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Abstract-The COMPTEL gamma-ray telescope has been op- 
erating in low Earth orbit for six years, since the launch of the 
Compton Gamma-Ray Observatory in April 1991. Comparisons 
of data for different orbits and epochs show evidence of activa- 
tion on time scales from minutes (27Mg, q,2=9.5 min) to years 
C2Na, q&.58 yr). The activation is correlated with both the 
orbital altitude and solar cosmic-ray modulation. Because it re- 
quires coincident measurements in two different detectors, 
COMPTEL is most susceptible to instrumental background 
events in which two or more photons are produced simultane- 
ously. 

I. INTRODUCTION 
COMPTEL is a double-scattering telescope designed for 

gamma-ray astronomy in the energy range 0.75-30 MeV [l] .  
It has two sets of detector modules arrayed in two planes 
separated by about 1.5 m (Fig. 1). The upper (D1) detector 
consists of seven cylindrical modules filled with NE21 3A 
liquid scintillator, each with radius 13.8 cm and depth 8 cm 
and viewed by eight photomultipliers around the side. The 
lower (D2) detector consists of 14 cylindrical NaI modules, 
each with radius 14 cm and depth 7.5 cm and viewed from be- 
low by seven photomultipliers. Each detector is surrounded 
by plastic charged-particle shields. There are also two cali- 
bration (CAL) units, each composed of a 60Co-doped plastic 
scintillator wafer viewed by two half-inch photomultiplier 
tubes, located on opposite sides of the telescope halfway be- 
tween D1 and D2. These provide tagged photons for in-flight 
energy calibration. 

An incident photon is detected when it scatters in the D1 
detector followed by an interaction of the scattered photon in 
the D2 detector. Ideally, the scattered photon is absorbed in a 
D2 module. The total energy measured in the two detectors is 
then the energy of the incident photon, and t h e  ra t io  of the en- 
ergies in the two detectors, together with the interaction loca- 
tions in the detectors, allow the direction of the incident pho- 
ton to be localized to a circle on the sky. The time between 
the two interactions (TOF) and the pulse shape in the D1 de- 
tector are used to discriminate against events which are not 

This work is supported by NASA under contract NASS-26645, by the 
German government through DARA grant 50 QV 90968 and by the 
Netherlands Organization for Scientific Research ( W O ) .  

caused by single photons from within the normal field of 
view, extending about 40" from the telescope axis. 

COMPTEL is one of four experiments aboard the 
Compton Gamma-Ray Observatory (CGRO), which was 
launched on April 5, 1991 into a circular orbit with inclination 
28". Until recently, the altitude of the orbit was maintained 
between 330 and 450 km. During its first 18 months of 
operation COMPTEL completed a survey of the gamma-ray 
sky. This was followed by observations of sources or regions 
of particular interest. Observing periods typically last one to 
two weeks, during which the orientation of the spacecraft is 
maintained toward a given point on the sky. In April 1997 
the spacecraft was boosted to an altitude of 515 km which 
should allow it to continue operating through the coming solar 
maximum without further orbital adjustments. 

Despite the measures to reject events not produced by ce- . 0 0 

1 
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Fig. 1: Schematic diagram of COMPTEL 
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Fig. 2: Count spectra in total energy for two 14-day observations in June 
1991 and April 1996. 

lestial photons, the COMPTEL data are dominated by instru- 
mental background. Fig. 2 shows two typical count spectra of 
acceptable double-sc atter events, from June 1991 and April 
1996. The bulk of the events form a smooth distribution with 
an exponential decliine following the sharp rise near the en- 
ergy threshold. These events are mostly prompt background, 
which is the subject of another talk at this conference [2]. 
There are two very prominent peaks on top of the smooth 
continuum. At 2.2 h4eV is the deuterium-formation line from 
the combination of thermal neutrons with hydrogen in the 
NE213A liquid scintillator [3]. There is a more complex 
feature near 1.5 MeV. Part of it is due to the decay of pri- 
mordial 40K in the D 1 photomultiplier tubes, but it is too wide 
and too large to be explained by this single decay line. Its 
growth in both width and amplitude since launch, which can 
be clearly seen in Fig. 2, indicates that activation is responsi- 
ble for a large fraction of the background in this energy range. 
In-flight activation also produces a number of smaller spectral 
features at energies up to 4 MeV. 

