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A search for localized y-ray sources was carried out using a lead-glass-based electron telescope on
board a cargo airplane. The angular resolution of this method was estimated to be 1.5 degrees, and the
energy threshold was 20 GeV. Searches for y-ray point sources along the galactic plane and for galactic
diffuse y rays were carried out. We have set the upper limits of the y-ray intensities for various sources.

PACS number(s): 95.85.Qx, 98.70.Rz

I. INTRODUCTION

In the 1970's, two y-ray satellites, SAS II and COS-B,
observed diffuse y-ray emissions (energy range from 100
MeV to 5 GeV) along the galactic plane and discovered
approximately twenty point sources, listed in the 2CG ca-
talogue [1]. Among them, only two (Crab pulsar and
Vela pulsar) have been identified from timing correla-
tions. Measurements with an angular resolution better
than 1 deg have been necessary in order to identify those
sources with objects seen via radio, optical, and x-ray ob-
servations. In the higher-energy region (from a few hun-
dred GeV to 1 EeV), observations have been carried out
by ground-based experiments with less conclusive results,
except for Crab nebula [2,3]. Recently, a new y-ray satel-
lite [Compton Gamma Ray Observatory (CGRO)] had
been launched and reported exciting results for y-ray
point sources [4]. Especially EGRET (Energetic Gamma
Ray Experiment Telescope on CGRO) covers the energy
range from about 20 MeV to over 20 GeV. Because of
the very low flux level of the high-energy y-rays and the
limited observing period, sometimes the upper energy
was lowered to 5 —10 GeV [4]. In order to fill the gap be-
tween 20 GeV and 1 TeV, we have developed a new
method to measure y rays with an energy greater than 20
GeV from localized y-ray sources.

It is quite natural to expect that y rays in the inter-
mediate energy range can be detected at higher altitude.
Assuming a 100-GeV y ray, it produces an electromag-
netic shower cascade at higher altitude; its shower max-
imum is located near the airplane altitude ( —10 km). By
detecting one of cascade electrons, the incident y-ray en-
ergy and its direction can be estimated. We carried out
the experiments after loading the electron telescope
(VEGA detector) onto a cargo airplane, and then

searched for localized y-ray sources with an energy
greater than 20 GeV.

We carried out four experiments using flights between
Japan and Australia during 1989 to 1991. During the
first experiments in June 1989 we reported on the possi-
bility of several point-source candidates along the galac-
tic plane (old analysis) [5]. We briefiy review these results
and describe the following experimental results.

By improving the analysis method (new analysis), we
could carry out a point-source search not only for the
classical sources such as 2CG sources, but also for all-sky
point sources and galactic diffuse y rays.

II. EXPERIMENTAL TECHNIQUE

The depth of the secondary-electron-shower maximum
induced by a y ray is described as T=ln(EO/E) —

—,
' r.l.

(radiation length), where Eo is the incident y-ray energy
and E is the lower limit of the secondary electron (includ-
ing positron) energy. Assuming that E&=100 GeV and
E =1 GeV and E =1 GeV, T is 4.1 r.l., corresponding to
an altitude of 13.5 km above the sea level (150 mb). At
the shower maximum, the multiplicity of secondary
electrons (including positrons) is given by N,

„

=0.066(EO/E). For the above example, N, „becomes
6.6 [6]. The lateral spread of the shower is of an order of
E/E in radius, where E is the Moliere unit; typically, a
value of 20 MeV is used. Therefore, the shower spread of
electrons ( ) 1 GeV) was calculated to be 24 m at 10 km
(260 mb). At the shower maximum, 95% of the particles
are contained within this region. Thus, if we load a sim-
ple device of —1 m (which can detect secondary electron
tracks) onto an airplane, the effective detection area is en-
larged by a factor N,„.The above arguments have been
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verified by an EGs4 Monte Carlo simulation [7]. The en-
ergy threshold for incident y rays by this method was
calculated to be 20 GeV at E =0.82 GeV by a new
analysis which will be described later (the threshold of
the old analysis was 40 GeV at E =1 GeV [5]). In order
to calculate the acceptance of this method, we used an
EGs4 Monte Carlo analysis which included the effects of
air and a detector simulation. For example, if there is a
point source with an energy spectrum of a X(E/0. 5
GeV) ' cm s ' (0.5 &E & 1000 GeV), the secondary
electron intensity at 250 mb could be calculated to be
0.07a cm s' at a detector threshold of 0.82 GeV.
Therefore, if we observe an electron intensity of b
cm s ' on the airplane, the initial y-ray intensity at 20
GeV mould be calculated to be 0.18b cm s

