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Abstract

Penetrating gamma-rays require complex instrumentation for astronomical spectroscopy measurements of gamma-rays from cosmic sources.

Multiple-interaction detectors in space combined with sophisticated postprocessing of detector events on ground have lead to a spectroscopy performance which is now capable to provide new astrophysical insights. Spectral signatures in the MeV regime originate from transitions in the nuclei

of atoms (rather than in their electron shell). Nuclear transitions are stimulated by either radioactive decays or high-energy nuclear collisions such

as with cosmic rays. Gamma-ray lines have been detected from radioactive isotopes produced in nuclear burning inside stars and supernovae,

and from energetic-particle interactions in solar flares. Radioactive-decay

gamma-rays from 56 Ni directly reflect the source of supernova light. 44 Ti

is produced in core-collapse supernova interiors, and the paucity of corresponding 44 Ti gamma-ray line sources reflects the variety of dynamical conditions herein. 26 Al and 60 Fe are dispersed in interstellar space

from massive-star nucleosynthesis over millions of years. Gamma-rays

from their decay are measured in detail by gamma-ray telescopes, astrophysical interpretations reach from massive-star interiors to dynamical

processes in the interstellar medium. Nuclear de-excitation gamma-ray

lines have been found in solar-flare events, and convey information about

energetic-particle production in these events, and their interaction in the

solar atmosphere. The annihilation of positrons leads to another type of

cosmic gamma-ray source. The characteristic annihilation gamma-rays at

511 keV have been measured long ago in solar flares, and now throughout

the interstellar medium of our Milky Way galaxy. But now a puzzle has

appeared, as a surprising predominance of the central bulge region was

determined. This requires either new positron sources or transport processes not yet known to us. In this paper we discuss instrumentation and

data processing for cosmic gamma-ray spectroscopy, and the astrophysical

issues and insights from these measurements.
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Figure 1: The variety of astronomical messengers, their characteristics, and

their physical information. The regime near log(E)[eV]=6 is the subject of the

current paper. (Adapted from Diehl 2011).
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Cosmic gamma-rays and their spectra



The characteristic energies of gamma-rays are measured in energy units of

MeV 1 , 5–6 orders of magnitude above the typical energies of atomic transitions which shape spectra in the optical domain. Cosmic gamma-rays thus are

messengers of high-energy processes in cosmic sites. The typical binding energy of electrons in atoms are several eV, while binding energies of nucleons

in atomic nuclei are of order several MeV; hence, MeV gamma-rays are often related to nuclear transitions. Characteristic temperatures for gamma-ray

emission, according to Wien’s displacement law, would be 109 K (=’GK’) for

thermal gamma-rays; at such temperatures, objects would be unstable unless

confined, e.g. the interior of a star may be at temperatures of millions of K as

the large gravitational mass holds the object together, while nova and supernova explosions feature GK temperatures in their interiors. MeV energies are

above the rest mass energy of electrons, hence electrons and positrons at these

are relativistic.

Astrophysical sources of cosmic gamma-rays, therefore, are:

(1) nuclear-burning sites such as stellar explosions, as they release radioactive

nuclides which have been produced through nuclear fusion reactions in their

hot interiors [29]. These could be supernovae, such as from core-collapse of a

massive star at its terminal phase of stellar evolution (supernova types II and

Ib,Ic), thermonuclear supernovae related to disruptions of a white dwarf star

(supernovae type Ia), or novae, which are thermonuclear events on the surface of

a white dwarf star, which are not disruptive to the host star itself (reviews and

more detail on supernova variants can be found in [146] and [108]). Thermonuclear events on more-compact objects such as neutron stars and black holes will

be less likely to lead to significant expansion of the nuclear-burning site, and

thus remain non-transparent to gamma-rays produced herein; on neutron star

1 One MeV, or 106 eV), corresponds to a wavelength of about 10−12 m or a frequency of

1022 Hz.
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Table 1: Strongest spectral lines in the nuclear-physics part of the gamma-ray

domain between ' 0.1 and 10 MeV, and their characteristics

energy

(MeV)