11. CHARACTERISTICS OF ACTIVATION 
Most activation events share certain characteristics which 

allow them to evade the background discrimination measures. 
The isotopes involved produce two or more photons simulta- 
neously (in an interval short compared to the Dl-D2 time-of- 
flight). These may Ibe two decay photons or a single decay 
photon plus a bremsstrahlung photon (produced by a &parti- 
cle) or annihilation photon. The photon energies must be 
sufficient to deposit the threshold energies of 70 keV in D1 
and 650 keV in D2. In order for the event to have an accept- 
able TOF, the activation must occur in or near the Dl-detec- 
tor modules. The materials in which activation is of most 
concern are thus the D1 housings and support structure (Al), 
the D1 photomultipliers and the quartz windows in the hous- 
ings (mostly Si and 0, but also Cu and other elements in the 
photomultipliers) and the liquid scintillator itself (C). Table 1 
lists those isotopes for which evidence has been found. These 
and other isotopes rnay also produce single-photon events, 

TABLE 1 
IMPORTANT ACTIVATION SPECIES 

though most are rejected as coming from outside the tele- 
scope's field of view. 

Firm identification of activation features requires a de- 
tailed examination of the data. Features can be accentuated 
by selecting and comparing subsets of the data for particular 
periods. Activation is expected to be most intense when the 
spacecraft passes through the South-Atlantic Anomaly 
(SAA). The typical daily fluence of trapped protons in the 
SAA with energies >lo0 MeV on a 450 km orbit was ex- 
pected to be near 1 . 5 ~ 1 0 ~  cm-2 [4], about 100 times the daily 
fluence of cosmic-ray protons. All instrument components 
are switched off during SAA passages except the CAL units, 
which provide a rough measure of the charged particle flux 
through the telescope. 

Short-lived isotopes such as 27Mg are expected to be most 
evident in the periods immediately following SAA passages, 
though activation continues at a lower level elsewhere. Long- 
lived isotopes such as 22Na build up over a period comparable 
to their halflife, at a rate which depends on both the spacecraft 
altitude and solar modulation of the charged-particle fluxes. 
Comparisons of data from different epochs may reveal long- 
lived activation. 

Activation features from two-photon events are best stud- 
ied using quantities other than the total event energy. 
Individual activation lines can be identified by their photo- 
peaks in D2-module energy (E2) spectra. The corresponding 
energy deposits in D1 (El), most often from a single 
Compton scattering, will span a range from the 70-keV 
threshold to the Compton edge, with a multiple-scattering tail 
extending to the full photon energy. The TOF distribution 
expected for two-photon activation events differs from that 
for single-photon events, being wider and peaking at a 
slightly lower TOF value. Monte Carlo simulations of acti- 
vation events have proved very helpful for associating fea- 
tures in the data with particular isotopes. 

111. EVIDENCE FOR INDIVIDUAL ISOTOPES 

A. 24Na 
Two features in the total-energy spectrum associated with 

24Na activation were recognized early in the mission. Both 
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Fig. 3: Coefficient of the 56Co template in sigma, in the spectral fitting of 
data for individual observation periods. The time of the spacecraft reboost is 

indicated. 

can be discerned in Fig. 2, near 2.8 MeV and 3.9 MeV. The 
2.8-MeV feature comes from the absorption of the 2.75-MeV 
photon in D2, accompanied by scattering of the 1.37-MeV 
photon in D1 with an energy deposit near the D1 threshold. 
The complementary process, with absorption of the 1.37- 
MeV photon in D2, contributes to the 1.5-MeV feature. The 
3.9-MeV feature comes from scattering of either photon in 
D 1, with an energy deposit near the Compton edge, accompa- 
nied by absorption of the other in D2. Confirmation that 
these features are due to 24Na was obtained by analyzing the 
event distribution in E1-E2 space. Also, TOF distributions 
produced using energy selections which favor 24Na events 
were found to have the characteristics expected of two-photon 
activation. 