The directions of secondary electrons are disturbed by
multiple Coulomb scatterings and by geomagnetic field in
a unit radiation length. Both effects are of the order of
0.5 deg, and the angular difference between the secondary
electrons and the incident photon becomes —1 deg (1.5
deg by the new analysis and 1.2 degrees by the old one in-
cluding the detector responses). These values were also
derived by the EELS@ simulation.

The y-ray sensitivity is determined by a statistical fluc-
tuation of the background, mainly atmospheric electrons.
The atmospheric electrons are produced by vr -decayed y
rays. The m 's are secondary products of cosmic-ray in-
teractions with air. This intensity was precisely mea-
sured by our measurements [9]. The value was consistent
with that expected from the primary cosmic-ray intensity
[9]. The value was typically 3X 10 cm sec ' sr ' at
a 1 GeV threshold. Assuming a 14000 cm detector, 10
hours of operation, and a few X10 sr window, the
minimum sensitivity (2cr ) is calculated to be about 10
cm sec ' at 1 GeV at a 10 km altitude, which corre-
sponds to a factor X10 cm sec ' at 20 GeV at the
incidence of the air.

The airplane we used was a 8747/F. Directional infor-
mation was obtained from the inertial navigation system
(INS). The angles of pitch, roll, and true heading were
obtained with an accuracy of 0.5 deg. The accuracies of
the longitude and latitude are considered to be 3+3 T (T
in hour) nautical miles. The altitude is obtained in terms
of the outside pressure (30-feet accuracy). These data are
recorded every second on a tape system called aircraft in-
tegrated data system (AIDS) with precision UT clock
data. The material located above the detector is only an
aluminum body, which is approximately 3-cm thick on
the average. ac power (110 V, 400 Hz) was available; we
used 4 kVA in total. The temperature was well con-
trolled at around 23+1 C and the pressure was 0.7 atmo-
sphere. We could therefore operate the detector as if it
was a ground-based experiment.

The detector (VEGA detector) is shown in Fig. l. Its
main part comprises 98 modules of lead glass counters
(DF6 of 120X120X300mm ) [10]. The total surface area
is 1.41 m; the energy resolution is 4%/&E and the sta-
bility is as good as 2%. Above the lead-glass are located
four layers of plastic scintillator hodoscopes. The angu-
lar segmentation is 0.5' and the solid angle coverage is
2.03 sr. Between the hodoscopes and the lead glass, a
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FIG. 1. Cross-sectiona1 view of the VEGA detector.

1.5-r.l. lead sheet and a plastic scintillator hodoscope are
located in order to reject hadron components. The
hadron-rejection factor is as good as 20. The trigger was
the coincidence of a lead-glass energy deposit and a hodo-
scope track. Details concerning this section is found else-
where [8].

III. REVIEW OF THE 1989 EXPERIMENTAL RESULTS

We used a fiight between Narita (Japan) and Sydney
(Australia) via Guam (USA) on June 7, 1989 [Japan stan-
dard time (JST)]. The fiight numbers were J1.661 and
JL662. In the equatorial coordinate, the detector zenith
moved along the galactic plane, as shown in Fig. 2. Espe-
cially for the galactic center region, the exposure time
was 3—4 hours per flight. More details can be found in
Ref. [5).

The incident direction of the electrons was plotted in
two-dimensional galactic coordinates. A peak search was
carried out with a binning of 2 deg X2 deg. The searched
region was —30 & 6 &30', —40'& l & 80, where b is the
galactic latitude and l is the galactic longitude. In total,
there were 1800 bins. The background was made by
smoothing the sideband spectra. The number of peaks
obtained by a cluster-finding algorithm is plotted in Fig.
3. The figures are the b distribution of those peaks: (a),
(b), and (c) were obtained by a different statistical
significance cut (i.e., 1.5cr, 2.5o, and 3.5o). The histo-
gram comprises experimental data and the curves Monte
Carlo calculations. As can be seen from these figures, a
lower significance cut gave a distribution that is con-
sistent with the statistical fluctuation. At a higher
significance cut, however, it deviated, especially for
—6'&b &6'. We obtained eight peaks in this region,
while the Monte Carlo calculation predicted 0.9 peak (we
call them "galactic plane source" hereafter).