0.078

0.122

0.478

0.511

0.847

1.157

1.173

1.275

1.332

1.634

1.809

2.230

2.313

2.754

4.438

6.129



source process



astrophysical origin

(source type)

ccSN interior nucleosynthesis

supernova nucleosynthesis

nova nucleosynthesis

nucleosynthesis, compact stars,

dark matter

supernova nucleosynthesis

ccSN interior nucleosynthesis

ccSN ejected nucleosynthesis

nova nucleosynthesis

ccSN ejected nucleosynthesis

cosmic ray / ISM interactions

massive-star and ccSN nucleosynthesis

energetic nucleon interactions

cosmic ray / ISM interactions

cosmic ray / ISM interactions

cosmic ray / ISM interactions

cosmic ray / ISM interactions



radioactive decay: 44 Ti

radioactive decay: 57 Ni

radioactive decay: 7 Be

positron annihilation

radioactive decay: 56 Ni

radioactive decay: 44 Ti

radioactive decay: 60 Fe,Co

radioactive decay: 22 Na

radioactive decay: 60 Fe,Co

nuclear excitation: 20 Ne

radioactive decay: 26 Al

neutron capture by H

nuclear excitation: 14 N

nuclear excitation: 24 Mg

nuclear excitation: 12 C

nuclear excitation: 16 O



3



surfaces, such events are termed type-I X-ray bursts [120]. Also, some products

of nuclear burning in the cores of normal stars may, under special circumstances,

be mixed out to the stellar surface, and hence be released as part of the stellar

wind, e.g. in the Wolf-Rayet phase of stars more massive than about 25 M .

Several lines have been observed, from supernovae, and from radioactive nuclides

accumulated in interstellar space (see Table 1).

(2) high-energy collisions in objects or interstellar space, which lead to excitations of nuclear levels, followed by de-excitation with accompanied characteristic

gamma-ray line emission [104, 64]. Such high-energy interactions also produce

continuum gamma-rays through the processes of inverse-Compton scattering,

Bremsstrahlung, and other radiation processes related to acceleration of charges

in strong fields such as curvature radiation and synchrotron emission. For the

purposes of this paper, we focus on spectral signatures rather than continuum

emission. Such high-energy collisions occur in interstellar space through cosmicray bombardment of interstellar gas, but also near cosmic relativistic-particle

accelerators such as solar flares, supernova remnants, pulsar wind nebulae, accreting binaries and supermassive black holes, and gamma-ray bursts. Often, in

these sites, continuum processes dominate in brightness, and therefore only in

solar flares have the characteristic spectral-line signatures from nuclear transitions been detected up to now. Interactions of low-energy cosmic rays (’LECR’)

appear to be closest to detection thresholds of current telescopes, while characteristic lines from nuclear transitions in accreting compact stars and their

plasma jets are beyond reach at present.

(3) Annihilation of particles with their anti-particles, such as electron-positron

annihilation, which results in a characteristic line at 511 keV energy from twophoton annihilation, and a characteristic spectral feature extending from 511

keV down into the 100 keV region, which originates from 3-photon annihilation

from the triplet state of the positronium atom which is formed on the mostlikely annihilation pathways [12]. This characteristic emission has been mapped

to occur in an extended region throughout the inner parts of our Galaxy, has

been reported also from a few transient events in compact sources, and has been

observed in great detail from solar flares [98].
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Telescopes for cosmic gamma-rays



At gamma-ray energies, interactions with the detector material of the astronomical telescope have a character different from lower energies: Up to X-ray

energies, photons interact within a small volume, while at gamma-ray energies the penetration depth into any material is macroscopic, of size mm to cm.

Therefore, the mirror or lens optics which characterizes astronomical telescopes

at lower energies (or longer wavelengths) becomes unfeasible, and the aperture

of the telescope is identical to the detector’s surface area. The detector itself,

correspondingly, converts the photon energy into a signal across a macroscopic

depth range rather than a thin surface region. The physical processes which are

responsible for such interaction are
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Figure 2: Examples of telescopes for MeV gamma-rays. Left: The principles

of interactions of primary&lt;file&gt;

photons are shown in the sketch of a Compton telescope, with detector components for the primary interaction, the tracking of

secondaries, the measurement of total energy, and detection of energetic charged

particles causing instrumental backgrounds. The picture (on top) shows a laboratory prototype [61]. Center: The spectrometer on INTEGRAL is a codedmask telescope. Right: The main instrument components, i.e. the coding mask

made of tungsten and the ant coincidence detector system with 254 photomultipliers (upper figures), and (lower figure) the detector plane which consists of

Ge detectors which optimize spectral resolution. Figure courtesy CNES.

