073 —=10"*:107% - 1077 : 1072 — 1071°
in cosmic rays if there is no new source for one of these antimatter species [53]. A simultaneous



measurement of these sensitive probes for new physics is therefore required to derive a coherent
picture.

2.5 Gamma-ray Measurements

NGS will allow detailed studies of 7-ray sources [54] and the diffuse y-ray up to the ~ 10 TeV
scale due to its large 60 m? sr acceptance for 7 rays. This acceptance results partially from the
reconstruction of photons in the calorimeter (30 m?sr), with a similar contribution from photon
conversions in the thin main solenoid. The angular resolution for converted photons is limited by
multiple scattering of the resulting electron-positron pairs at low energies, but at high energies,
the direction of the photon can be reconstructed with high accuracy due to the good spatial
resolution and long lever arm of the silicon tracker. This will allow, for example, the imaging
of features in sources such as supernova remnants [55, 56] and pulsar wind nebulae[57] with
resolution similar to today's best X-ray telescopes.

Far from the shadow of the Earth, NGS will monitor most of the sky continuously. For ex-
ample, it does not have to be rotated to be sensitive to, e.g. v-ray bursts or photons emitted in
conjunction with gravitational wave events. It will therefore also provide a background measure-
ment for sky regions where transient sources are observed. In combination with ground-based
experiments, it will participate in multi-messenger networks for modern astronomy, which combine
detectors for gravitational waves, cosmic-ray neutrinos and cosmic -y rays. In particular, NGS can
serve as a trigger for the Cherenkov Telescope Array [58] and similar ground-based observatories
for the detailed follow-up investigation of transient sources.

3 Technical Overview and Technology Drivers

Achieving the science goals described above requires an ambitious detector design to dramatically
improve on the current state-of-the-art in sensitivity, precision, and energy reach. For instance,
the spectrometer must maintain a very large geometric factor of 100 m?sr, and a high MDR
(100 TV), while retaining good resolution at low rigidity. This implies a large high-field mag-
net, with excellent tracking resolution and a small material budget to avoid multiple scattering.
The long exposure times needed for statistical accuracy require that all systems be capable of
extended operation in space, which excludes the use of cryogens for magnet cooling, implying
high-temperature superconductors and advanced thermal designs. For the calorimeter to simulta-
neously achieve the required geometric factor and depth for high-energy particles, new concepts in
3D shower reconstruction should be pursued. Other systems will be required to achieve very high
performance levels, such as time-of-flight counters, where excellent (O(10 ps)) timing resolution
is required to enable isotope separation.

Fortunately, much of the technology required for NGS can be adapted or developed from
detector systems in existing or near-future instruments. However, there will be challenges in
achieving the required system scales and performance levels, as well as in adapting components
to long-term stable deployment in space. Below we identify plausible candidate options for these
systems and discuss technology drivers that will require near-term R&D efforts.

3.1 Magnet Design

To achieve the desired performance specifications, the NGS solenoid magnet must have a thin
wall, a length of 6m and a diameter of 4m, while achieving a uniform central field of 1T. To
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Figure 4: Schematic view of the NGS instrument and its response to protons and positrons. The
magnetic field inside the inner solenoid is oriented in the z-direction, i.e., the left view shows
the bending plane of the magnet, and a transverse view is shown on the right. The upper panel
shows a zoom into the xy view.

provide superconducting operation for a 10-year period without consumable cryogens, construc-
tion from high-temperature superconducting (HTS) materials is required. This will allow the
magnet to operate, behind a sun shield, using only radiative cooling to deep space. Thermal
models indicate that temperatures of 40K-50K can be achieved, which still leaves some margin
for conductive thermal loads from other detector or spacecraft elements. Similar to JWST, this
thermal configuration requires NGS to be located in a stable, cold environment, such as Lagrange
Point 2.

Second-generation (2G) HTS wire made from rare-earth barium copper oxide (REBCO) ma-
terial[59, 60] is a promising option for the solenoid winding. HTS wire can carry high current
densities even at field strengths of 30 T[61] and can tolerate severe mechanical stresses[62, 63]
when paired to 30 — 75 um Hastelloy substrates. Recently, 2G REBCO wire has become available
in extended lengths (450m) that has been demonstrated to operate (at T=50K) with critical
current densities better than required for the baseline magnet design of 22 layers of 12mm-wide
wire at 500A[64].



