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Abstract

:

The Trans-Iron Galactic Element Recorder (TIGER) family of instruments is optimized to measure the relative abundances of the rare, ultra-heavy galactic cosmic rays (UHGCRs) with atomic number (Z) Z ≥ 30. Observing the UHGCRs places a premium on exposure that the balloon-borne SuperTIGER achieved with a large area detector (5.6 m2) and two Antarctic flights totaling 87 days, while the smaller (∼1 m2) TIGER for the International Space Station (TIGERISS) aims to achieve this with a longer observation time from one to several years. SuperTIGER uses a combination of scintillator and Cherenkov detectors to determine charge and energy. TIGERISS will use silicon strip detectors (SSDs) instead of scintillators, with improved charge resolution, signal linearity, and dynamic range. Extended single-element resolution UHGCR measurements through 82Pb will cover elements produced in s-process and r-process neutron capture nucleosynthesis, adding to the multi-messenger effort to determine the relative contributions of supernovae (SNe) and Neutron Star Merger (NSM) events to the r-process nucleosynthesis product content of the galaxy.
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1. Introduction


Ultra-heavy galactic cosmic rays (UHGCRs) are the very rare nuclei above 28Ni produced in neutron capture nucleosynthesis, making them more than three orders of magnitude less abundant than those produced in stellar fusion. Measuring the UHGCRs requires the greatest possible detector exposure, which is proportional to detector area multiplied by observation time. The Super Trans-Iron Galactic Element Recorder (SuperTIGER) stratospheric balloon-borne instrument has made the best single-element resolution UHGCR measurements to date through 56Ba [1,2,3,4] with a large 5.6 m2 detector on a record-breaking 55-day flight. The Trans-Iron Galactic Element Recorder for the International Space Station (TIGERISS) will improve upon these measurements and extend them through 82Pb [5,6], achieving comparable exposure in one year of observations following its planned 2026 launch with a ∼1 m2 detector area. These measurements of the UHGCRs can address questions about the grand cycle of matter in the galaxy, depicted in Figure 1, in which material from galactic cosmic ray (GCR) sources (GCRSs) is injected into the accelerator. In a picture that has been pieced together from cosmic ray elemental and isotopic composition and energy spectra measurements, the GCRs then help energize galactic magnetic fields through their electric currents and feed back into the process of new star formation, leading to more GCRs. UHGCR measurements can provide the relative abundances of r- and s-process neutron capture elements in the GCRSs as well provide clues into how this material is accelerated to cosmic ray energies.



GCR measurements, including UHGCR abundances through 40Zr by TIGER and SuperTIGER, have implied a GCRS drawn primarily from older interstellar media (ISM) with fresh nucleosynthetic products of younger stars mixed in and acceleration by shock waves from stellar deaths. Supernovae (SNe) were long thought to be responsible for cosmic ray acceleration, and the r-process neutron capture nucleosynthesis of the heavier elements in the cycle is shown in Figure 1; however, recent evidence suggests that binary neutron star mergers (BNSMs) play a major role in r-process synthesis and may contribute to cosmic ray acceleration. Multi-messenger follow-up observations of a kilonovae identified in gravitational waves [7] provided broader electromagnetic spectral observations [8] that gave strong evidence for BNSM r-process nucleosynthesis of the heaviest elements. Extended SuperTIGER measurements providing the first single-element resolution UHGCR measurements through 56Ba show that something is missing from the GCRS model, supported by measurements through 40Zr. Superior UHGCR measurements by TIGERISS through 82Pb with unprecedented resolution will address important scientific questions about GCRSs and the cosmic ray accelerator, which are discussed in more detail in [9].