(1) Compton scattering, i.e. the inelastic scattering of the incident photon on

an electron, which produces a secondary photon with reduced energy and an

energized secondary electron, and

(2) Pair production, i.e. the conversion of the electromagnetic energy of the

photon into a pair of electron and anti-electron (positron) in the electric field

of a nucleus of the detector material. Pair production has a threshold energy of

1.022 MeV, the rest mass of the pair of electron and positron. The excess energy

and momentum of the incident photon are distributed to the pair of particles,

and thus the tracks of these ionizing particles can be traced with appropriate

detectors.

Bremsstrahlung may convert some of the particle energy of the secondary

into photon energy, however, and may complicate tracking due to the larger

range of photons in material compared to the charged leptons. Compton scattering results in a secondary photon, with an energy of about the same order
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of magnitude as the primary photon, hence with a similar range within the detector before a second interaction and partial energy deposit occurs. Therefore,

successive Compton scatterings and their total range constitute the upper end

of the required detector size. The interaction depth will vary from photon to

photon, reproducing the probability distribution given by the effects of Compton scattering (between about 0.1 and about 2 MeV) and pair production (at

higher energies), respectively. But event by event, interaction depths will vary

by macroscopic amounts.

This leads to a degradation of imaging resolution, from the scatter of interaction depth in the detector pixel. Similarly, spectroscopic resolution depends

on the homogeneity of energy deposits and its conversion into the signal amplitude across the pixel depth (and area). At the high-resolution limit, the intrinsic

energy distribution of the electrons in the detector material, with which the photon interacts, sets a lower limit on energy resolution: Atomic electrons which

Compton-scatter the incident photon will have different energies according to

their atomic orbits, and impose statistical fluctuations at the tens-eV level to

the energy of the secondary electron from such Compton scatter, which together

with the secondary photon carries the energy of the incident photon.

The secondary photons and particles which are characteristic for high-energy

interaction processes of photons with materials have energies below and up to

the primary photon’s energy, say MeV. In contrast to detectors at GeV energies

or above, the number of secondaries is rather small, and the number of total

interactions from the primary interaction down to deposition of the total energy

of the primary photon also is relatively small. In GeV detectors, secondaries

produce copious secondary ionization, and, since energies are large, one may

add thick passive intervening mass layers into the path of secondaries to simply

multiply their number, thus enhancing the ionization trace of secondaries. At

MeV energies, each single interactions is ’precious’ and should be measured with

as much precision as feasible, to maximize the information about the primary

photon, specifically about its energy and its arrival direction.

For these reasons, the technology of Compton telescopes has been assessed

to be most promising and effective as an astronomical instrument. Here, a large

active detector volume ensures that both primary and secondary interactions

can be measured in sufficient detail through measurements of energy depositions

and momentum vectors. Still, the interpretation of these signals is not straightforward, as the Compton scattering, Bremsstrahlung, and pair processes cannot

be inverted directly into reconstruction of the primary photon’s energy and

arrival direction [137, 149]. The statistical fluctuations inherent to measurements of energy deposits and track directions add to the resolution limitations

of detector elements in spatial and energy dimensions, and are responsible for

instrumental limitations.

Additionally, the lack of focusing and therefore identity of photon detection

and collection areas imply that the instrumental background present in the detector itself is more important, not being suppressed by a collection/detection

enhancement factor which is common to other telescopes. Moreover, instrumental background dominates the total number of measured events, and those
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are difficult to disentangle from the few desired cosmic-photon detection events.

This is due to the physical origins of background, which are mostly the same processes that also create cosmic photons of interest: High-energy particle collisions

from cosmic-ray bombardment of the instrument and its supporting structures

result in continuum photons as well as nuclear line emission, as discussed above.

The prompt background events can be rejected when the primary charged particle or cosmic ray can be detected with a suitable detector system, and used

in anti-coincidence to eliminate detection events which occur within a short

time window after the high-energy particle traversal. But delayed background

events from short- or long-lived radioactivities or nuclear excitations cannot be

rejected. These must be identified from their behavior in data space and their

characteristics, as they might differ systematically from cosmic photon events.