In addition to the main solenoid, NGS will be outfitted with a superconducting compensation
magnet, in the form of a 1.2m-wide coil of 12m diameter, located at the midpoint of the solenoid.
The purpose of the compensation magnet is to cancel out the magnetic dipole moment of the
main coil, without which even the weak, ~ 10 nT interplanetary magnetic fields at L2 will be
sufficient to impart an overly large (~ 105 N m s) angular momentum to the payload, over the
course of a year.

It has never been demonstrated that a HTS magnet with a lightweight support structure can
be operated in space. In particular, vibrations during launch are a concern. Other key areas for
research include improved understanding of quench dynamics[65] in HTS wire, and the design
and testing of appropriate quench protection systems. Also, because the compensation magnet
will not fit into a launch vehicle fairing, it must be designed to deploy into an expanded state
after launch. For these reasons, and others, discussed below, a preliminary pathfinder mission
will be necessary to verify key designs.

3.2 Instrumentation

The NGS detector systems will be located on the cold side of the spacecraft’s sunshield, as shown
in Figure 1. The overall architecture is symmetrical and cylindrical, which provides a very large
solid angle acceptance - see Figure 4. The solenoid magnet is wrapped with scintillating fiber
(SciFi) trackers and time-of-flight (TOF) counters. The interior contains additional nested layers
of TOF counters and SciFi trackers. The primary interior tracking duties are handled by silicon-
strip detectors. At the core of the magnet is a cylindrical calorimeter with a pre-shower counter.
Both payload endcaps are instrumented with SciFi Trackers and TOF counters. The endcap
opposite to the service module has, in addition, a photon converter to allow the reconstruction
of low-energy photons with good angular resolution. These converters consist of silicon detector
layers interleaved with thin tungsten layers, as proposed for GAMMA-400 [66].

3.2.1 Tracking

NGS will have two types of tracking detector. On the exterior of the solenoid, there is a 3-layer
high-resolution scintillating fiber tracker[67, 68], with a single point resolution of 40 pm. A second
3-layer SciFi tracker is located inside the solenoid. These sub-detectors provide rapid information
on incoming particles, as undistorted by instrument interactions as possible.

The inner detector consists of a silicon tracker, similar in design to the AMS-02 silicon
tracker [69]. It consists of six double layers arranged in a cylindrical geometry, leading to a
maximum of 24 measurement points for a single track. The silicon tracker is assumed to have a
single point resolution of 5pm in the bending plane for Z = 1 particles. When combined with
the 4 m diameter of the magnet and the magnetic field of 1T, the NGS silicon tracker provides
a maximum detectable rigidity of 100 TV, over an effective geometry of 100 m2sr.

The NGS silicon tracker is of the same scale as the CMS barrel silicon tracker [70], which
has an outer radius of 1.2m and consists of 10 layers. Hence there is an existence proof for
a detector with similar complexity. R&D drivers here include thermo-mechanical stability, and
space certification.

3.2.2 Time of Flight

To reconstruct particle masses and thus identify isotopes in cosmic rays, a high-performance
TOF system is required. Such systems, achieving time resolutions of 30ps to 50ps, are presently



under construction for the CMS and PANDA detectors [71, 72]. We assume here that the time
resolution of the PANDA TOF, which employs a barrel structure of scintillator rods read out by
SiPMs, can be significantly improved upon by instrumenting a larger fraction of the rod faces,
and by running the SiPMs at 200 K, which allows for higher photon detection efficiencies. For
Z =1 particles, we target a time resolution of 20 ps for a single scintillator rod, leading to an
overall time resolution of 15 ps for the 4-layer ToF system. This is clearly an area where detector
R&D will have to be performed.

3.2.3 Calorimetery

A pre-shower detector and Lutetium-Yttrium oxyorthosilicate (LYSO) crystal calorimeter [73] are
located at the center of the magnet solenoid. Together, they are used to separate electromagnetic
and hadronic showers, and to measure the energy of electrons, positrons and photons, as well as
protons and ions beyond the spectrometer's MDR. The inner calorimeter has an outer radius of
40cm and is inspired by the design of the HERD detector [73]. Its unique ‘cubic’ voxel design
provides acceptance at all azimuth angles, achieving a total geometric factor of 30 m?sr, and
allowing for the three-dimensional reconstruction of the shower shape.

The pre-shower detector consists of 12 silicon detector layers interleaved with thin tungsten
sheets to provide good angular resolution for the measurement of ~ rays, and to limit the back-
splash of the calorimeter into the main silicon tracker. This combination of pre-shower detector
and crystal calorimeter has a depth of 70 Xy, or 4 )\, for particles incident in the bending plane
of the main solenoid and hitting the calorimeter centrally. The geometrical acceptance of this
system allows the measurement of nuclei up to the cosmic-ray knee, at the PeV scale. Technical
drivers similar to the TOF apply to the calorimeter.

