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Introduction 
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Since the creation of stars and galaxies shortly after the Big Bang, much of the matter in the Universe has been through a spectacular lifecycle: stellar formation and evolution ending in novae or supernovae, with the ejection of energetic particles and nuclei seeding new generations of matter and stars. Much of modern astrophysics and cosmology is based on our limited understanding of this complex cycle. The goal of medium-energy gamma-ray astrophysics is to provide unique and direct insight into this cycle through the study of accompanying gamma-ray emissions.
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The value of astrophysical information carried by gamma-ray photons with energies ~0.4–500 MeV has long been clear. Nuclear line transition energies are practically unique, identifying individual isotopic decays or processes such as electron-positron annihilation. Furthermore, relativistic effects in photon production and interaction processes produce distinctive continuum spectral shapes. Gamma rays are highly penetrating, easily traversing entire galaxies and escaping from transient events such as supernovae on timescales of weeks. Gamma rays provide probing diagnostics of many astrophysical sources, and in some cases are the only accessible means of interrogation.

Despite great scientific promise, observational challenges are substantial. Medium-energy gamma rays cannot penetrate Earth’s atmosphere, so remote observations from space or stratospheric platforms are required. Source fluxes are small compared to large and complex particle-induced backgrounds in these environments, so instrument sensitivities are paramount. The overriding challenge is to overcome hostile backgrounds and achieve the needed sensitivity in space-deployable packages. The small number of observations made by current-generation instruments indicates the importance of sensitivity. Limited by the technologies of the day, these instruments could not overcome backgrounds to achieve the sensitivity needed for major scientific progress. The successful gamma-ray surveys from COMPTEL [1] and EGRET [2, 3] resulted in catalogs of discrete sources and maps of diffuse emission (Figures 1 and 2). The COMPTEL catalog is relatively small compared to the thousands of objects observed in neighboring X-ray and high-energy gamma-ray bands. The result is a major gap in modern astrophysics.

Current missions such as AGILE [6] and Fermi [7] are expected to make many breakthrough discoveries revealing the characteristics and behavior of high-energy sources. Both telescopes cover a very broad energy range from ~20 MeV to >10 GeV. However, neither instrument is optimized for observations below ~500 MeV, where many astrophysical objects exhibit unique, transitory behavior, such as spectral breaks in AGN. Hence, while significant progress from current observations is expected, there will nonetheless remain a significant gap in the medium-energy regime.

In this paper we submit that the technologies needed to overcome the medium-energy gamma-ray sensitivity barrier and associated limitations in angular and energy resolution are within reach in the next 5–10 years if technology development funding is available.

Scientific Motivation 
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Medium-energy gamma-ray astronomy has the potential to make important contributions to the solution of several long-standing problems central to modern physics, astrophysics, and cosmology. These include the detection of nuclear lines, dark matter annihilation processes [8], measurement of the extragalactic background radiation fields and the strength of cosmic magnetic fields, the processes that lead to the growth of black holes, the earliest epoch of star-formation [9], and the study of the most extreme particle accelerators in the Universe. The 5–30 MeV energy range is one of the least explored regimes opening up a variety of new phenomena for study, e.g. micro-quasars, colliding wind binary systems, etc. 
What does the universe look like in medium-energy gamma-rays when the compact sources and diffuse emission are resolved? 

The discovery potential is very high and we highlight a few of these subjects that will be most significantly addressed by a medium-energy gamma-ray mission.
Nuclear Lines 

The most effective tracers of recent nucleosynthesis in our Galaxy are ~MeV gamma-ray lines from the radioisotopes 56Ni, 57Ni, 44Ti, 26Al, and 60Fe. Because their half-lives range from days to millions of years, these isotopes provide a measure of both the “prompt” emission from individual explosive events, as well as the “delayed” or cumulative emission of material mixed into the interstellar medium. The “prompt” lines provide unique and essential information about the physics of supernova and nova explosions. For example, prompt supernova gamma rays provide the only direct means of probing early density variations and elemental mixing fundamental to the nature of the explosion processes. Understanding these processes is important not only for cosmic explosion physics, but also for the important role they play in the use of these explosions as cosmological “standard candles.” 
As radioactive materials and emissions (e.g., positrons) are expelled from explosive events, they mix into the surrounding medium and provide further information about the kinematics of the ejecta as well as the composition of the medium. Over millions of years, they drift away from their progenitors, and thereby trace the evolving structure of the Galaxy. For example, the COMPTEL and INTEGRAL maps of 26Al emission show enhancements from the inner Galaxy that may indicate regions of recent star formation (Figure 3). Similarly, current maps of 511 keV annihilation radiations provide tantalizing clues about the processes that drive the Galactic Center (and perhaps those of all galaxies). Future, high angular resolution imaging will further our understanding of these processes. 
Continuum Emission 