Such filtering is not perfect, due to statistical broadening of signals, and also

may eliminate some desired cosmic photon events. Therefore, the processing of

gamma-ray detector signals and rejection/suppression of background is complex,

and often a major threshold for astronomers to make use of MeV gamma-ray

telescope data in broader studies. MeV gamma-ray spectroscopy is mostly done

by a small group of astrophysicists which also are specialists in such instruments.

Cosmic gamma-ray spectroscopy was initiated by space exploration programs and nuclear radiation detectors in the 1960ies. The first cosmic lines

reported were the positron annihilation line near 500 keV from the Sun and

from the Galaxy, later the detection of interstellar decay of 26 Al, and the first

detection of supernova radioactivity gamma-rays in SN1987A. Broader studies of the gamma-ray sky were then undertaken through NASA’s Compton

Gamma-Ray Observatory mission (1991-2000), and through ESA’s INTErnational Gamma-Ray Astrophysics Laboratory (INTEGRAL) mission. Gammarays from the Sun and its flares had been studied with the Solar Maximum

Mission (SMM) (1980-1989) and its scintillator-based Gamma-Ray Spectrometer instrument (Forrest et al. 1980), and later with the Reuven Ramaty HighEnergy Solar Spectroscopic Imager (RHESSI; 2002–present) [78, 117], which

featured Ge detectors and corresponding high (keV-type) spectral resolution at

gamma-ray energies. Several balloon-borne instruments contributed also significant spectroscopy results, such as the Ge detector equipped experiments of

GRIS [124] and Hexagone [30] in the 90ies, and more recently the TGRS experiment on the WIND spacecraft [114] and the Nuclear Compton Telescope

(NCT) balloon experiment [7].

CGRO had two gamma-ray spectroscopy instruments on board, the COMPTEL Compton telescope [113], and the OSSE Spectrometer [58]; both featured

a modest spectral resolution of order 10% (FWHM). This is inadequate for any

gamma-ray spectroscopy in the sense of identifying new lines or constraining

kinematics of source regions through line shape measurements, as we now know

from high-resolution instruments based on semiconductor detectors, such as INTEGRAL’s SPI spectrometer which provide resolutions of ' 0.1% . The GRSE

instrument which was originally foreseen to address nuclear-line spectroscopy on

this spacecraft, was removed during mission preparation following cost overruns.

A ’Nuclear Astrophysics Explorer (NAE)’ [88] mission was discussed for a while,
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and was integrated later through a gamma-ray spectrometer into ESA’s INTEGRAL mission concept [145]. But the first-generation instruments on CGRO

were essential in exploration of the gamma-ray sky, and COMPTEL’s imaging

capabilities at MeV energies are still the best we have.

The INTEGRAL space mission of ESA [145] is a current example of cosmic

gamma-ray instrumentation. The satellite platform hosts two main instruments

employing the coded-mask technique of imaging, the SPI spectrometer [131] and

the IBIS imager [130], in addition to monitor instruments, the JEM-X codedmask X-ray telescope addressing lower energies with a wider field of view, the

OMC optical monitor camera for simultaneous optical exposure of the target

sky regions, and the IREM charged-particle monitor detector system recording

the cosmic-ray irradiation. The field of view of the main instruments are of

similar size of order 10◦ (IBIS 9x9◦ , SPI 16x16◦ , fully-coded parts, corner-tocorner). The large field of view is defined by the hexagonal arrangements of the

19-element Ge detector camera (70 mm deep, 55 mm wide detectors, covering

a densely-packed 268 mm wide camera plane) and the 127-element tungsten

mask with 6 cm wide elements, which is placed 170 cm above the camera itself.

Dithering the satellite pointing direction around a celestial target direction in

' 2◦ steps helps to add more modulation to the sky signal, so it can be separated

from the (' constant) instrumental background. The background should not

vary within small attitude changes, and a very eccentric 3-day orbital period

reaching far out and away from radiation belts (maximum distance from Earth

150,000 km)was chosen to provide slow background variations. Typically, the

satellite pointing is changed every ' 1800 s, and observations way vary from

tens of ks to Ms, depending on science target.

The SPI spectrometer is INTEGRAL’s instrument for gamma-ray spectroscopy. It features a set of 19 coaxial Ge detectors operating in the energy

range 15–8000 keV, with a detection area of 250 cm2 total and a nominal sensitivity of ' 3 10−5 ph cm−2 s−1 (3σ, 1 Ms observing time. SPI’s energy resolution

is typically E/δE=500 or 3 keV at 1300–1800 keV, due to high-purity n-type

Ge semiconductor detectors operated at ' 80 K and ' 4 kV, with annealings

maintaining this spectral performance [110]. This allows spectroscopy of nuclear

lines through unambiguous identification of line energies.