The peak positions were compared with the COS-B
point sources (2CG catalogue). Peak B, which is located
at (I,b) =(358.2, + 1.0), is close to 2CG359-00; the other
peaks are far from any 2CG sources by more than 4'.
The intensity of source B is l. 13+0.26 X 10
cm sec ', assuming an integrated energy spectrum of
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TABLE I. Summary of the experimental conditions.
e00

Year
Date
(UT)

Column density
(g/cm )

Observation time
(hours)

1989
1990
1990
1991

June 7
June 6

June 13
June 12

225
229
227
236

7.9
13.5
15.0
10.5

Total 234 46.9
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FIG. 7. Arrival directions of electrons in the June 13, 1990,
experiment. The definitions of the plots are the same as in

Fig. 4.

FIG. 5. Results of peak findings for new experiments. The
definitions of the figures are the same as in Fig. 3
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TABLE II. Observed integrated intensities at 40 GeV for the

galactic phase sources in the 1989 analysis are shown. The peak
identification (peak ID) was the same as described in Ref. [5].

Peak (ID) Position 1,b

(deg)

I(y= 1, 1989)
10 'cm s

A

B
C
D
E
F
6
H
I

39.4,
358.2,
32.8,
50.2,
27.1,
4.0,

352.4,
10.1,

325.4,

+2.1

+ 1.0
+ 1.0
+2.1

+0.5
+9.0
—3.0
—1.0
+ 1.0

1.13+0.26
0.64+0. 17
0.80+0.23
0.98+0.29
0.71+0.22
0.53+0.17
0.50+0. 17
0.45+0. 15
0.49+0.19

In order to obtain upper limits of the y-ray intensity
for the galactic plane y-ray sources reported in 1989 [5],
we developed an improved analysis. The differences from
the old analysis are as follows.

(1} The threshold energy was minimized to the
hardware threshold. The average hardware threshold
was measured to be 820 MeV. This improved the y-ray
sensitivity about by 10—20%o, depending on the energy
spectrum. The loss in the angular resolution was only
10%%uo.

(2} Sometimes there was a lack of INS data for a few
minutes or so. However considering the motion of the
aircraft, a deterioration of the angular resolution was
quite small ( (&1'). In these cases we applied the interpo-
lation of the INS data. We also monitored subsecond air-
plane motion by a clinometer sensor. There was no big
disturbance of more than 1 within several hours of flight.

(3) In the old analysis, we used a cut on the number of
hodoscope hits in order to avoid any directional ambigui-
ty. According to the detailed Eos4 simulation, however,
since these effects could be fully understood, we removed
this cut.

carefully using Monte Carlo methods. The upper limits
of the y-ray intensities for these peaks were obtained us-

ing an improved analysis method (new analysis), which is
discussed in the next section.

V. NEW ANALYSIS

This improved the electron acceptances much greater
than by a factor of 2. In total, the gain of the acceptance
was about three. The threshold energy at the y-ray in-

cidence was lowered from 40 to 20 GeV. The angular
resolution of this analysis was 1.5+0. 1 degrees. Since the
angular resolution of the old analysis was 1.2+0. 1 de-

grees, the gain for the y-ray sensitivity was improved by
a factor of 1.5 or more for each experiment. We also
added all of the experimental data and searched for
peaks.

Based on the above-mentioned analysis method, we de-
rived upper limits for the galactic plane y-ray sources.
Table II is a summary obtained by the 1989 analysis used
for a comparison. The y-ray energy spectrum was as-
surned to be E ', no cutoff energy was assumed in these
values. However, it is quite natural to set a high-energy
cutoff in the energy spectrum. Because the ground-based

experiments are sensitive to an energy greater than 1

TeV, in the new simulation we set a 1-TeV cutoff in the
y-ray energy spectrum. Thus, these values given in Table
II are considered somewhat overestimated. By applying
a 1-TeV cutoff in the initial y-ray spectrum (in this case
the spectrum of E ' was assumed), an attenuation factor
by a 250-mb air was calculated to be increased by a factor
of 2.1 compared to the case without upper energetic
cutoff. Thus in order to compare the new upper limits at
20 GeV with the old values at 40 GeV in Table II, a fac-
tor of 4.2( =2. 1 X 2) must be multiplied to the old values.