The physics revealed by gamma-ray continuum emission is ideal to probe the inner workings of cosmic particle accelerators in the trans-relativistic to relativistic regimes. This emission provides insights into the nature of acceleration processes in active galactic nuclei (AGN), pulsars, black holes, gamma-ray bursts (GRB), and solar flares. In most cases only sparse medium-energy gamma-ray observations of these objects exist, and extrapolations from X-ray and high-energy (>1 GeV) observations are insufficient for compelling physical models. However, the few existing observations provide strong indications that sensitivity was the limiting factor to uncovering unique populations and processes. For example, there was tantalizing evidence from COMPTEL and EGRET of a population of medium-energy blazars that would complete our understanding of AGN between X-ray emitting Seyfert galaxies and GeV-emitting blazars.

Gamma Ray Bursts

These are events of high energy emission par excellence, in that their energy of peak luminosity Ep ranges from ~0.1–3 MeV. The statistics of the BATSE catalogue [11] indicate a log-normal distribution in Ep with a maximum at Ep ( 200 keV. However, because the typical redshift z of these bursts is likely greater than one (as found by subsequent missions that were able to determine GRB redshifts), the characteristic value for Ep is brought up to about the electron rest mass. While the GRB luminosity peaks at around Ep, frequently it extends well above this value, occasionally reaching energies in the GeV region as found by EGRET [12] and the LAT aboard Fermi [13]. The spectrum and statistics of GRB emission at energies E > Ep is of importance in the determination of their total luminosity and the mechanism of GRB emission. For example there is a limit in the maximum energy emitted by synchrotron radiation, set at EM ~ 25 MeV, the magnetic field strength independent energy at which the electron synchrotron loss time equals their gyro-period (the shortest acceleration time). In fact, the very presence of a characteristic energy in the GRB spectra such as Ep poses significant theoretical questions (this is true for any non-thermal spectrum that in general does not produce a characteristic energy (see pulsar section). Their cosmological origin and observed brightness implies that the emitting plasma must be beamed toward the observer with Lorentz factors ( in the order of 100's [14]; in the simplest models that imply the observed spectrum to be synchrotron radiation, Ep ( (4, indicating that small changes in ( can lead to large dispersion in the Ep; the very fact that Ep ( mec2 is likely rather significant, but there is but little theoretical justification for this. Monte Carlo studies of the Ep distributions expected in a large number of models [15] were found to be much broader than observed, mainly because of the strong dependence of Ep on (. Perhaps an exception (not considered in [15]) is the model of [16, 17] that relies on the process of bulk Comptonization to produce Ep ( 1 MeV, in the Earth frame, independent of the value of (. Interestingly, the bulk Comptonization process is also likely to produce high polarization of the observed radiation, more so than even synchrotron [18]. In addition to these properties concerning the spectrum and polarization near Ep, there is mounting evidence from both EGRET and Fermi observations that the emission at E ( 5 MeV is delayed with respect to that of the lower energies near Ep [19, 13], suggestive of the emergence of a different component, possibly of different polarization properties altogether.

Despite the progress on GRB following the Swift mission, the Ep of most GRB detected were outside the BAT range thus depriving a follow up of this most important spectral band. Spectro-polarimetric observations in the 0.4–500 MeV band will go along way to answer a large number of open questions and lead to a deeper understanding of GRB physics: What is the value of Ep and how is it distributed amongst GRB? Is emission at E ( Ep a common occurrence? How far does it extend? Is it due to a different process? Is there a systematic delay between these two bands?
Pulsars, Galactic Black Hole Candidates (GBHC), and AGN 
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One of the most important early discoveries of Fermi has been the ubiquitous nature of pulsar emission in the >100 MeV band. Apparently Fermi has detected many of the pulsars known from radio observations plus a number of new ones determined to be so exclusively from gamma-ray observations with 
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 greater than a certain threshold, where 
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is their spin-down luminosity and d their distance. This is a rather extraordinary fact, indicating that their emission, even though beamed, sweeps the entire sky roughly isotropically with most luminosity in the > 100 MeV energy region. As determined by Fermi, their 
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 spectra are consistent with power laws of roughly equal energy per decade or peaking in the GeV range, all with a cut-off in the 1–10 GeV range. However, as implied also by the COMPTEL observations [20] (see fig. 4), there is an additional, most important low energy break in the pulsar spectra in the 1–10 MeV range. A characteristic energy in any broad band spectrum is extremely valuable, as it provides unique information about its formation, denoting in general a balance between the effects of one (or more) diverse processes involved in its formation. In the particular context of pulsar emission, it is generally believed [21] that the entire high energy (keV–GeV) spectrum is due mainly to curvature radiation and its characteristic spectrum, 
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, but with its E > ~10 MeV component being softer (
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) due to radiation reaction. It is also thought that for certain values of the pulsar parameters synchrotron and Inverse Compton emission by electrons flowing along the field lines would also contribute to the E = ~10 MeV band. Just as in the case of GRB, these processes are likely to have different polarization signatures. Therefore, combined spectral and polarimetric observations in the 0.4–500 MeV energy range are an indispensable tool for deciphering the processes underlying the high energy pulsar emission.