No single instrument has been capable of measuring the GCRs from 1H to 92U, and their abundances must be pieced together using measurements made by multiple detectors. It is difficult to simultaneously measure the high flux of 1H and 2He that comprise ∼99% of the GCRs with an instrument having the dynamic range and exposure needed to resolve the UHGCRs. Instruments like the CAlorimetric Electron Telescope (CALET) [10] and the Dark Matter Particle Explorer (DAMPE) [11] are capable of measuring abundances from 1H into the UHGCRs, but since they are not optimized for UHGCR measurements, they do not have the best resolution for them. Instruments designed to measure the GCRs above 2He can better optimize resolution and/or dynamic range for UHGCR measurements, including SuperTIGER (16 ≤ Z ≤ 56) [3], TIGERISS (5 ≤ Z ≤ 82), and the Advanced Composition Explorer Cosmic Ray Isotope Spectrometer (ACE-CRIS) (6 ≤ Z ≤ 38) [12,13], which has also made the only UHGCR isotope measurements through 38Sr. Measurements of the UHGCR abundances through 83Bi have been made by the third High-Energy Astronomy Observatory (HEAO-3) Heavy Nuclei Experiment (HNE) [14] and by the Ariel 6 [15] satellite missions that could not resolve individual elements and measured charge groups. Passive nuclear track detectors that have measured UHGCR abundances for the heaviest elements (Z ≥ 70) with better resolution include the TREK instrument flown on the Soviet Mir Space Station [16,17] and the Ultra-Heavy Cosmic Ray Experiment (UHCRE) at the Long Duration Exposure Facility (LDEF) [18].




2. SuperTIGER


SuperTIGER was designed to be the largest UHGCR detector that can be flown on a 39.9 million cubic foot (MCM) zero-pressure stratospheric balloon within the allowed launch envelope. The instrument was developed by a collaboration of scientists from Washington University in St. Louis (WUSTL), the National Aeronautics and Space Administration (NASA) Goddard Space Flight Center (GSFC), California Institute of Technology (Caltech), the NASA Jet Propulsion Laboratory (JPL), and the University of Minnesota. The University of Maryland Baltimore (UMBC) and Northern Kentucky University (NKU) have joined the effort under a later award, while the University of Minnesota has dropped out with the passing of Professor Cecil J. Waddington. SuperTIGER has had two successful Antarctic flights, the first for 55 days from 8 December 2012 to 1 February 2013 [19,20] and SuperTIGER-2.3 for 32 days from 15 December 2019 to 17 January 2020 [21], and a brief (∼7 h), unsuccessful SuperTIGER-2.2 flight on 20 December 2018 [22]. It is the successor to the TIGER Long-Duration Balloon (LDB) payload that flew twice from Antarctica, first for 32 days from 21 December 2001 to 21 January 2002 [23,24] and again for 18 days from 17 December 2003 to 4 January 2004 [25,26]. TIGER LDB was in turn based on the original TIGER instrument that flew from Lynn Lake, Manitoba, Canada for 2.75 h on 26 August 1995 [27] and Fort Sumner, NM for 23.25 h on 25 September 1997 [28], demonstrating the instrument concept [29]. SuperTIGER uses the same two fundamental charge identification techniques demonstrated in TIGER:   d E / d x   vs. Cherenkov and acrylic Cherenkov vs. silica aerogel Cherenkov.



2.1. Instrument Design


Figure 2a shows a technical model of the full SuperTIGER-2.1 (2017–2018)/SuperTIGER-2.2 (2018–2019) payload comprising two instrument modules. SuperTIGER-2.3 had a 180-cell solar panel array instead of the pictured 160-cell array to support the four piggyback instruments it carried: the Advanced Particle-astrophysics Telescope (APT) prototype APTlite [30,31] and Balloon Air Sampler (BAS) [32] in addition to the Exposing Microorganisms in the Stratosphere (E-MIST) [33] and Polar Mesospheric Cloud Turbulence (PMC-Turbo) [34] pictured. An expanded view of an instrument module is shown in Figure 2b, with each module being a stack of seven detectors. Three large-area compact wavelength-shifter bar readout scintillator detectors (S1, S2, and S3) measure light production dependent on ionization energy losses (  d L / d x ∝ d E / d x ∝  Z2) and contribute to charge (Z) measurement, identification of interacting particles, and the instrument trigger. Top (H1) and bottom (H2) scintillating fiber hodoscopes provide trajectory determination for path length and areal response corrections. At the middle of the stack are two Cherenkov detectors that measure light production as a function of Z and velocity (  β = v / c  ). Above is a silica aerogel detector (C0), with three quarters of the radiators having an index of refraction (n) n = 1.043 (KE ≳ 2.5 GeV/amu) and one quarter n = 1.025 (KE ≳ 3.3 GeV/amu); below is an acrylic detector (C1) with n = 1.49 (KE ≳ 0.3 GeV/amu). The combined effective geometry factor of the SuperTIGER modules after accounting for interactions is 2.9 m2sr, which is 7.2 times that of the preceding TIGER LDB instrument [35].