Other current facilities in the field of cosmic gamma-ray spectroscopy include

the RHESSI solar observatory [78], the Gamma-Ray Burst Monitor scintillation

detectors (modest energy resolution (10% FWHM)) aboard the Fermi gammaray satellite launched in June 2008 [91], and the NuSTAR mission [42] launched

in June 2012 and equipped with a focusing hard X-ray mirror and detectors operating between 6 and 79 keV, thus including lines from radioactive decay of 44 Ti

at 68 and 78 keV, the lowest-energy lines known from any cosmic radioactive

decay.
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THE RHESSI SPECTROMETER



Figure 1. Cross-sections of a RHESSI detector. (A) A detector profile with field lines, with the

field line marking the segment boundary in bold dashes. (B) A detector in the cryostat, showing

Ta/Sn/Fe/Al shielding around the side of the front segment and above the shoulder of the rear

segment.



Figure 3: The Ge detector for the RHESSI instrument (Fig. B, center). Charge

collection across the detector volume is somewhat inhomogeneous due to the

pulseelectric

that can be amplified
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U. C. Berkeley and Lawrence Berkeley National Laboratory and the manufac-



turer, ORTEC (currently a division of AMETEK). The shape is a variation of a

‘closed-end coaxial’ detector, the industry standard design for large volumes and

high gamma-ray sensitivity. The ultrapure, slightly n-type germanium material is

doped in a very thin outer layer with boron on the front and side surfaces, and a

thicker, n-type layer of diffused lithium ions on the inner bore. The rear surface

is left as an insulator. When 2000–4000 V is applied between the inner and outer
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photon and its secondaries within the volume of the detector, and to produce an

electrical signal which is proportional to the total energy deposit of the cascade.

High levels of background radiation lead to detectors which respond quickly,

and have short dead times.

Here, scintillation detectors have an advantage. The issue with scintillation

detectors is to ensure a homogeneous and linear light collection over the volume

of the scintillation detector. Imperfections result in different signal amplitudes

per energy deposit, depending on the location of interactions within the detector

volume. The spectral resolution required for identification of gamma-ray lines

and relating them to specific nuclear transitions practically can only be achieved

through solid state detectors.

Solid state detectors operate through collection of the charge liberated from

photon interactions as electrons are activated into the conduction band. In

semiconductor detectors, a small band gap of few eV only allows very sensitive high-resolution detectors. Germanium detectors have been established as

standard in terrestrial nuclear-physics experiments, and also space borne cosmic gamma-ray experiments; Ge detectors have been reviewed recently [133].

In recent years, CdZnTl detectors have become popular, because they can be



9












        

  


      Download GammaSpectr revised Diehl

        


        GammaSpectr_revised_Diehl.pdf (PDF, 7.92 MB)

        

        Download PDF


        

    


  




        
  Share this file on social networks

  

  

  
    
      
    
     
  
    
      
    
     
  
    
      
    
     
  
    
      
    
  
  







        
  
  Link to this page

  


  Permanent link

    Use the permanent link to the download page to share your document on Facebook, Twitter, LinkedIn, or directly with a contact by e-Mail, Messenger, Whatsapp, Line..


  
  
  Copy link
  

  

  
      


      Short link

      Use the short link to share your document on Twitter or by text message (SMS)


      
        
          
          Copy link
        

      
      

  


  HTML Code

    Copy the following HTML code to share your document on a Website or Blog


  
  
    PDF Document GammaSpectr revised Diehl.pdf
    Copy code
  

  
  



  QR Code to this page

    

      [image: QR Code link to PDF file GammaSpectr_revised_Diehl.pdf]

      


      
  

  
  




This file has been shared publicly by a user of PDF Archive.

Document ID: 0000146277.

 Report illicit content





      

    

  













  
  
    
      
        
          [image: PDF Archive]
        

        
          2023 · 
          Legal notice · 
          Terms of use

          Privacy policy / GDPR ·

          Privacy settings ·

          Contact
          

          Report illicit content · 
          FR · 
          EN
        

      

    

  





















    