3.3 Spacecraft Requirements

The NGS instrument will be installed on a satellite platform and operated for 10+ years at
Lagrange Point 2. As discussed above, this positioning is necessary to provide the stable cold
environment required for the operation of the HTS magnet behind a sunshield. In addition, the
lower magnetic field in this region allows for attitude control which would not be possible in, e.g.,
a low-earth orbit, due to the interaction of the residual magnetic moment with the geomagnetic
field. Finally, the shadow of the Earth would reduce the field of view and the geomagnetic cutoff
would limit the sensitivity to low-energy cosmic antimatter, in particular to antideuterons from
dark matter annihilations.

The instrumentation described above has a mass of ~ 43 tons (dominated by the calorimeter)
and hence will require new heavy-lift launch capabilities, such as the NASA's Space Launch System
(SLS)[74], which has been under development since 2011. The SLS Evolved Lift Capability
program, aka Block 2, promises to support trans-lunar-injection launches of this mass or higher
by 2030[75].

Sunshield The sunshield is a key component of NGS, allowing the HTS magnet to operate
without cryogens. It has a radius 9m and is designed similar to the concept developed for the
JWST][76]. The dimensions of the sunshield are chosen such that a pointing accuracy of a few
degrees towards the Sun is sufficient to keep the magnet system cool. Other than for thermal
reasons, the orientation of the instrument has no impact on the physics program. Star trackers



will be used to monitor the orientation to provide precision information for the y-ray astronomy
program.

Data and Power Though the Deep Space Network has set targets for future Ka-band L2
downlink throughputs of up to 150 Mbps[77, 78], reducing the ~MHz trigger rate of incoming
particles to a level compatible with this downlink capacity will be a major challenge. To over-
come it, the fast information provided by the outer detectors (i.e., TOF and SciFi-tracker), in
combination with calorimeter measurements, will be used to generate smart trigger decisions.
For example, light nuclei with rigidity below 100 GV will have to be mostly rejected. Prescaled
random triggers will be used to estimate the related trigger efficiencies. In addition, exterior TOF
and SciFi counters will be used to veto charged particles when reconstructing v rays.

Power consumption of the payload is estimated to be 15kW, which will be provided by solar
arrays.

4 Cost and Schedule

The NGS project is in an early phase, and hence full cost studies have not yet been per-
formed. Nevertheless, we expect that the mission will fall into the Astro2020 ‘Large’ category for
space missions, implying a total (instrument+spacecraft{-operations) cost of greater than $1.5B.
Due to the technical complexity of the mission, it

is clear that a pathfinder mission will be required, Research and Development 2019 - 2021
similar to that of LISA. The goal of the pathfinder  Technical Design Report 2020 - 2022
mission will be to demonstrate, at L2, the stable Pathfinder Construction 2023 - 2028
operation of a high temperature superconducting Pathfinder Launch 2029

magnet in space for the first time, including the Pathfinder Science Ops 2030 - 2036
expandable compensation coil technology, verify ~ NGS Construction 2031 - 2038
thermo-mechanical designs, as well as to verify NGS Launch 2039

detector designs and performance. NGS Science Ops 2040 - 2050

At a fraction of the full instrument size, and
with a shorter operational lifetime, the pathfinder Table 1: Schedule for the NGS project.
falls into the Astro2020 ‘Small’ category for
space missions, with an estimated total cost under $500M. A timeline of the various R&D and
mission phases can be found in table 1.

An international consortium is currently forming to pursue the NGS concept. A similar white
paper to this one will be submitted in August 2019 for the Voyage 2050 long-term plan in the ESA
Science Program. We strongly encourage the agencies to consider long term research objectives
of this scale, as international research projects. The very successful LHC experiments at CERN
are an excellent role model for this approach.

With this white paper, we invite contributions from groups interested in participating in the
project and encourage the community to support initial funding for the R&D stage of the mission,
which we consider of the highest priority for future progress in astroparticle physics. Consider
that the NGS concept, as outlined here and in [7], has the potential to improve on the sensitivity
of the ground-breaking AMS-02 by a factor of 1000. This means that within the first week
of operations, we will reproduce 20 years of AMS-02 data. In the second week, we will begin
exploring completely new territory in precision astroparticle physics.
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