B. 27h4g 
The isotope 27Mg is produced by secondary neutrons from 

the atmosphere or spacecraft, with a cross section comparable 
to the 27Al(n,a)24Na reaction. But it was not recognized so 
soon as 24Na, which i s  also produced directly by energetic 
protons. The first indications were found during a search for 
cosmic line emission from the two principal lines of WO at 
847 and 1238 keV. The most obvious 27Mg events should be 
produced by the absorption of the decay photon, with energy 
844 keV or 1014 keV, in D2 accompanied by the scattering of 
a bremsstrahlung photon in D1. These events will extend 
upward in total energy from 894 keV and 1064 keV, filling 
the gap between the lines. 

The most sensitive technique for detecting 56C0 was found 
to be the fitting of total-energy spectra with an analytic func- 
tion, to approximate the background, plus a 56Co-emission 
template [5] .  This spectral-fitting technique has proven use- 
ful in background studies as well. It was used to quantify the 
growth of the 1.5-MeV feature. Also, deviations from the 
background model which are persistent but variable in ampli- 
tude are indications of possible activation. 

lines, the background model 
was generally satisfactory for observations up to late 1993, 
when the spacecraft was boosted in altitude from 330 km to 

In the vicinity of the 
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Fig. 4: Residual counts in the first 30 min following SAA passages for 148 
days of data from April to October 1996. Spectra are shown for both the total 

energy and the D2 energy. 

450 km. In subsequent observations, the fitted coefficient for 
the 56Co template usually has a significant negative value, as 
shown in figure 3 ,  though with considerable variability. Fits 
of those spectra without the emission template showed posi- 
tive deviations between 850 and 1150 keV, where the 27Mg 
activation features were expected. The variable nature of the 
feature also suggested a short-lived isotope, such as 27Mg. 

The primary effect on the spacecraft radiation environment 
expected from the reboost was an increase in the energetic 
proton fluence encountered during SAA passages, especially 
at low energies. While the spacecraft was also at 450 km 
immediately following launch, that was in a period of intense 
solar activity, which reduced both the cosmic-ray and 
trapped-particle fluences. 

If most 27Mg activation occurs in the SAA then, given its 
9.5-min halflife, most 27Mg events should be found in short 
periods following the SAA passages. To test this hypothesis, 
spectra were accumulated for a number of recent observa- 
tions, omitting 30 min following each SAA passage and com- 
pared to spectra for the full observations. Fig. 4 shows the 
excess counts in both E2 and total energy following SAA pas- 
sages, summed over 148 days of data from April to October 
1996. The data were normalized to the counts at total energy 
10-30 MeV, a range with much prompt background, but ex- 
pected to be free of activation. The excess counts are near 
zero through the range 5-10 MeV, confirming that the 
normalization is correct. But below 4 MeV total energy, an 
excess of activation events is apparent. This excess accounts 
for about 30% of the events up to 1.7 MeV in the 30 min 
following SAA passages. The E2 spectrum is more 
informative as to the sources of the activation. It has a peak 
near the energy of the more common 27Mg photon (844 keV) 
with a high-energy shoulder extending past the energy of the 
other (1014 keV). But there are features consistent with the y- 
emission of 24Na and 28A1 as well. 

Using the spectral-fitting method, 36% of the events in the 
27Mg feature are estimated to occur in the 30 min after SAA 
passages. While this is almost twice the fraction of high-en- 
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Fig. 5: Model of the 24Na activation with the measured 24Na event rates [8]. 

ergy events in those periods (19%), it is much less than the 
90% expected if all :!7Mg activation took place in the SAA. 
This may imply that, wlule the intensity of 27Mg activation is 
greatest in the SAA, most occurs during the longer exposure 
outside the SAA. This is not unreasonable for species pro- 
duced exclusively by neutrons. But in that case, it is not clear 
why the 27Mg activation increased so much following the re- 
boost. There may well be other isotopes which contribute to 
activation near 1 MeV which have not yet been identified. 