2.2. UHGCR Science


Figure 3a shows single-element resolution GCR abundance measurements at ∼2 GeV/amu through 56Ba [1,36,37,38] compared with Solar System (SS) abundances [39] through 82Pb, both normalized to 14Si = 1. The differences between GCR and SS abundances for the more abundant elements below 26Fe are understood to arise largely from spallation in GCR propagation from the source, a process that increases less abundant primary element abundances through erosion of more abundant ones. The GCR composition, and particularly that of the UHGCR elements not produced in stellar fusion, provides clues about the GCRS reservoirs and the acceleration mechanism.



TIGER made the first UHGCR measurements with single-element resolution through 40Zr [25,26], which supported a model of GCR origins with a major component from OB associations. In this model, the GCRS is composed of ∼80% ISM represented by SS material [39] and ∼20% massive star material (MSM) from OB associations, including stellar winds and SN ejecta [40]. Figure 3b shows the ratio of the GCR measurements corrected for galactic propagation to the GCRS model abundances as a function of Z, with refractory elements more likely to condense onto dust grains in blue and more volatile ones in red. GCR measurements through 40Zr fall around refractory and volatile lines, with the refractory elements being ∼4.4 times more abundant. The Z2/3 slope is proportional to the nuclear cross section, which supports an acceleration model with preferential injection of elements that sputter off of superthermal dust grains [41]. SuperTIGER measurements through 40Zr [19,20] with greater statistics and improved resolution agreed with the TIGER results, but further SuperTIGER analysis pushing the UHGCR measurement through 56Ba [1,2,3,4] shows that the model breaks down above 40Zr. This hints at a potential new GCRS component, and TIGERISS will make measurements through 82Pb with superior charge reconstruction and resolution to search for new source signatures.




2.3. Future Prospects


SuperTIGER is mostly still on the high plateau in East Antarctica (  71 ∘    7.53 ′   S,   158 ∘    35.10 ′   E, 6629 feet), with only a high-priority item recovery on January 21, 2020 and a data recovery on November 6, 2021. Full recovery of the payload has been delayed by the global COVID-19 pandemic, and it is now almost entirely drifted over. Recovery was initially planned for the 2022–2023 Antarctic season before being deferred to the 2023–2024 season due to limited support resource availability. With the uncertain future disposition of the payload and current backlog of Antarctic flight requests, SuperTIGER has no plans for future flights. Fortunately for the franchise, extended UHGCR analysis from the first record-breaking 55-day SuperTIGER flight hinting at new science supported a successful proposal for its successor instrument.





3. TIGERISS


TIGERISS is a UHGCR detector selected in the second round of the NASA Astrophysics Pioneers Program being developed for launch to the International Space Station (ISS) in 2026. This experiment will carry forward the UHGCR science of TIGER [26] and SuperTIGER [35] and seek an explanation for GCRS model-breaking SuperTIGER results. The TIGERISS collaboration, like the instrument, has also evolved from SuperTIGER, building on the core of WUSTL and NASA GSFC and later on UMBC and NKU additions with Pennsylvania State University (PSU) and Howard University.



TIGERISS will, in one year, measure the UHGCR abundances through 56Ba with comparable statistics to SuperTIGER, while having the extended dynamic range for the first preliminary single-element charge-resolution measurements through 82Pb by an active detector. Extended operations would allow TIGERISS to make more significant UHGCR measurements that will cover a wider range of elements produced in s-process and r-process neutron capture nucleosynthesis, adding to the multi-messenger effort to determine the relative contributions of SNe and Neutron Star Merger (NSM) events to r-process nucleosynthesis.