The fitting was carried out in 2o slices in b of a two-
dimensional (l versus b) plot of the electron arrival direc-
tion. All of the available data were used. The fitting
function was a sixth-order polynomial plus a Gaussian
with a point spread function. In the scanning we could
not observe any statistically significant peaks. The 90%%uo

confidence level (C.L.) upper limits for integrated y-ray
intensities at 20 GeV are summarized in Table III. The
upper limits were obtained assuming various energy spec-
tra of E ~ with a cutoff energy of 1 TeV. The systematic
uncertainty for the integrated intensity was considered to
be less than 20%; this value was included in the upper
limits.

The peaks still remained in a new analysis for the 1989
dataset; however, the statistical significances of these
peaks decreased. There was a suggestion that they come
from the material distribution of the airplane ceiling; in

TABLE III. 90% C.L. upper limits (ULs) for the integrated intensities of galactic plane y-ray
sources at 20 GeV. The peak identification (peak ID) was the same as described in Ref. [5].

Peak
ID

UL(=1)
10 Scm s

UL(y = 1 ~ 2)
10 cm s

UL(y = 1.4)
0'cm's '

UL(y = 1.6)
10'cm's '

UL(y=1. 8)
10 cm s

B
C
D

F
G
H
I

8.3
8.0

13.6
10.2
8.8

10.6
8.7

17.6
30.2

8.3
8.4

13.6
10.3
8.9

11.0
9.2

18.2
32.9

7.9
8.6

12.9
9.8
8.5

11.1
9.6

17.9
37.1

8.0
9.9

13.2
10.1
8.7

12.5
11.2
19.5
39.9

7.0
9.7

11.5
8.8
7.7

12.1
11.3
18.1
36.6
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FIG. 9. Distribution of the standard deviations for the peak
entry by the new fitting procedure described in the text. The
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ian function.

the airplane frame, however, no positional correlations
were obtained. In conclusion, the peaks that had been
observed in the 1989 experiments might be attributed to a
a statistical fluctuation.

VI. y-RAY POINT SOURCE SEARCH

We carried out an all-sky peak search using all of the
available data. The region was defined so that the entry
inside the binning had more than 20% of the peak entry.
The bin size was reduced to 1 deg X1 deg; in total there
were 21015 binnings. Peak fitting was carried out in a
one-dimensional slice (~b bo~ &3 deg—(20 ), ~l

—
lo~

& 30 deg), where bo and 10 were the positions of the tar-
get binnings. A 6th-order polynomial function plus a
Gaussian was used. In total, five fittings were performed
every 0.2-deg I step in each target binning, and the upper
limits were calculated from the maximum peak entry ob-
tained by these five procedures. The bo's and lo's were
varied by a 1 deg step.

The distribution of the standard deviations for the
fitted peak entry is shown in Fig. 9. The standard devia-

FIG. 11. Region where there were no y-ray point sources
with integrated intensities with more than 3 X 10 ' cm ' s ' at
20 GeV.

TABLE IV. 90% C.L. upper limits for the integrated intensi-
ties of 2CG sources at 20 GeV. Also shown are fluxes of the ex-
trapolation at 20 GeV using COS-B data. The energy spectra of
E ' was used.

Source name
Upper limits
10'cm 's '

Extrapolation
at 20 GeV (COS-B)

10-' cm-'s-~

tion was defined as being the peak entry divided by its er-
ror. The distribution was consistent with the normal dis-
tribution. The best-fitted Gaussian shows a center posi-
tion of —8+7 X 10 and a width of 1.010+0.005. There
were no significant deviations in the higher standard de-
viations. We plotted the b positions of the peaks using
the various standard deviation cuts (1.5o, 2.5o, and
3.5o) in Fig. 10. The distributions were scaled with the
number of binnings; we could not see any statistically
significant deviations in the higher o cut. Although there
were seven binnings obtained by a 3.50. cut, six of them
came from the same peak at around (l, b) =( —107 deg,
23 deg). The statistical significance of the peak was 4.2cr

(C.L.= 3 X 10 ). By multiplying the number of binnings,
the probability of a chance coincidence was calculated to
be 60%. We thus concluded that there were no
significant peaks within the entire region. Once again we

JI g)
I . I ~ I . I
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6 I
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rI sl s I ialllsr JHa.
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FIG. 10. The b distributions of the peaks obtained by the
new analysis using three different standard deviation cuts: (a)

1.5o. cut, (b) 2.5o. cut, and (c) 3.5o. cut. For reference, the b

projection of the number of binnings (right scale) is overdrawn

by the dotted curve in (a).