It is well established that accreting BH whether on the stellar or galactic scale release a large fraction of radiation at energies in excess of a few keV. There is a plethora of models that provide for such an emission, most notably hot coronae above cooled geometrically thin, optically thick accretion disks. In addition, of great importance are the models of radiatively inefficient accretion flows (ADAF) [22], mainly because, contrary to the coronal models, the high energy emission is an integral part of the dynamics of the accretion flow. However, with the X-ray observations indicating the bolometric spectral power to rise with energy, determination of the energy of peak luminosity is of fundamental importance in deciding both the (otherwise unknown) energy budget of these objects and also highest energy electrons responsible for the observed emission. Unfortunately, the limitations of today’s instrumentation have hampered a quantitative answer to this question for the majority of accreting black holes, i.e. those associated with GBHC and Radio Quiet AGN (RQAGN), only a handful of which have been positively identified to emit at energies E ( 3 MeV [23]. Does this represent a limit in RQAGN and GBHC emission? What the energy of their peak luminosity? Is it due to a limit in the electron energies or possibly to ( - ( absorption? These are questions whose answers are of fundamental importance in understanding the physics of the accretion flows that power these objects. Answers to these questions require larger samples of objects, obtained through observations of much higher than hitherto sensitivity in the 1–10 MeV band.

Altogether different sources of E > 1 MeV emission are the blazars, whose broad band spectra extend from the radio to TeV gamma rays. These exhibit a great variety in their spectral distributions, with their peak luminosity (in the flaring state) ranging in energy from E ~ 1 MeV (CTA 102, 3C 454.3 [24]) to E > 100 MeV (3C 279 [25]). A well-defined set of high-sensitivity observations of peak luminosity covering the entire energy band (MeV–GeV) will constrain models and address questions such as: What is the physics that determines the energy of peak luminosity and its shift from E ( 1 MeV to E ( 100 MeV in different blazars? What is this distribution in their non-flaring state? 
Discover Potential 

Are the gamma rays from astrophysical sources polarized?

In addition to the enticing hints by previous sparse observations, the realm of polarization is practically untapped. No unambiguous gamma-ray polarization observations have ever been made, but are feasible in the near future. Polarization can uniquely probe the physics of relativistic jets, such as those believed to exist in AGN and GRB sources. It could also provide the only direct means of assessing the geometry of particle acceleration processes in black holes, pulsars, and solar flares.
Required Technology Advances 
Detection methods in the ~0.4–500 MeV range are as diverse as the physical processes that produce those gamma rays. Two methods that are inescapable in this range are Compton scattering and pair production. At the low end of the scale, 400 keV is close to the effective useful upper end of the photoelectric effect. The photoelectric effect has been used effectively in space at 500 keV and below for transient measurements and for steady-state sources with collimated/shielded spectrometers. The best application for imaging is the INTEGRAL mission, in the form of coded aperture cameras. Above this energy, the utility of coded aperture cameras has been largely restricted to narrow lines, because the spatial modulation in the focal plane drops rapidly with increasing energy. This is due to the rapidly decreasing photoelectric cross section, the increasing transmission of the mask/occulter and rapidly increasing induced nuclear background components.

Above ~400 keV (up to ~10 MeV), the “nuclear range,” Compton scattering has the greatest cross section and is a logical energy to transition to the Compton effect for the detection of gamma rays. Compton telescopes are the instrument of choice in the nuclear range where the instrumental background can be very high. The coincidence requirement of a Compton telescope greatly reduces the effect of the internal nuclear background in the detecting elements. Coincidence windows (0.1–1 µs) and time-of-flight measurements (1–10 ns) allow few interloper events, either from accidental coincidences or from neutrons or photons outside the field of view. However, simple coincidence requirements seem, by themselves, not to provide sufficient background rejection to optimize the sensitivity to the levels required today. Some assistance is necessary either in the form of detecting and measuring the momentum of the recoil Compton electron or using the highest resolution time-of-flight restrictions.