3.1. Instrument Concept


TIGERISS will use the same fundamental charge identification techniques used by TIGER/SuperTIGER:   d E / d x   vs. Cherenkov and acrylic Cherenkov vs. silica aerogel Cherenkov, as well as multiple   d E / d x  , but with improved detectors. Figure 4a gives an expanded view of the TIGERISS instrument stack, with pairs of orthogonal silicon strip detector (SSD) layers above and below the aerogel (  n = 1.05  ,  β  ≥ 0.95, KE ≳ 2.12 GeV/amu) and acrylic (  n = 1.49  ,  β  ≥ 0.67, KE ≳ 325 MeV/amu) Cherenkov light-collection boxes. Figure 4b shows an expanded view of an SSD layer, which will provide both   d E / d x   measurements (∝Z2) and trajectory determination in place of the large-area compact wavelength-shifter bar readout scintillator detectors (dL/dx) and scintillating optical fiber hodoscopes (trajectory) used in the balloon-borne instruments. The more compact readout allowed by the SSDs and silicon photomultiplier (SiPM) modules TIGERISS will use on the Cherenkov detectors instead of photomultiplier tubes (PMTs) lets us build the largest possible instrument within the allowed payload envelope. An expanded view of a TIGERISS Cherenkov detector in Figure 4c shows that the Cherenkov-light radiators, in this case acrylic, will be at the top of the detector boxes to improve light collection over the bottom placement used in the balloon-borne instruments.




3.2. Payload Model Development


There are similarities and major differences in the design requirements for balloon and space payloads. SuperTIGER was designed to operate in the very low atmospheric pressure at stratospheric altitudes, as well as to deal with major shocks in excess of 10 g experienced when the parachute opens following termination and on landing. TIGERISS will need to operate in hard vacuum, will experience shocks during launch, and will undergo acoustic and vibration loads that SuperTIGER did not. Analysis of TIGERISS detector component and payload models for launch environment conditions will be followed by some component model tests to address specific Technology Readiness Level (TRL) concerns, and ultimately by the full payload being put through thermal-vacuum, acoustic, and vibration tests.



All TIGERISS systems must meet TRL standards for launch and the ISS environment that exceed those of balloon payloads, and systems that are changed from SuperTIGER particularly benefit from heritage with other instruments. Silicon detectors have been used on many space missions, including ACE-CRIS [42], Light Imager for Gamma-ray Astrophysics (AGILE) [43], Alpha Magnetic Spectrometer (AMS-02) [44], Energetic Particles: Acceleration, Composition, and Transport investigation (EPACT) on the Global Geospace Science (GGS) Wind satellite [45], Fermi-Large Area Telescope (Fermi-LAT) [46], Payload for Antimatter Matter Exploration and Light-nuclei Astrophysics (PAMELA) [47], Parker Solar Probe [48], and the Solar Terrestrial Relations Observatory (STEREO) [49]. TIGERISS will use daisy-chained detector ladders that are particularly similar to those used in AMS-02 [44] and Fermi-LAT [46]. TIGERISS SiPM components are similar to those used on two CubeSat missions, Ionospheric Neutron Content Analyzer (INCA) [50] and BurstCube [51], using carrier and summing electronics for SiPM arrays developed for APT [52] and the Antarctic Demonstrator for the Advanced Particle-astrophysics Telescope (ADAPT), Solar Neutron TRACking (SONTRAC) [53], and the High-Energy Light Isotope eXperiment (HELIX) [54]. TIGERISS will use a data acquisition (DAQ) system based on field-programmable gate arrays (FPGAs) based on that flown on the HyperAngular Rainbow Polarimeter (HARP) CubeSat [55] and in development for the HARP2 instrument on the Plankton, Aerosol, Clouds, ocean Ecosystem (PACE) mission [56].



The Japan Aerospace Exploration Agency (JAXA) Japanese Experiment Module (JEM) “Kibo” Exposed Facility Unit 10 (EFU10) location originally proposed for TIGERISS is now expected to be occupied by ECOsystem Spaceborne Thermal Radiometer Experiment on Space Station (ECOSTRESS) [57] when TIGERISS is planned to launch to the ISS in June 2026, and we were directed to investigate all possible ISS external payload accommodation sites. Until August 13, 2023, these included JEM-EFU6 and JEM-EFU7, as well as the European Space Agency (ESA) Columbus Laboratory external payload Starboard Overhead X-Direction (SOX) location. We have been notified by the ISS Program Office that the Global Ecosystem Dynamics Investigation (GEDI) payload [58] is planned until the end of the ISS for JEM-EFU6. None of the zenith-facing NASA EXpedite the PRocessing of Experiments to the Space Station (ExPRESS) Logistics Carrier (ELC) locations are expected to be available for TIGERISS. Detailed payload technical models for the SOX (Figure 5a) and JEM-EF (Figure 5b) locations are under development, including a standard JEM-EF model configuration and one 0.2 m wider for JEM-EFU7 that would require a JAXA waiver. Table 1 gives instrument dimensions and geometry factors for these models and the one used in the proposal.