2CG006 —00
2CG010—31
2CG013+00
2CG036+ 01
2CG054+01
2CG065+ 00
2CG075+ 00
2CG078+ 01
2CG095+ 04
2CG121+04
2CG 184—05
2CG195+04
2CG218 —00
2CG235 —01
2CG263 —02
2CG333+01
2CG342 —02
2CG353+ 16
2CG356+ 00
2CG359 —00

0.90
2.53
1.11
0.86
1.23
1.96
1 ~ 16
1.19
2.81
1.96
2.50
1.80
1.59
0.93
2.36
1.71
1.86
0.95
1.28
1.36

0.12
0.06
0.05
0.10
0.07
0.06
0.07
0.13
0.06
0.05
0.19
0.24
0.05
0.05
0.66
0.19
0.10
0.06
0.13
0.09
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FIG. 12. Upper limit of y-ray integrated intensities above 20
GeV for Gerninga. The solid line is COS-B observation and the
asterisks are the extrapolations of the COS-8 energy spectrum.

could not confirm the results obtained by the 1989 experi-
ment. There was no significant excess around the galac-
tic plane.

By the above-mentioned fitting procedure we obtained
the 90% C.L. upper limits for the y-ray point sources at
20 GeV in the entire searched region. Since there was no
big spectrum dependence in the upper-limits estimation,
as shown in Table III, the energy spectrum was assumed
to be proportional to E ', and a cutoff energy of 1 TeV
was assumed. The region where there were no intense
point sources with integrated intensities greater than
3X10 cm s ' is shown in Fig. 11. Most of the re-
gion was rejected due to the above hypothesis.

VII. UPPER LIMITS FOR 2CG SOURCES

Using the upper limits obtained by the above-
mentioned procedures, we could set upper limits for
several 2CG sources fl]. Unfortunately the very strong
y-ray quasar 3C279 which had been observed by CORO
was outside our sensitive celestial range [4]. The 90%-
CL upper limits are summarized in Table IV. Values of
around 10 cm s ' were typical for these sources.
Especially for Geminga (2CG195+0.4), our upper limit is
shown in Fig. 12 with the extrapolated intensities calcu-
lated from the COS-B data [12]. In order to detect posi-
tive results for some of these sources, we need 10 times
more sensitivity. This could be realized by the following
improvements: (1) 10 times more surface area (15
m =2.5 m X6 m, i.e., 2 slots in B747/F); (2) add y-ray
detection with directional measurements (gain )2); (3)
more fiights ( —5 times). These parameters can be real-
ized by using a scintillating fiber calorimeter with an im-
age intensifier readout or a multianode phototube
readout.

VIII. SEARCH FOR GALACTIC DIFFUSE y RAY

In the case of the ground-based experiments, the back-
ground for galactic diffuse y rays is cosmic-ray nucleons.
The typical signal-to-noise (S/N) ratio is considered to be
10 . In our case, the background is the secondary elec-
trons initiated by the primary cosmic-ray nucleons. The
galactic dift'use y ray is considered to be produced by the
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FIG. 13. Upper limits of the integrated intensity of the galac-
tic diffuse y ray at 20 GeV: (a) for inner galaxy, (b) for outer
galaxy, and (c) for the total region. The curves are the extrapo-
lated intensity by the COS-B experiment. The limits obtained
by the air Cherenkov experiments are also shown.

same mechanism as the atmospheric electrons. The
difference is whether the target is interstellar matter or
air. The signal-to-noise ratio is considered the same as
the ratio of the material thickness for these two; the ex-
pected S/N ratio in our case is 10 . Therefore, our sen-

sitivity for galactic diffuse y rays is of the same order, or
better, compared to the ground-based experiments. Also,
since the VEGA detector has a large solid angle ( —1 sr),
background subtraction is much easier than that by the
air Cherenkov experiments.