Detecting materials where the physical motion of charge takes place, e.g., Si, Ge, CZT, gas, have relatively poor time-of-flight resolution as compared to scintillators, e.g. COMPTEL. Thick solid state detectors that have excellent energy resolution are also a possibility. Solid state detectors require sophisticated data processing to identify background events and cannot track the recoil electron. Only scintillation-based Compton instruments have demonstrated the ability either on a balloon or orbiting platforms to detect and measure celestial gamma-ray sources. Further research into these methods of gamma-ray detection is necessary to advance the field.

Above ~10 MeV, pair telescopes, either using gas or layered solid state detectors take over from Compton telescopes. All instruments in this range rely on the pair production process and the tracking of the electron-positron pair. The incident direction, energy, and polarization of individual gamma rays are reconstructed through kinematic analysis of measured positions and energies of electron-positron pair. The technique enables simultaneous imaging, spectroscopy, and polarimetry of medium-energy gamma rays over a broad (several steradian) field of view. 
For gas detectors, high spatial resolution time projection chambers show promise. New designs under development push the energy range down to below 10 MeV such that it overlaps with that of Compton telescopes and may provide significant polarization sensitivity. The angular resolution at these low energies is limited by the momentum transfer to the nucleus. At these low energies, it is difficult to make solid state detectors thin enough to avoid significant electron scattering which destroys polarization sensitivity. 
Instrument Requirements 

Because the sky from 0.4–500 MeV is rich in objects and structure, advancing our scientific understanding requires gamma-ray telescopes with optimum angular resolution and improved sensitivity. Sensitivity is determined by the effective area and angular resolution. These properties are not independent. Increasing the effective area of a telescope will improve sensitivity by collect more photons. However, the angular resolution must also be improved otherwise source confusion will limit the scientific return. The detailed design trade-offs to optimize the angular resolution of Compton scatter and Pair Production telescopes while improving sensitivity are beyond the scope of this paper. However, the technologies to achieve these designs exist now and the developments that are needed in the next decade are briefly described. 
Compton Scattering Telescopes 
In the case of Compton scattering, accurate reconstruction of the incident gamma-ray energy and direction relies on precise measurement of the location and energy of the recoil electron, and the relative position and energy of the scattered photon. One approach to making these measurements uses two position sensitive detectors. COMPTEL consisted of two arrays of large-volume, ~1200 cm3 each, scintillation detectors. These measurements are sufficient to reconstruct the energy of the incident photon and the Compton scattering angle. This angle defines the reconstructed direction of the incident gamma ray. The azimuthal angle, however, is not constrained and the “event circle” is an annulus on the sky with radial width determined by the measurement error. The direction of the incident gamma ray is equally probable from any point on the event circle. 
The initial direction of the recoil electron is parallel to the gamma-ray polarization vector and must be in the scatter plane of the photon to conserve momentum. Thus, if the direction of the recoil electron is measured, then the event circle is reduced to an “event arc,” with small azimuthal extent. A detector that can measure the recoil electron direction and energy can also measure the directions and energies of the electron and positron from higher energy photon pair production. Thus, the sensitivity of a Compton telescope with electron tracking is both improved and extended to higher energies. 
The technological challenges are to develop low background fast scintillator detectors with excellent energy resolution and recoil electron track imaging detectors. 
Pair Production telescopes

Pair telescopes rely on accurate determination of the momentum of the electron and positron to reconstruct the gamma-ray incident direction, energy, and polarization vector. The recoil momentum of the nucleus, required conserve momentum, is not readily measurable and represents a hard limit on the angular resolution. Coulomb scattering of the electron and positron traversing the detector further degrades the angular resolution. 
The best achievable angular resolution is obtained by measuring the electron-positron directions before Coulomb scattering dominates, ( 10-3 Radiation Lengths. The technological challenge is to design an electron track imaging detector with low-density and high sampling resolution. 
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Fig. 1.	All-sky map of gamma-ray continuum emission (1–30 MeV) based on COMPTEL observations [4]. This map illustrates the current fuzzy state of nuclear gamma-ray astrophysics.





Fig. 3.	All-sky map of 26Al line emission based on COMPTEL observations showing recently synthesized matter in the inner Galaxy [10].





Fig. 2.	Catalog of 273 discrete gamma-ray (>100 MeV) sources from EGRET observations [5].








Fig. 4 The � EMBED Equation.3  ��� distribution of pulsed emission by the pulsars PSR B1951+32 (top) and PSR B1509-58 (bottom) from the multi-keV to GeV band. The emission exhibits a break at a few MeV indicative of a characteristic energy in the emission process.
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