3.3. Thermal Analysis


The thermal environment on the ISS is significantly different than for stratospheric-balloon payloads. SuperTIGER was able to maintain all detector and electronics systems within acceptable temperature ranges with the use of insulation and thermostat-triggered heaters on the most sensitive electronics. It also used a rotator system to point the solar array toward the sun, which introduced a fixed thermal gradient from the hot to cold sides. The widely varying solar illumination and Earth albedo conditions TIGERISS will experience require both active heating and radiator heat dissipation.



TIGERISS thermal analysis efforts have been carrying both Columbus SOX and JEM-EF payload configurations. With the elimination of the JEM-EFU6 location with an active coolant loop, just the JEM-EFU7 and Columbus SOX locations remain, which only have passive thermal control and heaters. Integrated ISS thermal modeling for a range of orbital conditions has been performed, with a focus on hot and cold cases to assess radiator sizing and heater power budget needs. Figure 6a shows the TIGERISS SOX mechanical model, including thermal radiators mounted to Columbus Laboratory, and Figure 6b shows the payload as part of the Integrated ISS thermal model. The launch and orbital cases where limited power is available for survival heaters, as well as the up to seven hours without power during installation, are also being studied. Current modeling finds that expected thermal conditions will be within TIGERISS component tolerances and that heater power and radiator space needs are safely within limits. As with SuperTIGER, TIGERISS will correct for time-varying detector gain responses from changing temperatures by normalizing detector signals using 26Fe and/or other of the more abundant cosmic ray nuclei species.




3.4. Predicted TIGERISS Measurements


Predictions for TIGERISS event statistics incorporate cosmic ray spectra and corrections for geomagnetic screening, instrument thresholds, and interactions in the instrument based on a method originally developed for the CALET [59]. For elements from 5B to 32Ge, energy spectra have been measured by the ACE-CRIS at the L1 Lagrange Point [60]. For UHGCR elements for which energy spectra have not been measured, the 26Fe spectrum is scaled using SuperTIGER relative abundances for elements through 40Zr [20]. The predictions between 40Zr and 60Nd are based on the assumed 20% odd/80% even splitting of charge pairs measured by HEAO-3-HNE [14], which agree reasonably with the SuperTIGER measurements [2], and abundances of elements in charge groups above 60Nd are scaled by SS abundances [39]. The level of solar modulation does not have a strong impact on the TIGERISS UHGCR measurements due to significant geomagnetic screening in the ISS   51.6 ∘   inclination orbit.



3.4.1. Statistics from One Year


TIGERISS GCR statistics for ISS observations have been generated for the new instrument models under study [6]. Figure 7a gives predicted one-year TIGERISS measurements for the proposed JEM-EF model (pink), Columbus SOX model (black), current JEM-EF standard model (green), and JEM-EF wide model (blue) configurations [6] compared with those from the first SuperTIGER flight (red) [1,2,3,4]. The expected TIGERISS one-year statistics are comparable to or better than those for SuperTIGER where their sensitive ranges overlap.



Table 1 shows that only the wide JEM-EF model has a larger geometry factor than the proposed TIGERISS instrument, but Figure 7a shows that all of the new models are expected to outperform it. Addressing subsystem interface requirements to constrain the mechanical model design envelopes for needed electronics, cabling, and thermal systems resulted in the standard JEM-EF instrument configuration in the proposal being downsized by 17 cm in length and 7 cm in width, as shown in Table 1. The superior performance of the newer models is due to the calculations used in the proposal only accepting events above a conservative energy threshold [61]. The current calculations [6] use the angle-dependent threshold energies derived for each element from Geant4 simulations, shown in Figure 7b. These results show that TIGERISS instrument models with higher confidence of design after the first year of development can deliver the scientific results promised in the proposal.




