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Abstract: The Nuclear Compton Telescope (NCT) is a balloon-borne soft gamma ray (0.2-10 MeV) telescope de-
signed to study astrophysical sources of nuclear line emission and polarization. The heart of NCT is an array of cross-
strip germanium detectors, designed to provide 3D positions for each photon interaction with full 3D position resolu-
tion to < 1.6 mm3. Tracking individual interactions enables Compton imaging, effectively reduces background, and 
enables the measurement of polarization. A 10-GeD version was flown on May 17-18 2009 from the Columbia 
Scientific Balloon Facility in Fort Sumner, NM, with total flight duration of 38.5 hours. The Crab Nebula was the 
primary target for the flight. Analysis of the data reveals an image of the Crab, which was detected at a significance 
of 4� in 29.3 ks of observation time. This is the first reported detection of an astrophysical source by a next genera-
tion Compton telescope.  
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1 Introduction 
 
Soft gamma rays (200 keV – 20 MeV) are important 
probes of the most violent and extreme processes in the 
cosmos, such as neutron stars, X-ray binaries, and Active 
Galactic Nuclei (AGN). They also come from the decays 
of many radioactive nuclei that are released by supernova 
explosions, such as 26Al, 60Fe, and 44Ti. Observation of 
these gamma rays could probe deep within these often 
obscured systems and make unique and complementary 
observations of their nature. 
 
At this energy range, Compton effect provides largest 
interaction cross-section. Gamma ray photon with energy 
Eγ0 scatter with an electron and is deflected by an angle � 
with a photon energy Eγ1, 
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where mec2=511keV is the rest mass energy of the elec-
tron [1] . If both the direction of the scattered photon and 
cos� can be measured, then the photon’s direction can be 
constrained to a circle on the sky (the “Compton circle”). 
The Compton effect is also sensitive to the polarization 
of the incident photon through the Klein-Nishina cross-
section [2], enabling a Compton telescope to potentially 
measure the polarization of a gamma-ray source. 
 

The first satellite-borne Compton telescope was COMP-
TEL on board the Compton Gamma Ray Observatory 
(CGRO) [3]. CGRO retired in June 2000 and some in-
struments had been upgrade to new satellite mission, 
such as Fermi gamma ray satellite [4] replaces the func-
tion of EGRET on CGRO. However, there is no replace-
ment for COMPTEL now. Also, COMPTEL consisted of 
two layers of scintillator detectors spaced by1.5 meters; 
its angular resolution was poor and took out a large space. 
Many institutions are developing the compact Compton 
Telescopes (CCTs), which aim for a compact size detec-
tor with fine position and fine energy resolution to track 
individual gamma-ray interactions within the detector 
volume.  
 
The Nuclear Compton Telescope (NCT) is one of the 
active projects of CCT. In this paper we will briefly de-
scribe the NCT instruments and flight in 2009 (Section2), 
then present some physics results from 2009 flight, 
which include image (Section3) and energy spectrum 
(Section4) of Crab nebula. 
 
2 The NCT instrument 
 
NCT use an array of 3D-positioning germanium detec-
tors (GeDs) to detect gamma rays in the energy range of 
0.2-10 MeV [5, 6, 7]. Each GeD measures 8 cm × 8 cm × 
1.5 cm and has 37 strips on top and bottom sides forming 
a orthogonal grid, with a strip pitch of 2 mm [8]. Those 
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two layers of electrodes are bias in opposite potential and 
GeD is operated as fully depleted p-i-n junctions. When a 
Compton scattering happens, the scattered electron and 
remaining hole drift to two electrodes, which are than 
collected and their two coordinate are determined. The 
Collections Time Difference (CTD) between two layers 
can be used to determine depth of interaction. The indi-
vidual scatter positions in 3 dimension and energy depo-
sits can be measured. This design provides 3D position 
resolution <1.6 mm3. Then 2×6 GeDs form an array to 
increase aperture and chance of multiple Compton scat-
tering. The purpose of this design is that a gamma ray 
undergoes at least one Compton scatter and is fully ab-
sorbed inside the detectors. Compton Kinematic Discrim-
ination algorithms [9] are used to find the most likely 
scattering order, and then the total gamma-ray energy can 
be reconstructed and the initial direction can be traced to 
a ring on the sky. The combined GeD array enable high 
spectral resolution, moderate angular resolution, and 
novel sensitivity to gamma-ray polarization.  
 