The COS-B experiment observed different energy spec-
tra between the inner galaxy ( ~l ~

& 50') and the outer
galaxy ( ~/

—180'~ &90'), as shown in Fig. 13. At a max-
imum energy of 6 GeV, their intensities coincide. The ra-
tio of these two intensities suggested that there was a
difference of -0.4 in the power spectrum of E ~ [12]. If
this is correct, the y-ray intensity of the outer galaxy be-
came stronger than that of the inner galaxy at a 10-GeV
region; there appears to be a possibility of detection by
our measurement. Our measurement might give a con-
straint to models such as outer galaxy cosmic-ray ac-
celeration or the inversed Compton scattering.

The search was carried out using b projections of the
arrival directions of electrons in a specific l range. We
used the same I range as that by the COS-B experiment.
The fitting function was a seventh-order polynomial plus
a Gaussian. The width of the Gaussian was assumed to
be +3.5 + l. 5 deg in b, where 3.5 deg was the width ob-
served for galactic diffuse y rays at the GeV region by
SAS II and COS-B; 1.5 deg was our point spread func-
tion. The peak position was varied in ~b

~
& 3' by 0.2-deg

step.
The results are shown in Figs. 14(a)—14(c), for inner,

outer galaxy and total sensitive region, respectively.
There were unknown structures, however, that were out-
side of the fitting range, i.e., ~b ~

)3'. Therefore, we set
the 3o. upper limits for the galactic diffuse y ray intensi-
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FIG. 14. The b projection of the background-subtracted ar-
rival directions of electrons: (a) for

~
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~
& 50', (b) for

~
l —180'~ & 90', and (c) for all region.

ties; the values are given in Fig. 13. The acceptance was
calculated using the energy spectrum of the COS-B data
and its extrapolation (E r for the inner galaxy and
Er for the outer galaxy). Although the values were
obtained using y=1.5, there were no big differences
when y was changed from 1.5 to 1.8.

The upper limits were 6.3 X 10, 5. 1 X 10, and
3.6X10 cm s ' rad ', for the inner, outer galaxy,
and total region, respectively. They are slightly larger
than the COS-B extrapolated values of 1.8 X 10
cm s ' rad '. We could therefore not reject the hy-

pothesis of cosmic-ray accerlation in the outer galaxy. If
we assumed COS-B extrapolation in the inner galaxy, we

could set an upper limit in the power spectrum difference
between the outer and inner galaxy; its value was 0.90
(3cr) in the 6—20 GeV energy range. We could also set an

upper limit of the integrated energy spectrum power in-

dex of the outer galaxy to be more than 0.60 (3o ) in the
6-1000 GeV energy range. In addition, we derived the

upper limits of the signal-to-atmospheric-electron-
intensity ratio to be 4. 3 X 10, 3.3 X 10, and
2.4X10, for the inner, outer galaxy, and total region,
respectively. This suggested that the interstellar material

with which cosmic rays interact was less than an order of
0.24 gram.

The limits obtained by the air Cherenkov experiments
are also shown in Fig. 13 [13]. Comparing the upper lim-
its to the cruxes of inner galactic diffuse y rays, the sensi-
tivity of our experiment was found to be the same order
to that of air Cherenkov experiments. In the case of
ours, by improving the detector sensitivity by a factor of
10, a positive measurement will be possible.

IX. CONCLUSION

We searched for localized y-ray sources at energies
greater than 20 GeV over a wide celestial region. We
loaded a lead-glass-based electron telescope onto the car-
go airplane and measured the energy and direction of
secondary electrons. Typical sensitivities for point
sources and galactic diffuse y rays were 10 cm s
and 1 X 10 cm s ' rad ' at 20 GeV, respectively; the
angular resolution was 1.5 degrees. We carried out four
Aights in total from 1989 to 1991. The searched region
was around the galactic plane.

In the 1989 experiments we had observed several
point-source candidates along the galactic plane. Howev-
er, in three out of four experiments, since these source
were not confirmed, we set their upper limits. Also the
upper limits of point sources within a wide celestial re-
gion and galactic diffuse y ray were set.
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