3.4.2. Statistics from Extended Observations


The ISS is now planned to operate through 2030, and if TIGERISS delivers as planned, its operations may be extended through the end of the ISS. Expected TIGERISS statistics from three years of observations under average solar modulation are shown in Figure 8 for the same payload configurations shown in Figure 7a. The increased UHGCR statistics from extended TIGERISS operations will resolve most even and many odd-Z elements, including the important 76Os, 78Pt, and 82Pb abundances, with greater statistical significance.






4. Conclusions


The stratospheric balloon-borne SuperTIGER instrument has made the best single-element resolution UHGCR measurements to date through 56Ba; the TIGERISS instrument, with a planned 2026 launch, will extend these to 82Pb with superior resolution. Switching from scintillator detectors to SSDs for position and charge measurement will provide better charge resolution and linearity for TIGERISS, allowing it to measure all GCRs from 5B to 82Pb with a single instrument. SuperTIGER results have shown that there is something missing from the OB Association GCRS model, and TIGERISS will probe for other GCRS signatures and test GCR acceleration models through 82Pb. With the one year of observations possible under the five-year performance period of the Astrophysics Pioneers Program, TIGERISS will test SuperTIGER measurements with different systematics. If these measurements agree, they will effectively double the UHGCR single-element resolution statistics through 56Ba. Regardless, TIGERISS will provide the first single-element resolution UHGCR measurements from 56Ba to 82Pb, measuring further up the periodic table the relative contributions of r- and s-process neutron capture sources to the GCRs.
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Figure 1. The grand cycle of galactic matter: massive star-forming regions give rise to SNe and NSMs, producing heavy nuclei that, along with ISM, are spread out into the galaxy by stellar winds and SN shocks. 
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Figure 2. (a) Technical model of SuperTIGER-2.1/SuperTIGER-2.2. (b) Expanded view of a SuperTIGER module. 
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Figure 3. (a) SS [39] (dashed black line) and GCR at ∼2 GeV/amu (solid red line) relative abundances normalized to 14Si. GCR data sourced for 1 ≤ Z ≤ 2 from [36], Z = 3 from [37], 4 ≤ Z ≤ 28 from [38], and 16 ≤ Z ≤ 56 from [1]. Gray dots depict overlapping measurements from [1,38]. (b) GCR measurements corrected for galactic propagation back to the source relative to a GCRS model of 80% SS [39] and 20% MSM [40] versus atomic number. Refractory elements (blue) and volatile elements (red). HEAO-3-C2 (Z ≤ 28) [38] and SuperTIGER (Z ≥ 26) [2,3,4,20] through 56Ba showing that the existing model is insufficient for elements above 40Zn. 
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Figure 4. (a) Expanded view of the standard TIGERISS payload technical model. (b) SSD expanded view. (c) Acrylic Cherenkov detector expanded view. 
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Figure 5. (a) Columbus SOX TIGERISS payload technical model. (b) JEM-EF standard TIGERISS payload technical model. 
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Figure 6. (a) Columbus SOX TIGERISS payload technical model showing radiators. (b) Columbus SOX TIGERISS payload thermal model. 






Figure 6. (a) Columbus SOX TIGERISS payload technical model showing radiators. (b) Columbus SOX TIGERISS payload thermal model.
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Figure 7. (a) Predicted abundances measured by TIGERISS after one year of operation [6] compared to those measured by SuperTIGER over its first 55-day long-duration balloon flight [1,2,3,4]. (b) Incident threshold energy (MeV/amu) required to trigger TIGERISS as a function of Z and zenith angle ( θ ) [6]. 
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Figure 8. Predicted abundances measured by TIGERISS after three years of operation [5,6], compared to those measured by SuperTIGER over its first 55-day long-duration balloon flight [1,2,3,4]. 
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Table 1. TIGERISS instrument dimensions and geometry factors.
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	ISS Attachment
	Length
	Width
	Height
	Area
	Geometry Factor





	JEM-EF proposal
	1.67 m
	0.67 m
	0.40 m
	1.12 m2
	1.66 m2sr



	Columbus SOX
	1.00 m
	0.90 m
	0.42 m
	0.90 m2
	1.28 m2sr



	JEM-EF standard
	1.50 m
	0.60 m
	0.42 m
	0.90 m2
	1.19 m2sr



	JEM-EF wide
	1.50 m
	0.80 m
	0.42 m
	1.20 m2
	1.83 m2sr
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