The entire set of detectors and their cryostat are enclosed 
inside a well of anticoincidence BGO shields to reduce 
the Earth albedo and atmospheric backgrounds. The 
resulting overall field of view is primarily limited by the 
BGO shields to 3.2 sr.  
 
The ten NCT GeDs are housed in a single cryostat that 
successfully flew on the prototype flight. The cryostat is 
attached to a single 50-liter liquid nitrogen dewar which 
cools the GeDs to ~85 K for ~7 days. The dewar is 
vented through a 5 psi valve keeping the liquid nitrogen 
under pressure at float. The entire instrument and readout 
electronics are mounted in a pointed, autonomous bal-
loon gondola [7]. Figure 1 shows GeD housing, the 
cryostat, liquid Nitrogen tank, BGO shield inside the 
gondola.  
 

 
Figure 1: Top view of NCT instruments.  
 
The software analysis tools for NCT are built using the 
Medium Energy Gamma-ray Astronomy library (MEGA-
lib) [10]. MEGAlib provides utilities for simulations [11], 
geometry modeling, event reconstruction, and imaging 
reconstruction [12], in addition to tools for building a 
custom analysis pipeline [13]. 
 

To date, NCT has flown on two conventional balloon 
flights. The first was a prototype flight in 2005 that suc-
ceeded in measuring the soft gamma-ray atmospheric 
background and galactic anticenter region [14]. The NCT 
electronics had a major upgrade from the version used in 
2005 flight [15]. The full 10-GeD version of NCT was 
flown on its second flight in May2009 [16]. The first 
results was submitted to journal [17] and summarized in 
this paper. 
 
The third flight attempt was in April 2010 at Alice Spring, 
Australia. However, a launch failure causes the gondola 
crash to ground [18]. We are rebuilding the gondola and 
part of NCT instruments now and aim at the next flight in 
2012 ~ 2013.  
 
3 Observation of Crab Nebula 
3.1 Data selection and results 
NCT was launched from Fort Sumner, New Mexico at 
1330UT 5/17/2009 and was terminated at 0400UT 
5/19/2009 near Kingman, Arizona. Altitude was main-
tained between 35 and 40 km for the entire time the de-
tectors were operational. The total flight time was 38.5 
hours, with nine of the ten detectors on for a total of 22 
hours at float. Data from the flight were selected only 
when the Crab was above 40 elevation, approximately 
33 ks of observation time. Taking account of livetime of 
92% the effective Crab observation time was 29.3 ks [16]. 
 
We select energy range of 300−495 keV and 520−1500 
keV, which excluded very strong atmospheric 511 keV 
background line. Below 300 keV, NCT observed fewer 
counts of background continuum than that predicted by 
simulation [19]. Possible reason is the simulations unde-
restimate the shielding effect of the detector guard rings. 
This low-energy region (<300 keV) was excluded from 
the analysis. 
 
The strictest data cut is the distance between the first and 
second interactions in the detectors. Based on simula-
tions of the Crab, setting a lower limit of 1.2 cm for the 
first interaction distance improves the angular width of 
the Crab(10 ARM FWHM to 7.4 ARM FWHM), while 
eliminating only 40% of the events within the central 
FWHM of the ARM distribution. The cut is also meant to 
improve the likelihood that an event is properly recon-
structed to attain the best signal-to-noise ratio. 
 
We plotted a total of 289,128 event circles in a 80× 80 
back projection, of which approximately 3,800 event 
circles (1.3%) are expected from the Crab based on simu-
lations. Then use the List-Mode Maximum Likelihood 
Expectation Maximization (MLEM) [20, 12] to refine the 
raw back projection. The result is that point sources be-
come clearer and other features are sharpened. We per-
formed a total of five iterations of the MLEM algorithm 
on the image, which is the approximate number of itera-
tions needed so that the FWHM of a point source image 
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matches the 7.4 ARM FWHM. The result is that the 
Crab appears in the image Fig.2 [17]. 
An independent study [21] tries to veto the first interac-
tion in the four outer most GeDs, which are most noisy 
ones. It also produce image of Crab, although this me-
thod has slightly worse ARM than the previous method.  
 

 
Figure 2: Crab image obtained by five iterations of the 
MLEM algorithm on the image [17]. 
 