C. 2zNa 
The 22Na activation was discovered during processing of 

an all-sky database for the cosmic 26A1 emission line at 1.809 
MeV [6,7]. The first indication was an enhancement of the 
events in the energy windows used for background, 1.6-1.7 
MeV and 1.9-2.0 MeV, relative to the 1.7-1.9 MeV source 
window. Like the appearance of the 27Mg feature and the 
growth of the 1.5-MeV feature, this began following the 1993 
reboost. It seemed likely that activation events in the wing of 
the 1.5-MeV feature were adding to the 1.6-1.7 MeV back- 
ground. 

Most 22Na events result from the absorption of the 1275- 
keV photon in D2 mgether with scattering of one 5 1 1-keV 
annihilation photon in D1. The total energy for such an 
event, with a Compton-edge energy deposit in D1, falls in the 
1.6-1.7 MeV window. Confirmation of 22Na activation was 
obtained by examining event distributions in El-E2 space for 
observations preceding and following the reboost. In E2 
spectra for events with E1=300-370 keV, around the 
Compton edge for th,e 51 1-keV photon (340 keV), a complex 
feature was found at 1200-1500 keV. This feature was fit 
with a combination of two Gaussians, one fixed at 1369-keV, 
the energy of one 241Va photon. The position derived for the 
other was 1272.8k2.6 keV, consistent with the 1274.6-keV 
energy of the 22Na decay photon. There is probably a third 
component in this feature which has not yet been identified. 

D. 28Al 

The evidence for 28A1 activation is a Gaussian feature seen 
near 1800 keV in E:! spectra, like that in Fig. 4. It would be 
surprising if this isotope were not seen, but more detailed 

study is needed to confirm that the 1800-keV E2 feature is in- 
deed due to **Al. Though the halflife of 28A1, 2.3 hr, is much 
longer than that of 27Mg, the accentuation of the 1800-keV 
feature in the 30 -min periods following SAA passages indi- 
cates that 28A1 activation is associated with the SAA. The 
SAA passages occur on six or seven successive orbits per 
day, with an orbital period of about 1.5 hr. The 28A1 feature 
might be more clearly seen in the excess counts for 10-12 hr 
periods beginning with the first SAA passage in each group. 

IV. ACTIVATION RATES 
Rates for both 22Na and 24Na events have been derived for 

each CGRO observing period. The temporal variation of 
these event rates can be predicted by using the CAL-unit rate 
as a proxy for the activation rate. Both event rates follow the 
predictions [8]. Because of its short halflife, the 24Na event 
rates, shown in Fig. 5, closely tracks the CAL-unit rates. The 
increase in activation following the 1993 reboost is obvious. 
The event rate for long-lived 22Na, in contrast, has risen 
smoothly and monotonically. The rate of increase fell to near 
zero just before the reboost, but the increase then resumed at a 
high level which has been maintained since, A daily proton 
fluence through the telescope of 2 . 3 ~ 1 0 ~  protons (E>100 
MeV) cm-2 is estimated from the 22Na activation rate for an 
orbital altitude of 440 km in April 199 1. 

V. CONCLUSIONS 
Though the requirement for coincident events in two de- 

tectors, along with other measures, reduces instrumental 
background in COMPTEL, activation remains an important 
concern at event energies below 4 MeV. The activation of 
22Na and 24Na has been studied in detail, and occurs at a level 
consistent with expectations. There is good evidence as well 
for activation of 27Mg and 28A1. Further study is needed to 
determine the activation rates for the latter two isotopes and 
identify others that may be present. Better understanding of 
the activation will allow optimization of COMPTEL astro- 
nomical data analysis and improved design for future instru- 
ments. 
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