3.2 Simulation 
A detailed mass model for NCT has been developed, 
along with code that applies the detector response to the 
ideal simulated detector hits [13, 22]. The MEGAlib 
simulation tool Cosima was used, a point source with a 
spectrum identical to the Crab Nebula spectrum meas-
ured by INTEGRAL/SPI [23] was simulated at infinity 
along the center of the field of view for an equivalent real 
time of 100,000 seconds. The total Crab flux at top of 
atmosphere (TOA) between 200 keV and 10 MeV was 
calculated to be 2.194× 10-2 ph cm-2 s-1. The total number 
of events between 200 keV and 10 MeV that interacted 
in the detectors were 219,987, with 18,622 events pass-
ing the event cuts (8.5%). 
 
Atmospheric attenuation was simulated with a mean 
vertical depth of 3.2 g/cm2, than effect of slanted depth at 
45, 55, 65, and 75 was calculated.  The expected flux 
at float altitude is 71% of that at TOA.  
 
Simulated events are reconstructed with the same soft-
ware pipe-line. The input direction and the reconstructed 
direction are used to find Angular Resolution Measure 
(ARM), which is defined by 

recongeoARM ��� 
�� .  
Doppler broadening and detector positional resolution 
plays dominate contribution in NCT’s ARM. The 
FWHM of ARM with this data cuts is 7.4, so we use 
�0.7�7.4 = �5.2 as cuts on ARM. 
 
3.3 Significance of Crab detection 

We select 8 points in a 20 circle around Crab for off-
source points. Then follow the same procedures as on-
source (Crab) events described in the last two sub-
sections.  The Compton events circle are counted in two 
groups: 
        kC �  : An event intersects k off-source points  
            and not the Crab point, 

kC �  : An event intersects k off-source points  
and the Crab point, 

where k=0 for Crab and k=1 … 8 for 8 off-source 
points. Then the number of excess Crab counts can be 
written in the following way  
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 These number counts for on/off sources are listed in 
Table 1. The statistical uncertainty for the excess counts 
becomes 
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The result of this calculation is that the Crab was de-
tected at the 4.1σ level, which is within statistical error of 
the expected 3.9σ from simulations. 
 

k 
kCN �  kCN �  

0 N/A 2578 
1 29,209 12,801 
2 66,448 14,373 
3 11,752 51 
4 803 5 
5 88 0 
6 27 0 
7 8 0 
8 22 0 
Total 103,357 29,808 
 Flight Simulation 
Excess on-source 667 644 
Background noise (�) 163.4 
Significance 4.1 �� 3.9 �� 

Table 1. Number of counts for on/off sources. 
 
4 Crab energy spectrum  
To isolate flux from Crab, fluxes and error bars are cal-
culated from on/off sources as described in the last sec-
tion. Figure 3 show the simulated spectrum for events 
within 5.2 of the Crab. Then the similar processes apply 
to detected data. The difference between data and simula-
tion for on source are plotted in histogram, shown in Fig. 
4, and then Chi-square statistics are calculated. It is con-
sistent with the simulated spectrum [20]. For off-source 
spectrum, similar histograms are calculated and find it is 
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inconsistent with input spectrum. This study concludes 
that the spectrum measured by NCT is consistent with 
measurements from Fermi/SPI [20]. 
 

 
Fig. 3 Simulated spectrum for events within 5.2 of the 
Crab using data cuts given in the text. The averaged 
spectrum measured at points 20 away is also plotted. 
The difference of these two distributions is the signature 
we expect in the flight data after estimating the spectrum 
at nearby points. 
 

 
Fig. 4 Measured spectrum for the Crab plotted with the 
expected excess from simulations. The spectrum is 
measured by subtracting the average spectrum from 8 
off-source points. Error bars are calculated using Poisson 
statistics. The measured spectrum is inconsistent with 
zero (2.7σ) but is consistent with the simulated Crab 
spectrum (PCrab =0.87). The bins are 200 keV wide. 
 
5 Conclusion  
The Crab Nebula was detected by NCT at a significance 
of at least 4σ during 29.3 ks of observation time in the 
energy range 300–1500 keV. This result is the first sig-
nificant detection of a celestial source by a CCT and is an 
important step in establishing the viability of the compact 
Compton telescope design for future space-based wide-
survey instruments. 
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